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Preface

The tenth edition is an important milestone in the life o f a text
book. This occasion is a p ro p itio u s  tim e to look  back on  
the  o rig ins of Basic Pathology, w h ich  are su m m ed  u p  best 
by  q u o tin g  S tanley R obbins from  the  preface of the  first 
ed itio n  (1971):

"O f books as w ell as m en, it m ay  be observed  th a t fat 
ones con ta in  th in  ones stru g g lin g  to  get ou t. In  a  sense, 
th is book  bears such  a re la tionsh ip  to  its m ore  substan tia l 
p rogen ito r, Robbins Pathology. It a rose  from  a n  app rec ia tion  
of the m o d ern  m ed ical s tu d e n t's  d ilem m a. A s the  cu rricu 
lu m  has becom e re s tru c tu red  to  place grea ter em phasis 
o n  clinical experience, tim e for read in g  is co rrespond ing ly  
cu rta ile d ....In  w ritin g  th is book, ra re  a n d  esoteric lesions 
are  o m itted  w ith o u t apology , a n d  in freq u en t o r triv ia l ones 
described  on ly  briefly. W e felt it im p o rtan t, how ever, to 
consider ra th e r fu lly  the m ajor d isease entities."

W hile the  goals o f "baby  R obbins" rem ain  tru e  to  the 
v ision  of S tanley Robbins, th is ed ition  has been  rev ised  on  
the basis o f a few  ad d itio n a l princip les.
• First, it is obv ious th a t a n  u n d e rs ta n d in g  of d isease 

m echan ism s is based  m ore th a n  ever o n  a stro n g  foun 
da tio n  of basic science. In  k eep ing  w ith  this, w e  have  
a lw ays w o v en  the  re lev an t basic cell a n d  m olecu lar 
b io logy in to  the sections on  pa tho p h y sio lo g y  in  various 
chap ters. In this edition we go one step further and intro
duce a new chapter titled "The Cell as a U nit o f Health and 
Disease" at the very beginning o f the book. In  th is chap ter 
w e  have  a tte m p te d  to  encapsu la te  aspects of cell an d  
m olecu lar b io logy th a t w e  believe are  he lp fu l in  p re p a r
in g  read e rs  for d iscussions of specific d iseases. It is, in  
essence, a re fresher course in  cell biology.

• Second, as teachers, w e  are  acu te ly  aw are  th a t m edical 
s tu d en ts  feel o v erw h e lm ed  by  the ra p id  g ro w th  of in for
m ation  ab o u t the  m o lecu lar basis o f d isease. W e have  
therefore exc luded  those new  "b reak th ro u g h s"  in  the 
labo ra to ry  th a t hav e  n o t y e t reached  the  bedside . Thus, 
for exam ple, the d ru g s  dev e lo p ed  for ta rg e tin g  cancer 
m u ta tio n s th a t a re  still in  clinical tria ls have  n o t been 
d iscussed  except in  those  ra re  instances in  w h ich  the 
ev idence of efficacy is close to  h an d . Sim ilarly, in  geneti
cally he terogeneous d iso rders, w e  hav e  focused  o n  the 
m ost com m on  m u ta tio n s  w ith o u t p ro v id in g  a catalog 
of all the genes a n d  p o ly m o rp h ism s invo lved . Thus, 
w e  have  tried  to  balance d iscussions of ad v an cem en t in  
sciences w ith  the needs of s tu d en ts  in  the early  stages of 
their careers. This effort re q u ire d  u s  to  re a d  each  chap ter

as if it w as w ritte n  de novo  a n d  in  m an y  cases to  rem ove 
p a rts  o f the text th a t h a d  been  p re sen t in  the p rev io u s 
ed ition . It is o u r h o p e  th a t these changes w ill u n b u rd e n  
the  s tu d en ts  a n d  th a t the ten th  ed itio n  w ill be seen  as 
a n  u p  to  date  y e t sim ple to  co m p reh en d  book.

• T hird , because illu stra tions facilitate the  u n d e rs ta n d in g  
of difficult concepts such  as contro l o f the  cell cycle an d  
the actions o f cancer genes, the  a r t h as  been  significantly  
rev ised  a n d  en h an ced  by a d d in g  d e p th  so th a t the four- 
color figu res a re  seen in  th ree  d im ensions.

• F inally, w e  hav e  a d d e d  a b o a rd  of clinical consu ltan ts 
to help  u s  in  k eep in g  the clinical co n ten t accurate  a n d  
u p  to  date.

As a n  ad d itio n a l " too l" to  he lp  s tu d en ts  focus o n  the 
fundam en ta ls , w e  have  co n tin u ed  the  u se  of S um m ary  
boxes designed  to  p ro v id e  key "take  hom e" m essages. 
These hav e  been  re ta in ed  a t the risk  of a d d in g  a few  ad d i
tional pages to  the book  because s tu d en ts  have  un ifo rm ly  
to ld  us th a t they  find  th em  useful.

A lth o u g h  w e  have  e n te red  the  genom ic era, the  tim e- 
h o n o red  tools o f gross a n d  m icroscopic analysis rem ain  
useful, a n d  m orpho log ic  changes are h ig h lig h ted  for ready  
reference. The stro n g  em phasis o n  clin icopatho log ic cor
re la tions is m ain ta ined , and , w h erev e r u n d e rs to o d , the 
im pact o f m olecu lar pa th o lo g y  o n  the practice of m edicine  
is em phasized . W e are  p leased  th a t all o f th is w as  accom 
p lish ed  w ith o u t a significant "b u lg e"  in  the w aistline  of 
the text.

W e con tinue to  firm ly  believe th a t c larity  o f w ritin g  an d  
p ro p e r u se  of language  enhance  com prehension  a n d  facili
ta te  the learn ing  process. Those fam iliar w ith  the  p rev io u s 
ed itions w ill notice significant reo rg an iza tio n  of the  text 
in  m an y  ch ap te rs  to im p ro v e  the  flow  of in fo rm ation  an d  
m ake it m ore  logical. W e are  now  in  the d ig ita l age, so the 
text w ill be availab le  online. In  ad d itio n , over 100 u p d a te d  
an d  rev ised  cases d ev eloped  by  one of u s  (VK) w ill a lso  be 
available, lin k ed  to  the electronic version  of the text. W e 
h ope  th a t these in teractive  cases w ill enhance a n d  reinforce 
learn ing  of p a tho logy  th ro u g h  app lica tion  to  clinical cases.

It is a p riv ilege for u s  to  e d it th is book, a n d  w e  realize 
the considerab le  tru s t p laced  in  u s  by  s tu d en ts  a n d  teachers 
of patho logy . W e rem ain  acu te ly  conscious of th is resp o n 
sibility a n d  h o p e  th a t th is ed itio n  w ill be w o rth y  of an d  
possib ly  enhance  the  trad itio n  of its fo rebears.
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Online Resources for Instructors and Students

Resources for Instructors
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rep resen ta tiv e  for m ore  in form ation , o r go d irectly  to  the 
Evolve w ebsite  to  req u est access: h ttp s ://e v o lv e .e lse v ie r . 
com . N ote: It may take 1-3 days for account access setup and 
verification upon initial account setup.

Im age  Collection

To assist in  the  classroom , w e  have  m ad e  the  im ages avail
able for in struc to rs  for teach ing  pu rp o ses. The im ages are  
p ro v id e d  in  JPEG, P ow erP oin t, a n d  PDF versions w ith  
labels o n /o f f  a n d  m ay  be d o w n lo ad ed  for u se  in  lec ture  
p resen ta tions.

Test B ank
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Pathology litera lly  transla tes to the s tu d y  of suffering (G reek 
pathos = suffering , logos = study); as ap p lied  to  m o d ern  
m edicine, it is the s tu d y  of disease. V irchow  w as  certain ly  
correct in  asse rtin g  th a t d isease orig ina tes a t the  cellu lar 
level, b u t w e  n o w  realize th a t cellu lar d is tu rb an ces arise 
from  a lte ra tions in  m olecu les (genes, p ro te ins, a n d  others) 
th a t influence the su rv iva l a n d  behav io r o f cells. T hus, the 
fo u n d a tio n  of m o d ern  p a tho logy  is u n d e rs ta n d in g  the cel
lular a n d  m o lecu lar abnorm alities th a t give rise  to  diseases. 
It is h e lp fu l to  consider these abnorm alities in  the  context 
o f normal cellu lar s tru c tu re  a n d  function , w h ich  is the 
them e of th is in tro d u c to ry  chapter.

It is un rea listic  (and  even  undesirab le) to  condense the 
v as t a n d  fascinating  field  of cell b io logy in to  a  single 
chap ter. C onsequen tly , ra th e r th an  a ttem p tin g  a com pre
hensive  rev iew , the  goal here  is to  su rvey  basic p rinc ip les 
a n d  h ig h lig h t recen t advances th a t are re lev an t to the 
m echan ism s of d isease th a t are  em p h asized  th ro u g h o u t the 
re s t of the book.

THE GENOME

The sequencing  of the  h u m a n  genom e a t the  b eg inn ing  of 
the  21st cen tu ry  rep re sen ted  a la n d m a rk  ach ievem ent of 
b iom edical science. Since then, the  ra p id ly  d ro p p in g  cost 
o f sequencing  a n d  the  com p u ta tio n a l capacity  to  analyze 
v as t am o u n ts  of d a ta  p rom ise  to  revo lu tion ize  o u r u n d e r
s ta n d in g  of h ea lth  a n d  disease. A t the sam e tim e, the 
em erg ing  in fo rm ation  has also  revea led  a b rea th tak in g  
level of com plex ity  far bey o n d  the  linear sequencing  of

the genom e. The p o ten tia l for these n ew  p o w erfu l tools 
to ex p an d  o u r u n d e rs ta n d in g  of pa thogenesis  a n d  d rive  
the rapeu tic  inn o v a tio n  excites a n d  in sp ires  scientists an d  
the lay  pub lic  alike.

Noncoding D N A

The h u m a n  genom e contains ab o u t 3.2 b illion  D N A  base 
pairs . Yet, w ith in  the genom e there  are on ly  ro u g h ly  20,000 
p ro te in -encod ing  genes, com pris ing  ju s t 1.5% of the 
genom e. The p ro te in s  encoded  by these genes are  the fun 
dam en ta l constituen ts o f cells, fu nc tion ing  as enzym es, 
s tru c tu ra l e lem ents, a n d  signaling  m olecules. A lthough  
20,000 u n d erestim ates  the  ac tua l n u m b er of p ro te in s  
enco d ed  (m any genes p ro d u ce  m u ltip le  R N A  transcrip ts  
th a t encode d istinc t p ro te in  isoform s), it is nevertheless 
s ta rtlin g  th a t w o rm s com posed  of few er th a n  1000 cells — 
a n d  w ith  genom es 30-fold sm a lle r—are  also  assem bled  
from  rou g h ly  20,000 p ro te in -encod ing  genes. P erh ap s even  
m ore u n se ttlin g  is th a t m any  of these p ro te in s  are  recogniz
ab le hom ologs of m olecu les expressed  in  h um ans. W hat 
th en  separa tes  h u m an s from  w orm s?

The an sw er is n o t com plete ly  know n , b u t ev idence su p 
p o rts  the  assertion  th a t the d ifference lies in  the 98.5% of 
the h u m a n  genom e th a t does n o t encode p ro te ins. The 
function  of such  long  stretches of D N A  (w hich  has been 
called  the " d a rk  m atte r"  of the  genom e) w as  m ysterious for 
m an y  years. H ow ever, it is n o w  clear th a t m ore  th a n  85% of 
the h u m a n  genom e is u ltim ate ly  transcribed , w ith  a lm ost 
80% being  dev o ted  to  the reg u la tio n  of gene expression. It 
fo llow s th a t w h ereas p ro te in s  p ro v id e  the b u ild in g  blocks
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Fig. 1.1 The organization of nuclear DNA. A t the light microscopic level, the nuclear genetic material is organized into dispersed, transcriptionally active 
euchromatin or densely packed, transcriptionally inactive heterochromatin; chromatin can also be mechanically connected with the nuclear membrane, and 
nuclear membrane perturbation can thus influence transcription. Chromosomes (as shown) can only be visualized by light microscopy during cell division. 
During mitosis, they are organized into paired chromatids connected at centromeres; the centromeres act as the locus for the formation of a kinetochore 
protein complex that regulates chromosome segregation at metaphase. The telomeres are repetitive nucleotide sequences that cap the termini of chromatids 
and permit repeated chromosomal replication without loss of DNA at the chromosome ends. The chromatids are organized into short “ P” ("petite") and 
long “ Q” ("next letter in the alphabet") arms. The characteristic banding pattern of chromatids has been attributed to relative GC content (less GC content 
in bands relative to interbands), with genes tending to localize to interband regions. Individual chromatin fibers are composed of a string of nucleosomes— 
DNA wound around octameric histone cores—with the nucleosomes connected via DNA linkers. Promoters are noncoding regions of DNA that initiate 
gene transcription; they are on the same strand and upstream of their associated gene. Enhancers are regulatory elements that can modulate gene expression 
across distances of 100 kB or more by looping back onto promoters and recruiting additional factors that are needed to drive the expression of pre-mRNA 
species. The intronic sequences are subsequently spliced out of the pre-mRNA to produce the definitive message that includes exons that are translated into 
protein and 3'- and 5'-untranslated regions (UTR) that may have regulatory functions. In addition to the enhancer, promoter, and UTR sequences, noncoding 
elements are found throughout the genome; these include short repeats, regulatory factor binding regions, noncoding regulatory RNAs, and transposons.

an d  m ach inery  req u ired  for assem bling  cells, tissues, an d  
organ ism s, it is the no n co d in g  reg ions of the genom e th a t 
p ro v id e  the  critical "a rch itec tu ra l p lann ing ."

The m ajor classes of functional non-protein-coding D N A  
sequences fo u n d  in  the h u m a n  genom e inc lude  (Fig. 1.1):
• Promoter a n d  enhancer reg ions th a t b in d  p ro te in  tran 

scrip tion  factors
• B inding  sites for p ro te in s  th a t o rgan ize  a n d  m ain ta in  

h ig h er o rd e r chromatin structures
• Noncoding regulatory RNAs. O f the  80% of the genom e 

d ed ica ted  to  reg u la to ry  functions, the v as t m ajority  is 
transcribed  in to  R N A s-m ic ro -R N A s a n d  long  noncod 
in g  R N A s (described  l a t e r ) - t h a t  a re  n ev er transla ted  
in to  p ro te in , b u t can  regu la te  gene expression

• Mobile genetic elements (e.g., transposons). R em arkably , 
m ore  th an  o n e-th ird  of the  h u m an  genom e is com posed  
of such  "ju m p in g  genes." These segm ents can  cru ise 
a ro u n d  the  genom e, a n d  are  im p licated  in  gene reg u la 
tion  a n d  ch ro m atin  o rgan ization .

• Special s tru c tu ra l reg ions of D N A , in c lu d in g  telomeres 
(chrom osom e ends) an d  centromeres (chrom osom e 
"te thers")

Im portan tly , m any genetic variations (po lym orph ism s)  
associated w ith  d iseases are located in  n on -p rotein 
cod in g  regions o f the g en om e . T hus, va ria tio n  in  gene

reg u la tio n  m ay  p ro v e  to  be m ore im p o rta n t in  d isease cau 
sa tion  th a n  s tru c tu ra l changes in  specific p ro te ins. A no ther 
su rp rise  th a t em erged  from  genom e sequencing  is th a t any  
tw o  h u m a n s  are  typ ically  >99.5% D N A -identical (and  are  
99% sequence-iden tical w ith  chim panzees)! T hus, in d iv id 
ua l varia tion , in c lu d in g  differen tia l suscep tib ility  to  d is
eases a n d  en v iro n m en ta l exposures, is encoded  in  <0.5% of 
o u r D N A  (im portan tly , th is still rep resen ts  ab o u t 15 m illion  
base pairs).

The tw o  m o st com m on  form s of D N A  v aria tio n  in  the 
h u m a n  genom e are single-nucleotide polymorphisms (SNPs) 
an d  copy number variations (CNVs).
• SN Ps are  v a rian ts  a t single nucleo tide  positions an d  

are  a lm ost a lw ays biallelic (only tw o  choices exist a t a 
g iven  site w ith in  the  po p u la tio n , such  as A  or T). M ore 
th a n  6 m illion  h u m a n  SN Ps have  been  iden tified , w ith  
m any  show ing  w id e  varia tio n  in  frequency  in  differ
en t p o pu la tions. The fo llow ing  fea tu res  a re  w o rth y  
of note:
• SN Ps occur across the  g e n o m e —w ith in  exons, 

in trons, in tergenic  reg ions, a n d  cod ing  regions.
• R ough ly  1% of SN Ps occur in  cod ing  reg ions, w h ich  

is ab o u t w h a t w o u ld  be expected  by chance, because 
cod ing  reg ions com prise  a b o u t 1.5% of the  genom e.

• SN Ps located  in  n o n co d in g  reg ions can  occur in  reg u 
la to ry  e lem en ts in  the genom e, thereby  a lte rin g  gene

http://ebooksmedicine.net

http://ebooksmedicine.net


The Genome 3

expression; in  such  instances the SN P m ay  have  a 
d irect influence o n  d isease susceptib ility .

• SN Ps can  also  be "n eu tra l"  v a rian ts  w ith  no  effect on  
gene function  o r carrier pheno type .

• E ven  "n e u tra l"  SN Ps m ay  be u sefu l m arkers  if they 
h a p p e n  to  be co inherited  w ith  a d isease-associated  
gene as a resu lt o f physical p rox im ity . In  o th e r w o rd s, 
the  SN P a n d  the causative  genetic factor are  in  linkage 
disequilibrium.

• The effect o f m o st SN Ps on  d isease suscep tib ility  is 
w eak , a n d  it rem ains to  be seen  if the  iden tification  
of such  varian ts, a lone o r in  com bination , can  be u sed  
to develop  effective stra teg ies for d isease p red ic tio n  
or p reven tion .

• CN V s are  a fo rm  of genetic varia tion  consisting of dif
feren t num bers of large contiguous stretches of DNA; 
these can  range from  1000 base pairs  to  m illions of base 
pairs. In som e instances these loci are, like SNPs, bial
lelic an d  sim ply  dup licated  or deleted  in  a subset of the 
popu lation . In  o ther instances there are com plex rear
rangem ents o f genom ic m aterial, w ith  m ultip le  alleles in  
the  h u m an  popu lation . CNVs are responsible for several 
m illion  base pa irs  of sequence difference betw een  any

tw o  ind iv iduals. A pproxim ately  50% of CNVs involve 
gene-coding sequences; thus, CNVs m ay  underlie  a  large 
portion  of h u m an  pheno typ ic  diversity.

It is im p o rta n t to  no te  th a t alterations in D N A  sequence 
cannot by themselves explain the diversity o f phenotypes 
in human populations; m oreover, classical genetic inheri
tance canno t exp lain  d iffering  p h en o ty p es  in  m onozygotic  
tw ins. The an sw ers  to  these  co n u n d ru m s p robab ly  lie in  
epigenetics—heritab le  changes in  gene expression  th a t are  
n o t caused  by a lte ra tions in  D N A  sequence (see later).

Histone Organization

E ven th o u g h  v irtua lly  all cells in  the  bo d y  have  the sam e 
genetic  com position , d ifferen tia ted  cells have  d istinct 
s tru c tu res  a n d  functions arising  th ro u g h  lineage-specific 
p ro g ram s of gene expression . Such cell type-specific  differ
ences in  D N A  tran sc rip tio n  a n d  transla tion  are  regu la ted  
by epigenetic m odifications th a t consist of several changes 
th a t p ro fo u n d ly  influence gene expression , includ ing :
• Chromatin organization (Fig. 1.2). G enom ic D N A  is 

pack ed  in to  nucleosom es, w h ich  are  com posed  of 147
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Fig. 1.2 Chromatin organization. (A) Nucleosomes are comprised of octamers of histone proteins (two each of histone subunits H2A, H2B, H3, and H4) 
encircled by 1.8 loops of 147 base pairs of DNA; histone HI sits on the 20 to 80 nucleotide linker DNA between nucleosomes and helps stabilize the overall 
chromatin architecture. The histone subunits are positively charged, thus allowing the compaction of the negatively charged DNA. (B) The relative state of 
DNA unwinding (and thus access for transcription factors) is regulated by histone modification, for example, by acetylation, methylation, and/or phosphoryla
tion (so-called “ marks”); marks are dynamically written and erased. Certain marks such as histone acetylation “open up” the chromatin structure, whereas 
others, such as methylation of particular histone residues, tend to condense the DNA and lead to gene silencing. DNA itself can also be also be methylated, 
a modification that is associated with transcriptional inactivation.

http://ebooksmedicine.net

http://ebooksmedicine.net


4 CHAPTER 1 The Cell as a Unit of Health and Disease

base p a ir  D N A  segm ents w ra p p e d  a ro u n d  a  cen tra l core 
of p ro te in s  called histones. N ucleosom es resem ble beads 
jo ined  by  sh o rt D N A  linkers; the en tire  s tru c tu re  is 
generically  called  chromatin. Im portan tly , the w in d in g  
an d  com paction  of ch ro m atin  in  any  g iven  cell varies in  
d ifferen t genom ic reg ions. T hus, nuc lear ch rom atin  
exists in  tw o  basic form s (v isualizab le by  s ta n d a rd  h is
tology): (1) h istochem ically  dense  a n d  transcrip tionally  
inactive heterochromatin a n d  (2) h istochem ically  d is
p e rsed  a n d  transcrip tiona lly  active euchromatin. Because 
on ly  eu ch ro m atin  p e rm its  gene expression  an d  thereby  
dictates cellu lar id en tity  a n d  activity , there  a re  a host of 
m echan ism s th a t tigh tly  reg u la te  the state  of ch rom atin  
(described  below ).

• D N A  methylation. H ig h  levels of D N A  m eth y la tio n  in  
gene reg u la to ry  e lem en ts typ ically  resu lt in  ch rom a
tin  condensa tion  a n d  transc rip tiona l silencing. Like 
h istone  m odifications (see later), D N A  m ethy la tion  is 
tigh tly  reg u la ted  by  m ethy ltransferases, d em ethy la ting  
enzym es, a n d  m ethy la ted -D N A -b ind ing  p ro te ins.

• Histone modifying factors. N ucleosom es are  h igh ly  
dynam ic  s tru c tu res  reg u la ted  by  a n  a rray  of nuclear 
p ro te in s  an d  post-transla tiona l m odifications:
• Chromatin remodeling complexes can  reposition  nucleo- 

som es on  D N A , exposing  (or obscuring) gene regu la 
to ry  e lem en ts such  as p rom oters.

• "Chromatin writer" complexes carry  o u t m ore  than  
70 d iffe ren t covalen t h istone  m odifications generi
cally d en o ted  as marks. These inc lude  m ethy lation , 
acety lation , a n d  p h o sp h o ry la tio n  of specific h istone 
am ino  acid  residues: Histone methylation o f lysines 
an d  arg in ines is accom plished  by  specific w rite r  
enzym es; m eth y la tio n  of h istone lysine residues 
can  lead  to  transcrip tiona l activa tion  or rep ression , 
d e p e n d in g  on  w h ich  h istone  resid u e  is "m ark ed ."  
Histone acetylation of lysine residues (occurring  
th ro u g h  h istone acetyl transferases) ten d s to  o pen  
u p  ch ro m atin  a n d  increase transcrip tion ; h istone 
deacety lases (HDAC) reverse  th is process, lead ing  
to ch ro m atin  condensation . Histone phosphorylation 
of serine resid u es can  variab ly  o p e n  o r condense 
ch rom atin , to  increase o r decrease transcrip tion , 
respectively.

• H istone  m arks are reversib le  th ro u g h  the  activ ity  of 
"chromatin erasers." O ther p ro te in s  function  as "chro
matin readers, " b in d in g  h istones th a t bear p a rticu la r 
m arks an d  thereby  reg u la tin g  gene expression.

The m echan ism s in vo lved  in  the cell-specific ep igenetic  
reg u la tio n  of genom ic o rg an iza tio n  a n d  gene expression  
are  u n d en iab ly  com plex. D esp ite  the intricacies, learn ing  
to m an ip u la te  these p rocesses w ill likely b ear significant 
the rapeu tic  benefits because m an y  d iseases are associated  
w ith  in h erited  or acqu ired  ep igenetic  altera tions, an d  
dy sreg u la tio n  of the "ep ig en o m e" has a cen tra l role in  the 
genesis of ben ign  a n d  m alig n an t n eop lasm s (C hap ter 6). 
M o reo v e r—unlike  genetic  ch a n g e s—epigenetic  a lte ra tions 
(e.g., h istone acety la tion  a n d  D N A  m ethy lation ) a re  read ily  
reversib le  a n d  are therefore  am enab le  to  in terven tion ; 
indeed , H D A C  inh ib ito rs a n d  D N A  m ethy la tion  inh ib ito rs 
are  a lread y  be ing  u sed  in  the  trea tm en t o f v a rio u s form s 
of cancer.

Micro-RNA and Long Noncoding RNA

Another m echanism  o f gene regulation  dep en d s on  the  
functions o f non cod in g  R N A s. A s the nam e im plies, these 
a re  enco d ed  by genes th a t a re  transcribed  b u t n o t trans
la ted . A lth o u g h  m an y  d istinct fam ilies of no n co d in g  R N A s 
exist, on ly  tw o  exam ples are  d iscussed  here: sm all R N A  
m olecules called  microRNAs a n d  long noncoding R N A s  >200 
nucleo tides in  length .
• M icro-RN As (m iRNAs) a re  re la tively  sh o rt R N A s (22 

nucleo tides on  average) th a t function  p rim arily  to 
m o d u la te  the tran sla tio n  of ta rge t m R N A s in to  their 
co rresp o n d in g  p ro te ins. Posttranscriptional s ilen cin g  
o f gene expression  by m iR N A  is a fundam ental and  
evolutionarily  conserved  m echanism  o f gene regula
tion  present in  all eukaryotes (plants and anim als). 
E ven  bacteria  have  a p rim itive  version  of the  sam e 
general m ach inery  th a t they use  to  p ro tec t them selves 
ag a in st fo re ign  D N A  (e.g., from  p h ag es a n d  viruses).

• The h u m a n  genom e contains a lm ost 6000 m iR N A  genes, 
on ly  3.5-fold less th an  the  n u m b er of p ro te in -cod ing  
genes. M oreover, in d iv id u a l m iR N A s a p p e a r to  reg u 
late  m u ltip le  p ro te in -cod ing  genes, a llow ing  each 
m iR N A  to co regu late  en tire  p ro g ram s of gene expres
sion. T ranscrip tion  of m iR N A  genes p ro d u ces  a  p rim ary  
tran sc rip t (pri-m iR N A ) th a t is p rocessed  in to  p rog res 
sively sm aller segm ents, in c lu d in g  trim m in g  by the 
enzym e Dicer. This generates m a tu re  sing le-stranded  
m iR N A s of 21 to  30 nucleo tides th a t associate w ith  a 
m u ltip ro te in  agg regate  called  R N A -induced  silencing 
com plex (RISC; Fig. 1.3). S ubsequen t base p a irin g  
be tw een  the m iR N A  stran d  a n d  its ta rge t m R N A  directs 
the RISC to e ither induce  m R N A  cleavage o r to  rep ress 
its transla tion . In  th is w ay , the ta rge t m R N A  is posttran
scriptionally silenced.

T aking ad v an tag e  of the  sam e p a th w ay , small interfering 
R N A s (siRNAs) are  sh o rt R N A  sequences th a t can  be in tro 
duced  in to  cells. These serve as substra tes  for D icer an d  
in terac t w ith  the  RISC com plex  in  a m an n e r ana logous to 
en d o g en o u s m iR N A s. Synthetic  siR N A s th a t can  ta rge t 
specific m R N A  species a re  therefore  p o w erfu l laborato ry  
tools to  s tu d y  gene function  (so-called k n o ck d o w n  technol
ogy); they also  are  p ro m isin g  as the rapeu tic  agen ts  to 
silence p a thogen ic  genes, e.g., oncogenes in vo lved  in  neo
p lastic  transfo rm ation .
• Long noncoding R N A  (lncRNA). The h u m a n  genom e also 

con tains a very  large  n u m b er of lncR N A s—a t least 
30,000, w ith  the to ta l n u m b er po ten tia lly  exceeding 
cod ing  m R N A s by 10- to  20-fold. lncR N A s m o d u la te  
gene expression  in  m an y  w ay s (Fig. 1.4); for exam ple, 
they can  b in d  to  reg ions of ch rom atin , restric ting  R N A  
po lym erase  access to  cod ing  genes w ith in  the region. 
The best-know n  exam ple  of a rep ressive  function  
invo lves XIST, w h ich  is transcribed  from  the X chrom o
som e an d  p lays a n  essen tial role in  physio log ic X chro 
m osom e inactivation . XIST itself escapes X inactivation , 
b u t fo rm s a rep ressive  "cloak" o n  the  X chrom osom e 
from  w h ich  it is transcribed , resu ltin g  in  gene silencing. 
C onversely , it has  been  ap p rec ia ted  th a t m an y  enhanc
ers are  sites of lncR N A  synthesis, w ith  the lncR N A s 
ex p an d in g  tran sc rip tio n  from  gene p ro m o te rs  th ro u g h
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Fig. 1.3 Generation of microRNAs (miRNA) and their mode of action in 
regulating gene function. miRNA genes are transcribed to produce a primary 
miRNA (pri-miRNA), which is processed within the nucleus to form pre- 
miRNA composed of a single RNA strand with secondary hairpin loop 
structures that form stretches of double-stranded RNA. After this pre- 
miRNA is exported out of the nucleus via specific transporter proteins, the 
cytoplasmic enzyme Dicer trims the pre-miRNA to generate mature double
stranded miRNAs of 21 to 30 nucleotides. The miRNA subsequently unwinds, 
and the resulting single strands are incorporated into the multiprotein RISC. 
Base pairing between the single-stranded miRNA and its target mRNA 
directs RISC to either cleave the mRNA target or to repress its translation. 
In either case, the target mRNA gene is silenced posttranscriptionally.

A .  Gene activation 

lncRNA

Ribonucleoprotein 
transcription complex

C .  Promote chromatin modification
Methylation,
acetylation

D .  Assembly of protein complexes

Fig. M  Roles of long noncoding RNAs (lncRNAs). (A) Long noncoding 
RNAs (lncRNAs) can facilitate transcription factor binding and thus promote 
gene activation. (B) Conversely, lncRNAs can preemptively bind transcription 
factors and thus prevent gene transcription. (C) Histone and DNA modifica
tion by acetylases or methylases (or deacetylases and demethylases) may be 
directed by the binding of lncRNAs. (D) In other instances lncRNAs may act 
as scaffolding to stabilize secondary or tertiary structures and/or multisub
unit complexes that influence general chromatin architecture or gene activity. 
(Adapted from Wang KC, Chang HY: Molecular mechanisms of long noncoding 
RNAs, Mol Cell 43:904,2011.)

a varie ty  of m echan ism s (Fig. 1.4). O ngo ing  s tud ies  are  
exp lo ring  the  role of lncR N A s in  d iseases like a th e ro 
sclerosis an d  cancer.

G ene Editing

Exciting new  d ev elopm en ts  th a t p e rm it exquisitely  specific 
genom e ed itin g  s tan d  to  u sh e r in  a n  era  of m olecu lar revo 
lu tion . These advances com e from  a w ho lly  unexpected  
source: the  d iscovery  of c lu ste red  regu la rly  in te rspaced  
sh o rt p a lin d ro m ic  rep ea ts  (CRISPRs) a n d  C as (or CRISPR- 
associated  genes). These a re  linked  genetic e lem en ts that 
en d o w  p ro k ary o tes  w ith  a fo rm  of acqu ired  im m u n ity  to 
p h ag es an d  p lasm ids. Bacteria u se  th is  system  to sam ple  
the  D N A  of in fecting  agents, in co rp o ra tin g  it in to  the  ho st 
genom e as CRISPRs. CRISPRs are  transcribed  a n d  p ro 
cessed in to  a n  R N A  sequence tha t b inds a n d  d irects the 
nuclease  Cas9 to  a  sequences (e.g., a phage), lead in g  to  its 
cleavage a n d  the d estru c tio n  of the  phage . G ene ed iting  
re p u rp o se s  th is p rocess by  u sin g  artificial gu ide  RN A s 
(gRNAs) tha t b in d  Cas9 an d  are com plem en tary  to  a D N A
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sequence of in terest. O nce d irec ted  to  the ta rge t sequence 
by  the gRNA, Cas9 induces d o u b le -s tran d  D N A  breaks.

R epair of the re su ltin g  h igh ly  specific cleavage sites 
can  lead  to  som ew h at ra n d o m  d isru p tiv e  m u ta tio n s  in  the 
ta rg e ted  sequences (th ro u g h  n onhom ologous en d  jo in ing  
[NHEJ]), o r the  precise in tro d u c tio n  of n ew  sequences of 
in te rest (by hom ologous recom bination). Both the  gRN A s 
a n d  the Cas9 enzym e can  be de live red  to  cells w ith  a single 
easy -to -bu ild  p la sm id  (Fig. 1.5). H ow ever, the real beau ty
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Fig. I .5 Gene editing with clustered regularly interspersed short palin
dromic repeats (CRISPRs)/Cas9. In bacteria, DNA sequences consisting of 
CRISPRs are transcribed into guide RNAs (gRNAs) with a constant region 
and a variable sequence of about 20 bases. The constant regions of gRNAs 
bind to Cas9, permitting the variable regions to form heteroduplexes with 
homologous host cell DNA sequences. The Cas9 nuclease then cleaves the 
bound DNA, producing a double-stranded DNA break. To perform gene 
editing, gRNAs are designed with variable regions that are homologous to 
a target DNA sequence of interest. Coexpression of the gRNA and Cas9 in 
cells leads to efficient cleavage of the target sequence. In the absence of 
homologous DNA, the broken DNA is repaired by nonhomologous end 
joining (NHEJ), an error-prone method that often introduces disruptive 
insertions or deletions (indels). By contrast, in the presence of a homologous 
“ donor” DNA spanning the region targeted by CRISPR/Cas9, cells instead 
may use homologous DNA recombination (HDR) to repair the DNA break. 
HDR is less efficient than NHEJ, but has the capacity to introduce precise 
changes in DNA sequence. Potential applications of CRISPR/Cas9 coupled 
with HDR include the repair of inherited genetic defects and the creation 
of pathogenic mutations.

of the  system  (and  the excitem ent ab o u t its genetic engi
n eerin g  po ten tia l) com es from  its im pressive  flexibility an d  
specificity, w h ich  is substan tia lly  be tte r th an  o ther p rev i
o u s ed itin g  system s. A pp lica tions inc lude  in serting  specific 
m u ta tio n s in to  the genom es of cells to  m odel cancers an d  
o ther diseases, a n d  rap id ly  g enera ting  transgen ic  an im als 
from  ed ited  em bryon ic  stem  cells. O n  the flip side, it n o w  is 
feasible to  selectively "correct" m u ta tio n s th a t cause hered- 
itab le disease, o r — p e rh a p s  m ore  w o rriso m e — to ju s t e lim i
n a te  less "d esirab le" traits. P red ictab ly , the technology  has 
in sp ired  a v igo rous debate  re g a rd in g  its app lication .

CELLULAR HOUSEKEEPING

The viab ility  a n d  no rm al activ ity  of cells d ep e n d  on  a 
varie ty  o f fu n d am en ta l h o u sek eep in g  functions th a t all dif
feren tia ted  cells m u s t perform .

M any norm al h ou sek eep in g  functions are compart
m en ta lized  w ith in  m em brane-bound intracellular organ
e lles  (Fig. 1.6). By iso la ting  certa in  cellu lar functions w ith in  
d istinct com partm en ts, po ten tia lly  in ju rious d eg rad a tiv e  
enzym es or reactive m etabo lites can  be concen tra ted  
or sto red  a t h ig h  concen tra tions in  specific o rganelles 
w ith o u t risk ing  dam ag e  to  o ther cellu lar constituen ts. 
M oreover, com partm en ta liza tio n  a llow s for the creation  
of u n iq u e  in trace llu la r en v iro n m en ts  (e.g., low  p H  or h igh  
calcium ) th a t are  op tim al for certa in  enzym es o r m etabolic 
p a thw ays.

N ew  p ro te in s  destin ed  for the  p lasm a  m em b ran e  or 
secretion  are  syn thesized  in  the rough endoplasmic reticulum  
(RER) a n d  physically  assem bled  in  the Golgi apparatus; p ro 
teins in ten d ed  for the  cytosol a re  syn thesized  o n  free ribo 
som es. Smooth endoplasmic reticulum (SER) m ay  be a b u n d a n t 
in  certa in  cell types such  as gonads a n d  liver w h ere  it 
serves as the site of stero id  ho rm o n e  a n d  lip o p ro te in  syn
thesis, as w ell as the  m odification  of hy d ro p h o b ic  com 
p o u n d s  such  as d ru g s  in to  w ater-so lub le  m olecu les for 
export.

C ells catabolize the  w id e  varie ty  of m olecu les th a t they 
endocytose, as w ell as the ir o w n  reperto ire  of p ro te in s  an d  
o rg an e lle s—all of w h ich  are  constan tly  be ing  d eg rad ed  
an d  renew ed . B reakdow n  of these constituen ts takes 
place a t th ree  d ifferen t sites, u ltim ate ly  serv ing  d ifferen t 
functions.
• Proteasomes a re  "d isp o sa l"  com plexes th a t d eg rad e  

d e n a tu re d  o r o therw ise  " tag g ed " cytosolic p ro te in s  and  
release sh o rt p ep tides . In  som e cases the p ep tid es  so 
g enera ted  are p re sen ted  in  the contex t o f class I m ajor 
h istocom patib ility  m olecu les to  help  d rive  the ad ap tiv e  
im m u n e  response  (C hap ter 5). In  o th e r cases, pro tea- 
som al d eg rad a tio n  of reg u la to ry  p ro te in s  o r transcrip 
tion  factors can  trigger o r sh u t d o w n  cellu lar signaling  
p a thw ays.

• Lysosomes a re  in trace llu la r o rganelles th a t con ta in  
enzym es th a t d igest a w id e  ran g e  of m acrom olecules, 
in c lu d in g  p ro te ins, polysaccharides, lip ids, a n d  nucleic 
acids. T hey  are  the organelle  in  w h ich  phagocy tosed  
m icrobes a n d  d am ag ed  or u n w a n te d  cellu lar o rganelles 
are  d eg rad ed  an d  e lim inated .

• Peroxisomes a re  specialized  cell o rganelles th a t con ta in  
catalase, perox idase  an d  o ther ox idative  enzym es. T hey
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Relative volumes of intracellular organelles (hepatocyte)

Compartment % total volume number/cell role in the cell

Cytosol 54%
Mitochondria 22%
Rough ER 9%
Smooth ER, Golgi 6%
Nucleus 6%
Endosomes 1%
Lysosomes 1%
Peroxisomes 1%

1
1700
1*
1*
1
200
300
400

metabolism, transport, protein translation
energy generation, apoptosis
synthesis of membrane and secreted proteins
protein modification, sorting, catabolism
cell regulation, proliferation, DNA transcription
intracellular transport and export, ingestion of extracellular substances
cellular catabolism
very long-chain fatty acid metabolism

Endosome
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Golgi
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ribosomes reticulum Nucleolus
Nucleus
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Plasma
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Fig. 1.6 Basic subcellular constituents of cells. The table presents the number of various organelles within a typical hepatocyte, as well as their volume within 
the cell. The figure shows geographic relationships but is not intended to be accurate to scale. *Rough and smooth ER form a single compartment; the Golgi 
apparatus is organized as a set of discrete stacked cisternae interconnected by transport vesicles. (Adapted from Weibel ER, Staubli W, Gnagi HR, et al: Correlated 
morphometric and biochemical studies on the liver cell. I. Morphometric model, stereologic methods, and normal morphometric data for rat liver, J Cell Biol 42:68, 1969.)

p lay  a specialized  role in  the  b reak d o w n  of very  long  
cha in  fa tty  acids, g enera ting  h y d ro g en  perox ide  in  the 
process.

The con ten ts a n d  p o sition  of cellu lar o rganelles also 
are  subject to regu la tion . Endosomal vesicles shu ttle  in te r
nalized  m ateria l to  the ap p ro p ria te  in trace llu la r sites o r 
d irect new ly  syn thesized  m ateria ls  to the cell surface or 
ta rge ted  organelle . M ovem ent of b o th  o rganelles an d  p ro 
teins w ith in  the  cell an d  of the cell in  its en v iro n m en t is 
o rchestra ted  by the cytoskeleton. These s tru c tu ra l p ro te in s  
also  regu la te  cellu lar shape  a n d  in trace llu la r o rgan iza 
tion, requ isites for m a in ta in in g  cell polarity. This is p a r 
ticu larly  critical in  ep ithelia , in  w h ich  the  top  of the  cell 
(apical) a n d  the b o tto m  a n d  side  of the  cell (basolateral) are 
o ften  exposed  to  d ifferen t en v iro n m en ts  a n d  hav e  d istinct 
functions.

M ost o f the  adenosine  trip h o sp h a te  (ATP) th a t pow ers  
cells is m ad e  th ro u g h  ox idative  p h o sp h o ry la tio n  in  the 
m itochondria . H ow ever, m itochondria  also  serve as an  
im p o rta n t source of m etabolic  in te rm ed ia tes  th a t are 
n eed ed  for anabolic  m etabolism . They also  are  sites o f syn 
thesis of certa in  m acrom olecules (e.g., hem e), an d  contain  
im p o rta n t sensors o f cell dam age  th a t can  in itia te  a n d  reg u 
la te  the process o f apop to tic  cell death .

Cell g ro w th  a n d  m ain tenance requ ire  a constan t supp ly  
of bo th  energy  an d  the bu ild in g  blocks th a t are  needed  
for syn thesis of m acrom olecules. In  g row ing  a n d  d iv id ing  
cells, all of these organelles have  to  be rep licated  (organel
lar biogenesis) an d  correctly  a p p o rtio n ed  in  d au g h te r cells 
fo llow ing  m itosis. M oreover, because the m acrom olecules 
a n d  organelles have  finite life spans (m itochondria , e.g., 
last only  ab o u t 10 days), m echanism s also m u st exist 
th a t allow  for the  recognition  a n d  deg rad a tio n  of "w o rn
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8 CHAPTER 1 The Cell as a Unit of Health and Disease

o u t"  cellu lar com ponents. The final catabolism  occurs in  
lysosom es.

W ith  th is  as a p rim er, w e  now  m ove o n  to  d iscuss cel
lu la r com ponen ts a n d  their function  in  g rea ter detail.

Plasma Membrane: Protection and 
Nutrient Acquisition

P lasm a m em branes (and  all o ther o rganella r m em branes) 
a re  m ore th an  ju s t static lip id  sheaths. R ather, they  are 
flu id  b ilayers o f am p h ip a th ic  p h o sp h o lip id s  w ith  h y d ro 
ph ilic  h ead  g ro u p s  th a t face the  aq u eo u s en v iro n m en t and  
hy d ro p h o b ic  lip id  tails th a t in te rac t w ith  each  o th e r to 
fo rm  a ba rrie r to passive  d iffusion  of large  o r  charged  
m olecu les (Fig. 1.7A). The b ilayer is com posed  of a hetero 
geneous collection o f d ifferen t p h o sp h o lip id s , w h ich  are  
d is tr ib u ted  a sy m m etrica lly —for exam ple, certa in  m em 
b rane  lip id s  p referen tia lly  associate  w ith  extracellu lar o r 
cytosolic faces. A sym m etric  p a rtitio n in g  o f p h o sp h o lip id s  
is im p o rta n t in  several cellu lar processes:
• Phosphatidylinositol on  the  in n er m em brane  leaflet can  be 

p h o sp h o ry la ted , serv ing  as a n  e lectrostatic  scaffold for 
in trace llu la r p ro te ins; a lternatively , p o ly p h o sp h o in o sit
ides can  be h y d ro ly zed  by p h o sp h o lip ase  C to  generate  
in trace llu la r second  signals such  as d iacylglycerol an d  
inosito l trisphosphate .

• Phosphatidylserine is no rm ally  restric ted  to  the inner 
face w h ere  it confers a negative  charge a n d  is invo lved  
in  e lectrostatic  in te rac tions w ith  pro te ins; how ever, 
w h e n  it flips to the extracellu lar face, w h ich  h a p p en s  in

cells u n d e rg o in g  ap o p to sis  (p ro g ram m ed  cell death), it 
becom es a n  "e a t m e" signal for phagocy tes. In  the 
special case of p la te le ts, it serves as a  cofactor in  the 
clo tting  of b lood.

• Glycolipids an d  sphingomyelin a re  p referen tia lly  expressed  
o n  the extracellu lar face; g lyco lip ids (and  particu larly  
gangliosides, w ith  com plex sugar linkages an d  te rm inal 
sialic acids th a t confer negative  charges) are im p o rtan t 
in  cell-cell an d  cell-m atrix  interactions, includ ing  inflam 
m atory  cell recru itm en t an d  sp erm -eg g  interactions.

C erta in  m em brane  com ponen ts associate laterally  w ith  
each o ther in  the  bilayer, lead in g  to  d istinct d om ains called 
lipid rafts. Because in se rted  m em brane  p ro te in s  have  differ
en t in trinsic  so lubilities in  v a rio u s lip id  dom ains, they  tend  
to accum ula te  in  certa in  reg ions of the m em b ran e  (e.g., 
rafts) a n d  to  becom e d ep le ted  from  o thers. Such n o n ran 
do m  d is trib u tio n s of lip id s  a n d  m em brane  p ro te in s  im pact 
cell-cell a n d  ce ll-m atrix  in teractions, as w ell as in tracel
lu la r signaling  a n d  the g enera tion  of specialized  m em brane  
reg ions invo lved  in  secretory  or endocytic  p a thw ays.

The p lasm a m em brane is liberally  studded  w ith  a 
variety o f proteins and glycoproteins in vo lved  in  (1) ion  
and m etabolite transport, (2) flu id-phase and receptor- 
m ediated  uptake o f m acrom olecules, and (3) cell- ligand, 
cell- matrix, and c e ll-c e ll interactions. P ro teins in te rac t 
w ith  the lip id  b ilayer by  one of fo u r general a rran g em en ts
(Fig. 1.7B):
• M ost p ro te in s  are  tran sm em b ran e  (integral) p ro te ins, 

h av in g  one o r m ore  re la tively  hy d ro p h o b ic  a-helical

Outside
Glycolipids

ethanolamine serine inositol (both faces)
(inner mostly) (inner mostly) (both faces)

Cytoplasm

A

P

P

Transmembrane proteins

Extracellular
protein

Lipid-linked protein

Cytosolic
protein

Glycosylphosphatidylinositol 
(GPI) linked protein

Fig. I .7 Plasma membrane organization and asymmetry. (A) The plasma membrane is a bilayer of phospholipids, cholesterol, and associated proteins. The 
phospholipid distribution within the membrane is asymmetric; phosphatidylcholine and sphingomyelin are overrepresented in the outer leaflet, and phosphatidyl- 
serine (negative charge) and phosphatidylethanolamine are predominantly found on the inner leaflet; glycolipids occur only on the outer face where they 
contribute to the extracellular glycocalyx. Non-random partitioning of certain membrane components such as cholesterol creates membrane domains known 
as lipid rafts. (B) Membrane-associated proteins may traverse the membrane (singly or multiply) via a-helical hydrophobic amino acid sequences; depending 
on the sequence and hydrophobicity of these domain, such proteins may be enriched or excluded from lipid rafts and other membrane domain. Proteins on 
the cytosolic face may associate with membranes through posttranslational modifications, for example, farnesylation or addition of palmitic acid. Proteins on 
the extracytoplasmic face may associate with the membrane via glycosyl phosphatidyl inositol linkages. Besides protein-protein interactions within the mem
brane, membrane proteins can also associate with extracellular and/or intracytoplasmic proteins to generate large, relatively stable complexes (e.g., the focal 
adhesion complex).Transmembrane proteins can translate mechanical forces (e.g., from the cytoskeleton or ECM) as well as chemical signals across the mem
brane. It is worth remembering that a similar organization of lipids and associated proteins also occurs within the various organellar membranes.
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segm ents th a t traverse  the  lip id  bilayer. In teg ra l m em 
b rane  p ro te in s  typ ically  con tain  positively  charged  
am ino  acids in  the ir cy top lasm ic d om ains th a t anchor 
the p ro te in s  to  the negatively  charged  head  g ro u p s  of 
m em brane  p h o spho lip id s .

• P ro te in s m ay  be syn thesized  in  the  cytosol a n d  post- 
transla tiona lly  a ttach ed  to p ren y l g ro u p s (e.g., farnesyl, 
re la ted  to  cholesterol) or fa tty  acids (e.g., palm itic  o r 
m yristic  acid) th a t in se rt in to  the  cytosolic side  of the 
p lasm a  m em brane.

• A ttach m en t to  m em branes can  occur th ro u g h  glyco- 
sy lp h ospha tidy linosito l (GPI) ancho rs on  the  extracel
lu la r face of the m em brane.

• E xtracellu lar p ro te in s  can  noncovalen tly  associate  w ith  
tran sm em b ran e  p ro te ins, w h ich  serve to  ancho r th em  to 
the cell.

M any p lasm a m em brane proteins fu nction  together as 
larger com plexes; these m ay assem ble under the control 
o f chaperone m olecu les in  the RER or by lateral d iffu sion  
in  the p lasm a m em brane. The la tte r m echan ism  is charac
teristic of m an y  p ro te in  recep to rs (e.g., cy tok ine receptors) 
th a t d im erize  o r trim erize  in  the presence of lig an d  to  fo rm  
functional signaling  un its . A lth o u g h  lip id  b ilayers are flu id  
in  the  tw o-d im ensional p lan e  of the m em brane , m em brane  
com ponen ts can  neverthe less be constra ined  to  d iscrete  
dom ains. This can  occur by  localization  to  lip id  ra fts  (dis
cussed  earlier), o r th ro u g h  in terce llu la r p ro te in -p ro te in  
in teractions (e.g., a t tight junctions) th a t estab lish  d iscrete  
boundaries; indeed , th is stra tegy  is u se d  to  m a in ta in  cell 
polarity (e.g., to p /a p ic a l versus b o tto m /b aso la te ra l)  in  ep i
thelial layers. A lternatively , u n iq u e  d om ains can  be fo rm ed  
th ro u g h  the in te rac tion  of m em b ran e  p ro te in s  w ith  cyto- 
skeletal m olecu les o r an  ex tracellu lar m atrix  (ECM).

The extracellu lar face of the p lasm a  m em b ran e  is dif
fusely  s tu d d e d  w ith  carbohydra tes, n o t on ly  as com plex 
o ligosaccharides o n  g lycopro te ins a n d  glycolip ids, b u t also 
as po lysaccharide  chains a ttach ed  to  in teg ra l m em brane  
p ro teoglycans. This glycocalyx functions as a  chem ical and  
m echanical barrier, an d  is also  invo lved  in  cell-cell and  
cell-matrix interactions.

Passive M e m b ra n e  D iffusion

Sm all, n o n p o la r m olecu les such  as O2 a n d  CO 2 read ily  d is
solve in  lip id  b ilayers a n d  therefore  rap id ly  d iffuse across 
them , as do  hy d ro p h o b ic  m olecu les (e.g., s tero id -based  
m olecu les such  as estrad io l o r v itam in  D). S im ilarly, sm all 
p o la r m olecu les (<75 d a ltons in  m ass, such  as w ater, 
e thano l, a n d  u rea) read ily  cross m em branes. In  contrast, 
the  lip id  b ilayer is a n  effective barrie r to  the  passage  of 
la rger p o la r m olecules, even  those on ly  slightly  greater 
th a n  75 daltons, such  as glucose. L ip id  b ilayers also  are  
im p erm ean t to  ions, no  m atte r how  sm all, because of their 
charge  a n d  h ig h  degree  of h y d ra tion . W e w ill nex t d iscuss 
specia lized  m echan ism s th a t regu la te  traffic across p lasm a 
m em branes.

C arriers and  Channels

For each  of the  la rger p o la r m olecu les th a t m u st cross 
m em branes to  su p p o rt n o rm al cellu lar functions (e.g., for 
n u tr ie n t u p tak e  a n d  w aste  d isposal), u n iq u e  p lasm a m em 
b rane  p ro te in  com plexes a re  typically  requ ired . For

low -m olecu lar-w eigh t species (ions a n d  sm all m olecules 
u p  to  app rox im ate ly  1000 daltons), channel proteins an d  
carrier proteins m ay  be u sed  (a lthough  th is d iscussion  
focuses on  p lasm a m em branes, it sh o u ld  be n o ted  th a t 
sim ilar po res  an d  channels are  n eed ed  for tra n sp o rt across 
o rganella r m em branes). Each tra n sp o rted  m olecu le (e.g., 
ion, sugar, nucleo tide) requ ires  a tran sp o rte r th a t is typ i
cally h igh ly  specific (e.g., g lucose b u t n o t galactose):
• Channel proteins create  h yd roph ilic  po res  that, w h e n  

open , p e rm it ra p id  m o v em en t of so lu tes (usually  
restric ted  by size a n d  charge; Fig. 1.8).

• Carrier proteins b in d  their specific so lu te  a n d  u n d e rg o  a 
series of confo rm ational changes to  transfer the  ligand  
across the m em brane; the ir tra n sp o rt is re la tively  slow .

In  m any  cases, a  concen tra tion  a n d /o r  electrical g rad i
en t b e tw een  the inside  a n d  o u ts id e  of the cell d rives  solu te 
m ovem en t v ia  passive transport (v irtually  all p lasm a  m em 
b ran es have  a n  electrical p o ten tia l d ifference across them , 
w ith  the inside  negative  re la tive  to  the  ou tside). In  o ther 
cases, active transport o f certa in  so lu tes against a  concentra 
tion  g rad ien t is accom plished  by carrier m olecu les (not 
channels) u sin g  energy  re leased  by  ATP hyd ro ly sis  o r a 
co u p led  ion  g rad ien t. T ran sp o rte r A TPases inc lude  the 
n o to rio u s m ultidrug resistance (M DR) protein, w h ich  p u m p s  
p o la r co m p o u n d s  (e.g., chem otherapeu tic  d rugs) o u t of 
cells an d  m ay  re n d e r cancer cells resis tan t to  treatm en t.

Because m em branes a re  freely perm eab le  to w a te r, it 
m oves in to  an d  o u t of cells by  osm osis, d e p e n d in g  on  rela 
tive so lu te concentra tions. T hus, extracellu lar salt in  excess 
o f th a t in  the  cytosol (hypertonicity) causes a n e t m o vem en t 
o f w a te r o u t o f cells, w h e reas  hypotonicity causes a ne t 
m o v em en t of w a te r  in to  cells. The cytosol is rich  in  charged  
m etabo lites a n d  p ro te in  species, w h ich  a ttrac t a large 
n u m b er of coun terions th a t ten d  to  increase the in tracel
lu la r osm olarity . A s a consequence, to p re v e n t o v erh y d ra 
tion  cells m u st constan tly  p u m p  o u t sm all ino rgan ic  ions 
(e.g., Na+) — typically  th ro u g h  the activ ity  of m em brane  
ion-exchanging  A TPases. Loss of the  ab ility  to  generate  
energy  (e.g., in  a cell in ju red  by toxins or ischem ia) there 
fore resu lts  in  osm otic  sw elling  a n d  ev en tu a l ru p tu re  of 
cells. S im ilar tra n sp o rt m echan ism s also  reg u la te  in tracel
lu la r a n d  in trao rg an e lla r pH ; m ost cytosolic enzym es 
p refer to  w o rk  a t p H  7.4, w h ereas  lysosom al enzym es func
tion  best a t p H  5 or less.

R ecep to r-M ed ia ted  and  

Fluid-Phase U p take

U ptake  of flu ids o r m acrom olecules by  the cell, called  endo- 
cytosis, occurs by  tw o  fu n d am en ta l m echan ism s (Fig. 1.8). 
C erta in  sm all m o lecu les—in c lu d in g  som e v ita m in s—are 
taken  u p  by in vag ina tions of the  p lasm a  m em brane  called 
caveolae. For la rger m olecules, u p ta k e  occurs after b in d in g  
to specific cell-surface receptors; in te rna liza tion  occurs 
th ro u g h  a m em b ran e  inv ag in a tio n  p rocess d riv en  by an  
in trace llu la r m atrix  of clathrin p ro te ins. C la th rin  is a 
hexam er of p ro te in s  th a t spon taneously  assem bles in to  a 
basketlike lattice to  d rive  the  invag in a tio n  process. W e 
shall com e back to  these later.

The p rocess by  w h ich  large  m olecu les are ex p o rted  from  
cells is called exocytosis. In  th is process, p ro te in s  syn the
s ized  a n d  p ackaged  w ith in  the RER an d  G olgi a p p a ra tu s
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Carrier Channel Endocytosis Exocytosis Phagocytosis Transcytosis

Fig. I.8 Movement of small molecules and larger structures across membranes. The lipid bilayer is relatively impermeable to all but the smallest and/or most 
hydrophobic molecules. Thus, the import or export of charged species requires specific transmembrane transporter proteins; the internalization or exter- 
nalization of large proteins, complex particles, or even cells requires encircling them with segments of the membrane. Small charged solutes can move across 
the membrane using either channels or carriers; in general, each molecule requires a unique transporter. Channels are used when concentration gradients 
can drive the solute movement. Carriers are required when solute is moved against a concentration gradient. Receptor-mediated and fluid-phase uptake of 
material involves membrane-bound vacuoles. Caveolae endocytose extracellular fluid, membrane proteins, and some receptor-bound molecules (e.g., folate) 
in a process driven by caveolin proteins concentrated within lipid rafts. Pinocytosis of extracellular fluid and most surface receptor-ligand pairs involves clathrin- 
coated pits and vesicles. After internalization, the clathrin dissociates and can be reused, whereas the resulting vesicle progressively matures and acidifies. In 
the early and/or late endosome, ligand can be released from its receptor (e.g., iron released from transferrin bound to the transferrin receptor) with receptor 
recycling to the cell surface for another round. Alternatively, receptor and ligand within endosomes can be targeted to fuse with lysosomes (e.g., epidermal 
growth factor bound to its receptor); after complete degradation, the late endosome-lysosome fusion vesicle can reconstitute lysosomes. Phagocytosis involves 
the non-clathrin-mediated membrane invagination of large particles—typically by specialized phagocytes (e.g., macrophages or neutrophils). The resulting 
phagosomes eventually fuse with lysosomes to facilitate the degradation of the internalized material. Transcytosis involves the transcellular endocytotic transport 
of solute and/or bound ligand from one face of a cell to another. Exocytosis is the process by which membrane-bound vesicles fuse with the plasma membrane 
and discharge their contents to the extracellular space.

are  concen tra ted  in  secretory  vesicles, w h ich  th en  fuse w ith  
the  p lasm a  m em brane  a n d  expel the ir contents.

Transcytosis is the m ovem en t of endocy tosed  vesicles 
be tw een  the apical a n d  baso la te ra l co m p artm en ts  o f cells; 
th is  is a m echan ism  for transfe rring  large  am o u n ts  of in tact 
p ro te in s  across ep ithelia l barrie rs (e.g., ingested  an tibod ies 
in  m ate rn a l m ilk  across in testina l epithelia) o r for the ra p id  
m o v em en t o f large vo lum es of so lu te. In  fact, increased  
transcy tosis p robab ly  p lays a ro le  in  the increased  vascu lar 
perm eab ility  seen in  tum ors.

W e n o w  re tu rn  to  the tw o  form s of endocy tosis m en 
tioned  earlier.
• Caveolae-mediated endocytosis. C aveolae ("little caves") 

are  noncoated p lasm a  m em brane  invag ina tions associ
a ted  w ith  G PI-linked m olecules, cyclic adenosine  
m o n o p h o sp h a te  (cA M P)-binding p ro te ins, SRC-fam ily 
k inases, a n d  the folate recep tor. C aveolin  is the  m ajor 
s tru c tu ra l p ro te in  of caveolae. In te rna liza tion  of caveo- 
lae w ith  any  b o u n d  m olecu les a n d  associa ted  extracel
lu la r flu id  is d en o ted  potocytosis—literally  "ce llu lar

s ipp ing ." A lth o u g h  caveolae likely p a rtic ip a te  in  the 
tran sm em b ran e  delivery  of som e m olecu les (e.g., folate), 
they also  ap p e a r to  con tribu te  to  the  reg u la tio n  of trans
m em b ran e  signaling  a n d /o r  cellu lar ad h esio n  v ia  the 
in te rna liza tion  of recep to rs a n d  in tegrins. M u ta tions in  
caveolin  are associa ted  w ith  m u scu la r d y s tro p h y  and  
electrical abnorm alities in  the heart.

• Pinocytosis and receptor-mediated endocytosis (Fig. 1.8). 
Pinocytosis ("cellu lar d rink ing") is a  flu id -phase  process. 
The p lasm a  m em brane  invag ina tes a n d  is p in ch ed  off 
to fo rm  a cy top lasm ic vesicle; after de livering  their 
cargo, endocy tosed  vesicles recycle back  to  the p lasm a 
m em brane  (exocytosis) for an o th e r ro u n d  of ingestion . 
E ndocytosis a n d  exocytosis are  tigh tly  ba lanced  and  
h igh ly  active, as a cell typically  p inocytoses 10% to 20% 
of its o w n  cell vo lu m e each  hou r, or ab o u t 1% to 2% of 
its p lasm a  m em b ran e  each m inu te . P inocytosis and  
recep to r-m ed ia ted  endocy tosis beg in  w ith  the  fo rm ation  
of a clathrin-coated pit con ta in ing  the lig an d  to be in te r
na lized  (by itself o r b o u n d  to  the receptor), w h ich  rap id ly
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invag ina tes a n d  p inches off to  fo rm  a clathrin-coated 
vesicle. T hus, tra p p e d  w ith in  the vesicle is a  gu lp  of the 
ex tracellu lar m ilieu , as w ell as recep to r-bound  m acro 
m olecu les as described  below . The vesicles th en  rap id ly  
uncoa t a n d  fuse w ith  a n  acidic in trace llu la r s tru c tu re  
called  the early endosome, w h ich  p rog ressive ly  m atu re s  to 
late  endosom es a n d  u ltim ate ly  fuses w ith  lysosom es.

Receptor-mediated endocytosis is the m ajor u p tak e  
m echan ism  for certa in  m acrom olecules, as exem plified  
by  tran sfe rrin  a n d  low -density  lip o p ro te in  (LDL). These 
m acrom olecules b in d  to  recep to rs th a t localize to 
c la th rin -coated  p its. A fter b in d in g  to  their specific recep 
tors, LDL a n d  tran sfe rrin  are endocy tosed  in  vesicles 
th a t m a tu re  in to  early  an d  late  endosom es. In  the acidic 
en v iro n m en t of the endosom e, LDL an d  transferrin  
release their b o u n d  ligands (cholesterol a n d  iron, respec
tively), w h ich  th en  exit in to  the cytosol, an d  the LDL 
recep to r a n d  tran sfe rrin  recep to r subsequen tly  recycle 
to the p lasm a  m em brane . D efects in  recep to r-m ed ia ted  
tra n sp o rt of LDL are  responsib le  for fam ilial hypercho 
lestero lem ia, as described  in  C h ap te r 7.

Cytoskeleton

The ability  o f cells to adopt a particular shape, m aintain  
polarity, organize the intracellular organelles, and m ove  
about depends on  the intracellular scaffo ld in g  o f pro
te in s ca lled  the c y to ske le to n  (Fig. 1.9). In  eukaryo tic  cells, 
there  are th ree  m ajor classes of cy toskeletal proteins:
• A ctin  microfilaments a re  fibrils 5- to  9-nm  in  d iam eter 

fo rm ed  from  the  g lo b u la r p ro te in  actin  (G-actin), the 
m o st a b u n d a n t cytosolic p ro te in  in  cells. G -actin  m ono 
m ers  noncovalen tly  po lym erize  in to  long  f ilam en ts (F-

Fig. 1.9 Cytoskeletal elements and cell-cell interactions. Interepithelial 
adhesion involves several different surface protein interactions, including tight 
junctions and desmosomes; adhesion to the ECM involves cellular integrins 
(and associated proteins) within hemidesmosomes. See text for details.

actin) th a t in te rtw in e  to  fo rm  d o u b le -s tran d ed  
helices. In  m uscle  cells, the  filam en tous p ro te in  myosin 
b inds to actin  a n d  m oves a long  it, d riv en  by  ATP h y d ro 
lysis (the basis o f m uscle  contraction). In  non-m uscle  
cells, F -actin  assem bles v ia  a n  a sso rtm en t o f actin- 
b in d in g  p ro te in s  in to  w ell-o rgan ized  b u n d les  a n d  ne t
w o rk s th a t con tro l cell shape  a n d  m ovem ent.

• Intermediate filam ents a re  fibrils 10-nm  in  d iam eter tha t 
com prise  a large  a n d  he terogeneous fam ily. M em bers 
inc lude  lamins A , B, a n d  C, w h ich  con tribu te  to  the struc
tu re  of nuclear lam ina. In d iv id u a l types of in te rm ed ia te  
filam ents hav e  characteristic  tissue-specific p a tte rn s  of 
expression  th a t are u sefu l for iden tify ing  the cellu lar 
o rig in  of p o o rly  d iffe ren tia ted  tum ors.
• Vimentin: M esenchym al cells (fibroblasts, en d o th e 

lium ) an ch o rin g  in trace llu la r o rganelles
• Desmin: M uscle cells, fo rm ing  the scaffold on  w h ich  

actin  a n d  m yosin  contract
• Neurofilaments: A xons of neu rons, im p artin g  stren g th  

an d  rig id ity
• Glial fibrillary acidic protein: G lial cells th a t su p p o rt 

n eu ro n s
• Cytokeratins: E p ithelia l cells express m ore  th an  30 d is

tinct varie ties w ith  d istinct p a tte rn s  of expression  in  
d ifferen t lineages (e.g., lu n g  v ersu s gastro in testina l 
epithelia). These can  serve as h istochem ical m arkers 
for v a rio u s ep ithelia
In te rm ed ia te  filam ents are  fo u n d  p red o m in an tly  in  

a ropelike  po ly m erized  fo rm  a n d  p rim arily  serve to 
im p a rt tensile s tren g th  an d  allow  cells to  bear m echan i
cal stress. The nuclear m em brane  lam ins are im p o rtan t 
n o t on ly  for m a in ta in in g  nuclear m orp h o lo g y  b u t also 
for reg u la tin g  nuclear gene transcrip tion . The critical 
ro les of lam ins is em p h asized  by  ra re  b u t fascinating  
d iso rd ers  caused  by lam in  m u ta tions, w h ich  range  
from  certa in  fo rm s of m u scu la r d y s tro p h y  to  progeria , 
a d isease of p rem a tu re  ag ing . In te rm ed ia te  filam ents 
also  fo rm  the  m ajor s tru c tu ra l p ro te in s  of ep iderm is  
an d  hair.

• Microtubules a re  25-nm -thick fibrils com posed  of nonco 
va len tly  p o lym erized  d im ers  o f a -  a n d  P -tubu lin  a rray ed  
in  constan tly  e longa ting  or sh rink ing  ho llow  tubes w ith  
a  defined  po larity ; the en d s  a re  desig n a ted  "+" or " —." 
The " —" en d  is typically  em b e d d e d  in  a microtubule orga
n izing  center (M TO C  o r centrosome) n ea r the  nucleus 
w h ere  it is associa ted  w ith  p a ire d  centrioles, w h ile  the 
"+" en d  e longates o r recedes in  response  to  various 
stim uli by  the a d d itio n  o r sub trac tion  of tu b u lin  d im ers. 
M icro tubu les are  in vo lved  in  several im p o rta n t cellu lar 
functions:
• S u p p o rt cables for "m o lecu lar m o to r"  p ro te in s  th a t 

allow  the m o v em en t o f vesicles an d  o rganelles 
a ro u n d  cells. Kinesins a re  the m o to rs  for an te ro g rad e  
(— to +) tran sp o rt, w h ereas dyneins m ove cargo  in  a 
re tro g rad e  d irec tion  (+ to  —).

• The m echanical su p p o rt for sister ch ro m atid  separa 
tion  d u r in g  m itosis

• The core of primary cilia, single nonm otile  p rojections 
on  nuc lea ted  cells th a t help  regu la te  p ro life ra tion  an d  
d ifferen tia tion

• The core of m otile  cilia (e.g., in  b ronch ial ep ithelium ) 
o r flagella (in  sperm )
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Cell-Cell Interactions

C ells interact and com m unicate w ith  one another by  
form ing junctions that provide m echanical lin k s and  
enable surface receptors to recognize ligands on  other 
cells. Cell junctions a re  o rg an ized  in to  th ree  basic types

(Fig. 1.9):
• Occluding junctions (tight junctions) seal ad jacen t cells 

toge ther to  create a  con tin u o u s barrie r th a t restric ts the 
p a race llu lar (betw een  cells) m o v em en t of ions an d  o ther 
m olecules. V iew ed en face, occ lud ing  junctions fo rm  a 
tig h t m eshlike  n e tw o rk  of m acrom olecu lar contacts 
be tw een  n e ighbo ring  cells. The com plexes th a t m ed ia te  
these cell-cell in teractions are com posed  of m u ltip le  
p ro te in s, in c lu d in g  occludin a n d  claudin. In  ad d itio n  to 
be ing  a h igh-resistance barrie r to  so lu te m ovem ent, 
occlud ing  junctions also  m ain ta in  cellu lar po larity  by 
fo rm ing  the  b o u n d a ry  be tw een  apical a n d  baso la tera l 
d o m ain s of cells. S ignificantly, these junc tions (as w ell 
as the  desm osom es described  later) are dynam ic  struc
tu re s  th a t can  d issociate  a n d  refo rm  as req u ired  to  facili
ta te  ep ithelia l p ro life ra tion  or in flam m atory  cell 
m igration .

• Anchoring junctions (desmosomes) m echanically  a ttach  
ce lls—a n d  their in tracellu lar cytoskeletons — to o ther 
cells o r to  the ECM. W hen  the adhesion  focus is 
be tw een  cells, an d  is sm all an d  rivetlike, it is designated  
a spot desmosome. W hen such  a focus attaches the  cell to 
the ECM, it is called  a hemidesmosome. S im ilar adhesion  
dom ains can  also  occur as b road  b an d s be tw een  cells, 
w h ere  they are  d eno ted  as belt desmosomes. C ell-cell des- 
m osom al junctions are fo rm ed  by the hom otypic  asso
ciation of transm em brane  g lycopro teins called  cadherins.
• In  sp o t desm osom es, the cadherin s  are linked  to 

in trace llu la r in te rm ed ia te  filam ents a n d  allow  extra
cellu lar forces to  be m echanically  com m unica ted  
(an d  d issipa ted ) over m u ltip le  cells.

• In  be lt desm osom es, the tran sm em b ran e  adhesion  
m olecules are associa ted  w ith  in trace llu la r actin  
m icrofilam ents, by  w h ich  they  can  influence cell 
shape  a n d /o r  m otility .

• In  hem idesm osom es, the tran sm em b ran e  connector 
p ro te in s  are called  integrins; like cadherins, these 
a ttach  to  in trace llu la r in te rm ed ia te  filam ents, an d  
th u s they  functionally  link  the cy toskele ton  to  the 
ECM . Focal adhesion complexes are  large  m acrom olecu 
lar com plexes th a t localize a t hem idesm osom es, an d  
include p ro te in s  th a t can  genera te  in trace llu la r 
signals w h e n  cells are  subjected  to  increased  shear 
stress, for exam ple, en d o th e liu m  in  the  b loodstream , 
or card iac m yocytes in  a failing  heart.

• Communicating junctions (gap junctions) m ed ia te  the 
passage of chem ical o r electrical signals from  one cell to 
ano ther. The ju n c tio n  consists o f a dense  p lan a r a rray  
of 1.5- to  2-nm  po res  (called connexons) fo rm ed  by hex- 
am ers of tran sm em b ran e  p ro te in  connexins. These pores 
p e rm it the passage  of ions, nucleo tides, sugars, am ino  
acids, v itam ins, an d  o ther sm all m olecules; the pe rm e 
ab ility  of the ju n c tio n  is ra p id ly  red u ced  by  low ered  
in trace llu la r p H  o r increased  in trace llu la r calcium . 
G ap  junctions p lay  a  critical ro le  in  cell-cell com m uni
cation; in  card iac m yocytes, for exam ple, cell-to-cell

calcium  fluxes th ro u g h  gap  junctions a llow ing  the
m y o ca rd iu m  to behave as a functional syncy tium
capab le  of co o rd in a ted  w aves of co n trac tio n —the
b ea tin g  of the  heart.

Biosynthetic Machinery: Endoplasmic Reticulum 
and Golgi Apparatus

The structural proteins and enzym es o f the cell are con
stantly ren ew ed  by a balance b etw een  on go in g  syn th esis  
and intracellular degradation. The endop lasm ic  re ticu lum  
(ER) is the  site of syn thesis of all tran sm em b ran e  p ro te in s  
an d  lip id s n eed ed  for the assem bly  of p lasm a m em brane  
a n d  cellu lar organelles, in c lu d in g  the  ER itself. It is also 
the in itial site of syn thesis o f all m olecu les destin ed  for 
ex p o rt o u t of the  cell. The ER is o rgan ized  in to  a m esh 
like in terconnected  m aze  of b ranch ing  tubes a n d  fla ttened  
lam ellae fo rm ing  a con tin u o u s sheet a ro u n d  a single lu m en  
th a t is topologically  con tiguous w ith  the ex tracellu lar env i
ronm en t. The ER is com posed  of d istinct d om ains th a t 
are  d is tin g u ish ed  by the presence o r absence of ribosom es 
(Fig. T 6) .

Rough ER (RER): M em brane-bound  ribosom es o n  the 
cytosolic face of the RER transla te  m R N A  in to  p ro te in s  
th a t are e x tru d ed  in to  the ER lu m en  o r becom e in te 
g ra ted  in to  the ER m em brane. This p rocess is d irected  
by  specific signal sequences on  the  N -term in i of nascen t 
p ro te in s. P ro te ins in se rt in to  the ER fold  an d  m u s t fold 
p ro p erly  in  o rd e r  to  assu m e a functional confo rm ation  
an d  assem ble in to  h igher o rd e r com plexes. P ro p er fo ld ing  
of the  ex tracellu lar d om ains of m an y  p ro te in s  involves 
the fo rm ation  of d isu lfide  bonds. A  n u m b er of inherited  
d iso rders, in c lu d in g  m an y  cases of fam ilial hypercho les
tero lem ia (C hap ter 6), are  cause by m u ta tio n s  th a t d is ru p t 
d isu lfide  b o n d  form ation . In  ad d itio n , N -linked  oligosac
charides (su g ar m oieties a ttach ed  to  a sp arag in e  residues) 
a re  a d d e d  in  the ER. Chaperone molecules re ta in  p ro te in s  
in  the  ER u n til these m odifications are com plete a n d  the 
p ro p e r confo rm ation  is achieved. If a p ro te in  fails to  fold 
an d  assem ble in to  com plexes ap p ro p ria te ly , it is re ta ined  
an d  d eg rad ed  w ith in  the ER. M oreover, excess accu
m u la tio n  of m isfo lded  p ro te in s—exceeding  the capac
ity  o f the ER to ed it a n d  d eg rad e  th e m —leads to the  ER  
stress response (also called  the  unfolded protein response 
o r the  UPR), w h ich  triggers cell d e a th  th ro u g h  apoptosis 
(C hap ter 2).

A s a n  exam ple  of the im portance  of the ER ed itin g  func
tion, the  d isease cystic fibrosis m ost com m only  resu lts  from  
m isfo ld ing  of the  CFTR m em brane  tran sp o rte r p ro te in . In 
cystic fibrosis, the m ost com m on  m u ta tio n  in  the CFTR 
gene resu lts  in  the loss of a single am ino  acid  resid u e  (phe
ny la lan ine  508), lead in g  in  tu rn  to  m isfo ld ing , ER re ten tion , 
an d  d e g rad a tio n  of the  CFTR p ro te in . The loss o f CFTR 
function  leads to  ab n o rm al ep ithelia l ch lo ride  transpo rt, 
hyperv iscous b ronch ial secretions a n d  re c u rren t a irw ay  
infections (C hap ter 7).

Golgi apparatus: F rom  the RER, p ro te in s  a n d  lip id s des
tined  for o th e r o rganelles o r for ex tracellu lar ex p o rt are 
sh u ttled  in to  the G olgi a p p a ra tu s . This o rganelle  consists 
of stacked  c isternae th a t p rogressively  m odify  p ro te in s  in  
an  o rd erly  fash ion  from  cis (near the ER) to  trans (near the 
p lasm a m em brane); m acrom olecules are sh u ttled  be tw een
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the  v a rio u s c isternae w ith in  m em b ran e-b o u n d  vesicles. As 
m olecu les m ove from  cis to  trans, the N -linked  oligosac
charides o rig inally  a d d e d  to p ro te in s  in  the  ER are  p ru n e d  
a n d  fu rth e r m odified  in  a stepw ise  fashion; O -linked  oli
gosaccharides (sugar m oieties linked  to serine or th reo 
n ine) a re  a lso  ap p e n d e d . Som e of th is g lycosy lation  is 
im p o rtan t in  d irec ting  m olecu les to  lysosom es (via the  
m annose-6 -phosphate  receptor); o ther g lycosylation  
a d d u c ts  m ay  be im p o rta n t for cell-cell o r ce ll-m atrix  in te r
actions, o r for clearing  senescent cells (e.g., p la te le ts  and  
re d  cells). In  ad d itio n  to  the stepw ise  g lycosy lation  of lip id s 
a n d  p ro te in s, the  cis Golgi network is w h e re  p ro te in s  are  
recycled  back to  the ER, a n d  the trans Golgi network is 
w h ere  p ro te in s  a n d  lip id s are d isp a tch ed  to  o ther o rgan 
elles (inc lud ing  the  p lasm a  m em brane), o r to  secretory  
vesicles destin ed  for ex tracellu lar release. The Golgi 
com plex  is especially  p ro m in en t in  cells specialized  for 
secretion, in c lu d in g  goblet cells o f the  in testine, b ronchial 
ep ith e liu m  (secreting  large  am o u n ts  o f po lysaccharide-rich  
m ucus), a n d  p lasm a  cells (secreting  large  q u an titie s  of 
an tibodies).

Smooth ER (SER): The SER in  m ost cells is re la tively  
sparse, fo rm ing  the transition  zone  from  RER to tra n sp o rt 
vesicles m o v in g  to  the Golgi. H ow ever, in  cells th a t syn 
thesize  ste ro id  h o rm ones (e.g., in  the  go n ad s o r adrenals), 
o r th a t catabolize lip id -so lub le  m olecu les (e.g., in  the  liver), 
the  SER m ay  be p a rticu larly  consp icuous. Indeed , rep ea ted  
exposu re  to  co m p o u n d s  th a t are m etabo lized  by the  SER 
(e.g., phenobarb ita l, w h ich  is ca tabolized  by the  cyto
ch rom e P-450 system ) leads to  a  reactive h y p erp lasia  of the 
SER. The SER also  is responsib le  for sequestering  in tracel
lu la r calcium ; subsequen t release from  the  SER in to  the 
cytosol can  m ed ia te  a n u m b er of responses to  ex tracellu lar 
signals. In  ad d itio n , in  m uscle cells, a specialized  SER 
called  the  sarcoplasmic reticulum  is responsib le  for the cycli
cal release a n d  sequestra tion  of calcium  ions th a t regu late  
m uscle  con traction  a n d  relaxation , respectively .

Waste Disposal: Lysosomes 
and Proteasomes * •

A s a lready  m en tio n ed  briefly, cellular w aste d isposal 
dep en d s on  the activities o f ly sosom es and proteasom es

(Fig. 1.10).
• Lysosomes a re  m em b ran e-b o u n d  o rganelles con tain ing  

rou g h ly  40 d ifferen t acid  h yd ro lases (i.e., enzym es th a t 
function  best in  acidic p H  <5), in c lu d in g  p ro teases, 
nucleases, lipases, glycosidases, phospha tases , a n d  sul- 
fatases. L ysosom al enzym es are in itially  syn thesized  in  
the  ER lu m en  a n d  th e n  tag g ed  w ith  a m annose-6 -phos
p h a te  (M6P) resid u e  w ith in  the  G olgi a p p a ra tu s . Such 
M 6P-m odified  p ro te in s  are subsequen tly  de livered  to 
lysosom es th ro u g h  trans-G olg i vesicles th a t express 
M 6P recep tors. The o th er m acrom olecules destin ed  for 
catabolism  in  the  lysosom es arrive  by one of th ree  o ther 
p a th w a y s  (Fig. 1.10):
• M ateria l in te rn a lized  by flu id -phase  p inocytosis o r 

recep to r-m ed ia ted  endocy tosis passes from  p lasm a 
m em brane  to  early  endosom e to  late endosom e, an d  
u ltim ate ly  in to  the  lysosom e, becom ing  p rog res 
sively m ore acidic in  the  process. The early  endosom e 
is the  first acidic co m p artm en t encoun tered , w h ereas

pro teo ly tic  enzym es on ly  beg in  significant d igestion  
in  the  la te  endosom e; late  endosom es m a tu re  in to  
lysosom es.

• Senescent o rganelles a n d  large  p ro te in  com plexes 
can  be sh u ttled  in to  lysosom es by a p rocess called 
autophagy. T h ro u g h  poo rly  u n d e rs to o d  m echanism s, 
obsolete  o rganelles are co rra lled  by a doub le  m em 
b rane  deriv ed  from  the  ER; the  m em brane  p rog res 
sively ex p an d s to  encircle a collection of s truc tu res  
an d  fo rm s a n  autophagosome, w h ich  th e n  fuses w ith  
lysosom es w h ere  the  con ten ts a re  catabolized. In  
a d d itio n  to  facilita ting  the  tu rn o v e r o f ag ed  and  
defunct cellu lar constituen ts, au to p h ag y  also  is u sed  
to  p reserve  cell v iab ility  d u rin g  n u tr ie n t dep le tion . 
The significance of au to p h ag y  in  cell b io logy w as 
recogn ized  by the  a w a rd  of the 2016 N obel P rize to 
Y oshinori O hsum i for h is  d iscoveries re la ting  to  the 
m echan ism  of au to p h ag y . This top ic  is d iscussed  in  
m ore deta il in  C h ap te r 2.

• Phagocytosis o f m icroorgan ism s o r large  fragm en ts  of 
m atrix  o r debris  occur p rim arily  in  p ro fessional 
phagocy tes (m acrophages a n d  neu troph ils). The 
m ateria l is en gu lfed  to  fo rm  a phagosome th a t subse
q u en tly  fuses w ith  a lysosom e.

• Proteasomes p lay  a n  im p o rta n t ro le  in  d eg rad in g  cytosolic 
p ro te in s  (Fig. 1.10); these  inc lude  d e n a tu re d  o r m isfo lded  
p ro te in s  (ak in  to  w h a t occurs w ith in  the ER), as w ell as 
o ther p ro te in s  w h o se  levels a n d  half-life n eed  to  be 
tigh tly  reg u la ted  (e.g., tran sc rip tion  factors). M any  (bu t 
no t all) p ro te in s  destin ed  for p ro teasom e d estru c tio n  are  
ta rg e ted  after covalen t a d d itio n  of a  p ro te in  called ubiq- 
u itin . P o ly u b iq u itin a ted  m olecu les a re  p rogressively  
u n fo ld ed  a n d  fu n n e led  in to  the  po lym eric  p ro teasom e 
com plex, a cy linder con ta in ing  m u ltip le  d ifferen t p ro te 
ase activities, each w ith  its active site p o in ted  a t the 
ho llow  core. P ro teasom es d igest p ro te in s  in to  sm all 
(6-12 am ino  acids) fragm en ts th a t can  subsequen tly  be 
fu rth e r d eg rad ed  to  the ir constituen t am ino  acids and  
recycled, o r p re sen ted  to  im m u n e  cells in  the  contex t of 
m ajor h is tocom patib ility  com plex  class I m olecules, an  
im p o rtan t com ponen t of h ost im m u n e  surveillance.

CELLULAR METABOLISM A N D  
M ITO C H O N D R IA L  FU N C TIO N

M itochondria  evo lved  from  ancestra l p ro k ary o tes  th a t 
w ere  en gu lfed  by p rim itive  eu karyo tes  ab o u t 1.5 billion 
years ago. Their o rig in  explains w h y  m itochondria  contain  
the ir o w n  D N A  genom e (circularized, ab o u t 1% of the to tal 
cellu lar D N A ), w h ich  encodes ro u g h ly  1% of the to ta l cel
lu la r p ro te in s  a n d  app rox im ate ly  20% of the  p ro te in s  
in vo lved  in  oxidative phosphorylation. A lth o u g h  their 
genom es a re  sm all, m itochondria  can  neverthe less p e rfo rm  
all the  steps of D N A  rep lication , transcrip tion , a n d  transla 
tion. In teresting ly , the  m itochondria l m ach inery  is sim ilar 
to  p resen t-d ay  bacteria; for exam ple, m ito ch o n d ria  in itia te  
p ro te in  syn thesis  w ith  N -fo rm ylm eth ion ine  a n d  are  sensi
tive to  an ti-bacteria l antibiotics.

M itochondria  are dynam ic, constan tly  u n d erg o in g  
fission an d  fu sion  w ith  o th e r m itochondria ; in  th is  w ay ,
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14 CHAPTER 1 T h e  C e l l  as a  U n i t  o f  H e a l th  a n d  D is e a s e  
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Fig. 1.1° Intracellular catabolism. (A) Lysosomal degradation. In heterophagy (right side), lysosomes fuse with endosomes or phagosomes to facilitate the 
degradation of their internalized contents (see Fig. 1.8). The end products may be released into the cytosol for nutrition or discharged into the extracellular 
space (exocytosis). In autophagy (left side), senescent organelles or denatured proteins are targeted for lysosome-driven degradation by encircling them with a 
double membrane derived from the ER and marked by LC3 proteins (microtubule-associated protein IA/IB-light chain 3). Cell stressors such as nutrient 
depletion or certain intracellular infections can also activate the autophagocytic pathway. (B) Proteasome degradation. Cytosolic proteins destined for turnover 
(e.g., transcription factors or regulatory proteins), senescent proteins, or proteins that have become denatured because of extrinsic mechanical or chemical 
stresses can be tagged by multiple ubiquitin molecules (through the activity of EI, E2, and E3 ubiquitin ligases). This marks the proteins for degradation by 
proteasomes, cytosolic multisubunit complexes that degrade proteins to small peptide fragments. High levels of misfolded proteins within the ER trigger a 
protective unfolded protein response engendering a broad reduction in protein synthesis, but specific increases in chaperone proteins that can facilitate 
protein refolding. If this is inadequate to cope with the levels of misfolded proteins, apoptosis is induced.

m itochondria  can  u n d e rg o  reg u la r renew al to  stave off 
degenera tive  changes th a t m ig h t occur because of genetic 
d iso rd ers  o r oxygen  free rad ical dam age. M itochondria  
tu rn  over rap id ly , w ith  estim ated  half-lives ran g in g  from  1 
to 10 days, d e p en d in g  on  the  tissue, n u tritio n a l sta tus, m eta 
bolic dem an d s, a n d  in te rcu rren t in jury . Because the o v u m

con tribu tes the v ast m ajority  of cy top lasm ic o rganelles to 
the  fertilized  zygote, m itochondria l D N A  is v irtua lly  
en tire ly  maternally inherited. H ow ever, because the p ro te in  
con stitu en ts  o f m ito ch o n d ria  derive  from  b o th  n uclear an d  
m ito ch o n d ria l genetic  transcrip tion , m itochondria l d isor
de rs  m ay  be X -linked, au tosom al, o r m aterna lly  inherited .
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Fig. I . l l  Roles of the mitochondria. Besides the efficient generation of ATP from carbohydrate and fatty acid substrates, mitochondria play an important 
role in intermediary metabolism, serving as the source of molecules used to synthesize lipids and proteins, and they also are centrally involved in cell life- 
and-death decisions.

M itochondria  p ro v id e  the enzym atic  m ach inery  for oxi
d a tive  p h o sp h o ry la tio n  (and  th u s  the  re la tively  efficient 
genera tion  of energy  from  glucose a n d  fa tty  acid  sub 
strates). They also  hav e  cen tra l ro les in  anabolic  m etabo 
lism  a n d  the  reg u la tio n  p ro g ram m ed  cell death , so-called 
"ap o p to s is"  (Fig. 1.11).

Energy G eneration. Each m ito ch o n d rio n  has tw o  sepa
ra te  a n d  specialized  m em branes. The inner m em b ran e  con
ta in s the enzym es of the  re sp ira to ry  cha in  fo lded  in to  
cristae. This encloses a core m atrix  space th a t ha rbo rs  the 
b u lk  of certa in  m etabolic  enzym es, such  as the  enzym es of 
the  citric acid cycle. O u tside  the in n e r m em brane  is the 
in te rm em b ran e  space, site of ATP synthesis, w h ich  is, 
in  tu rn , enclosed  by the  o u te r m em brane; the  la tte r is 
s tu d d e d  w ith  p o rin  p ro te in s  th a t fo rm  aq u eo u s channels 
p erm eab le  to  sm all (<5000 daltons) m olecules. L arger m ol
ecules (and  even  som e sm aller p o la r species) req u ire  spe
cific transpo rte rs.

The m ajor source of the energy  n eed ed  to  ru n  all basic 
cellu lar functions derives from  oxidative  m etabolism . 
M itochondria  oxid ize substra tes to  CO 2, a n d  in  the  p rocess 
transfer h igh-energy  e lectrons from  the o rig inal m olecule 
(e.g., g luocse) to  m o lecu lar oxygen  to  w a te r. The ox idation  
of v a rio u s m etabo lites d rives h y d ro g en  ion  (pro ton) p u m p s  
th a t transfer H+ ions from  the core m atrix  in to  the  in te r
m em b ran e  space. A s these H+ ions flow  back d o w n  their 
electrochem ical g rad ien t, the energy  re leased  is u sed  to 
syn thesize  ATP.

It shou ld  be n o ted  th a t the electron  tra n sp o rt cha in  need  
n o t necessarily  be co u p led  to  ATP generation . T hus, an  
in n e r m em brane  p ro te in  en riched  in  b ro w n  fa t called ther- 
m o g en in  (or UCP-1 = u n co u p lin g  p ro te in  1) is a  p ro to n

tra n sp o rte r th a t can  d issipa te  the p ro to n  g rad ien t (uncou 
p le  it from  oxidative  p h o spho ry la tion ) in  the  fo rm  of hea t 
(nonsh ivering  therm ogenesis). A s a n a tu ra l (albeit u sua lly  
low -level) b y p ro d u c t o f su b stra te  ox ida tion  a n d  electron  
tran sp o rt, m ito ch o n d ria  also  a re  a n  im p o rta n t source of 
reactive oxygen  species (e.g., oxygen  free rad icals, h y d ro 
gen  peroxide); im portan tly , hypoxia , toxic in jury , o r even  
m ito ch o n d ria l ag in g  can  lead  to  significantly  increased  
levels o f in trace llu la r ox idative  stress.

Interm ediate M etabolism . P ure  o x idative  p h o sp h o ry la 
tion  p ro d u ces  a b u n d a n t ATP, b u t also  "b u rn s"  glucose to 
C O 2 a n d  H 2O, leav ing  no  carbon  m oieties for use  as b u ild 
in g  blocks for lip id s o r p ro te ins. For th is reason , rap id ly  
g ro w in g  cells (bo th  ben ig n  a n d  m alignan t) increase g lucose 
a n d  g lu tam ine  u p tak e  a n d  decrease th e ir  p ro d u c tio n  of 
A TP p er glucose m o le c u le - fo rm in g  lactic acid  in  the p res 
ence of ad eq u a te  o x y g e n - a  p h en o m en o n  called  the 
W arb u rg  effect (or aerobic glycolysis). B oth g lucose an d  
g lu tam ine  p ro v id e  carbon  m oieties th a t p rim e the  m ito 
ch o n d ria l tricarboxylic acid  (TCA) cycle, b u t in stead  of 
be ing  u se d  to  m ake  ATP, in te rm ed ia tes  a re  " sp u n  off" to  
m ake  lip ids, nucleic  acids, a n d  p ro te ins. T hus, d ep en d in g  
o n  the  g ro w th  state  o f the  cell, m itochondria l m etabolism  
can  be m o d u la te d  to  su p p o rt e ither cellu lar m ain tenance  
o r cellu lar g row th . U ltim ately , g ro w th  factors, n u trie n t 
supp lies, a n d  oxygen  availability , as w ell as cellu lar signal
in g  p a th w ay s  a n d  sensors th a t resp o n d  to  these  exogenous 
factors, govern  these  m etabolic  decisions.

C ell Death. M itochondria  are  like the  p roverb ia l Dr. 
Jekyll a n d  M r. H yde . O n  the  one h a n d , they  are  factories 
o f energy  p ro d u c tio n  in  the  fo rm  of ATP th a t allow  the  cells 
to  surv ive; on  the o ther h an d , they  p artic ipa te  in  d riv ing
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cell d e a th  w h e n  the  cells are exposed  to nox ious stim uli 
th a t the cells canno t a d a p t to. The role of m ito ch o n d ria  in  
the  tw o  p rinc ip le  form s of cell dea th , necrosis a n d  a p o p to 
sis, a re  d iscussed  in  C h ap te r 2. In  a d d itio n  to  p ro v id in g  
A TP a n d  m etabo lites th a t enab le  the  bu lk  of cellu lar activ 
ity, m ito ch o n d ria  also  regu la te  the  balance of cell su rv ival 
an d  death .

16 CHAPTER 1 The Cell as a Unit of Health and Disease

CELLULAR ACTIVATION

Cell com m un ica tion  is critical in  m ultice llu la r o rgan ism s. 
A t the  m o st basic level, ex tracellu lar signals d e term ine  
w h e th e r a cell lives o r dies, w h e th e r  it rem ains quiescent, 
o r w h e th e r  it is s tim u la ted  to p e rfo rm  a specific function . 
In tercellu lar signaling  is im p o rta n t in  the develop ing  
em bryo , in  m a in ta in in g  tissue o rgan iza tion , a n d  in  en su r
ing  th a t tissues resp o n d  in  a n  a d ap tiv e  a n d  effective fash ion  
to va rio u s th reats, such  as local tissue trau m a  o r a  system ic 
infection. Loss of cellu lar com m un ica tion  an d  the "social 
con tro ls" th a t m ain ta in  n o rm al re la tionsh ip s of cells can 
v ariously  lead  to  u n re g u la te d  g ro w th  (cancer) o r a n  inef
fective response  to  an  extrinsic stress (as in  shock).

Cell Signaling * •

A n in d iv id u a l cell is constan tly  exposed  to  a rem arkab le  
cacophony  of signals, w h ich  m u s t be " in te rp e te d "  a n d  in te 
g ra ted  in to  responses th a t benefit the o rgan ism  as a w hole . 
Som e signals m ay  in d u ce  a g iven  cell type  to d ifferentiate , 
o thers  m ay  stim ula te  p ro lifera tion , a n d  y e t o thers  m ay 
d irec t the  cell to  p e rfo rm  a specialized  function . M ultip le  
signals received  in  com bination  m ay  trigger y e t an o th er 
to tally  u n iq u e  response. M any cells requ ire  certa in  in p u ts  
ju s t to  con tinue  living; in  the absence of a p p ro p ria te  exog
enous signals, they  die by  apop tosis .

The sources of the signals th a t m ost cells re sp o n d  to  can  
be classified in to  several g roups:
• Pathogens and damage to neighboring cells. M any  cells have  

an  innate  capacity  to  sense a n d  re sp o n d  to  dam aged  
cells (danger signals), as w ell as fo re ign  in v ad e rs  such  as 
m icrobes. The recep to rs th a t generate  these dan g er 
signals are d iscussed  in  C h ap te rs  3 a n d  5.

• Cell-cell contacts, m ed ia ted  th ro u g h  adh esio n  m olecules 
a n d /o r  gap  junctions. A s m en tio n ed  p rev iously , gap 
junction signaling is accom plished  be tw een  ad jacen t cells 
via hyd roph ilic  connexons th a t p e rm it the  m o vem en t of 
sm all ions (e.g., calcium ), va rio u s m etabolites, and  
p o ten tia l second  m essenger m olecu les such  as cAM P.

• Cell-ECM contacts, m ed ia ted  th ro u g h  in teg rins, w h ich  
are  d iscussed  in  C h ap te r 3 in  the  con tex t of leukocyte 
a ttach m en t to  o ther cells d u rin g  inflam m ation .

• Secreted molecules. The m ost im p o rta n t secreted  m ol
ecules inc lude  growth factors, d iscussed  later; cytokines, a 
te rm  reserved  for m ed ia to rs  o f in flam m ation  an d  
im m u n e  responses (also d iscussed  in  C h ap te rs  3 a n d  5); 
an d  hormones, w h ich  are secreted  by endocrine  o rgans 
an d  act on  d ifferen t cell types (C hap ter 20).

S ignaling  p a th w ay s  a lso  can  be classified in to  d ifferen t 
types based  o n  the  spa tia l re la tio n sh ip s be tw een  the 
send ing  a n d  receiv ing  cells:

• Paracrine signaling. Cells in  ju s t the im m ed ia te  vicinity  
a re  affected. P aracrine  signaling  m ay  invo lve trans
m em brane  "sen d in g "  m olecu les th a t activate  recep to rs 
on  ad jacen t cells o r secreted  factors th a t d iffuse for on ly  
sh o rt d istances. In  som e instances, the la tte r is ach ieved  
by h av in g  secreted  factors b in d  tigh tly  to  ECM.

• Autocrine signaling occurs w h e n  m olecu les secreted  by a 
cell affect th a t sam e cell. This can  serve as a m eans to 
en tra in  g ro u p s  of cells u n d e rg o in g  synch ronous differ
en tia tion  d u rin g  developm en t, or it can  be u se d  to 
am plify  (positive feedback) o r d a m p e n  (negative feed
back) a response.

• Synaptic signaling. A ctivated  n eu ro n s  secrete neurotrans
mitters a t specia lized  cell junc tions (synapses) on to  ta rge t 
cells.

• Endocrine signaling. A  ho rm o n e  is re leased  in to  the 
b loodstream  a n d  acts o n  ta rge t cells a t a d istance.

R egardless o f the nature o f an extracellular stim ulus  
(paracrine, synaptic, or endocrine), the signal it conveys  
is transm itted to the cell v ia  a specific receptor protein. 
S ignaling  m olecu les (ligands) b in d  their respective  recep 
to rs a n d  in itia te  a cascade of in trace llu la r even ts cu lm inat
ing  in  the d esired  cellu lar response. L igands u sua lly  have  
h ig h  affinities for recep to rs an d  a t physio log ic concentra 
tions b in d  recep to rs w ith  exquisite  specificity. R eceptors 
m ay  be p resen t o n  the  cell surface o r located  w ith in  the cell

(Fig. 1.12):
• Intracellular receptors include transcrip tion  factors th a t 

are  activated  by lip id-so lub le ligands tha t easily  transit 
p lasm a m em branes. E xam ples include v itam in  D  and  
stero id  horm ones, w h ich  activate nuclear horm one 
recep tors. In  o ther settings, a sm all a n d /o r  nonpo lar 
signaling  ligand  can  diffuse in to  adjacent cells. Such is 
the  case for n itric  oxide (NO), th ro u g h  w h ich  endo the 
lial cells regu la te  in travascu lar p ressu re . N O  is gener
a ted  by a n  activated  endo the lia l cell an d  then  diffuses 
in to  ad jacen t vascu lar sm ooth  m uscle cells; there  it 
activates guany ly l cyclase to generate  cyclic GM P, an  
in tracellu lar second signal tha t causes sm ooth  m uscle 
relaxation.

• Cell-surface receptors a re  generally  tran sm em b ran e  p ro 
teins w ith  extracellu lar d om ains th a t b in d  activating  
ligands. D ep en d in g  o n  the recep tor, lig an d  b in d in g  m ay 
(1) o p en  io n  channels (typically  a t the  synapse  be tw een  
electrically  excitable cells), (2) activate  a n  associated  
G T P -binding  regu la to ry  p ro te in  (G protein), (3) activate 
an  en d o g en o u s o r associa ted  enzym e, o ften  a ty rosine  
k inase, o r (4) trigger a p ro teo ly tic  even t o r a change in  
p ro te in  b in d in g  o r stability  th a t activates a  la ten t tran 
scrip tion  factor. A ctivities (2) a n d  (3) a re  associa ted  w ith  
g ro w th  factor signaling  p a th w ay s  th a t d rive  cell pro lif
eration , w h ereas  activ ity  (4) is a  com m on  fea tu re  of m u l
tip le p a th w ay s  (e.g., N otch, W nt, a n d  H edgehog) th a t 
regu la te  n o rm al developm en t. U nderstandab ly , signals 
tran sd u ced  by cell surface recep to rs are o ften  de ran g ed  
in  d eve lopm en ta l d iso rd ers  a n d  in  cancers.

Signal Transduction Pathways

B inding  of a lig an d  to  a cell surface recep to r m ed ia tes sig
naling  by  in d u c in g  c lu ste ring  of the recep to r (receptor
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Fig. 1.12 Receptor-mediated signaling. (A) Categories of signaling receptors, including receptors that use a nonreceptor tyrosine kinase; a receptor tyrosine 
kinase; a nuclear receptor that binds its ligand and can then influence transcription; a seven-transmembrane receptor linked to heterotrimeric G proteins; 
Notch, which recognizes a ligand on a distinct cell and is cleaved yielding an intracellular fragment that can enter the nucleus and influence transcription of 
specific target genes; and the Wnt/Frizzled pathway where activation releases intracellular p-catenin from a protein complex that normally drives its constitu
tive degradation. The released p-catenin can then migrate to the nucleus and act as a transcription factor. Lrp5/Lrp6, low-density lipoprotein (LDL) receptor- 
related proteins 5 and 6, are highly homologous and act as coreceptors in Wnt/Frizzled signaling. (B) Signaling from a tyrosine kinase-based receptor. Binding 
of the growth factor (ligand) causes receptor dimerization and autophosphorylation of tyrosine residues. Attachment of adapter (or bridging) proteins couples 
the receptor to inactive, GDP-bound RAS, allowing the GDP to be displaced in favor of GTP and yielding activated RAS. Activated RAS interacts with and 
activates RAF (also known as MAP kinase kinase kinase).This kinase then phosphorylates mitogen-activated protein kinase (MAPK), and activated MAP kinase 
phosphorylates other cytoplasmic proteins and nuclear transcription factors, generating cellular responses. Activated RAS can also interact with other com
ponents, such as phosphatidyl 3-kinase (PI3 kinase), which activates other signaling systems. The cascade is turned off when the activated RAS eventually 
hydrolyzes GTP to GDP converting RAS to its inactive form. Mutations in RAS that lead to delayed GTP hydrolysis can thus lead to augmented proliferative 
signaling. GDP, Guanosine diphosphate; GTP, guanosine triphosphate; mTOR, mammalian target of rapamycin.
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crosslinking) o r o th e r confo rm ational changes (Fig. 1.12). 
The com m on  them e is th a t all of these p e rtu rb a tio n s  cause 
a  change in  the physical state  o f the  in trace llu la r dom ain  
of the  recep tor, w h ich  th en  triggers ad d itio n a l biochem ical 
even ts  th a t lead  to  signal transduction .

C ellular receptors are grouped into several types based  
on  the s ign a lin g  m echanism s they use and the intracel
lular b iochem ical pathw ays they activate (Fig. 1.12). 
R eceptor signaling  m o st com m only  leads to  the  fo rm ation  
or m odification  of biochem ical in te rm ed ia tes  a n d /o r  acti
va tio n  of enzym es, a n d  u ltim ate ly  to  the  genera tion  of 
active tran sc rip tio n  factors th a t en ter the n ucleus a n d  alter 
gene expression:
• Receptors associated w ith kinase activity. D ow n stream  

p h o sp h o ry la tio n  is a  com m on  p a th w a y  of signal trans
duction . C hanges in  recep to r geom etry  can  stim ula te  
in trinsic  recep to r protein kinase activ ity  or p ro m o te  
the enzym atic  activ ity  of rec ru ited  in trace llu la r 
k inases. These k inases a d d  charged  p h o sp h a te  residues 
to  ta rge t m olecules. Tyrosine kinases p h o sp h o ry la te  spe
cific ty rosine  residues, w h ereas  serine/threonine kinases 
a d d  p h o sp h a te s  to  d istinc t serine or th reon ine  residues, 
an d  lipid kinases p h o sp h o ry la te  lip id  substra tes. For 
every  p h o sp h o ry la tio n  event, there  is also  a p o ten tia l 
coun ter-regu la to ry  phosphatase, a n  enzym e th a t can 
rem ove the p h o sp h a te  resid u e  a n d  th u s  m o d u la te  sig
naling; usually , p h o sp h a tases  p lay  a n  inh ib ito ry  role in  
signal transduction .

• Receptor tyrosine kinases (RTKs) are  in teg ra l m em brane  
p ro te in s  (e.g., recep to rs for insu lin , ep id erm al g ro w th  
factor, a n d  p la te le t-de rived  g ro w th  factor [PDGF]); 
lig an d -in d u ced  crosslink ing  activates in trinsic  ty rosine  
k inase  d o m ain s located  in  the ir cy top lasm ic tails.

• Several k in d s of recep to rs have  no  in trinsic  catalytic 
activ ity  (e.g., im m u n e  recep tors, som e cytokine recep 
tors, a n d  in tegrins). For these, a separa te  in trace llu la r 
p r o te in - k n o w n  as a  nonreceptor tyrosine kinase — 
in te rac ts  w ith  recep to rs after lig an d  b in d in g  a n d  phos- 
pho ry la tes  specific m otifs o n  the recep to r o r o ther 
p ro te ins. The cellu lar hom olog  of the transfo rm ing  
p ro te in  of the R ous sarcom a v iru s, called  SRC, is the 
p ro to ty p e  for a n  im p o rta n t fam ily  of such  non recep to r 
ty rosine  k inases (Src-family kinases). SRC contains 
u n iq u e  functional reg ions called  Src-homology (SH) 
dom ains; SH2 d om ains typically  b in d  to  recep to rs 
p h o sp h o ry la ted  by an o th er k inase, a llow ing  the aggre 
gation  of m u ltip le  enzym es, w h ereas SH3 dom ains 
m ed ia te  p ro te in -p ro te in  in teractions, o ften  invo lv ing  
p ro line-rich  dom ains.

• G-protein coupled receptors a re  p o ly p ep tid es  th a t charac
teristically  traverse  the p lasm a  m em b ran e  seven  tim es 
(hence the ir d esignation  as seven -transm em brane  or 
se rpen tine  receptors); m ore  th a n  1500 such  recep to rs 
h av e  been  iden tified . A fter lig an d  b ind ing , the  recep to r 
associates w ith  a n  in trace llu la r guanosine  tr ip h o sp h a te  
(G TP)-binding p ro te in  (G pro te in ). A t baseline, these G 
p ro te in s  con ta in  guanosine  d ip h o sp h a te  (GDP); in terac
tion  w ith  a  recep to r-ligand  com plex  resu lts  in  G  p ro te in  
activation  th ro u g h  the exchange o f GDP for GTP. D ow n
stream  signaling  typically  involves the  genera tion  of 
cAM P, a n d  inosito l-1 ,4 ,5 ,-triphosphate (IP3), the la tter 
re leasing  calcium  from  the ER.
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• Nuclear receptors. L ip id-so lub le ligands can  diffuse in to  
cells w h ere  they  in te rac t w ith  in trace llu la r p ro te in s  to 
fo rm  a recep to r-ligand  com plex th a t d irectly  b in d s  to 
nuclear D N A ; the  resu lts  can  be e ither activa tion  or 
rep ression  of gene transcrip tion .

• Other classes o f receptors. O ther re c e p to rs—orig inally  rec
o gn ized  as im p o rta n t for em bryonic  d ev e lo p m en t an d  
cell fate d e te rm in a tio n —have since been  sh o w n  to p a r 
tic ipate in  the  functions of m a tu re  cells, particu larly  
w ith in  the  im m u n e  system . These p a th w ay s  rely  on  
p ro te in :p ro te in  in teractions, ra th e r  th an  enzym atic  
activities, to  tran sd u ce  signals, w h ich  m ay  serve to 
a llow  for very  precise control.
• R eceptor p ro te in s  of the Notch  fam ily: lig an d  b in d in g  

to  N o tch  recep to rs leads to  p ro teo ly tic  c leavage of the 
recep to r an d  su b seq u en t nuclear transloca tion  of the 
cy top lasm ic d o m ain  (in tracellu lar N otch) to  fo rm  a 
tran sc rip tio n  com plex.

• W n t  p ro te in  ligands act th ro u g h  a  p a th w ay  invo lv ing  
tran sm em b ran e  Frizzled fam ily  recep tors, w h ich  reg 
u la te  the in trace llu la r levels of P-catenin. In  the 
absence of W nt, P-catenin is ta rg e ted  for ub iqu itin - 
d irec ted  p ro teaso m e d eg radation . W n t b in d in g  to 
F rizzled  (and  o th e r coreceptors) recru its  o th e r p ro 
teins th a t d is ru p t the d eg rad a tio n -ta rg e tin g  com plex. 
This stabilizes P-catenin, a llow ing  it to  translocate  to 
the n ucleus a n d  fo rm  a transc rip tion  com plex.

Modular Signaling Proteins, Hubs, 
and Nodes * •

The trad itio n a l linear v iew  of s ig n a lin g —th a t recep to r acti
va tio n  triggers a n  o rd erly  sequence of b iochem ical in te r
m ed ia tes  th a t u ltim ate ly  leads to changes in  gene expression  
a n d  the  d esired  biological response  — is oversim plified . 
Instead , it is increasing ly  clear th a t any  in itial signal resu lts  
in  m u ltip le  p rim ary  a n d  secondary  effects, each  of w h ich  
con tribu tes in  v a ry in g  degrees to  the final outcom e. This 
is p a rticu la rly  tru e  of signaling  p a th w ay s  th a t rely  on  
enzym atic  activities, w h ich  typically  m o d u la te  a w eb  of 
p o ly p ep tid es  w ith  com plex in teractions. For exam ple, 
p h o sp h o ry la tio n  of any  given  p ro te in  can  a llow  it to associ
ate w ith  a  h o s t of o ther m olecules, re su ltin g  in  m u ltip le  
effects such  as:
• E nzym e activa tion  (or inactivation)
• N uclear (or cytoplasm ic) localization  of transcrip tion  

factors (see later)
• T ranscrip tion  factor ac tiva tion  (or inactivation)
• A ctin  po ly m eriza tio n  (or depo lym erization )
• P ro te in  d e g rad a tio n  (or stabilization)
• A ctivation  of feedback  inh ib ito ry  (or s tim ulato ry ) loops

Adaptor proteins p lay  a key ro le in  o rg an iz in g  in tracel
lu la r signa ling  pa th w ay s. These p ro te in s  function  as 
m olecu lar connectors th a t physically  link  d ifferen t enzym es 
an d  p ro m o te  the assem bly  of com plexes; ad a p to rs  can  be 
in teg ra l m em brane  p ro te in s  o r cytosolic p ro te ins. A  typical 
a d a p to r  m ay  con ta in  a few  specific d om ains (e.g., SH2 or 
SH3) th a t m ed ia te  p ro te in -p ro te in  in teractions. By influ 
encing  the  p ro te in s  th a t are rec ru ited  to  signaling  com 
plexes, a d ap to rs  can  d e term ine  d o w n stream  signaling  
events.
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By analogy  w ith  co m p u te r ne tw orks, the p ro te in 
p ro te in  com plexes can  be co nsidered  nodes an d  the  bio
chem ical even ts feed ing  in to  o r em an a tin g  from  these 
nodes can  be th o u g h t of as hubs. S ignal tran sd u c tio n  can 
therefore be v isua lized  as a k in d  of n e tw o rk in g  p h en o m 
enon; u n d e rs ta n d in g  th is  h ig h er-o rd er com plexity  is the 
p rov ince of systems biology, invo lv ing  a "m arriag e"  of 
b io logy  an d  com pu ta tion .

Transcription Factors •

M ost signal transduction pathw ays u ltim ately  influence  
cellular function  by m odulating  gene transcription  
through the activation and nuclear loca lization  o f tran
scription factors. C onform ational changes of transcrip tion  
factors (e.g., fo llow ing  phospho ry la tion ) can  allow  their 
transloca tion  in to  the n ucleus o r can  expose specific D N A  
o r p ro te in -b in d in g  m otifs. T ranscrip tion  factors m ay  d rive  
the expression  of a  re la tively  lim ited  set o f genes o r m ay  
have  m u ch  m ore w id e sp re a d  effects o n  gene expression. 
A m ong  the tran sc rip tio n  factors th a t regu la te  the  expres
sion  of genes th a t a re  n eed ed  for g ro w th  are MYC a n d  JUN, 
w h ereas a tran sc rip tio n  factor th a t triggers the expression  
of genes th a t lead  to  g ro w th  a rre s t is p53. T ranscrip tion  
factors have  a m o d u la r design, o ften  con ta in ing  dom ains 
th a t b in d  D N A  a n d  o thers  th a t in te rac t w ith  o ther p ro te ins, 
such  as co m ponen ts  o f the  R N A  po lym erase  com plex 
req u ired  for transcrip tion .
• D N A -b ind ing  d om ains p e rm it specific b in d in g  to sh o rt 

D N A  sequences. W hereas som e transc rip tion  factor 
b in d in g  sites a re  fo u n d  in  p rom oters, close to  the  site 
w h ere  transc rip tion  starts, it is now  ap p rec ia ted  th a t 
m ost tran sc rip tio n  factors b in d  w id e ly  th ro u g h o u t 
genom es, in c lu d in g  to  long-range reg u la to ry  e lem en ts 
such  as enhancers. E nhancers function  by loop ing  back 
to gene p rom oters, an d  therefore  are spatia lly  located  
close to  the genes th a t they  regu late , ev en  th o u g h  it 
term s of genom ic sequence they  m ay  ap p e a r to  be far

aw ay . These insigh ts h ig h lig h t the im portance  of chro 
m a tin  o rg an iza tio n  in  reg u la tin g  gene expression , bo th  
n o rm a l a n d  pathologic.

• For a tran sc rip tio n  factor to  induce  transcrip tion , it 
m u s t also  possess p ro te in :p ro te in  in te rac tion  dom ains 
th a t d irectly  o r ind irectly  rec ru it h is tone-m odify ing  
enzym es, ch ro m atin -rem odeling  com plexes, an d  (m ost 
im portan tly ) R N A  po lym erase  — the large  m u ltip ro 
tein  enzym atic  com plex th a t is responsib le  for R N A  
synthesis.

G R O W TH  FACTORS A N D  
RECEPTORS

A  major role o f grow th factors is to stim ulate the activity  
o f proteins that are required for cell survival, grow th and  
d iv ision . G ro w th  factor activ ity  is m ed ia ted  th ro u g h  
b in d in g  to  specific recep tors, u ltim ate ly  in fluencing  the 
expression  of genes th a t can:
• P rom ote  en try  of cells in to  the cell cycle
• R elieve blocks o n  cell-cycle p rog ressio n  (thus p ro m o t

in g  replication)
• P rev en t ap o p to sis
• E nhance b iosyn thesis  of cellu lar com ponen ts (nucleic 

acids, p ro te ins, lip ids, carbohydra tes) req u ired  for a 
m o th er cell to  give rise to  tw o  d a u g h te r cells

A lth o u g h  som e g ro w th  factors are p ro te in s  th a t " just" 
stim ula te  cell p ro life ra tion  a n d /o r  surv ival, it is im p o rtan t 
to rem em b er th a t they  a lso  can  d rive  a h o st of o th e r activ i
ties, in c lu d in g  m igration , d ifferen tia tion , a n d  syn thetic  
capacity. Som e of the im p o rtan t g ro w th  factors re levan t to 
tissue reg en era tio n  a n d  rep a ir  a re  lis ted  in  Table 1.1 and  
described  fu rth e r in  C h ap te r 3.

G ro w th  factors can  be in vo lved  in  the  p ro life ra tion  of 
cells a t s teady  state  as w ell as after in jury , w h e n  irrevers
ibly d am ag ed  cells m u s t be rep laced . U ncon tro lled

Table 1.1 Growth Factors Involved in Regeneration and Repair

G ro w th  F ac to r Sources Functions

Epidermal growth factor (EGF) Activated macrophages, salivary glands, 
keratinocytes, and many other cells

Mitogenic for keratinocytes and fibroblasts; stimulates keratinocyte 
migration; stimulates formation of granulation tissue

Transforming growth factor-a 
(TGF-a)

Activated macrophages, keratinocytes, 
many other cell types

Stimulates proliferation of hepatocytes and many other epithelial 
cells

Hepatocyte growth factor (HGF) 
(scatter factor)

Fibroblasts, stromal cells in the liver, 
endothelial cells

Enhances proliferation of hepatocytes and other epithelial cells; 
increases cell motility

Vascular endothelial growth factor 
(VEGF)

Mesenchymal cells Stimulates proliferation of endothelial cells; increases vascular 
permeability

Platelet-derived growth factor 
(PDGF)

Platelets, macrophages, endothelial cells, 
smooth muscle cells, keratinocytes

Chemotactic for neutrophils, macrophages, fibroblasts, and smooth 
muscle cells; activates and stimulates proliferation of fibroblasts, 
endothelial, and other cells; stimulates ECM protein synthesis

Fibroblast growth factors (FGFs), 
including acidic (FGF-1) and basic 
(FGF-2)

Macrophages, mast cells, endothelial 
cells, many other cell types

Chemotactic and mitogenic for fibroblasts; stimulates angiogenesis 
and ECM protein synthesis

Transforming growth factor-ß (TGF-

ß)

Platelets, T lymphocytes, macrophages, 
endothelial cells, keratinocytes, 
smooth muscle cells, fibroblasts

Chemotactic for leukocytes and fibroblasts; stimulates ECM protein 
synthesis; suppresses acute inflammation

Keratinocyte growth factor (KGF) 
(i.e., FGF-7)

Fibroblasts Stimulates keratinocyte migration, proliferation, and differentiation

ECM, Extracellular membrane.
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pro life ra tion  can  re su lt w h e n  the g ro w th  factor activ ity  is 
dysreg u la ted , o r w h e n  g ro w th  factor s ignaling  p a th w ay s  
are  a lte red  to  becom e constitu tively  active. Thus, m any  
g ro w th  factor p a th w a y  genes are  proto-oncogenes, a n d  gain- 
o f-function  m u ta tio n s in  these genes can  con v ert th em  in to  
oncogenes capable  of d riv in g  u n fe tte red  cell p ro life ra tion  
a n d  tu m o r form ation . The fo llow ing  d iscussion  sum m a
rizes selected g ro w th  factors th a t a re  in vo lved  in  the 
im p o rta n t p ro lifera tive  p rocesses of tissue rep a ir  an d  
regeneration ; by  v irtu e  of their p ro lifera tive  effects they 
can  a lso  d rive  tum origenesis . A lth o u g h  the  g ro w th  factors 
described  here  all invo lve recep to rs w ith  in trinsic  k inase  
activ ity , o ther g ro w th  factors m ay  signal th ro u g h  each of 
the  v a rio u s p a th w ay s  sh o w n  in  Fig. 1.12.
• Epidermal growth factor and transforming growth factor-a. 

B oth of these factors belong  to  the EGF fam ily  an d  b ind  
to  the sam e receptors, exp la in ing  their shared  biologic 
activities. EGF a n d  T G F-a are p ro d u ced  by m acrophages 
an d  a varie ty  of ep ithelial cells, an d  are m itogenic for 
hepatocytes, fibroblasts, a n d  a ho st of ep ithelial cells. 
The "EGF recep to r fam ily" includes four m em brane 
recep tors w ith  in trinsic  tyrosine k inase  activity; the best- 
characterized  is EGFR1, also k n o w n  as ERB-B1, o r sim ply 
EGFR. EGFR1 m u ta tions a n d /o r  am plification  fre
quen tly  occur in  a n u m b er of cancers inc lud ing  those of 
the lung, head  an d  neck, b reast, a n d  brain. The ERBB2 
recep to r (also k n o w n  as HER2) is overexpressed  in  a 
subset of b reast cancers. To trea t m alignancies, m an y  of 
these recep to rs have been  successfully ta rge ted  by  an ti
bodies an d  sm all m olecule antagonists.

• Hepatocyte growth factor. H epatocy te  g ro w th  factor (HGF; 
also  k n o w n  as scatter factor) has m itogenic  effects on  
hepatocy tes a n d  m ost ep ithelia l cells. H G F acts as a 
m o rp h o g en  d u rin g  em bryon ic  d ev e lo p m en t (i.e., it 
in fluences the  p a tte rn  of tissue d ifferen tiation), p ro 
m otes cell m ig ra tio n  (hence its desig n a tio n  as scatter 
factor), a n d  enhances hepatocy te  surv ival. H G F is p ro 
duced  by fib roblasts a n d  m ost m esenchym al cells, as 
w ell as en d o th e liu m  a n d  n o n hepatocy te  liver cells. It is 
syn thesized  as a n  inactive p recu rso r (pro-H G F) th a t is 
pro teo ly tically  activa ted  by serine p ro teases re leased  a t 
sites o f in jury . The recep to r for H G F is MET, w h ich  has 
in trinsic  ty rosine  k inase  activ ity . It is frequen tly  overex
p ressed  o r m u ta te d  in  tum ors, p articu larly  rena l an d  
th y ro id  p ap illa ry  carcinom as. C onsequen tly , MET 
inh ib ito rs are be ing  ev a lu a ted  as cancer therap ies.

• Platelet-derived growth factor. PDGF is a fam ily  of several 
closely re la ted  p ro te ins, each consisting  of tw o  chains 
(designated  by  p a irs  of letters). T hree isoform s of PDGF 
(AA, AB, a n d  BB) are  constitu tive ly  active, w h ile  
PDGF-CC a n d  PD G F-D D  m u st be activa ted  by  p ro teo 
lytic cleavage. PDGF is sto red  in  p la te le t g ranu les  an d  
is re leased  on  p la te le t ac tivation . A lth o u g h  orig inally  
iso la ted  from  p la te le ts  (hence the nam e), it also  is p ro 
duced  by m an y  o ther cells, in c lu d in g  activa ted  m acro 
phages, endo the lium , sm oo th  m uscle  cells, an d  a varie ty  
of tum ors. A ll PDGF isoform s exert the ir effects by 
b in d in g  to  tw o  cell surface recep to rs (PDGFR a  a n d  P), 
b o th  hav in g  in trinsic  ty rosine  k inase  activity . PDGF 
in d u ces fibroblast, endo thelia l, a n d  sm oo th  m uscle cell 
p ro life ra tion  a n d  m atrix  synthesis, an d  is chem otactic 
for these cells (and  in flam m ato ry  cells), th u s  p ro m o tin g
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rec ru itm en t of the cells in to  a reas of in flam m ation  an d  
tissue in jury .

• Vascular endothelial growth factor. V ascular endo the lia l 
g ro w th  factors (V E G F s)-V E G F -A , -B, -C, a n d  -D, an d  
PIGF (p lacental g ro w th  f a c to r ) - a r e  a fam ily  o f h o m o d i
m eric  p ro te in s. VEGF-A is generally  re ferred  to  sim ply  
as VEGF; it is the m ajor factor responsib le  for angiogen
esis, in d u c in g  b lood  vessel developm en t, after in jury  
an d  in  tum ors. In  com parison , VEGF-B an d  PIGF are  
invo lved  in  em bryon ic  vessel developm en t, a n d  VEGF-C 
an d  -D  stim ula te  b o th  ang iogenesis a n d  lym phatic  
d ev e lo p m en t (lymphangiogenesis) . VEGFs also  are  
invo lved  in  the m ain tenance  of endo the lia l cells lin ing  
m a tu re  vessels. Its expression  is h ighest in  ep ithelia l 
cells ad jacen t to  fenestra ted  en d o th e liu m  (e.g., p o d o 
cytes in  the  k idney , p ig m en t ep ith e liu m  in  the retina, 
an d  choro id  p lexus in  the brain). VEGF induces ang io 
genesis by  p ro m o tin g  endo the lia l cell m ig ra tio n  and  
p ro life ra tion  (capillary  sp rou ting ), a n d  the fo rm ation  of 
the vascu lar lum ina . VEGFs also  induce  vascu lar d ila 
tion  a n d  increase vascu lar perm eab ility . A s m ig h t be 
an tic ipated , hypox ia  is the  m ost im p o rta n t in d u cer of 
VEGF p ro d u c tio n  th ro u g h  p a th w a y s  th a t involve acti
va tio n  of the tran sc rip tio n  factor hypox ia-inducib le  
factor (HIF-1). O ther VEGF in d u c e r s -p ro d u c e d  a t sites 
of in flam m ation  or w o u n d  h e a l in g - in c lu d e  PDGF and  
TGF-a.

VEGFs b in d  to  a fam ily  of recep to r ty rosine  k inases 
(VEGFR-1, -2, an d  -3). VEGFR-2 is h igh ly  expressed  in  
en d o th e liu m  a n d  is the  m ost im p o rta n t for ang iogene
sis. A n tibod ies ag a in st VEGF are  ap p ro v e d  for the trea t
m en t of several tu m o rs such  as rena l a n d  colon cancers 
because cancers req u ire  ang iogenesis for their sp read  
an d  g row th . Anti-VEGF an tibod ies  also  are u sed  in  the 
trea tm en t of a n u m b er of o ph tha lm ic  d iseases, inc lud 
ing: "w e t"  age-re la ted  m acu lar d egenera tion  (AM D a 
d iso rd er o f in ap p ro p ria te  ang iogenesis a n d  vascu lar 
perm eab ility  th a t causes ad u lt-o n se t b lindness); the  re ti
n o p a th y  of p rem atu rity ; a n d  the leaky vessels th a t lead  
to d iabetic  m acu lar edem a. F inally, increased  levels of 
so luble versions of VEGFR-1 (s-FLT-1) in  p re g n a n t 
w o m en  m ay  con tribu te  to p reec lam psia  (hypertension  
an d  p ro te inu ria ) by  "so p p in g  u p "  the free VEGF 
req u ired  for m a in ta in in g  n o rm al endo the lium .

• Fibroblast growth factor. F ibroblast g ro w th  factor (FGF) is 
a  fam ily  of g ro w th  factors w ith  m ore th a n  20 m em bers. 
A cidic FGF (aFGF, o r FGF-1) a n d  basic FGF (bFGF, or 
FGF-2) a re  the best characterized ; FGF-7 is also  re ferred  
to  as keratinocyte  g ro w th  factor (KGF). R eleased FGFs 
associate w ith  h e p a ran  sulfate  in  the ECM , w h ich  serves 
as a reservo ir for inactive factors th a t can  be subsequen tly  
re leased  by  p ro teo lysis  (e.g., a t sites o f w o u n d  healing). 
FGFs tran sd u ce  signals th ro u g h  fo u r ty rosine  k inase  
recep to rs  (FGFR 1-4). FGFs con tribu te  to  w o u n d  healing  
responses, hem atopoiesis, an d  developm ent; bFGF has 
all the activ ities necessary  for ang iogenesis as w ell.

• Transforming growth factor-0. TGF-P has th ree  isoform s 
(TGF-P1, TGF-P2, a n d  TGF-P3) th a t belong  to  a fam ily 
w ith  ab o u t 30 m em bers, in c lu d in g  bone m orphogenetic  
p ro te in s  (BMPs), activins, inhib ins, a n d  M ullerian  inh ib 
iting  substance. TGF-P1 has the m o st w id e sp re a d  d istri
bu tion , a n d  it is m ore  com m only  re ferred  to  sim ply  as
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TGF-P. It is a hom od im eric  p ro te in  p ro d u c e d  by m u l
tip le cell types, in c lu d in g  platelets, end o th e liu m , and  
m ononuclear in flam m atory  cells. TGF-P is secreted  as a 
p recu rso r th a t requ ires p ro teo lysis  to  y ie ld  the biologi
cally active p ro te in . T here are tw o  TGF-P recep tors, bo th  
w ith  se rin e /th re o n in e  k inase  activ ity  th a t induces the 
p h o sp h o ry la tio n  of several d o w n stream  cy top lasm ic 
transc rip tion  factors called  Smads. P h o spho ry la ted  
Sm ads fo rm  hete ro d im ers  w ith  Sm ad4, a llow ing  nuclear 
translocation  a n d  associa tion  w ith  o ther D N A -b ind ing  
p ro te in s  to  activate  o r inh ib it gene transcrip tion . TGF-P 
p ro d u ces m u ltip le  a n d  o ften  o p p o sin g  effects d e p e n d 
ing  o n  the  tissue type  a n d  con cu rren t signals. A gents 
w ith  such  m ultip lic ity  of effects are called  pleiotropic, 
an d  TGF-P is "p le io trop ic  w ith  a vengeance." Prim arily , 
TGF-P d rives scar fo rm ation  by s tim u la tin g  m atrix  syn 
thesis th ro u g h  decreased  m atrix  m eta llop ro te inase  
(MMP) activ ity  a n d  increased  activ ity  of tissue inh ib i
to rs of p ro te inases  (TIMPs). TGF-P also  app lies b rakes

to the in flam m ation  th a t accom panies w o u n d  healing  
by inh ib iting  lym phocy te  p ro life ra tion  a n d  the activ ity  
of o th e r leukocytes.

EXTRACELLULAR MATRIX

The ECM  is a n e tw o rk  of in te rstitia l p ro te in s  th a t consti
tu tes  a significant p ro p o rtio n  of any  tissue. C ell interac
tion s w ith  ECM are critical for d evelop m en t and healing , 
as w e ll as for m aintain ing norm al tissu e  architecture (Fig. 
1.13). M uch  m ore th a n  a sim ple  "space filler" a ro u n d  cells, 
ECM  serves several key functions:
• Mechanical support for cell anchorage a n d  cell m igration , 

an d  m ain tenance  of cell po larity .
• Control o f cell proliferation, by b in d in g  a n d  d isp lay in g  

g ro w th  factors a n d  by  signaling  th ro u g h  cellu lar recep 
to rs o f the  in teg rin  fam ily. The ECM  p ro v id es a  depo t

Laminin
fibers

Laminin
fibers

Collagen

Growth factor Growth factor

Growth factor 
receptor

Growth factor 
receptor

Fig. 1.13 Interactions of ECM and growth factor-mediated cell signaling. Cell surface integrins interact with the cytoskeleton at focal adhesion complexes 
(protein aggregates that include vinculin, a-actinin, and talin; see Fig. I.I6C).This can initiate the production of intracellular messengers or can directly trans
duce signals to the nucleus. Cell surface receptors for growth factors can activate signal transduction pathways that overlap with those mediated through 
integrins. Signals from ECM components and growth factors can be integrated by the cells to produce a given response, including changes in proliferation, 
locomotion, and/or differentiation.
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for a varie ty  of la ten t g ro w th  factors th a t can  be acti
v a ted  w ith in  a focus of in jury  o r inflam m ation .

• Scaffolding fo r  tissue renewal. Because m ain tenance  of 
n o rm a l tissue s tru c tu re  req u ires  a basem en t m em brane  
o r strom al scaffold, the in teg rity  of the b asem en t m em 
b ran e  or the strom a of pa renchym al cells is critical for the 
o rg an ized  regen era tio n  of tissues. T hus, ECM  d isru p tio n  
resu lts  in  defective tissue regen era tio n  a n d  repair, for 
exam ple, cirrhosis of the liver resu ltin g  from  the collapse 
of the  hepatic  strom a in  v arious form s of hepatitis.

• Establishment o f tissue microenvironments. The b asem en t 
m em brane  acts as a b o u n d a ry  be tw een  the ep ith e liu m  
a n d  u n d e rly in g  connective tissue; it does n o t ju s t 
p ro v id e  su p p o rt to  the  ep ith e liu m  b u t is also  functional, 
for exam ple, in  the k idney , fo rm ing  p a r t  o f the filtration  
ap p a ra tu s .

The ECM  is constan tly  being  rem odeled ; its syn thesis 
an d  d e g rad a tio n  accom pany  m orphogenesis, tissue regen 
e ra tion  a n d  repair, chronic fibrosis, a n d  tu m o r invasion  
an d  m etastasis. ECM  occurs in  tw o  basic form s: in te rstitia l 
m atrix  an d  b asem en t m em brane  (Fig. 1.14
• Interstitial matrix is p re se n t in  the spaces be tw een  cells 

in  connective tissue, a n d  be tw een  the p a ren ch y m al ep i
the lium  a n d  the u n d e rly in g  su p p o rtiv e  vascu lar an d  
sm ooth  m uscle  struc tu res. The in te rstitia l m atrix  is 
syn thesized  by m esenchym al cells (e.g., fibroblasts), 
fo rm ing  a n  am o rp h o u s  th ree-d im ensional gel. Its m ajor 
constituen ts a re  fibrillar a n d  nonfib rillar collagens, as 
w ell as fibronectin , elastin , p ro teog lycans, h y a lu ronate , 
an d  o th er constituen ts  (see later).

• Basement membrane. The seem ingly  ra n d o m  array  of 
in te rstitia l m atrix  in  connective tissues becom es h igh ly
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o rgan ized  a ro u n d  ep ithelia l cells, endo the lia l cells, and  
sm ooth  m uscle  cells, fo rm ing  the specialized  basement 
membrane. This is syn thesized  conjointly  by  the overly 
ing  ep ith e liu m  a n d  the u n d e rly in g  m esenchym al cells, 
fo rm ing  a flat lam ellar "ch icken  w ire"  m esh  (a lthough  
labeled  as a membrane, it is qu ite  porous). The m ajor 
constituen ts are am o rp h o u s  nonfibrillar type IV colla
gen a n d  lam inin .)

Components of the Extracellular Matrix * •

The com ponen ts of the ECM  fall in to  th ree  g ro u p s  of p ro 
te ins (Fig. 1.15):
• Fibrous structural proteins such  as collagens a n d  elastins 

th a t confer tensile s tren g th  an d  recoil
• Water-hydrated gels such  as p ro teog lycans a n d  hyalu ro - 

n an  th a t p e rm it com pressive  resistance a n d  lubrica tion
• Adhesive glycoproteins th a t connect ECM  elem ents to one 

an o th er a n d  to  cells

C ollagens. C ollagens are  com posed  of th ree  separate
p o ly p ep tid e  chains b ra id ed  in to  a ropelike  trip le  helix.
A b o u t 30 co llagen types have  been  iden tified , som e of
w h ich  are  u n iq u e  to  specific cells a n d  tissues.
• Som e co llagen types (e.g., types I, II, III, a n d  V colla

gens) fo rm  linear fibrils stab ilized  by  in te rcha in  h y d ro 
gen  bond ing ; such  fibrillar collagens fo rm  a m ajor 
p ro p o rtio n  o f the connective tissue in  s tru c tu res  such  as 
bone, tendon , cartilage, b lood  vessels, a n d  skin, as w ell 
as in  healing  w o u n d s  a n d  scars. The tensile s tren g th  of 
the  fibrillar collagens derives from  la te ra l crosslink ing  
of the trip le  helices by  covalen t bonds, an  u n u su a l

Integrins

Fibroblast

Proteoglycan

Type IV collagen

Laminin

— Epithelium

v ■■ A , A „  A ,, ,, A -A _ , ,A  ,, A , , , ,  A ,, J . .
I '  "  "  "  I '  »  I1 "  1111 "  Integnns

BASEMENT MEMBRANE
• Type IV collagen
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• Proteoglycan
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• Fibrillar collagens
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• Proteoglycan and 
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Cross-linked - 
collagen triple helices Proteoglycan

F ig .1.14 Main components of the ECM, including collagens, proteoglycans, and adhesive glycoproteins. Both epithelial and mesenchymal cells (e.g., fibroblasts) 
interact with ECM via integrins. Basement membranes and the interstitial ECM have different architecture and general composition, although certain com
ponents are present in both. For the sake of clarity, many ECM components (e.g., elastin, fibrillin, hyaluronan, and syndecan) are not included.
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Fig. I . I 5 ECM components. (A) Fibrillar collagen, and elastic tissue structures. Because of rodlike fibril stacking and extensive lateral crosslinking, collagen 
fibers have marked tensile strength but little elasticity. Elastin also is crosslinked but differs in having large hydrophobic segments that form a dense globular 
configuration at rest. As stretch is exerted, the hydrophobic domains are pulled open, but the crosslinks keep the molecules intact; release of the tension 
allows the hydrophobic domains of the proteins to refold. (B) Proteoglycan structure. The highly negatively charged sulfated sugars on the proteoglycan 
“ bristles” attract sodium and water to generate a viscous compressible matrix. (C) Regulation of basic FGF (bFGF, FGF-2) activity by ECM and cellular pro
teoglycans. Heparan sulfate binds bFGF secreted in the ECM. Syndecan is a cell surface proteoglycan with a transmembrane core protein and extracellular 
glycosaminoglycan side chains that bind bFGF, and a cytoplasmic tail that interacts with the intracellular actin cytoskeleton. Syndecan side chains bind bFGF 
released from damaged ECM, thus facilitating bFGF interaction with cell surface receptors.

post-transla tiona l m odification  th a t requ ires hyd roxy l
a tion  of lysine resid u es in  co llagen by the enzym e lysyl 
oxidase. Because lysy l oxidase is a v itam in  C -d ep en d en t 
enzym e, ch ild ren  w ith  ascorbate  deficiency have  skele
tal deform ities, a n d  peop le  of any  age w ith  v itam in  C 
deficiency heal poo rly  an d  bleed  easily  because of 
"w eak " collagen. G enetic defects in  collagens cause d is
eases such  as osteogenesis imperfecta a n d  certa in  fo rm s of 
Ehlers-Danlos syndrome (C hap ter 7).

• Nonfibrillar co llagens variously  con tribu te  to  the struc
tu re s  of p lan a r b asem en t m em branes (type IV collagen); 
he lp  regu la te  co llagen fibril d iam eters  o r collagen
co llagen in teractions v ia  so-called " f ibril-associated  col
lagen  w ith  in te rru p te d  trip le  helices" (FACITs, such  as 
type  IX co llagen in  cartilage); a n d  p ro v id e  ancho ring  
fibrils w ith in  b asem en t m em brane  benea th  stratified  
sq u am o u s ep ith e liu m  (type VII collagen).

Elastin. The ab ility  of tissues to  recoil a n d  recover their 
shape  after physical d e fo rm ation  is conferred  by elastin  
(Fig. 1.15). E lasticity  is especially  im p o rtan t in  card iac 
valves a n d  large  b lood  vessels, w h ich  m u s t accom m odate  
re c u rren t p u lsa tile  flow , as w ell as in  the  u te ru s, skin, an d  
ligam ents. M orphologically , elastic fibers consist of a 
cen tra l core of e lastin  w ith  a n  associa ted  m eshlike  n e tw o rk  
com posed  of fibrillin. The la tte r re la tionsh ip  partia lly

exp lains w h y  fibrillin  defects lead  to skeletal abnorm alities 
a n d  w eak en ed  aortic  w alls, as in  in d iv id u a ls  w ith  M arfan  
synd rom e. F ibrillin  a lso  contro ls the  availab ility  o f TGF-P 
(C hap ter 7).

Proteoglycans and hyaluronan (Fig. 1.15). P ro teogly 
cans fo rm  h igh ly  h y d ra te d  gels th a t confer resistance to 
com pressive  forces; in  jo in t cartilage, p ro teog lycans also 
p ro v id e  a layer of lub rica tion  be tw een  ad jacen t bony  su r
faces. P ro teog lycans consist o f long  po lysaccharides called 
g lycosam inoglycans (exam ples are k e ra tan  sulfate an d  
ch o n d ro itin  sulfate) a ttach ed  to  a  core pro te in ; these are 
then  linked  to  a long  hyalu ron ic  acid  po ly m er called  hyal- 
u ro n a n  in  a m an n e r rem in iscen t of the b ristles on  a test-tube 
b rush . The h igh ly  negatively  charged , dense ly  pack ed  sul- 
fa ted  sugars  a ttrac t ca tions (m ostly  sod ium ) a n d  a b u n d a n t 
w a te r m olecules, p ro d u c in g  a viscous, gelatin-like m atrix . 
Besides p ro v id in g  com pressib ility  to  tissues, p ro teog ly 
cans also  serve as reservo irs for secreted  g ro w th  factors 
(e.g., FGF a n d  HGF). Som e p ro teog lycans a re  in teg ra l cell 
m em brane  p ro te in s  th a t have  ro les in  cell pro lifera tion , 
m igration , an d  adhesion , for exam ple, by  b in d in g  a n d  con
cen tra ting  g ro w th  factors a n d  chem okines (Fig. 1.15).

Adhesive glycoproteins and adhesion receptors. These 
are s truc tu ra lly  d iverse m olecu les variously  invo lved  in  
cell-cell, cell-ECM , a n d  ECM -ECM  in terac tions (Fig. 1.16). 
P ro to typ ical adhesive  g lycopro te ins include fib ronectin  (a
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Fig. I . l 6 Cell and ECM interactions: adhesive glycoproteins and integrin signaling. (A) Fibronectin consists of a disulfide-linked dimer, with several distinct 
domains that allow binding to ECM and integrins, the latter through arginine-glycine-aspartic acid (RGD) motifs. (B) The cross-shaped laminin molecule is one 
of the major components of basement membranes; its multidomain structure allows interactions between type IV collagen, other ECM components, and 
cell-surface receptors. (C) Integrins and integrin-mediated signaling events at focal adhesion complexes. Each a -p  heterodimeric integrin receptor is a trans
membrane dimer that links ECM and the intracellular cytoskeleton. It is also associated with a complex of linking molecules (e.g., vinculin and talin) that can 
recruit and activate kinases that ultimately trigger downstream signaling cascades.

m ajor com ponen t of the  in te rstitia l ECM) a n d  lam in in  (a 
m ajor co n stitu en t o f basem en t m em brane). In teg rins are  
rep resen ta tive  o f the ad h esio n  recep tors, also  k n o w n  as cell 
ad h esio n  m olecu les (CAM s); the C A M s also  include im m u 
nog lobu lins fam ily  m em bers, cadherins, a n d  selectins.
• Fibronectin is a large (450 kD) d isulfide-linked heterod i

m er th a t exists in  tissue an d  p lasm a form s; it is synthe
s ized  by a varie ty  of cells, in c lu d in g  fibroblasts, 
m onocytes, an d  endothelium . Fibronectin  has specific 
dom ains th a t b ind  to  d istinct ECM  com ponents (e.g., col
lagen, fibrin, heparin , an d  proteoglycans), as w ell as inte- 
g rins (Fig. 1.16). In  healing  w ounds, tissue an d  p lasm a 
fibronectin  p rov ide  a scaffold for subsequen t ECM  depo 
sition, angiogenesis, an d  reepithelialization.

• Laminin is the  m ost a b u n d a n t g lycopro te in  in  the base
m en t m em brane . It is a n  820-kD c ross-shaped  h e tero tri
m er th a t connects cells to  u n d e rly in g  ECM  com ponen ts 
such  as type  IV collagen a n d  h e p a ra n  sulfate  (Fig. 1.16). 
Besides m ed ia tin g  the a ttach m en t to  the b asem en t 
m em brane , lam in in  can  also  m o d u la te  cell pro lifera tion , 
d ifferen tiation , a n d  m otility .

• Integrins are  a large  fam ily  of tran sm em b ran e  h e terod i
m eric  g lycopro te ins com posed  of a -  a n d  P -subun its th a t 
allow  cells to  a ttach  to  ECM  constituen ts such  as lam in in  
an d  fibronectin , th u s  functionally  a n d  struc tu ra lly  
link ing  the in trace llu la r cy toskele ton  w ith  the  o u ts ide  
w orld . In teg rin s also  m ed ia te  cell-cell ad hesive  in terac
tions. For instance, in teg rin s  on  the  surface o f leukocytes 
are  essen tia l in  m ed ia tin g  firm  ad h esio n  to  a n d  transm i
g ra tion  across the en d o th e liu m  a t sites o f in flam m ation

(C hap ter 3), a n d  they  p lay  a critical role in  p la te le t 
ag g reg a tio n  (C hap ter 4). In teg rins a ttach  to ECM  com 
p o n en ts  v ia  a  trip ep tid e  a rg in ine-g lycine-aspartic  acid 
m otif (abbrev ia ted  RGD). In  a d d itio n  to p ro v id in g  focal 
a ttach m en t to  u n d e rly in g  substra tes, b in d in g  th ro u g h  
the in teg rin  recep to rs can  also  trigger signaling  cascades 
th a t in fluence cell locom otion, p ro lifera tion , shape, an d  
d ifferen tia tion  (Fig. 1.16).

M A IN TA IN IN G  CELL POPULATIONS

Proliferation and the Cell Cycle

C ell proliferation is fundam ental to developm ent, m ain
tenance o f steady-state tissu e  h om eostasis, and replace
m ent o f dead or dam aged cells. The key e lem en ts of 
cellu lar p ro life ra tion  are accurate  D N A  rep lica tion  accom 
p a n ie d  by the  co o rd in a ted  syn thesis of all o th e r cellu lar 
constituen ts, fo llow ed  by  equal a p p o rtio n m en t o f D N A  
a n d  o ther cellu lar constituen ts (e.g., organelles) to  d a u g h 
ter cells th ro u g h  m itosis a n d  cytokinesis.

The sequence of even ts th a t resu lts  in  cell d iv ision  
is called  the cell cycle. The cell cycle consists o f G1 (pre
syn thetic  g row th), S (D N A  synthesis), G2 (prem ito tic  
g row th), an d  M  (m itotic) phases; qu iescen t cells th a t are  
n o t actively  cycling  are in  the G0 state. (Fig. 1.17). Cells 
can  en te r G1 either from  the G0 qu iescen t cell poo l o r 
after com ple ting  a ro u n d  of m itosis. Each stage requ ires 
com ple tion  of the  p rev io u s step, as w ell as ac tiva tion  of

http://ebooksmedicine.net

http://ebooksmedicine.net


Extracellular Matrix 25

G

M

S G:Chromosome duplication

Check for 
DNA damage - 

(Gi/S checkpoint)

Restriction point----

Centrosome duplication

Growth in mass

Cell
division

Check for 
damaged or 
unduplicated DNA 
(G2/M checkpoint)

Mitosis

Fig. I . I 7  Cell-cycle landmarks. The figure shows the cell-cycle phases (G0, G|, G2, S, and M), the location of the G| restriction point, and the G|/S and G2/M 
cell-cycle checkpoints. Gl restriction point refers to the phase in Gl at which the cell gets committed to the cell cycle without further need of the growth 
factor that initiated cell division. Cells from labile tissues such as the epidermis and the gastrointestinal tract may cycle continuously; stable cells such as 
hepatocytes are quiescent but can enter the cell cycle; permanent cells such as neurons and cardiac myocytes have lost the capacity to proliferate. (Modified 
from Pollard TD, Earnshaw WC: Cell biology, Philadelphia, 2002, Saunders.)

necessary  factors (see later); nonfidelity  of D N A  replica
tion  o r cofactor deficiency resu lts  in  a rre s t a t the  various 
tran sitio n  po in ts.

The cell cycle is regulated  by num erous activators and  
inh ib itors. Cell-cycle p rog ression  is d riv en  by p ro te in s  
called  cyclins—nam ed  for the  cyclic n a tu re  of their p ro 
d u c tio n  a n d  d e g ra d a tio n —a n d  cyclin-associated  enzym es 
called  cyclin-dependent kinases (CDKs) (Fig. 1.18). CDKs 
acqu ire  the  ab ility  to  p h o sp h o ry la te  p ro te in  substra tes (i.e., 
k inase  activity) by  fo rm ing  com plexes w ith  the  re levan t 
cyclins. T ransien tly  increased  syn thesis o f a  p a rticu la r 
cyclin  leads to  increased  k inase  activ ity  of the ap p ro p ria te  
CD K  b in d in g  partne r; as the  CDK com pletes its ro u n d  of 
pho sp h o ry la tio n , the associa ted  cyclin is d eg ra d e d  a n d  the 
CD K  activ ity  abates. T hus, as cyclin levels rise  a n d  fall, the 
activ ity  of associated  CDKs likew ise w axes a n d  w anes.

M ore th a n  15 cyclins have  been  identified; cyclins D, E, 
A, a n d  B ap p e a r sequen tia lly  d u r in g  the  cell cycle a n d  b ind  
to  one o r m ore  CDKs. The cell cycle th u s  resem bles a relay 
race in  w h ich  each leg is reg u la ted  by a d istinc t set of 
cyclins: as one collection of cyclins leaves the track, the next 
set takes over.

E m b ed d ed  in  the  cell cycle are surveillance m echan ism s 
p rim ed  to  sense D N A  o r ch rom osom al dam age. These 
quality -con tro l checkpoints en su re  th a t cells w ith  genetic 
im perfections d o  n o t com plete  rep lication . T hus, the Gj-S 
checkpo in t m on ito rs the  in teg rity  of D N A  before irrevers
ibly com m itting  cellu lar resources to  D N A  replication . 
L ater in  the  cell cycle, the G2-M  check p o in t en su res  th a t 
there  has  been  accurate  D N A  rep lica tion  before the cell 
actually  d iv ides. W hen  cells do  detect D N A  irregu larities, 
checkpo in t activa tion  de lays cell-cycle p rog ression  an d  
triggers D N A  rep a ir  m echanism s. If the genetic  d erange 
m en t is too  severe to  be rep a ired , the cells e ither u n d e rg o

ap o p to sis  o r en te r a  non rep lica tive  state  called  senescence — 
p rim arily  th ro u g h  p53 -d ep en d en t m echan ism s (see later).

E nforcing the cell-cycle checkpoin ts is the job  of CDK  
inhibitors (CDKIs); they  accom plish  th is by  m o d u la tin g  
CDK-cyclin com plex  activity . T here are several d ifferen t 
CDKIs:
• O ne fam ily of C D K Is—com posed  of three pro te ins called 

p21 (CDKN1A), p27  (CDKN1B), an d  p57  (CDKN1C) — 
b road ly  inh ib its m u ltip le  CDKs

• A n o th er fam ily  of CDKIs has selective effects on  cyclin 
CDK4 a n d  cyclin CDK6; these  p ro te in s  a re  called  p15 
(CDKN2B), p16 (CDKN2A), p18 (CDKN2C), a n d  p19 
(CDKN2D)

• D efective CDKI checkpo in t p ro te in s  allow  cells w ith  
d am ag ed  D N A  to d iv ide , re su ltin g  in  m u ta te d  d a u g h te r 
cells a t  risk  for m alig n an t transfo rm ation

A n  equally  im p o rta n t aspec t of cell g ro w th  a n d  d iv ision  
is the  b iosyn thesis  of o ther cellu lar com ponen ts n eed ed  to 
m ake tw o  d a u g h te r  cells, such  as  m em branes a n d  o rgan 
elles. T hus w h e n  g ro w th  factor recep to r signaling  stim u 
lates cell-cycle p rogression , it also  activates even ts th a t 
p ro m o te  changes in  cellu lar m etabo lism  th a t su p p o rt 
g row th . C hief a m o n g  these is the W arb u rg  effect, m en 
tioned  earlier, m ark ed  by increased  cellu lar u p tak e  of 
glucose a n d  g lu tam ine, increased  glycolysis, a n d  (counter
in tu itively) decreased  ox idative  pho sp h o ry la tio n . These 
changes a re  m ajor e lem en ts of cancer-cell g ro w th  a n d  are  
d iscussed  in  g rea te r de ta il in  C h ap te r 6.

Stem Cells

N ot all stem  cells are created equal. D uring develop 
m ent, totipotent stem cells can give rise to all types of
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CDK inhibitors

Fig. I . l 8 Role of cyclins, CDKs, and CDK inhibitors in regulating the cell cycle. Shaded arrows represent the phases of the cell cycle during which specific 
cyclin-CDK complexes are active. As illustrated, cyclin D-CDK4, cyclin D-CDK6, and cyclin E-CDK2 regulate the Gr to-S transition by phosphorylating the 
Rb protein (pRb). Cyclin A-CDK2 and cyclin A-CDKI are active in the S phase. Cyclin B-CDKI is essential for the G2-to-M transition. Two families of CDK 
inhibitors can block activity of CDKs and progression through the cell cycle. The so-called “ INK4 inhibitors,” composed of pI6, pI5, pI8, and pI9, act on 
cyclin D-CDK4 and cyclin D-CDK6. The other family of three inhibitors, p2I, p27, and p57, can inhibit all CDKs.

differentiated tissues; in  the mature organism , adult stem 
cells in  various tissues on ly  have the capacity to replace 
dam aged cells and m aintain cell populations w ith in  the 
tissu es w here they reside. There also are popu la tions of 
stem  cells betw een  these extrem es w ith  vary ing  capacities 
to  differentiate in to  m u ltip le  cell lineages. Thus, d epend 
ing  on  the source an d  stage of developm ent, there m ay 
be lim its o n  the cell types th a t a stem  cell pop u la tio n  can 
generate.

In  n o rm al tissues (w ith o u t neoplasia , degeneration , 
o r healing), there  is a hom eosta tic  equ ilib riu m  betw een  
the  rep lication , self-renew al, a n d  d iffe ren tia tion  of 
stem  cells a n d  the d e a th  of the m atu re , fu lly  d ifferen ti
a ted  cells (Fig. 1.19). The dynam ic  re la tionsh ip  be tw een  
stem  cells a n d  term inally  d iffe ren tia ted  p aren ch y m a is 
nicely exem plified  by  the con tinuously  d iv id in g  ep ithe 
liu m  of the skin. Thus, stem  cells a t the  basal layer of 
the  ep ith e liu m  prog ressive ly  d ifferen tiate  as they  m igrate  
to  the u p p e r  layers of the ep ith e liu m  before d y in g  an d  
be ing  shed.

U nder conditions o f h om eostasis, stem  cells are char
acterized by tw o im portant properties:
• Self-renewal, w h ich  perm its  stem  cells to  m ain ta in  their 

nu m b ers . Self-renew al m ay  fo llow  asym m etric  o r sym 
m etric  d ivision.

• Asym m etric division refers to  cell rep lication  in  w h ich  
one d a u g h te r  cell en ters a d iffe ren tia tion  p a th w ay  an d  
gives rise  to  m a tu re  cells, w h e reas  the o th e r rem ains 
un d iffe ren tia ted  a n d  re ta ins its self-renew al capacity . 
By contrast, in  sym m etric  d iv ision , bo th  d a u g h te r  cells 
re ta in  self renew al capacity . Such d iv isions a re  seen 
early  in  em bryogenesis (w hen  stem  cell p o p u la tio n s  are  
expand ing) a n d  u n d e r  cond itions of stress, such  as in  
the bone m arro w  fo llow ing  chem otherapy .

A lth o u g h  there  is a tendency  in  the  scientific lite ra tu re  
to p a rtitio n  stem  cells in to  several d iffe ren t subsets, fu n d a 
m en tally  there  a re  on ly  tw o  varieties:
• Embryonic stem cells (ES cells) are  the m ost u nd ifferen ti

a ted . They are p re sen t in  the inner cell m ass of the
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blastocyst, have  v irtua lly  lim itless cell renew al capacity , 
a n d  can  give rise to  every  cell in  the body; they  are  th u s 
sa id  to  be totipotent (Fig. 1.20). ES cells can  be m ain 
ta in ed  for ex tended  p e rio d s  w ith o u t d ifferen tiating ; 
thereafter, a p p ro p ria te  cu ltu re  cond itions allow  them  
to fo rm  specialized  cells o f all th ree  g erm  cell layers,

Proliferation

t

co
Differentiation

Stem cells
Baseline cell population

i
Cell death (apoptosis)

C - )  ') -

Fig. I . I 9 Mechanisms regulating cell populations. Cell numbers can be 
altered by increased or decreased rates of stem cell input, cell death resulting 
from apoptosis, or changes in the rates of proliferation or differentiation.
(Modified from McCarthy NJ, et al: Apoptosis in the development of the immune 
system:growth factors, clonal selection and bcl-2, Cancer Metastasis Rev 11:157, 
1992.)

in c lu d in g  neu rons, card iac m uscle, liver cells, a n d  p an 
creatic islet cells.

• Tissue stem cells (also called adult stem cells) a re  fo u n d  in  
in tim ate  associa tion  w ith  the d iffe ren tia ted  cells o f a 
g iven  tissue. T hey are  no rm ally  p ro tec ted  w ith in  spe
cialized  tissue m icroenv ironm en ts called  stem cell niches. 
Such n iches have  been  d em o n stra ted  in  m an y  organs, 
m ost no tab ly  the  bone m arrow , w h ere  hem atopo ietic  
stem  cells congregate  in  a periv ascu la r niche. O ther 
n iches for stem  cells inc lude  the bu lge reg ion  of h a ir 
follicles; the lim bus of the cornea; the c ryp ts of the  gut; 
the canals o f H erin g  in  the liver; a n d  the  subven tricu lar 
zone in  the brain . Soluble factors a n d  o th er cells w ith in  
the n iches keep  the stem  cells qu iescen t un til there  is a 
need  for expansion  a n d  d iffe ren tia tion  of the  p recu rso r 
poo l (Fig. 1.21).

A d u lt stem  cells hav e  a lim ited  reperto ire  of differ
en tia ted  cells th a t they  can  generate . T hus, a lth o u g h  
a d u lt stem  cells can  m ain ta in  tissues w ith  h ig h  (e.g., 
sk in  a n d  gastro in testina l tract) o r low  (e.g., en d o th e 
lium ) cell tu rnover, the  a d u lt stem  cells in  any  given 
tissue can  u su a lly  on ly  p ro d u ce  cells th a t are no rm al 
constituen ts of th a t tissue.

H em atopo ie tic  stem  cells are  the m ost extensively  
stud ied ; they  con tinuously  rep len ish  all the cellu lar ele
m en ts o f the b lood  as they  are consum ed . They can  be 
iso la ted  d irectly  from  bone m arrow , as w ell as from  the 
p e rip h e ra l b lood  after ad m in is tra tio n  of certa in  colony 
s tim u la ting  factors (CSF) th a t induce  the ir release from  
bone m arro w  niches. A lth o u g h  rare, hem atopo ietic  stem  
cells can  be p u rified  to  v irtu a l hom ogeneity  based  o n  cell 
surface m arkers. C linically, these stem  cells can  be u se d  to 
rep o p u la te  m arro w s d ep le ted  after chem otherapy  (e.g., for 
leukem ia), o r to  p ro v id e  n o rm al p recu rso rs  to  correct 
various b lood  cell defects (e.g., sickle cell d isease; see 
C h ap te r 12).

Totipotent 
stem cell

Zygote

Inner 
cell mass

Blastocyst

Pluripotent 
stem cells

I  Culture

Multipotent Lineage committed 
stem cells stem cells

Embryonic stem cell 
(ES cell)

Hematopoietic
cells

Neurons
Cardiomyocytes

Differentiated cells 

C 5 >  Endoderm derived

Mesoderm derived 

Ectoderm derived

Fig. 1.20 Embryonal stem cells. The zygote, formed by the union of sperm and egg, divides to form blastocysts, and the inner cell mass of the blastocyst 
generates the embryo. The pluripotent cells of the inner cell mass, known as embryonic stem (ES) cells, can be induced to differentiate into cells of multiple 
lineages. In the embryo, pluripotent stem cells can asymmetrically divide to yield a residual stable pool of ES cells in addition to generating populations that 
have progressively more restricted developmental capacity, eventually generating stem cells that are committed to just specific lineages. ES cells can be cultured 
in vitro and induced to give rise to cells of all three germ layers.
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Fig. 1.21 Stem cell niches in various tissues. (A) Skin stem cells are located in the bulge area of the hair follicle, in sebaceous glands, and in the lower layer 
of the epidermis. (B) Small intestine stem cells are located near the base of the crypt, above Paneth cells. (C) Liver stem cells (oval cells) are located in the 
canals of Hering (thick arrow), structures that connect bile ductules (thin arrow) to parenchymal hepatocytes. Bile duct cells and canals of Hering are stained 
here with an immunohistochemical stain for cytokeratin 7. (C, Courtesy Tania Roskams, MD, University of Leuven, Belgium.)

Besides hem atopo ietic  stem  cells, the bone m arro w  (and  
no tably , o ther tissues such  as fat) a lso  contains a  p o p u la 
tion  of mesenchymal stem cells. These are m u ltip o ten t cells 
th a t can  d ifferen tia te  in to  a varie ty  of strom al cells inc lud 
ing  chond rocy tes (cartilage), osteocytes (bone), ad ipocy tes 
(fat), a n d  m yocytes (m uscle). Because these  cells can  be 
ex p an d ed  to  large  num bers, they  rep re sen t a po ten tia l 
m eans of m an u fac tu rin g  the strom al scaffo ld ing need ed  
for tissue regeneration .

R egenerative M ed ic in e

The ab ility  to id en tify , iso late, expand, and transplant 
stem  cells has g iven  birth to the n ew  field  o f regenerative  
m edicine. Theoretically , the d ifferen tia ted  p ro g en y  of ES 
or a d u lt stem  cells can  be u sed  to rep o p u la te  dam aged  
tissues or to  construc t en tire  o rgans for rep lacem ent. In 
particu lar, there  is considerab le  excitem ent ab o u t the ther
apeu tic  o p p o rtu n itie s  for resto rin g  d am ag ed  tissues th a t 
have low  in trinsic  regenera tive  capacity , such  as m yocar
d iu m  after a m yocard ia l in farc t o r n eu ro n s  after a  stroke. 
U nfo rtunate ly , desp ite  an  im p ro v in g  ab ility  to  p u rify  an d  
ex p an d  stem  cell p o p u la tio n s, m u ch  of the in itial en th u si
a sm  has been  tem p ered  by difficulties en co u n te red  in  
in tro d u c in g  a n d  functionally  in teg ra tin g  the  rep lacem en t 
cells in to  sites of dam age.

M ore recen tly  it has  been  possib le to  generate  p lu ripo - 
ten tia l cells, resem bling  ES cells, th a t are  de rived  from  the 
p a tien t in to  w h o m  they  w ill be im p lan ted . To accom plish  
this, a h an d fu l of genes have been  iden tified  w h o se  p ro d 
uc ts c a n —rem arkab ly  — re p ro g ram  som atic cells to  achieve 
the  "stem -ness" of ES cells. W h en  such  genes a re  in tro 
duced  in to  fu lly  d iffe ren tia ted  cells (e.g., fibroblasts), 
induced pluripotent stem cells (iPS cells) a re  g enera ted  (Fig. 
1.22), albeit a t low  frequency . Because these cells are 
de rived  from  the  patien t, their d iffe ren tia ted  p ro g en y  (e.g., 
in su lin -secreting  ß-cells in  a p a tien t w ith  diabetes) can  be 
eng rafted  w ith o u t eliciting  a n  im m unolog ically  m ed ia ted  
rejection  reaction  th a t w o u ld  occur if the d ifferen tia ted  
cells w ere  deriv ed  from  ES cells ob ta in ed  from  ano th er 
donor.

Patient’s cell Genes for stem-ness

Cells in 
culture

Patient-specific 
induced pluripotent 

stem cells (iPS)

Differentiation in vitro

Ectoderm Mesoderm Endoderm

Fig. 1.22 The production of induced pluripotent stem cells (iPS cells). 
Genes that confer stem cell properties are introduced into a patient’s dif
ferentiated cells, giving rise to stem cells that can be induced to differentiate 
into various lineages. (Modified from Hochedlinger K, Jaenisch R: Nuclear trans
plantation, embryonic stem cells, and the potential for cell therapy, N Engl J Med 
349:275-286,2003.)

Concluding Remarks

This su rvey  of selected  topics in  cell b io logy serves as a 
basis for o u r la te r d iscussions of patho logy , a n d  w e  w ill 
refer back to it th ro u g h o u t the book. S tu d en ts  shou ld , 
how ever, rem em b er th a t th is su m m ary  is in ten tionally  
brief, a n d  m ore in fo rm ation  a b o u t som e of the fascinating  
top ics rev iew ed  here  can  be read ily  fo u n d  in  textbooks 
d evo ted  to cell a n d  m o lecu lar biology.
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IN T R O D U C T IO N  TO  PATHOLOGY

The field  of p a th o lo g y  is d ev o ted  to  u n d e rs ta n d in g  the 
causes of d isease a n d  the  changes in  cells, tissues, an d  
o rg an s th a t a re  associa ted  w ith  d isease a n d  give rise to  the 
p re sen tin g  signs a n d  sym ptom s in  patien ts. T here a re  tw o 
im p o rta n t te rm s th a t s tu d en ts  w ill encoun te r th ro u g h o u t 
the ir s tu d y  of p a tho logy  a n d  m edicine:
• Etiology refers to  the u n d e rly in g  causes a n d  m odify ing  

factors th a t are responsib le  for the in itia tion  a n d  p ro 
g ression  of disease. It is n o w  clear th a t m any  com m on 
diseases, such  as hypertension , d iabetes, a n d  cancer, are  
caused  by  a com bination  of in h erited  genetic suscep ti
b ility  a n d  v ario u s en v ironm en ta l triggers. E lucidating  
the genetic a n d  en v iro n m en ta l factors u n d e rly in g  d is
eases is a m ajor them e of m o d ern  m edicine.

• Pathogenesis refers to  the  m echan ism s of d ev e lo p m en t 
an d  p ro g ressio n  of d isease, w h ich  accoun t for the  cel
lu la r a n d  m o lecu lar changes th a t give rise  to  the specific 
functional an d  s tru c tu ra l abnorm alities th a t characterize  
any  p a rticu la r disease. T hus, e tio logy refers to  w h y  a 
d isease arises a n d  pa thogenesis  describes h o w  a d isease 
d evelops (Fig. 2.1).

D efin ing  the  e tio logy an d  p a thogenesis  o f d isease n o t 
on ly  is essen tial for u n d e rs ta n d in g  d isease b u t also  is the 
basis for d eve lop ing  ra tio n a l trea tm en ts  a n d  effective p re 
ven tive  m easures. T hus, p a tho logy  p ro v id es  the scientific 
fo u n d a tio n  for the  p ractice of m edicine.

To re n d e r d iagnoses an d  g u id e  th e rap y  in  clinical p rac 
tice, p a tho log is ts  iden tify  changes in  the gross o r m icro 

scopic ap p earan ce  (m orphology) of cells a n d  tissues, an d  
biochem ical a lte ra tions in  body  flu ids (such  as b lood  an d  
urine). P atho log ists  also  u se  a varie ty  of m orphologic, 
m olecu lar, a n d  o ther techn iques to  define the  biochem ical, 
s truc tu ra l, an d  functional changes th a t occur in  cells, 
tissues, a n d  o rgans in  response  to  in jury . W e begin, in  th is 
chap ter, w ith  a d iscussion  of cellu lar abnorm alities in d u ced  
by  a varie ty  of in te rn a l (e.g., genetic) a n d  ex ternal (e.g., 
env ironm enta l) abnorm alities a n d  stresses.

OVERVIEW OF CELLULAR 
RESPONSES TO  STRESS A N D  
N O XIO U S STIMULI

C ells actively  in te rac t w ith  the ir env ironm en t, constan tly  
ad ju s tin g  the ir s tru c tu re  a n d  function  to accom m odate  
ch an g in g  d em an d s  a n d  ex tracellu lar stresses. The in tracel
lu la r m ilieu  of cells is no rm ally  tigh tly  reg u la ted  such  th a t 
it rem ains fairly  constan t, a sta te  re ferred  to  as hom eosta 
sis. A s cells encoun te r physio log ic stresses (such  as 
increased  w o rk lo ad  in  the  heart) o r po ten tia lly  in ju rious 
cond itions (such as n u tr ie n t d eprivation), they  can  u n d e rg o  
adaptation, ach iev ing  a n ew  steady  sta te  a n d  p rese rv in g  
v iab ility  a n d  function . If the  a d ap tiv e  capability  is exceeded 
or if the ex ternal stress is inh eren tly  harm fu l o r excessive, 
cell in jury  develops (Fig. 2.2). W ith in  certa in  lim its, in jury  
is reversible, a n d  cells re tu rn  to  their stable baseline; 
how ever, if the  stress is severe, persisten t, o r ra p id  in  onset, 
it re su lts  in  irreversible in jury  a n d  d e a th  o f the affected cells. 
Cell death is one of the m o st crucial even ts in  the evo lu tion
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OF DISEASE

Fig. 2.1 Steps in the evolution of disease. Only selected major causes (eti
ologies) are shown.

of d isease in  any  tissue o r o rgan . It resu lts  from  d iverse 
causes, in c lu d in g  ischem ia (lack of b lood  flow), infections, 
toxins, a n d  im m u n e  reactions. Cell d e a th  also  is a no rm al 
a n d  essen tia l p rocess in  em bryogenesis, the  d ev e lo p m en t 
o f o rgans, a n d  the m ain tenance  of tissue hom eostasis.

Because dam age to  cells is the  basis o f all d isease, in  th is 
ch ap te r w e  d iscuss first the  causes, m echanism s, a n d  con
sequences of the  various form s of acu te  cell in jury , inc lud 
in g  reversib le  in jury  a n d  cell dea th . W e th en  consider 
cellu lar ad ap ta tio n s  to stress an d  conclude w ith  tw o  o ther 
p rocesses th a t affect cells an d  tissues: the dep o sitio n  of 
ab n o rm al substances a n d  cell aging.

Fig. 2.2 Sequence of reversible cell injury and cell death. Necrosis and 
apoptosis are the two major pathways of cell death and are discussed in 
detail later.

CAUSES OF CELL INJURY

The causes of cell in ju ry  sp a n  a ran g e  from  gross physical 
traum a, such  as after a m o to r vehicle accident, to  a single 
gene defect th a t resu lts  in  a non functional enzym e in  a 
specific m etabolic  disease. M ost in ju rious stim uli can  be 
g ro u p ed  in to  the fo llow ing  categories.

H ypoxia  and isch em ia . H ypoxia, w h ich  refers to  oxygen  
deficiency, an d  ischem ia, w h ich  m eans red u ced  b lood 
supp ly , a re  am o n g  the  m ost com m on  causes of cell in jury . 
B oth dep riv e  tissues of oxygen, a n d  ischem ia, in  add ition , 
resu lts  in  a deficiency of essen tial n u trien ts  a n d  a b u ild  u p  
of toxic m etabolites. The m ost com m on  cause of hypox ia  
is ischem ia re su ltin g  from  a n  arte ria l obstruction , b u t 
oxygen  deficiency also  can  re su lt from  in ad eq u a te  oxygen
a tion  of the  b lood, as in  a  varie ty  of d iseases affecting  the 
lung , o r from  red u c tio n  in  the  oxygen-carry ing  capacity  of 
the  b lood, as w ith  anem ia  of any  cause, a n d  carbon  m on 
oxide (CO) po isoning .

T oxin s . P o ten tia lly  toxic agen ts a re  en co u n te red  daily  
in  the env ironm ent; these inc lude  a ir po llu tan ts, insecti
cides, CO, asbestos, c igarette  sm oke, ethano l, a n d  d rugs. 
M any d ru g s  in  the rap eu tic  doses can  cause cell o r tissue 
in jury  in  a suscep tib le  p a tien t o r in  m an y  in d iv id u a ls  if 
u se d  excessively or in ap p ro p ria te ly  (C hap ter 7). Even 
in nocuous substances, such  as glucose, salt, w a te r  an d  
oxygen, can  be toxic.

Infectious agen ts . A ll types of d isease-causing  p a th o 
gens, in c lu d in g  v iruses, bacteria, fungi, a n d  p ro tozoans, 
in ju re  cells. The m echan ism s of cell in jury  caused  by  these 
d iverse  agen ts a re  d iscussed  in  C h ap te r 9.

Im m unologic reactions. A lth o u g h  the  im m u n e  system  
defen d s the  body  again st p a thogen ic  m icrobes, im m une 
reactions also  can  re su lt in  cell a n d  tissue in jury . E xam ples 
a re  au to im m u n e  reactions ag a in st o n e 's  o w n  tissues, a ller
gic reactions aga in st en v iro n m en ta l substances, a n d  exces
sive or chronic im m u n e  responses to  m icrobes (C hap ter 5). 
In  all o f these situations, im m u n e  responses elicit inflam 
m ato ry  reactions, w h ich  are  often  the  cause of dam age  to  
cells a n d  tissues.

G enetic abnorm alities . G enetic aberra tions can  re su lt in  
pa tho log ic  changes as consp icuous as the  congenita l m al
fo rm ations associa ted  w ith  D ow n  synd rom e o r as sub tle  as 
the  single am in o  acid  su b stitu tio n  in  hem oglob in  g iv ing 
rise to  sickle cell anem ia  (C hap ter 7). G enetic defects m ay 
cause cell in ju ry  as a consequence of deficiency of func
tiona l p ro te in s, such  as enzym es in  in b o rn  erro rs  of m etab 
olism , o r accum ula tion  of d am ag ed  D N A  or m isfo lded  
p ro te in s, b o th  of w h ich  trigger cell d e a th  w h e n  they  are 
bey o n d  repair.

N utritional im balances . P ro te in -ca lo rie  insufficiency 
am o n g  im p o v erish ed  p o p u la tio n s  rem ains a m ajor cause 
of cell in jury , a n d  specific v itam in  deficiencies are no t 
u n co m m o n  ev en  in  d eveloped  coun tries w ith  h ig h  stan 
d a rd s  of liv ing  (C hap ter 8). Ironically , excessive d ie ta ry  
in take  m ay  resu lt in  obesity  a n d  also  is a n  im p o rtan t 
u n d e rly in g  factor in  m an y  d iseases, such  as type  2 d iabetes 
m ellitu s a n d  atherosclerosis.

Physical agents . T raum a, extrem es of tem peratu re , rad i
ation, electric shock, an d  su d d en  changes in  atm ospheric  
p ressu re  all have w ide-rang ing  effects on  cells (C hapter 8).
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A g in g . C ellu lar senescence resu lts  in  a d im in ished  
ab ility  o f cells to  re sp o n d  to  stress and , even tually , the 
d ea th  o f cells a n d  of the organ ism . The m echan ism s u n d e r
ly ing  cellu lar ag in g  are  d iscussed  a t the  en d  o f th is chapter.

W ith  th is in troduc tion , w e  p roceed  to  a d iscussion  of the 
p rog ressio n  a n d  m orpho log ic  m an ifesta tions of cell in jury , 
an d  th en  to  the biochem ical m echan ism s in  in ju ry  caused  
by d iffe ren t nox ious stim uli.

SEQUENCE OF EVENTS IN CELL 
INJURY A N D  CELL DEATH

A lth o u g h  various in ju rious stim uli dam age cells th ro u g h  
d iverse  biochem ical m echanism s, all ten d  to  induce  a ste
reo typ ic  sequence of m orpho log ic  a n d  s tru c tu ra l a ltera 
tions in  m ost types of cells.

Reversible Cell Injury

R eversib le injury is the stage o f cell injury at w h ich  the  
deranged fu nction  and m orphology o f the injured cells  
can return to norm al if  the dam aging stim ulus is rem oved  
(Fig. 2.3). In  reversib le  in jury , cells a n d  in trace llu la r o rgan 
elles typically  becom e sw ollen  because they  take in  w a te r 
as a re su lt of the  failu re of en e rg y -d ep en d en t ion  p u m p s  
in  the p lasm a m em brane , lead in g  to  a n  inab ility  to  m ain 
ta in  ionic a n d  flu id  hom eostasis. In  som e form s of in jury , 
deg en era ted  o rganelles a n d  lip id s m ay  accum ula te  inside  
the in ju red  cells.

M O R P H O L O G Y

The two main morphologic correlates of reversible cell injury 

are cellular swelling and fatty change.

• C e llu la r sw elling (Fig. 2.4B) is commonly seen in cell injury 

associated with increased permeability of the plasma mem

brane. It may be difficult to  appreciate with the light micro

scope, but it is often apparent at the level of the whole organ. 

W hen it affects many cells in an organ, it causes pallor (as a 

result of compression of capillaries), increased turgor, and an 

increase in organ weight. Microscopic examination may show 

small, clear vacuoles within the cytoplasm; these represent 

distended and pinched-off segments of the endoplasmic reticu

lum (ER). This pattern of nonlethal injury is sometimes called 

hydropic change or vacuolar degeneration.

• F a tty  change is manifested by the appearance of triglyceride 

containing lipid vacuoles in the cytoplasm. It is principally 

encountered in organs that are involved in lipid metabolism, 

such as the liver, and hence it is discussed in Chapter 16.

The cytoplasm of injured cells also may become redder 

(eosinophilic), a change that becomes much more pronounced 

with progression to necrosis (described later). O ther intracel

lular changes associated with cell injury (Fig. 2.3) include (1) 

plasma membrane alterations such as blebbing, blunting, or dis

tortion of microvilli, and loosening of intercellular attachments; 

(2) mitochondrial changes such as swelling and the appearance 

of phospholipid-rich amorphous densities; (3) dilation of the ER
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Fig. 2.3 Reversible cell injury and necrosis. The principal cellular alterations 
that characterize reversible cell injury and necrosis are illustrated. By conven
tion, reversible injury is considered to culminate in necrosis if the injurious 
stimulus is not removed.

with detachment of ribosomes and dissociation of polysomes; 

and (4) nuclear alterations, such as clumping of chromatin. The 

cytoplasm may contain so-called “myelin figures,” which are col

lections of phospholipids resembling myelin sheaths that are 

derived from damaged cellular membranes.

In  som e situations, po ten tia lly  in ju rious in su lts  induce  
specific a lte ra tions in  cellu lar organelles, such  as the  ER. 
The sm oo th  ER is in vo lved  in  the  m etabo lism  of various 
chem icals, an d  cells exposed  to  these chem icals show  
h y p e rtro p h y  of the ER as a n  a d ap tiv e  response  th a t m ay  
have  im p o rta n t functional consequences. For instance, 
m any  d rugs, in c lu d in g  b arb itu ra tes , w h ich  w ere  com 
m only  u se d  as seda tives in  the  p a s t a n d  are  still u sed  as a 
trea tm en t for som e form s of ep ilepsy , a re  m etabo lized  in  
the liver by  the cy tochrom e P-450 m ixed-function  ox idase 
system  fo u n d  in  the sm oo th  ER. P ro trac ted  u se  of
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Fig. 2.4 Morphologic changes in reversible and irreversible cell injury (necrosis). (A) Normal kidney tubules with viable epithelial cells. (B) Early (reversible) 
ischemic injury showing surface blebs, increased eosinophilia of cytoplasm, and swelling of occasional cells. (C) Necrotic (irreversible) injury of epithelial cells, 
with loss of nuclei and fragmentation of cells and leakage of contents. (Courtesy of Drs. Neal Pinckard and M.A. Venkatachalam, University ofTexas Health Sciences 
Center, San Antonio, Texas.)

b arb itu ra tes  leads to  a sta te  o f tolerance, m ark ed  by  the 
n eed  to  u se  increasing  doses of the  d ru g  to  ach ieve the 
sam e effect. This a d a p ta tio n  stem s from  h y p e rtro p h y  (an 
increase in  vo lum e) of the sm oo th  ER of hepatocy tes and  
a consequen t increase in  P-450 enzym atic  activ ity . P-450- 
m ed ia ted  m odification  of co m p o u n d s  som etim es leads to 
the ir detoxification, b u t in  o ther instances converts  them  
in to  a d an g ero u s  toxin; one such  exam ple  involves carbon  
te trach lo ride  (CCl4), d iscussed  later. Cells a d a p te d  to  one 
d ru g  d em o n stra te  a n  increased  capacity  to  m etabolize 
o ther co m p o u n d s h a n d le d  by  the sam e system . T hus, if 
pa tien ts  tak ing  p h enobarb ita l for ep ilepsy  increase their 
alcohol in take, they  m ay  experience a  d ro p  in  b lood  con
cen tra tion  of the an ti-se izu re  m ed ica tion  to  sub th erap eu tic  
levels because  of sm ooth  ER h y p e rtro p h y  in  response  to 
the alcohol.

W ith  p e rs is ten t o r excessive nox ious exposures, in ju red  
cells p ass a n eb u lo u s "p o in t o f no  re tu rn "  a n d  u n d e rg o  cell 
death . The clinical relevance of defin ing  th is transition  
p o in t is obv ious — if the b iochem ical a n d  m olecu lar changes 
th a t p red ic t cell d e a th  can  be iden tified , it m ay  be possib le 
to dev ise  stra teg ies for p rev en tin g  the transition  from  
reversib le  to irreversib le  cell in jury . A lth o u g h  there  are  no  
defin itive m orpho log ic  o r b iochem ical corre la tes o f irre 
versib ility , it is consisten tly  charac terized  by  th ree  p he 
nom ena: the inability to restore mitochondrial function  
(oxidative p h o sp h o ry la tio n  a n d  ad enosine  tr ip h o sp h a te  
[ATP] generation) even  after reso lu tion  of the orig inal 
injury; the  loss o f structure and functions o f the plasma mem
brane and intracellular membranes; a n d  the loss o f D N A  and 
chromatin structural integrity. A s d iscussed  in  m ore detail 
la ter, in ju ry  to lysosom al m em branes resu lts  in  the  enzy 
m atic  d isso lu tio n  of the in ju red  cell, w h ich  is the  cu lm ina
tion  of necrosis.

Cell Death •

W hen cells are injured th ey  d ie by d ifferent m echanism s, 
d ep en d in g  on  the nature and severity o f the insult.
• Severe d istu rbances, such  as loss o f oxygen  a n d  n u trie n t

su p p ly  a n d  the  actions of toxins, cause a ra p id  and

uncon tro llab le  fo rm  of d e a th  th a t has  been  called  "acci
d en ta l"  cell dea th . The m orpho log ica l m an ifesta tion  of 
acciden ta l cell d e a th  is necrosis (Greek, necros = death) 
(Table 2.1). N ecrosis is the m ajor p a th w ay  of cell dea th  
in  m an y  com m only  encoun te red  in juries, such  as those 
resu ltin g  from  ischem ia, exposu re  to  toxins, various 
infections, a n d  traum a. N ecrosis is trad itiona lly  consid 
e red  the inev itab le  en d  re su lt of severe dam age  th a t is 
bey o n d  salvage a n d  is n o t th o u g h t to  be reg u la ted  by 
specific signals o r b iochem ical m echanism s; in  o ther 
w o rd s , necrosis h ap p en s  acciden tally  because the in jury  
is too  severe to  be rep a ired  a n d  m any  cellu lar constitu 
en ts s im ply  fail o r fall apart.

• In  contrast, w h e n  the  in jury  is less severe, o r cells need  
to be e lim inated  d u rin g  n o rm al p rocesses, they  activate 
a p recise set of m o lecu lar p a th w a y s  th a t cu lm inate  in  
dea th . Because th is k in d  of cell d e a th  can  be m an ip u la ted

Table 2.1 Features of Necrosis and Apoptosis

F e a tu re Necrosis A poptosis

Cell size Enlarged (swelling) Reduced (shrinkage)

Nucleus Pyknosis ^
karyorrhexis ^  
karyolysis

Fragmentation into 
nucleosome-sized 
fragments

Plasma
membrane

Disrupted Intact; altered structure, 
especially orientation 
of lipids

Cellular contents Enzymatic digestion; 
may leak out of cell

Intact; may be released 
in apoptotic bodies

Adjacent
inflammation

Frequent No

Physiologic or 
pathologic 
role

Invariably pathologic 
(culmination of 
irreversible cell 
injury)

Often physiologic 
means of eliminating 
unwanted cells; may 
be pathologic after 
some forms of cell 
injury, especially 
DNA and protein 
damage
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Fig. 2.5 The relationship among cellular function, cell death, and the mor
phologic changes of cell injury. Note that cells may rapidly become nonfunc
tional after the onset of injury, although they are still viable, with potentially 
reversible damage; with a longer duration of injury, irreversible injury and 
cell death may result. Note also that cell death typically precedes ultrastruc
tural, light microscopic, and grossly visible morphologic changes.

by the rapeu tic  agen ts o r genetic m u ta tions, it is sa id  to 
be " reg u la ted "  cell dea th . The m orpho log ic  ap pearance  
of m ost types of reg u la ted  cell d e a th  is apoptosis (see 
Table 2.1). In  som e instances, reg u la ted  cell d e a th  show s 
fea tu res o f b o th  necrosis an d  apop tosis , a n d  has been 
called  necroptosis. The d iscovery  of these p rev iously  
u n recogn ized  form s of cell d e a th  th a t w ere  reg u la ted  by 
iden tifiab le genes a n d  signaling  p a th w ay s  sh o w ed  th a t 
cell d e a th  can  be a con tro lled  process. The id ea  of reg u 
la ted  cell d ea th  also  ra ises the possib ility  th a t specific 
m olecu lar p a th w ay s  can  be ta rg e ted  therapeu tica lly  to 
p rev en t the loss of cells in  pa tho log ic  conditions. A p o p 
tosis is a  p rocess th a t e lim inates cells w ith  a varie ty  of 
in trinsic  abnorm alities a n d  p rom otes  clearance of the 
fragm en ts of the d ead  cells w ith o u t eliciting  a n  inflam 
m ato ry  reaction . This "c lean" fo rm  of cell su icide occurs 
in  pa tho log ic  situa tions w h e n  a cell's D N A  o r p ro te in s  
are  d am ag ed  bey o n d  rep a ir  o r the  cell is d ep riv ed  of 
necessary  su rv iva l signals. But u n lik e  necrosis, w h ich  
is a lw ays an ind ication  o f a pathologic process, apop
tosis also occurs in  healthy tissu es. It serves to  elim i
na te  u n w a n te d  cells d u rin g  n o rm al d ev e lo p m en t an d  to 
m a in ta in  co n stan t cell num bers, so it is n o t necessarily  
associated  w ith  pa tho log ic  cell in jury . These types of 
physio log ic cell d e a th  are also  called programmed cell 
death.

It is im p o rta n t to  p o in t o u t th a t cellular fu nction  m ay  
be lost lon g  before cell death occurs, and that the mor
phologic changes o f cell injury (or death) lag  far b eh in d  
lo ss o f fu nction  and v iab ility  (Fig. 2.5). For exam ple, m yo
card ia l cells becom e noncon tractile  after 1 to  2 m in u tes  
of ischem ia, b u t m ay  n o t die un til 20 to  30 m in u tes  of 
ischem ia have  e lapsed . M orphologic  fea tu res ind ica 
tive of the  d e a th  of ischem ic m yocytes ap p e a r by  elec
tro n  m icroscopy  w ith in  2 to  3 h o u rs  after the  d e a th  of the 
cells, b u t a re  n o t ev id en t by  ligh t m icroscopy  un til 6 to  12 
h o u rs  later.

Necrosis

N ecrosis is  a form  o f cell death in  w h ich  cellular m em 
branes fa ll apart, and cellular enzym es leak  out and u lti
m ately d igest the cell (Fig. 2.3). N ecrosis elicits a local ho st 
reaction , called  inflammation, th a t is in d u ced  by substances 
re leased  from  d ead  cells a n d  w h ich  serves to  elim inate  the 
deb ris  a n d  s ta rt the  su b seq u en t rep a ir  p rocess (C hap ter 3). 
The enzym es responsib le  for d igestion  of the  cell are  
de rived  from  lysosom es a n d  m ay  com e from  the  d y ing  
cells them selves o r from  leukocytes rec ru ited  as p a r t  o f the 
in flam m ato ry  reaction . N ecrosis o ften  is the cu lm in a tio n  of 
reversib le  cell in jury  th a t canno t be corrected .

The biochem ical m echan ism s of necrosis vary  w ith  dif
fe ren t in ju rious stim uli. These m echan ism s include: failu re 
of energy  g enera tion  in  the  fo rm  of ATP because of red u ced  
oxygen  su p p ly  o r m itochondria l dam age; dam ag e  to  cel
lu la r m em branes, in c lu d in g  the p lasm a  m em brane  an d  
lysosom al m em branes, w h ich  resu lts  in  leakage of cellu lar 
con ten ts in c lu d in g  enzym es; irreversib le  dam age to  cellu
lar lip ids, p ro te ins, a n d  nucleic acids, w h ich  m ay  be caused  
by  reactive oxygen  species (ROS); a n d  o thers. These bio
chem ical m echan ism s are d iscussed  la te r w h e n  w e  con
sider the  in d iv id u a l causes of cell necrosis.

M O R P H O L O G Y

Necrosis is characterized by changes in the cytoplasm and nuclei

of the injured cells (Figs. 2.3 and 2.4C).

• C y top lasm ic  changes. Necrotic cells show increased eosin- 

ophilia (i.e., they are stained red by the dye eosin— the E in 

the hematoxylin and eosin [H&E] stain), attributable partly to  

increased binding of eosin to  denatured cytoplasmic proteins 

and partly to  loss of basophilic ribonucleic acid (RNA) in the 

cytoplasm (basophilia stems from binding of the blue dye 

hematoxylin— the H in “H&E”). Compared with viable cells, the 

cell may have a glassy, homogeneous appearance, mostly 

because of the loss of lighter staining glycogen particles. Myelin 

figures are more prominent in necrotic cells than in cells with 

reversible injury. W hen enzymes have digested cytoplasmic 

organelles, the cytoplasm becomes vacuolated and appears 

“moth-eaten.” By electron microscopy, necrotic cells are char

acterized by discontinuities in plasma and organelle mem

branes, marked dilation of mitochondria associated with the 

appearance of large amorphous intramitrochondrial densities, 

disruption of lysosomes, and intracytoplasmic myelin figures.

• N u c le a r  changes. Nuclear changes assume one of three pat

terns, all resulting from a breakdown of D N A  and chromatin. 

Pyknosis is characterized by nuclear shrinkage and increased 

basophilia; the D N A  condenses into a dark shrunken mass.The 

pyknotic nucleus can undergo fragmentation; this change is 

called k a ry o rrh ex is . Ultimately, the nucleus may undergo 

karyolysis, in which the basophilia fades because of digestion 

of D N A  by deoxyribonuclease (DNase) activity. In 1 to  2 days, 

the nucleus in a dead cell may completely disappear.

• Fates o f n ecro tic  cells. Necrotic cells may persist for some 

time or may be digested by enzymes and disappear. Dead cells 

may be replaced by myelin figures, which are either phagocy- 

tosed by other cells or further degraded into fatty acids. These 

fatty acids bind calcium salts, which may result in the dead cells 

ultimately becoming calcified.
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Fig. 2.6 Coagulative necrosis. (A) A wedge-shaped kidney infarct (yellow) with preservation of the outlines. (B) Microscopic view of the edge of the infarct, 
with normal kidney (N) and necrotic cells in the infarct (I).The necrotic cells show preserved outlines with loss of nuclei, and an inflammatory infiltrate is 
present (difficult to discern at this magnification).

M orpholog ic  Patterns o f  Tissue Necrosis

In  severe patho log ic  conditions, large  a reas of a  tissue or 
ev en  en tire  o rg ran s m ay  u n d e rg o  necrosis. This m ay 
h a p p e n  in  associa tion  w ith  m ark ed  ischem ia, infections, 
a n d  certa in  in flam m atory  reactions. T here are several m or
phologically  d istinc t p a tte rn s  of tissue necrosis th a t m ay 
p ro v id e  etiologic clues. A lth o u g h  the term s th a t describe 
these p a tte rn s  d o  n o t reflect u n d e rly in g  m echanism s, such  
term s are  com m only  u sed  a n d  their im plications are  u n d e r
stood  by p a tho log is ts  a n d  clinicians.

M O R P H O L O G Y

Most of the types of necrosis described here have distinctive 

gross appearances; the exception is fibrinoid necrosis, which is 

detected only by histologic examination.

• C o ag u la tive  necrosis is a form of necrosis in which the 

underlying tissue architecture is preserved for at least several 

days after death of cells in the tissue (Fig. 2.6). The affected 

tissues take on a firm texture. Presumably the injury denatures 

not only structural proteins but also enzymes, thereby blocking 

the proteolysis of the dead cells; as a result, eosinophilic, 

anucleate cells may persist for days or weeks. Leukocytes are 

recruited to the site of necrosis, and the dead cells are ulti

mately digested by the action of lysosomal enzymes of the 

leukocytes.The cellular debris is then removed by phagocytosis 

mediated primarily by infiltrating neutrophils and macrophages. 

Coagulative necrosis is characteristic of infarcts (areas of 

necrosis caused by ischemia) in all solid organs except the 

brain.

• L iq u efac tive  necrosis is seen in focal bacterial and, occasion

ally, fungal infections because microbes stimulate rapid accu

mulation of inflammatory cells, and the enzymes of leukocytes 

digest (“ liquefy”) the tissue. For obscure reasons, hypoxic 

death of cells within the central nervous system often evokes 

liquefactive necrosis (Fig. 2.7). W hatever the pathogenesis, the 

dead cells are completely digested, transforming the tissue into 

a viscous liquid that is eventually removed by phagocytes. If the 

process is initiated by acute inflammation, as in a bacterial

infection, the material is frequently creamy yellow and is called 

pus (Chapter 3).

• Although gangrenous necrosis is not a distinctive pattern 

of cell death, the term  is still commonly used in clinical practice. 

It usually refers to  the condition of a limb (generally the lower 

leg) that has lost its blood supply and has undergone coagula

tive necrosis involving multiple tissue layers. W hen bacterial 

infection is superimposed, the morphologic appearance 

changes to liquefactive necrosis because of the destructive 

contents of the bacteria and the attracted leukocytes (resulting 

in so-called “wet gangrene”).

• Caseous necrosis is most often encountered in foci of tuber

culous infection. Caseous means “cheeselike,” referring to  the 

friable yellow-white appearance of the area of necrosis on 

gross examination (Fig. 2.8). On microscopic examination, the 

necrotic focus appears as a collection of fragmented or lysed 

cells with an amorphous granular pink appearance in H&E- 

stained tissue sections. Unlike coagulative necrosis, the tissue

Fig. 2.7 Liquefactive necrosis. An infarct in the brain shows dissolution of 
the tissue.
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Fig. 2.8 Caseous necrosis. Tuberculosis of the lung, with a large area of 
caseous necrosis containing yellow-white (cheesy) debris.

architecture is completely obliterated and cellular outlines 

cannot be discerned. Caseous necrosis is often surrounded by 

a collection of macrophages and other inflammatory cells; this 

appearance is characteristic of a nodular inflammatory lesion 

called a granuloma (Chapter 3).

• Fat necrosis refers to  focal areas of fat destruction, typically 

resulting from the release of activated pancreatic lipases into 

the substance of the pancreas and the peritoneal cavity. This 

occurs in the calamitous abdominal emergency known as acute 

pancreatitis (Chapter 17). In this disorder, pancreatic enzymes 

that have leaked out of acinar cells and ducts liquefy the mem

branes of fat cells in the peritoneum, and lipases split the tr i

glyceride esters contained within fat cells. The released fatty 

acids combine with calcium to  produce grossly visible chalky 

white areas (fat saponification), which enable the surgeon and 

the pathologist to  identify the lesions (Fig. 2.9). On histologic 

examination, the foci of necrosis contain shadowy outlines of 

necrotic fat cells surrounded by basophilic calcium deposits 

and an inflammatory reaction.
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Fig. 2.9 Fat necrosis in acute pancreatitis. The areas of white chalky deposits 
represent foci of fat necrosis with calcium soap formation (saponification) 
at sites of lipid breakdown in the mesentery.

R g. 2.10 Fibrinoid necrosis in an artery in a patient with polyarteritis 
nodosa. The wall of the artery shows a circumferential bright pink area of 
necrosis with protein deposition and inflammation.

• F ib rino id  necrosis is a special form of necrosis. It usually 

occurs in immune reactions in which complexes of antigens 

and antibodies are deposited in the walls of blood vessels, but 

it also may occur in severe hypertension. Deposited immune 

complexes and plasma proteins that leak into the wall of 

damaged vessels produce a bright pink, amorphous appearance 

on H&E preparations called fibrinoid (fibrinlike) by pathologists 

(Fig. 2.10). The immunologically mediated diseases (e.g., poly

arteritis nodosa) in which this type of necrosis is seen are 

described in Chapter 5.

Leakage o f intracellular proteins through the dam aged  
cell m em brane and u ltim ately  in to the circulation pro
v id es a m eans o f detecting tissue-specific necrosis u sin g  
b lood  or serum  sam ples. C ard iac  m uscle, for exam ple, 
con ta ins a u n iq u e  isoform  of the enzym e creatine k inase 
an d  of the contractile  p ro te in  tropon in , w h ereas  hepatic  
bile d u c t ep ith e liu m  contains the enzym e alkaline  ph o s
phatase , a n d  hepatocy tes con ta in  transam inases. Irrevers
ible in ju ry  an d  cell d e a th  in  these  tissues elevate  the se ru m  
levels o f these p ro te ins, w h ich  m akes th em  clinically u sefu l 
m arkers o f tissue dam age.

Apoptosis

A p op tosis is a pathw ay o f cell death in  w h ich  cells acti
vate enzym es that degrade the cells' ow n  nuclear D N A  
and nuclear and cytoplasm ic proteins (Fig. 2.11). Frag
m en ts of the apop to tic  cells th en  b reak  off, g iv ing  the 
ap p earan ce  th a t is responsib le  for the nam e (apoptosis, 
"fa lling  off"). The p lasm a  m em brane  of the  apop to tic  cell 
rem ains intact, b u t the m em brane  is a lte red  in  such  a w ay  
th a t the  fragm ents, called apop to tic  bodies, becom e h igh ly  
"ed ib le ," lead in g  to  the ir ra p id  co n su m p tio n  by  p h ag o 
cytes. The d ead  cell an d  its fragm en ts  a re  c leared  w ith  little 
leakage of cellu lar conten ts, so apop to tic  cell d e a th  does 
n o t elicit a n  in flam m atory  reaction . T hus, apop tosis  differs 
in  m an y  respects from  necrosis (Table 2.1).

Causes o f  Apoptosis

A pop tosis  occurs in  m an y  n o rm al situa tions a n d  serves to 
elim inate  po ten tia lly  h a rm fu l cells a n d  cells th a t have
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Fig. 2.11 Apoptosis. The cellular alterations in apoptosis are illustrated. 
Contrast these with the changes that characterize necrotic cell death, shown 
in Fig. 2.3.

o u tliv ed  their u sefu lness (Table 2.2). It a lso  occurs as a 
pa tho log ic  even t w h e n  cells are dam aged , especially  w h e n  
the  dam age  affects the cell's  D N A  o r pro te ins; thus, the 
irrep arab ly  d am ag ed  cell is e lim inated .
• Physiologic apoptosis. D u rin g  no rm al d ev e lo p m en t of an  

organ ism , som e cells d ie  a n d  are  rep laced  by  n ew  ones. 
In  m a tu re  o rgan ism s, h igh ly  p ro lifera tive  a n d  horm one- 
responsive  tissues u n d e rg o  cycles o f p ro life ra tion  an d  
cell loss th a t are o ften  d e te rm in ed  by  the levels of 
g ro w th  factors. In  these situations, the  cell d e a th  is 
a lw ays by apop tosis , en su rin g  th a t u n w a n te d  cells are  
e lim ina ted  w ith o u t eliciting  po ten tia lly  h a rm fu l inflam 
m ation . In  the im m u n e  system , apop tosis  elim inates 
excess leukocytes left a t the en d  of im m u n e  responses 
as w ell as lym phocy tes th a t recognize se lf-antigens and  
cou ld  cause au to im m u n e  d iseases if they  w ere  n o t 
p u rg ed .

Table 2.2 Physiologic and Pathologic Conditions Associated  
W ith  Apoptosis

C o n d itio n M echan ism  o f A poptosis

Physiologic

During embryogenesis Loss of growth factor signaling 
(presumed mechanism)

Turnover of proliferative tissues 
(e.g., intestinal epithelium, 
lymphocytes in bone marrow, 
and thymus)

Loss of growth factor signaling 
(presumed mechanism)

Involution of hormone- 
dependent tissues (e.g., 
endometrium)

Decreased hormone levels lead 
to reduced survival signals

Decline of leukocyte numbers 
at the end of immune and 
inflammatory responses

Loss of survival signals as 
stimulus for leukocyte 
activation is eliminated

Elimination of potentially 
harmful self-reactive 
lymphocytes

Strong recognition of self
antigens induces apoptosis by 
both the mitochondrial and 
death receptor pathways

Pathologic

DNA damage Activation of proapoptotic 
proteins by BH3-only sensors

Accumulation of misfolded 
proteins

Activation of proapoptotic 
proteins by BH3-only sensors, 
possibly direct activation of 
caspases

Infections, especially certain 
viral infections

Activation of the mitochondrial 
pathway by viral proteins 

Killing of infected cells by
cytotoxic T lymphocytes, which 
activate caspases

• Apoptosis in pathologic conditions. A pop tosis  elim inates 
cells th a t a re  d am ag ed  beyond  repair. This is seen  w h e n  
there  is severe D N A  dam age, for exam ple, after expo 
su re  to  rad ia tio n  a n d  cytotoxic d rugs. The accum ulation  
of m isfo lded  p ro te in s  also  triggers apop to tic  death ; the 
u n d e rly in g  m echan ism s of th is cause of cell d e a th  an d  
its significance in  d isease are  d iscussed  later, in  the 
contex t o f ER stress. C erta in  in fectious agents, p a rticu 
larly  som e v iruses, induce  apop to tic  d e a th  of infected  
cells.

M ech an ism s o f  Apoptosis

A p op tosis is  regulated b y  b iochem ical pathw ays that 
control the balance o f death- and survival-inducing  
signals and u ltim ately  the activation o f enzym es called
caspases. C aspases w ere  so n am ed  because they  are  cyste
ine p ro teases th a t cleave p ro te in s  after aspartic  acid  resi
dues. Tw o d istinc t p a th w ay s  converge o n  caspase 
activation : the m itochondria l p a th w ay  a n d  the d ea th  recep 
to r p a th w a y  (Fig. 2.12). A lth o u g h  these p a th w a y s  can 
in tersect, they  are generally  in d u ced  u n d e r  d iffe ren t cond i
tions, involve d iffe ren t m olecules, a n d  serve d istinc t ro les 
in  physio logy  a n d  disease. The en d  re su lt of apop to tic  cell 
d ea th  is the clearance of apop to tic  bod ies by  phagocytes.
• The m itochondrial (intrinsic) pathw ay seem s to be  

resp on sib le  for apoptosis in  m ost p h ysio log ic  and  
pathologic situations. M itochondria  con ta in  several 
p ro te in s  th a t a re  capable of in d u c in g  apop tosis , inc lud 
in g  cy tochrom e c. W h en  m itochondria l m em branes
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MITOCHONDRIAL (INTRINSIC) 
PATHWAY

DEATH RECEPTOR (EXTRINSIC) 
PATHWAY

Nuclear
fragmentation

Phagocyte

Cell injury
• Growth factor 
withdrawal

• DNA damage 
(by radiation, 
toxins, free 
radicals)

• Protein 
misfolding 
(ER stress)

Receptor-ligand interactions
• Fas

TNF receptor

Mitochondria

Adaptor proteins

Cytochrome c 
and other 

pro-apoptotic 
proteins

Bcl-2 family 
effectors (Bax, Bak)

/  \

Caspase
activation

Regulators 
(Bcl-2, Bcl-x.)BH3

sensors

Endonuclease
activation

Breakdown of 
cytoskeleton

Ligands for 
phagocytic 
cell receptors

Apoptotic body

Fig. 2.12 Mechanisms of apoptosis. The two pathways of apoptosis differ in their induction and regulation, and both culminate in the activation of caspases. 
In the mitochondrial pathway, BH3-only proteins, which are related to members of the Bcl-2 family, sense a lack of survival signals or DNA or protein damage. 
These BH3-only proteins activate effector molecules that increase mitochondrial permeability. In concert with a deficiency of Bcl-2 and other proteins that 
maintain mitochondrial permeability, the mitochondria become leaky and various substances, such as cytochrome c, enter the cytosol and activate caspases. 
Activated caspases induce the changes that culminate in cell death and fragmentation. In the death receptor pathway, signals from plasma membrane receptors 
lead to the assembly of adaptor proteins into a “death-inducing signaling complex,” which activates caspases, and the end result is the same.

becom e perm eab le , cy tochrom e c leaks o u t in to  the 
cy top lasm , tr iggering  caspase ac tiva tion  a n d  apop to tic  
dea th . A  fam ily  of m ore  th a n  20 p ro te ins, the  p ro to 
type  of w h ich  is Bcl-2, con tro ls the perm eab ility  of 
m itochondria . In  hea lthy  cells, Bcl-2 an d  the re la ted  
p ro te in  Bcl-xL, w h ich  are  p ro d u c e d  in  response  to 
g ro w th  factors a n d  o th e r stim uli, m a in ta in  the  in teg rity  
of m itochondria l m em branes, in  large  p a r t by  ho ld in g  
tw o p ro ap o p to tic  m em bers of the fam ily, Bax a n d  Bak, 
in  check. W h en  cells a re  d ep riv ed  of g ro w th  factors 
an d  su rv iva l signals, o r are  exposed  to  agen ts  th a t 
dam ag e  D N A , or accum ula te  unaccep tab le  am o u n ts  of 
m isfo lded  p ro te ins, a n u m b er of sensors a re  activated . 
These sensors are  called  BH3 p ro te in s  because they 
con tan  the th ird  d o m ain  seen  in  Bcl-family p ro te ins. 
T hey in  tu rn  sh ift th is delicate, life-susta in ing  balance in  
favor o f p ro -apop to tic  Bak a n d  Bax. A s a resu lt, Bak an d  
Bax dim erize , in se rt in to  the m itochondria l m em brane , 
an d  fo rm  channels th ro u g h  w h ich  cy tochrom e c an d  
o ther m itochondria l p ro te in s  escape in to  the cytosol. 
A fter cy tochrom e c en te rs  the  cytosol, it, toge ther w ith  
certa in  cofactors, activates caspase-9. The n e t resu lt is 
the activa tion  of a caspase  cascade, u ltim ate ly  lead ing  
to nuclear frag m en ta tio n  a n d  fo rm ation  of apop to tic  
bodies.

• The death receptor (extrinsic) pathw ay o f apoptosis.
M any cells express surface m olecules, called dea th

recep tors, th a t trigger apop tosis . M ost o f these are 
m em bers  of the tu m o r necrosis factor (TNF) recep to r 
fam ily, w h ich  con ta in  in  their cy top lasm ic reg ions a 
conserved  "d e a th  dom ain ,"  so n am ed  because it m ed i
a tes in te rac tion  w ith  o ther p ro te in s  invo lved  in  cell 
dea th . The p ro to ty p ic  d e a th  recep to rs are the  type  I TNF 
recep to r a n d  Fas (CD95). Fas lig an d  (FasL) is a m em 
b ran e  p ro te in  expressed  m ain ly  on  ac tivated  T ly m p h o 
cytes. W h en  these  T cells recognize  F as-expressing 
targets, Fas m olecu les are  c rosslinked  by  FasL a n d  b ind  
a d a p to r  p ro te in s  v ia  the  d e a th  dom ain . These then  
rec ru it a n d  activate  caspase-8, w hich , in  tu rn , activates 
d o w n stream  caspases. The d e a th  recep to r p a th w ay  is 
in vo lved  in  the  e lim ination  of self-reactive lym phocy tes 
a n d  in  the k illing  of ta rge t cells by  som e cytotoxic T 
lym phocy tes (CTLs) th a t express FasL.

In  e ither p a th w ay , after caspase-9 o r caspase-8 is acti
va ted , it cleaves a n d  thereby  activates ad d itio n a l cas
pases  th a t cleave n u m ero u s  ta rge ts  a n d  u ltim ate ly  
activate  enzym es th a t d eg rad e  the cells' p ro te in s  an d  
nucleus. The e n d  re su lt is the  characteristic  cellu lar frag 
m en ta tio n  of apoptosis.

• Clearance o f apoptotic cells. A pop to tic  cells an d  their 
fragm en ts entice phagocy tes by  p ro d u c in g  a n u m b er of 
"ea t-m e" signals. For instance, in  n o rm al cells, ph o sp h a- 
tidy lserine  is p re se n t o n  the inner leaflet of the p lasm a 
m em brane , b u t in  apop to tic  cells th is p h o sp h o lip id
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"flips" to  the o u te r leaflet, w h e re  it is recogn ized  by 
tissue m acrophages, lead in g  to  phagocy tosis o f the 
apop to tic  cells. Cells th a t are d y in g  by  ap o p to sis  also 
secrete so luble factors th a t rec ru it phagocytes. The 
p lasm a m em brane  a lte ra tions a n d  secreted  p ro te in s  
facilitate p ro m p t clearance of the d ead  cells before the 
cells u n d e rg o  m em brane  dam age  a n d  release the ir con
ten ts (w hich  can  in d u ce  inflam m ation). N u m ero u s  m ac
ro p h ag e  recep to rs have  been  sh o w n  to be invo lved  in  
the b in d in g  an d  en g u lfm en t of apop to tic  cells. The 
phagocy tosis  o f apop to tic  cells is so efficient th a t dead  
cells d isap p ea r w ith o u t leav ing  a trace, a n d  in flam m a
tion  is v irtua lly  absent.
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M O R P H O L O G Y

In H&E-stained tissue sections, the nuclei of apoptotic cells show 

various stages of chromatin condensation and aggregation and, 

ultimately, karyorrhexis (Fig. 2.13); at the molecular level, this is 

reflected in the fragmentation of D N A  into nucleosome-sized 

pieces. The cells rapidly shrink, form cytoplasmic buds, and frag

ment into apoptotic bodies that are composed of membrane- 

bound pieces of cytosol and organelles (Fig. 2.11). Because these 

fragments are quickly extruded and phagocytosed without elicit

ing an inflammatory response, even substantial apoptosis may be 

histologically undetectable.

O ther Pathways of Cell Death * •

In  ad d itio n  to  necrosis a n d  apop tosis , tw o  o th e r p a tte rn s  
of cell d e a th  have  been  described  th a t have  u n u su a l fea
tu res. A lth o u g h  the im portance  of these p a th w a y s  in  
d isease  rem ains to  be estab lished , they  are  the subjects of 
considerab le  c u rren t research , a n d  it is u sefu l to  be aw are  
of the basic concepts.
• Necroptosis. This fo rm  of cell dea th  is in itia ted  by engage

m en t of TNF receptors as w ell as other, poorly  defined 
triggers. U nlike the extrinsic p a th w ay  of apoptosis, w hich  
also is d ow nstream  of TNF receptors, in  necroptosis, 
k inases called receptor-in teracting  p ro te in  (RIP) kinases 
are  activated , in itia ting  a series of events tha t resu lt in  the 
d isso lu tion  of the  cell, m u ch  like necrosis. The nam e 
necroptosis im plies tha t there are  features of bo th  necro
sis an d  apoptosis. Som e infections are believed to kill 
cells by  this pathw ay , an d  it has been  hypo thesized  to 
p lay  a role in  ischem ic in jury  an d  o ther pathologic situa
tions, especially those associated  w ith  inflam m atory  reac
tions in  w hich  the cytokine TNF is p roduced . H ow ever, 
w h en  a n d  w h y  it occurs an d  how  significant it is in  
h u m a n  diseases is n o t w ell understood .

• Pyroptosis. This fo rm  of cell d ea th  is associa ted  w ith  
activation  of a  cytosolic d anger-sensing  p ro te in  com plex 
called  the in flam m asom e (C hap ter 5). The n e t re su lt of 
in flam m asom e activa tion  is the ac tiva tion  of caspases, 
som e of w h ich  induce  the  p ro d u c tio n  of cy tok ines th a t 
induce  in flam m ation , o ften  m an ifested  by fever, and  
o thers  trigger apop tosis . Thus, apop tosis  a n d  in flam m a
tion  coexist. The nam e p y ro p to sis  stem s from  the  asso 
cia tion  of ap o p to sis  w ith  fever (Greek, pyro = fire). It is 
th o u g h t to  be one m echan ism  by  w h ich  som e infectious

Fig. 2.13 Morphologic appearance of apoptotic cells. Apoptotic cells (some 
indicated by arrows) in colonic epithelium are shown. (Some preparative 
regimens for colonoscopy may induce apoptosis in epithelial cells, which 
explains the presence of dead cells in this biopsy.) Note the fragmented 
nuclei with condensed chromatin and the shrunken cell bodies, some with 
pieces falling off. (Courtesy of Dr. Sanjay Kakar, Department of Pathology, Univer
sity of California San Francisco, San Francisco, California.)

m icrobes cause the d e a th  of infected  cells. Its role in
o th e r patho log ic  situa tions is u n know n .

Autophagy

A utophagy ("self-eating") refers to lysosom al d igestion  
o f the cell's ow n  com ponents. It is a su rv iva l m echan ism  
in  tim es of n u tr ie n t d ep riva tion , so th a t the s ta rved  cell can 
live by ea ting  its o w n  con ten ts a n d  recycling  these  conten ts 
to  p ro v id e  n u trien ts  a n d  energy . In  th is process, in tracel
lu la r o rganelles an d  p o rtio n s of cytosol a re  first seques
te red  w ith in  a n  E R -derived au to p h ag ic  vacuole, w hose  
fo rm ation  is in itia ted  by cytosolic p ro te in s  th a t sense 
n u tr ie n t d ep riv a tio n  (Fig. 2.14). The vacuole  fuses w ith  
lysosom es to  form  a n  au tophago lysosom e, in  w h ich  lyso
som al enzym es d ig est the cellu lar com ponen ts. In  som e 
circum stances, a u to p h ag y  m ay  be associa ted  w ith  a tro p h y  
of tissues (d iscussed  later) a n d  m ay  rep resen t a n  a d a p ta 
tion  th a t he lp s cells su rv ive  lean  tim es. If, how ever, the 
s ta rved  cell can  no  longer cope by d ev o u rin g  its contents, 
au to p h ag y  m ay  even tua lly  lead  to  apop to tic  cell death .

E xtensive a u to p h ag y  is seen  in  ischem ic in ju ry  an d  
som e types of m yopath ies. P o lym orph ism s in  a gene 
in vo lved  in  a u to p h ag y  have  been  associa ted  w ith  inflam 
m ato ry  bow el disease, b u t the m echanistic  link  be tw een  
au to p h ag y  an d  in testina l in flam m ation  is n o t know n . The 
ro le of au to p h ag y  in  cancer is d iscussed  in  C h ap te r 6. Thus, 
a once little -app rec ia ted  su rv iv a l p a th w ay  in  cells m ay  
p rove  to  have  w id e-ran g in g  ro les in  h u m a n  disease.
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Fig. 2.14 Autophagy. Cellular stresses, such as nutrient deprivation, activate autophagy genes, which initiate the formation of membrane-bound vesicles in 
which cellular organelles are sequestered. These vesicles fuse with lysosomes, in which the organelles are digested, and the products are used to provide 
nutrients for the cell. The same process can trigger apoptosis by mechanisms that are not well defined.

Ü t  S U M M A R Y

P A T T E R N S  O F  C E L L  IN J U R Y  A N D  C E L L  D E A T H

• Reversible cell injury: cell swelling, fatty change, plasma mem

brane blebbing and loss of microvilli, mitochondrial swelling, 

dilation of the ER, eosinophilia (resulting from decreased cyto

plasmic RNA)

• Necrosis: Accidental cell death manifested by increased cyto

plasmic eosinophilia; nuclear shrinkage, fragmentation, and dis

solution; breakdown of plasma membrane and organellar 

membranes; abundant myelin figures; leakage and enzymatic 

digestion of cellular contents

• Morphologic types of tissue necrosis: under different condi

tions, necrosis in tissues may assume specific patterns: coagula- 

tive, liquefactive, gangrenous, caseous, fat, and fibrinoid.

• Apoptosis: regulated mechanism of cell death that serves to  

eliminate unwanted and irreparably damaged cells, with the 

least possible host reaction, characterized by enzymatic deg

radation of proteins and D N A , initiated by caspases; and by 

rapid recognition and removal of dead cells by phagocytes

• Apoptosis is initiated by two major pathways:

• Mitochondrial (intrinsic) pathway is triggered by loss of 

survival signals, D N A  damage, and accumulation of 

misfolded proteins (ER stress); associated with leakage of 

proapoptotic proteins from mitochondrial membrane into 

the cytoplasm, where they trigger caspase activation; 

inhibited by anti-apoptotic members of the Bcl family, 

which are induced by survival signals including growth 

factors.

• Death receptor (extrinsic) pathway is responsible for 

elimination of self-reactive lymphocytes and damage by 

CTLs; is initiated by engagement of death receptors 

(members of the TN F receptor family) by ligands on 

adjacent cells.

• Two other unusual pathways of cell death are necroptosis 

(which, as the name implies, includes features of both necrosis 

and apoptosis and is regulated by particular signaling pathways) 

and pyroptosis, which can lead to the release of proinflamma

tory cytokines and may initiate apoptosis.

• Autophagy is an adaptation to  nutrient deprivation in which 

cells digest their own organelles and recycle them to provide 

energy and substrates. If the stress is too severe for the 

process to cope with it, it results in cell death by apoptosis.

MECHANISMS OF CELL INJURY A N D  
CELL DEATH

Before d iscussing  in d iv id u a l m echan ism s of cell in ju ry  an d
death , som e general p rinc ip les sh o u ld  be em phasized .
• The cellular response to in jurious stim u li depends on  

the type o f  injury, its duration, and its severity. Thus, 
low  doses of toxins o r a b rief p e rio d  of ischem ia m ay  
lead  to  reversib le  cell in jury , w h ereas  la rger tox in  doses 
o r longer ischem ic tim es m ay  re su lt in  irreversib le  in jury  
an d  cell death .

• The consequences o f an injurious stim ulus also  
d ep en d  on  the type, status, adaptability, and genetic  
m akeup o f the injured cell. The sam e in ju ry  has vastly  
d iffe ren t ou tcom es d e p e n d in g  o n  the cell type. For 
instance, s tria ted  skeletal m uscle  in  the leg to lera tes 
com plete  ischem ia for 2 to 3 h o u rs  w ith o u t irreversib le  
in jury , w h ereas card iac m uscle  d ies after on ly  20 to  30 
m in u te s  of ischem ia. The n u tritio n a l (or horm onal) 
s ta tu s  also  can  be im portan t; u n d erstan d ab ly , a 
g lycogen-rep lete  hepatocy te  w ill su rv ive  ischem ia 
be tte r th an  one th a t has ju s t b u rn e d  its last glucose 
m olecule. G enetically  d e te rm in ed  d iversity  in  m eta 
bolic p a th w ay s  can  con tribu te  to  d ifferences in  
responses to  in ju rious stim uli. For instance, w h e n  
exposed  to  the  sam e dose of a toxin, in d iv id u a ls  w h o  
in h erit v a rian ts  in  genes encod ing  cy tochrom e P-450 
m ay  catabolize the toxin  a t d iffe ren t rates, lead in g  to 
d ifferen t ou tcom es. M uch  effort is now  d irec ted  to w ard  
u n d e rs ta n d in g  the  role of genetic p o ly m o rp h ism s in  
responses to  d ru g s  a n d  toxins, a field  of s tu d y  called 
pharm acogenom ics. In  fact, genetic v a ria tions influ 
ence suscep tib ility  to m an y  com plex d iseases as w ell as 
responsiveness to  v a rio u s the rapeu tic  agents. U sing  
the genetic  m ak eu p  of the  in d iv id u a l p a tien t to  gu ide  
th e rap y  is one exam ple  of "p rec is ion  m edicine."

• C ell injury u su a lly  results from  functional and b io 
chem ical abnorm alities in  one or m ore o f a  lim ited  
num ber o f essentia l cellular com ponents (Fig. 2.15). 
As w e  discuss in  m ore deta il later, d iffe ren t ex ternal 
in su lts  a n d  en d o g en o u s  p e rtu rb a tio n s  typically  affect 
d ifferen t cellu lar o rganelles a n d  biochem ical pa th w ay s. 
For instance, d ep riv a tio n  of oxygen  a n d  n u trien ts  (as
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Fig. 2. I 5 The principal biochemical mechanisms and sites of damage in cell injury. Note that causes and mechanisms of cell death by necrosis and apoptosis 
are shown as being independent but there may be overlap; for instance, both may contribute to cell death caused by ischemia, oxidative stress, or radiation. 
ATP, Adenosine triphosphate; ROS, reactive oxygen species.

in  hypox ia  an d  ischem ia) p rim arily  im p a irs  energy- 
d e p e n d e n t cellu lar functions, cu lm ina ting  in  necrosis, 
w h e reas  dam age to  p ro te in s  a n d  D N A  triggers ap o p 
tosis. H ow ever, it shou ld  be em p h asized  th a t the very  
sam e in ju rious ag en t m ay  trigger m u ltip le  a n d  overlap 
p in g  b iochem ical p a th w ay s. N o t su rp rising ly , therefore, 
it has  p ro v ed  difficult to  p re v e n t cell in jury  by ta rge ting  
an  in d iv id u a l p a thw ay .

As w e  d iscussed  in  the b eg inn ing  of th is ch ap te r and  
have  a llu d ed  to  th ro u g h o u t, there  are  n u m ero u s  an d  d iverse  
causes of cell in jury  a n d  cell death . S im ilarly, there  are  m any  
biochem ical p a th w ay s  th a t can  in itia te  the  sequence of 
even ts th a t lead  to  cell in ju ry  a n d  cu lm inate  in  cell death . 
Som e of these p a th w a y s  are recogn ized  to  p lay  im p o rtan t 
ro les in  h u m a n  diseases. In  the  fo llow ing  section, w e  o rga 
n ize o u r d iscussion  of the  m echan ism s of cell in jury  along  
its m ajor causes a n d  p a th w ay s, a n d  discuss the p rinc ipa l 
biochem ical a lte ra tions in  each. For the  sake of c larity  an d  
sim plicity , w e  em phasize  the u n iq u e  m echan ism s in  each 
p a th w ay , b u t it is im p o rtan t to  p o in t o u t th a t any  in itia ting  
trigger m ay  activate  one or m ore  of these m echanism s, an d  
several m echan ism s m ay  be active sim ultaneously .

Hypoxia and Ischemia

D eficiency o f oxygen  leads to failure o f m any energy- 
dep en d en t m etabolic pathw ays, and u ltim ately  to death  
o f cells by necrosis. M ost cellu lar ATP is p ro d u ced  from  
ad enosine  d ip h o sp h a te  (ADP) by ox idative  p h o sp h o ry la 
tion  d u rin g  red u c tio n  of oxygen  in  the  electron  tra n sp o rt 
system  of m itochondria . H igh-energy  p h o sp h a te  in  the 
fo rm  of ATP is req u ired  for m em brane  tran sp o rt, p ro te in  
synthesis, lipogenesis, a n d  the deacylation-reacy la tion  
reactions necessary  for p h o sp h o lip id  tu rnover. It is esti
m a ted  th a t in  total, the  cells o f a  h ea lth y  h u m a n  b u rn  50 to 
75 kg  of ATP every  day! N o t su rp rising ly , therefore, cells 
d ep riv ed  of oxygen  are a t risk  of su ffering  catastroph ic  
fa ilu re  of m an y  essen tia l functions. O xygen  d ep riv a tio n  is 
one of the m ost freq u en t causes of cell in ju ry  a n d  necrosis 
in  clinical m edicine.

C ells subjected  to  the  stress o f hypox ia  th a t do  n o t 
im m ed ia te ly  d ie  activate  com pensa to ry  m echan ism s th a t

are  in d u ced  by transc rip tion  factors of the hypoxia- 
inducib le  factor 1 (HIF-1) fam ily. HIF-1 sim ulates the  syn
thesis o f several p ro te in s  th a t h e lp  the cell to  su rv ive  in  the 
face of low  oxygen. Som e of these p ro te ins, such  as vascu 
la r endo the lia l g ro w th  factor (VEGF), stim ula te  the g ro w th  
of new  vessels a n d  th u s  a tte m p t to  increase b lood  flow  
a n d  the  su p p ly  of oxygen. O ther p ro te in s  in d u ced  by 
HIF-1 cause a d ap tiv e  changes in  cellu lar m etabo lism  by 
s tim u la tin g  the u p tak e  of g lucose an d  glycolysis an d  
d am p en in g  m itochondria l ox idative  p h o spho ry la tion . 
A naerobic  glycolysis can  generate  ATP in  the  absence of 
oxygen  u s in g  g lucose de rived  e ithe r from  the  circu lation  
o r from  the hyd ro ly sis  of in trace llu la r glycogen. U n d er
s tandab ly , n o rm al tissues w ith  a  g rea ter glycolytic capac
ity  because of the  presence of g lycogen (e.g., the  liver a n d  
stria ted  m uscle) a re  m ore likely to  su rv ive  hypoxia  a n d  
decreased  ox idative  p h o sp h o ry la tio n  th a n  tissues w ith  
lim ited  glucose sto res (e.g., the  brain). A lth o u g h  it seem s 
coun terin tu itive , rap id ly  p ro life ra tin g  n o rm al cells a n d  
cancer cells rely  on  aerobic  glycolysis to  p ro d u ce  m u ch  of 
the ir energy , a p h en o m en o n  referred  to  as the  W arb u rg  
effect. The reason  for th is is th a t a lth o u g h  glycolysis y ie lds 
less A TP p e r m olecu le of glucose b u rn e d  th an  ox idative  
p h o spho ry la tion , m etabo lites g enera ted  by  glycolysis a n d  
the  TCA cycle serve as p recu rso rs  for the syn thesis o f cel
lu la r constituen ts (e.g., p ro te ins, lip ids, a n d  nucleic acids) 
th a t a re  n eed ed  for cell g ro w th  a n d  d iv ision . A lte ra tions in  
cellu lar m etabo lism  are frequen tly  seen  in  cancer cells, so 
they  are  d iscussed  in  m ore  de ta il in  C h ap te r 6.

Persistent or severe hypoxia  and ischem ia  ultim ately  
lead  to failure o f ATP generation  and d ep letion  o f  ATP 
in  cells. Loss of th is critical energy  sto re has de le terious 
effects o n  m an y  cellu lar system s (Fig. 2.16).
• Reduced activity o f plasma membrane ATP-dependent sodium  

pumps, re su ltin g  in  in trace llu la r accum ula tion  of so d iu m  
a n d  efflux o f po tassium . The n e t gain  o f so lu te  is accom 
p a n ie d  by isoosm otic  ga in  of w a te r, causing  cell swelling 
a n d  d ila tion  of the  ER.

• The com pensa to ry  increase in anaerobic glycolysis leads to 
lactic acid  accum ulation , decreased  in trace llu la r pH , 
an d  decreased  activ ity  of m an y  cellu lar enzym es.

• P ro longed  o r w o rsen in g  d ep le tio n  of ATP causes struc
tural disruption o f the protein synthetic apparatus,
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tissue dam age, especially  after m yocard ia l a n d  cerebral 
ischem ia.

Several m echan ism s m ay  accoun t for the  exacerbation  
of cell in ju ry  re su ltin g  from  rep erfu sio n  of ischem ic tissues:
• N ew  dam ag e  m ay  be in itia ted  d u rin g  reoxygenation  by 

increased  genera tion  of ROS (described  in  m ore detail 
below ). Som e of the ROS m ay  be g en era ted  by in ju red  
cells w ith  d am ag ed  m ito ch o n d ria  th a t canno t carry  o u t 
the  com plete red u c tio n  of oxygen, a n d  at the  sam e tim e 
cellu lar an ti-ox idan t defense m echan ism s m ay  be com 
p ro m ised  by  ischem ia, exacerbating  the  situation . ROS 
g enera ted  by in filtra ting  leukocytes also  m ay  con tribu te  
to  the  dam age of vu lnerab le  in ju red  cells.

• The in flam m ation  th a t is in d u ced  by ischem ic in jury  
m ay  increase w ith  rep erfu sio n  because it enhances the  
influx  of leukocytes a n d  p lasm a p ro te ins. The p ro d u c ts  
of ac tivated  leukocytes m ay  cause ad d itio n a l tissue 
in ju ry  (C hap ter 3). A ctivation  of the  com plem en t system  
also  m ay  con tribu te  to  ischem ia-reperfusion  in jury . 
C om plem ent p ro te in s  m ay  b in d  to  the  in ju red  tissues, 
o r to  an tibod ies th a t are  d ep o sited  in  the  tissues, an d  
su b seq u en t com plem en t activa tion  genera tes b y p ro d 
ucts th a t exacerbate the  cell in jury  a n d  in flam m ation .

Fig. 2.16 The functional and morphologic consequences of hypoxia and 
ischemia. ER, Endoplasmic reticulum.

m anifested  as de tach m en t of ribosom es from  the  ro u g h  
ER (RER) a n d  d issocia tion  of po lysom es in to  m ono- 
som es, w ith  a  consequen t red u c tio n  in  p ro te in  
synthesis.

• It also  has been  suggested  th a t hypox ia  per se increases 
the accum ula tion  of ROS. W h eth er th is is true  is a  m atte r 
of debate; how ever, there  is am p le  ev idence th a t hypox ia  
p red isp o ses cells to  R O S-m ediated  dam age  if b lood 
flow  (and  oxygen  delivery) is reestab lished , a  p h en o m 
enon  called rep erfu sio n  in ju ry  (described  later).

• U ltim ately , there  is irreversib le  damage to mitochondrial 
and lysosomal membranes, a n d  the cell u n d e rg o es  necro 
sis. M em brane dam age is a  la te  even t in  cell in ju ry  
caused  by  d iverse  m echanism s, a n d  is d iscussed  later. 
A lth o u g h  necrosis is the  p rinc ipa l fo rm  of cell dea th  
caused  by  hypoxia, ap o p to sis  by the  m itochondria l 
p a th w a y  is also  th o u g h t to  contribu te .

The functional consequences of hypox ia  a n d  ischem ia 
d e p e n d  o n  the  severity  a n d  d u ra tio n  of the  deficit. For 
instance, the  h ea rt m uscle ceases to  con tract w ith in  60 
seconds of coronary  occlusion. If hypox ia  continues, w o rs 
en in g  ATP d ep le tion  causes fu rth e r de terio ra tion , u n d e r
go ing  the sequence of changes illu s tra ted  in  Fig. 2.3 an d  
described  earlier.

Ischemia-Reperfusion Injury

U nder certain circum stances, the restoration o f b lood  
flow  to ischem ic but v iab le  tissu es results, paradoxically, 
in  increased cell injury. This is the reverse  of the  expected  
ou tcom e of the  resto ra tio n  of b lood  flow , w h ich  norm ally  
resu lts  in  the  recovery  of reversib ly  in ju red  cells. This 
so-called "ischem ia-reperfu sion  in ju ry" is a clinically 
im p o rtan t p rocess th a t m ay  con tribu te  significantly  to

Oxidative Stress

O xidative stress refers to cellular abnorm alities that are 
in d u ced  by ROS, w h ich  b elon g  to a group o f m olecu les  
k n ow n  as free radicals. Free rad ica l-m ed ia ted  cell in jury  
is seen  in  m an y  circum stances, in c lu d in g  chem ical an d  
rad ia tio n  in jury , hypoxia, cellu lar ag ing , tissue  in ju ry  
caused  by  in flam m atory  cells, a n d  ischem ia-reperfusion  
in jury . In  all these  cases, cell d e a th  m ay  be by necrosis, 
apop tosis , o r the  m ixed  p a tte rn  of necroptosis.

Free rad icals  a re chem ical species w ith  a  single u n p a ired  
electron  in  a n  o u te r o rbit. Such chem ical states are  extrem ely  
unstab le , a n d  free rad icals  read ily  react w ith  ino rgan ic  an d  
o rganic m olecules; w h e n  g enera ted  in  cells, they  av id ly  
a ttack  nucleic  acids as w ell as a varie ty  of cellu lar p ro te in s  
an d  lip ids. In  ad d itio n , free rad icals  in itia te  reactions in  
w h ich  m olecu les th a t react w ith  the  free rad icals  are th em 
selves converted  in to  o th e r ty p es of free rad icals, thereby  
p ro p ag a tin g  the  cha in  of dam age.

G eneration  and  R em oval o f  Reactive Oxygen Species

The accum ulation o f  ROS is determ ined  b y  their rates of  
production and rem oval (Fig. 2.17). ROS are  p ro d u c e d  by 
tw o  m ajor p a thw ays.
• ROS are produced norm ally in  sm all am ounts in  all 

cells during the reduction-oxidation (redox) reactions
th a t occur d u rin g  m itochondria l resp ira tio n  an d  energy  
generation . In  th is process, m o lecu lar oxygen  is red u ced  
in  m ito ch o n d ria  to  generate  w a te r  by  the  sequen tia l 
a d d itio n  of four electrons. This reaction  is im perfect, 
how ever, a n d  sm all am o u n ts  of h igh ly  reactive b u t 
short-lived  toxic in te rm ed ia tes  are  g enera ted  w h e n  
oxygen  is on ly  pa rtia lly  reduced . These in te rm ed ia tes  
inc lude  superox ide  (O2), w h ich  is converted  to h y d ro 
gen p erox ide  (H 2O2) spon tan eo u sly  a n d  by  the  action  of 
the enzym e superox ide  d ism u tase  (SOD). H 2O2 is m ore  
stable th an  O2 a n d  can  cross biologic m em branes. In  the 
p resence of m etals, such  as Fe2+, H 2O2 is converted  to  the
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Pathologic effects
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=> Mutations

Conversion Decomposition to 
to H2O2 H2O by glutathione
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Fig. 2 . I 7  The generation, removal, and role of reactive oxygen species (ROS) in cell injury. The production of ROS is increased by many injurious stimuli. 
These free radicals are removed by spontaneous decay and by specialized enzymatic systems. Excessive production or inadequate removal leads to accumula
tion of free radicals in cells, which may damage lipids (by peroxidation), proteins, and DNA, resulting in cell injury. SOD, Superoxide dismutase.

h igh ly  reactive h y d roxy l rad ical • O H  by  the  Fenton  
reaction . The p ro p ertie s  a n d  patho log ic  effects o f the 
m ajor ROS are su m m arized  in  Table 2.3.

• ROS are produced in  phagocytic leukocytes, m ainly  
neutrophils and m acrophages, as a  w e a p o n  for d estroy 
ing  ingested  m icrobes a n d  o ther substances d u rin g  
in flam m ation  a n d  h o st defense  (C hap ter 3). The ROS are  
g enera ted  in  the phagosom es an d  phago lysosom es 
of leukocytes by a p rocess th a t is sim ilar to  m itochon 
d ria l resp ira tio n  an d  is called the  respiratory burst (or 
ox idative  burst). In  th is process, a p hagosom e m em 
b rane  enzym e catalyzes the  genera tion  of superox ide, 
w h ich  is converted  to  H 2O2. H 2O2 is in  tu rn  converted  
to  a h igh ly  reactive co m pound , hypoch lo rite  (the m ajor 
co m p o n en t o f h o u seh o ld  bleach), by  the enzym e m yelo 
perox idase , w h ich  is p re sen t in  leukocytes. The ro le of 
ROS in  in flam m ation  is described  in  C h ap te r 3.

• N itric  ox ide (NO) is an o th er reactive free rad ical p ro 
d u ced  in  m acrophages a n d  o th e r leukocytes. It can  react 
w ith  O - to  fo rm  a h igh ly  reactive co m p o u n d , peroxyni- 
trite, w h ich  also  p artic ipa tes  in  cell injury.

The genera tion  of free rad icals  is increased  u n d e r  several
circum stances:
• The ab so rp tio n  of ra d ia n t energy  (e.g., u ltrav io le t (UV) 

light, x-rays). Ion iz ing  rad ia tio n  can  h y d ro ly ze  w a te r 
in to  h y d roxy l (•O H ) a n d  h y d ro g en  (H ^) free radicals.

• The enzym atic  m etabo lism  of exogenous chem icals 
(e.g., carbon  te tra c h lo r id e -s e e  later)

• In flam m ation , in  w h ich  free rad icals  a re  p ro d u ced  by 
leukocytes (C hap ter 3)

• R eperfusion  of ischem ic tissues, as a lread y  described.

C ells have d evelop ed  m echanism s to rem ove free radi
cals and thereby m in im ize their in jurious effects. Free 
rad icals  are inheren tly  unstab le  a n d  decay spon taneously . 
There also  are n onenzym atic  a n d  enzym atic  system s, 
som etim es called free rad ical scavengers, serv ing  to  inacti
va te  free rad icals  (Fig. 2.17).
• The ra te  of decay o f superox ide  is significantly  increased  

by  the action  of superox ide  d ism u tase  (SOD).
• G lu ta th ione  (GSH) perox idases are a fam ily  of enzym es 

w h o se  m ajor function  is to  p ro tec t cells from  oxidative 
dam age. The m ost a b u n d a n t m em ber of th is fam ily, 
GSH perox idase  1, is fo u n d  in  the  cy top lasm  of all cells. 
It ca talyzes the  b reak d o w n  of H 2O2 by the reaction  
2GSH + H 2O2 ^  GS-SG + 2H 2O. The in trace llu la r ra tio  
o f ox id ized  GSH to re d u ced  GSH is a reflection  of th is 
en zy m e 's  activ ity  an d  th u s  of the cell's  ab ility  to  catabo- 
lize free radicals.

• C atalase, p re sen t in  peroxisom es, cata lyzes the decom 
po sitio n  of h y d ro g en  perox ide  (2H2O2 ^  O2 + 2H 2O). It 
is one of the m o st active enzym es know n , capable of 
d eg rad in g  m illions of m olecu les o f H 2 O 2  p e r second.

Table 2.3 Principal Free Radicals Involved in Cell In jury

F re e  Radical M echanism s o f P rod uction M echanism s o f R em oval P atho log ic  Effects

Superoxide (O2) Incomplete reduction of O2 during 
mitochondrial oxidative 
phosphorylation; by phagocyte 
oxidase in leukocytes

Conversion to H2O2 and O2 by 
superoxide dismutase

Direct damaging effects on lipids 
(peroxidation), proteins, and 
DNA

Hydrogen peroxide (H2O2) Mostly from superoxide by action of 
superoxide dismutase

Conversion to H2O and O2 by 
catalase, glutathione peroxidase

Can be converted to .OH and 
OCl-, which destroy microbes 
and cells

Hydroxyl radical (• OH) Produced from H2O, H2O2, and O2- by 
various chemical reactions

Conversion to H2O by glutathione 
peroxidase

Direct damaging effects on lipids, 
proteins, and DNA

Peroxynitrite (ONOO") Interaction of O2- and NO mediated 
by NO synthase

Conversion to nitrite by enzymes 
in mitochondria and cytosol

Direct damaging effects on lipids, 
proteins, and DNA
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• E ndogenous o r exogenous an ti-oxidants (e.g., v itam ins E, 
A, an d  C an d  P-carotene) m ay  either block the  form ation 
of free radicals o r scavenge them  after they have form ed.

Cell In jury Caused by Reactive  

Oxygen Species

ROS causes cell injury by dam aging m ultip le com po
nents o f cells (Fig. 2.17):
• Lipid peroxidation o f membranes. D ouble  b o n d s  in  m em 

b ran e  p o ly u n sa tu ra te d  lip id s are  vu lnerab le  to  a ttack  by 
oxygen -derived  free radicals. The lip id -ra d ic a l in terac
tions y ie ld  peroxides, w h ich  are  them selves unstab le  
a n d  reactive, a n d  a n  au tocata ly tic  cha in  reaction  ensues. 
D am age to  p lasm a  m em branes as w ell as m itochondria l 
a n d  lysosom al m em branes can  have d ev asta tin g  conse
quences, as d iscussed  earlier in  the contex t of ischem ia 
a n d  hypoxia.

• Crosslinking and other changes in proteins. Free rad icals 
p ro m o te  su lfh y d ry l-m ed ia ted  p ro te in  crosslinking, 
resu ltin g  in  en hanced  d e g rad a tio n  or loss o f enzym atic  
activity . Free rad ica l reactions a lso  m ay  d irectly  cause 
p o ly p ep tid e  fragm en ta tion . D am aged  p ro te in s  m ay  
fail to fo ld  p roperly , tr iggering  the  u n fo ld ed  p ro te in  
response, described  later.

• D N A  damage. Free rad ical reactions w ith  thym ine  resi
d u e s  in  nuclear a n d  m itochondria l D N A  p ro d u ce  single
s tra n d  breaks. Such D N A  dam age  has been  im plicated  
in  apop to tic  cell death , aging, a n d  m alig n an t transfo r
m ation  of cells.

• In  a d d itio n  to  the  ro le  of ROS in  cell in jury  a n d  the 
k illing  of m icrobes, low  concen tra tions of ROS are  
invo lved  in  n u m ero u s  signaling  p a th w a y s  in  cells an d  
th u s in  m an y  physio log ic reactions. T herefore, these 
m olecules are  p ro d u c e d  no rm ally  bu t, to  av o id  their 
harm fu l effects, the ir in trace llu la r concen tra tions are  
tigh tly  reg u la ted  in  hea lthy  cells.

Cell Injury Caused by Toxins * •

T oxins, in c lu d in g  environm ental chem icals and sub 
stances produced by in fectiou s pathogens, induce cell 
injury that culm inates prim arily in  necrotic cell death.
D ifferen t types of toxins induce  cell in jury  by  tw o  general 
m echanism :
• Direct-acting toxins. Som e toxins act directly  by com bin

ing  w ith  a critical m olecular com ponen t o r cellular o rgan 
elle. For exam ple, in  m ercuric  chloride po ison ing  (as m ay 
occur from  ingestion  of contam inated  seafood) (C hapter 
8), m ercury  b inds to the su lfhydry l g roups of various cell 
m em brane proteins, causing  inhib ition  of A T P -dependent 
tran sp o rt an d  increased m em brane perm eability . M any 
anti-neoplastic chem otherapeutic  agents also induce  cell 
dam age by d irect cytotoxic effects. A lso inc luded  in  this 
class are  toxins m ade  by m icroorganism s (described in  
C hap ter 9). These often  cause dam age by targeting  host 
cell m olecules tha t are needed  for essential functions, 
such as p ro te in  synthesis an d  ion  transport.

• Latent toxins. M any toxic chem icals are  n o t in trinsically  
active b u t m u s t first be converted  to  reactive m etabo 
lites, w h ich  th en  act o n  ta rge t cells. U n derstandab ly , 
such  toxins typically  affect the cells in  w h ich  they  are  
activated . This is u sua lly  accom plished  by cy tochrom e

P-450 in  the sm oo th  ER of the liver an d  o ther organs. 
A lth o u g h  the m etabo lites m ig h t cause m em brane  
dam ag e  an d  cell in jury  by d irec t covalen t b in d in g  to 
p ro te in  a n d  lip ids, the  m ost im p o rta n t m echan ism  of 
cell in ju ry  invo lves the  fo rm ation  of free rad icals. Carbon 
tetrachloride (CCl4) —once w id e ly  u sed  in  the  d ry  clean
in g  in d u s try  b u t n o w  b an n ed  — a n d  the  analgesic  acet
aminophen belong  in  th is  category . The effect of CCl4 is 
still in struc tive  as a n  exam ple  of chem ical in jury . CCl4 is 
converted  to  a toxic free radical, p rinc ipa lly  in  the  liver, 
an d  th is free rad ical is the  cause of cell in jury , m ain ly  
by m em brane  p h o sp h o lip id  perox ida tion . In  less than  
30 m in u tes  after exposu re  to  CCl4, there  is sufficient 
dam ag e  to  the  ER m em branes of hepatocy tes to cause 
a  decline in  the syn thesis of enzym es a n d  p lasm a  p ro 
teins; w ith in  2 hou rs, sw elling  of the sm oo th  ER an d  
d issocia tion  of ribosom es from  the RER have  occurred . 
T here also  is decreased  syn thesis o f ap o p ro te in s  th a t 
fo rm  com plexes w ith  trig lycerides a n d  thereby  facilitate 
trig lyceride  secretion; th is  defect resu lts  in  the  accu
m u la tio n  of lip id s in  hepatocy tes a n d  o ther cells an d  
the  "fa tty  liver" o f CCl4 po ison ing . M itochondria l in jury  
follow s, a n d  subsequen tly  d im in ished  ATP stores resu lt 
in  defective ion  tra n sp o rt an d  p rog ressive  cell sw elling; 
the p la sm a  m em branes a re  fu rth e r d am ag ed  by fatty  
a ld eh y d es p ro d u c e d  by  lip id  p e ro x id a tio n  in  the ER. 
The en d  resu lt can  be cell death .

Endoplasmic Reticulum Stress

The accum ulation of m isfo ld ed  proteins in  a cell can stress 
com pensatory pathw ays in  the ER and lead to cell death  
by apoptosis. D uring  norm al p ro te in  synthesis, chaperones 
in  the ER contro l the p ro p e r fo ld ing  of new ly  syn thesized 
pro teins, an d  m isfo lded  p o lypep tides  are ub iqu itinated  
a n d  ta rgeted  for proteolysis. If un fo lded  or m isfo lded  p ro 
teins accum ulate in  the ER, they first induce a protective 
cellular response tha t is called the unfolded protein response 
(Fig. 2.18). This adap tive  response activates signaling  
p a th w ay s th a t increase the p ro d u c tio n  of chaperones and  
decrease p ro te in  translation , th u s reducing  the levels of 
m isfo lded  p ro te ins in  the cell. W hen a large am o u n t of m is- 
fo lded p ro te in  accum ulates an d  cannot be h an d led  by the 
adap tive  response, the signals tha t are generated  resu lt in  
activation  of p roapop to tic  sensors of the  BH3-only fam ily 
as w ell as d irect activation  of caspases, lead ing  to apoptosis 
by the m itochondria l (intrinsic) pathw ay .

Intracellular accum ulation o f m isfo ld ed  proteins m ay 
be caused b y  abnorm alities that increase the production  
of m isfo ld ed  proteins or reduce the ability to elim inate  
them . This m ay  resu lt from  gene m uta tions tha t lead  to 
the p ro d u c tio n  of p ro te ins tha t cannot fold p roperly ; aging, 
w h ich  is associated  w ith  a  decreased capacity  to  correct 
m isfolding; infections, especially v iral infections, w h en  large 
am ounts of m icrobial p ro te in s are  syn thesized  w ith in  cells, 
m ore than  the cell can  handle; increased d em an d  for secre
tory p ro te in s such as insu lin  in  insulin -resistan t states; and  
changes in  in tracellu lar p H  an d  redox  state. P rotein  m isfold- 
ing  is th o u g h t to  be the fundam en ta l cellular abnorm ality  in  
several neurodegenerative  d iseases (C hapter 23). D epriva
tion of glucose an d  oxygen, as in  ischem ia a n d  hypoxia, also 
m ay increase the b u rd e n  of m isfo lded  proteins.
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Mild ER Stress Severe ER Stress

ADAPTIVE
UNFOLDED PROTEIN RESPONSE

TERMINAL UNFOLDED PROTEIN 
RESPONSE: APOPTOSIS

Fig. 2 .I8 The unfolded protein response and endoplasmic reticulum (ER) stress. The presence of misfolded proteins in the ER is detected by sensors in the 
ER membrane, such as the kinase IRE-1, which form oligomers that are activated by phosphorylation. This triggers an adaptive unfolded protein response, 
which can protect the cell from the harmful consequences of the misfolded proteins. When the amount of misfolded proteins is too great to be corrected, 
excessive activation of ER sensors activates the mitochondrial pathway of apoptosis and the irreparably damaged cell dies; this is also called the terminal 
unfolded protein response.

Protein m isfo ld in g  w ith in  cells m ay cause d isease by  
creating a deficiency o f an essentia l protein  or by induc
in g  apoptosis (Table 2.4).
• M isfolded proteins often lose their activity and  are  rapidly  

degraded , bo th  of w hich  can contribute to a  loss of func
tion. If this function is essential, cellular injury ensues. 
O ne im portan t d isease in  w hich  this occurs is cystic fibro
sis, w hich is  caused by inherited  m utations in  a m em 
brane transpo rt p ro te in  tha t p reven t its norm al folding.

• Cell d e a th  as a resu lt of p ro te in  m isfo ld ing  is recognized  
as a fea tu re  of a  n u m b er of d iseases, in c lu d in g  the  n eu 
ro d egenera tive  d iso rd ers  A lzheim er disease, H u n tin g 
ton  disease, a n d  P ark in son  disease, a n d  m ay  u nderlie  
type 2 d iabetes as w ell (Table 2.4).

As d iscussed  la te r in  the chapter, im p ro p e rly  fo lded  
p ro te in s  can  also  accum ula te  in  ex tracellu lar tissues, as in  
am yloidosis.

Table 2.4 Diseases Caused by Misfolded Proteins9

Disease A ffe c ted  P ro te in Pathogenesis

Diseases Caused by M u ta n t Proteins T h a t  A re  D egraded , Leading to  T h e ir  Defic iency

Cystic fibrosis CFTR Loss of CFTR leads to defects in chloride transport and death of affected cells

Familial hypercholesterolemia LDL receptor Loss of LDL receptor leads to hypercholesterolemia

Tay-Sachs disease Hexosaminidase p subunit Lack of the lysosomal enzyme leads to storage of GM2 gangliosides in neurons

Diseases Caused by M isfolded Proteins T h a t  Result in ER Stress-Induced Cell Loss

Retinitis pigmentosa Rhodopsin Abnormal folding of rhodopsin causes photoreceptor loss and cell death, resulting in 
blindness

Creutzfeldt-Jacob disease Prions Abnormal folding of PrPsc causes neuronal cell death

Alzheimer disease Aß peptide Abnormal folding of Ap peptide causes aggregation within neurons and apoptosis

Diseases Caused by M isfolded Proteins T h a t  Result F ro m  Both ER Stress-Induced Cell Loss and Functional D efic iency of 
th e  P rote in

Alpha-1-anti-trypsin
deficiency

a-1 anti-trypsin Storage of nonfunctional protein in hepatocytes causes apoptosis; absence of enzymatic 
activity in lungs causes destruction of elastic tissue giving rise to emphysema

aSelected illustrative examples of diseases are shown in which protein misfolding is thought to be the major mechanism of functional derangement or cell or tissue injury. 
CFTR, Cystic fibrosis transmembrane conductance regulator; LDL, low-density lipoprotein.
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D N A  Damage

Exposure o f cells to radiation or chem otherapeutic agents, 
intracellular generation o f ROS, and acquisition  o f m uta
tion s m ay all induce D N A  dam age, w h ich  if  severe may 
trigger apoptotic death. D am age to  D N A  is sensed  by 
in trace llu la r sen tinel p ro te ins, w h ich  tran sm it signals th a t 
lead  to  the  accum ula tion  of p53 p ro te in . p53 first a rrests  
the  cell cycle (at the  G1 phase) to allow  the D N A  to be 
re p a ired  before it is rep lica ted  (C hap ter 6). H ow ever, if the 
dam ag e  is too  g rea t to  be rep a ired  successfully, p53 trig 
gers apop tosis , m ain ly  by s tim u la tin g  BH 3-only sensor 
p ro te in s  th a t u ltim ate ly  activate  Bax a n d  Bak, p ro ap o p to tic  
m em bers  o f the Bcl-2 fam ily. W h en  p53 is m u ta te d  or 
absen t (as it is in  certa in  cancers), cells w ith  d am ag ed  D N A  
th a t w o u ld  o therw ise  u n d e rg o  ap o p to sis  surv ive. In  such  
cells, the D N A  dam ag e  m ay  resu lt in  m u ta tio n s o r D N A  
rea rran g em en ts  (e.g., translocations) th a t lead  to  neoplastic  
tran sfo rm atio n  (C hap ter 6).

Inflammation

A com m on  cause of in ju ry  to  cells a n d  tissues is the  inflam 
m ato ry  reaction  th a t is e licited  by pa thogens, necro tic  cells, 
an d  d y sreg u la ted  im m u n e  responses, as in  au to im m u n e  
d iseases a n d  allergies. In  all these situations, inflam m atory  
cells, in c lu d in g  neutrophils, m acrophages, lym phocytes, 
and other leukocytes, secrete products that evo lved  to 
destroy m icrobes but also m ay dam age host tissu es. These 
in ju rious im m u n e  reactions are  classified u n d e r  h y p ersen 
sitivity . T heir m echan ism s a n d  significance are  d iscussed  
in  C h ap te r 5.

Common Events in Cell Injury From 
Diverse Causes

In  the  p rev io u s  d iscussion , w e  ad d re sse d  the m echan ism s 
of cell in ju ry  accord ing  to  the in itia ting  cause, an d  h igh 
ligh ted  the p rin c ip a l p a th w ay s  of in jury  th a t are triggered  
in  d ifferen t pathophysio log ic  situations. Som e abnorm ali
ties characterize  cell in jury  regard less o f the cause, a n d  are  
th u s seen  in  a v arie ty  o f pa tho log ic  situations. T w o of these 
changes are described  next.

M ito ch o n d ria l Dysfunction

M itochondria  m ay  be v iew ed  as "m in i-factories" th a t 
p ro d u ce  life-susta in ing  energy  in  the fo rm  of ATP. N o t 
su rp rising ly , therefore, they  also  a re  critical p layers  in  cell 
in jury  a n d  dea th . M itochondria  a re  sensitive to  m an y  types 
of in ju rious stim uli, in c lu d in g  hypoxia, chem ical toxins, 
a n d  rad ia tio n  (Fig. 2.19). M itochondria l changes occur in  
necrosis an d  apop tosis . They m ay  re su lt in  several bio
chem ical abnorm alities:
• Failu re  of ox idative  p h o sp h o ry la tio n  leads to  p rog res 

sive d ep le tio n  of ATP, cu lm ina ting  in  necrosis of the 
cell, as described  earlier.

• A bnorm al ox idative  p h o sp h o ry la tio n  also  leads to  the 
fo rm ation  of ROS, w h ich  have  m any  dele te rious effects, 
as a lread y  described.

• D am age to  m itochondria  is o ften  associa ted  w ith  
the  fo rm ation  of a  h igh-conductance  channel in  the 
m ito ch o n d ria l m em brane , called the m itochondria l

')'O2 supply 
Toxins 
Radiation

Mitochondrial damage 
or dysfunction

r — J -----------J

\  ATP 
generation

I_____

f  Production 
of ROS

_____ I

Multiple cellular abnormalities

I
NECROSIS

Leakage of 
mitochondrial 

proteins

APOPTOSIS

^ Survival signals 
DNA, protein 

damage

f  Pro-apototic proteins 
\  Anti-apoptotic proteins

Fig. 2. I 9 Role of mitochondria in cell injury and death. Mitochondria are 
affected by a variety of injurious stimuli and their abnormalities lead to 
necrosis or apoptosis. This pathway of apoptosis is described in more detail 
later. ATP, Adenosine triphosphate; ROS, reactive oxygen species.

perm eab ility  transition  pore . The open in g  of th is channel 
leads to  the  loss of m itochondria l m em brane  p o ten tia l 
a n d  p H  changes, fu rth e r com prom ising  ox idative  
p h o spho ry la tion .

• M itochondria  also  con tain  p ro te in s  such  as cytochrom e 
c that, w h e n  re leased  in to  the cy top lasm , tell the  cell 
there  is in te rn a l in jury  a n d  activate  a p a th w ay  of ap o p 
tosis, as d iscussed  earlier.

D efects in M e m b ra n e  Perm eability

Increased  m em brane  perm eab ility  lead in g  u ltim ate ly  to 
o vert m em brane  dam age is a  fea tu re  of m ost fo rm s of cell 
in jury  th a t cu lm inate  in  necrosis. The m ost im p o rta n t sites 
of m em b ran e  dam age d u r in g  cell in ju ry  are  the  m itochon 
d ria l m em brane, the p la sm a  m em brane , a n d  m em branes 
of lysosom es. A s n o ted  earlier, increased  perm eab ility  of 
the p la sm a  m em b ran e  a n d  lysosom al m em branes is n o t a 
fea tu re  of apop tosis .
• Mitochondrial membrane damage. A s d iscussed  earlier, 

dam age to  m itochondria l m em branes resu lts  in  
decreased  p ro d u c tio n  of ATP, w ith  m an y  de le terious 
effects cu lm ina ting  in  necrosis.

• Plasma membrane damage. P lasm a m em brane  dam age 
leads to  loss of osm otic  balance a n d  influx of flu ids and  
ions, as w ell as loss o f cellu lar contents. The cells m ay  
a lso  leak  m etabo lites th a t a re  v ital for the reconstitu tion  
of ATP, th u s  fu rth e r d ep le tin g  energy  stores.

• In jury to lysosomal membranes re su lts  in  leakage of their 
enzym es in to  the cy top lasm  a n d  ac tiva tion  of the acid 
h yd ro lases in  the acid ic in trace llu la r p H  of the in ju red  
(e.g., ischem ic) cell. A ctivation  of these enzym es leads 
to enzym atic  d igestion  of cell com ponen ts, a n d  the  cells 
die by  necrosis.
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A  S U M M A R Y

M E C H A N I S M S  O F  C E L L  IN J U R Y

• Different initiating events cause cell injury and death by diverse 

mechanisms.

• Hypoxia and ischemia lead to  ATP depletion and failure of 

many energy-dependent functions, resulting first in reversible 

injury and, if not corrected, in necrosis.

• In ischemia-reperfusion injury, restoration of blood flow to  an 

ischemic tissue exacerbates damage by increasing production 

of ROS and by inflammation.

• Oxidative stress refers to accumulation of ROS, which can 

damage cellular lipids, proteins, and D N A , and is associated 

with numerous initiating causes.

• Protein misfolding depletes essential proteins and, if the mis- 

folded proteins accumulate within cells, results in apoptosis.

• D N A  damage (e.g., by radiation) also can induce apoptosis if 

it is not repaired.

• Inflammation is associated with cell injury because of the damag

ing actions of the products of inflammatory leukocytes.

W e have now  concluded  the d iscussion of cell in jury  and  
cell death . As w e  have seen, these processes are  the roo t 
cause of m any  com m on diseases. W e en d  this chapter w ith  
brief considerations of three o ther processes: cellular ad ap ta 
tions to stresses; in tracellu lar accum ulations of various sub
stances an d  extracellular deposition  of calcium , bo th  of 
w hich  are often  associated w ith  cell injury; an d  aging.

CELLULAR ADAPTATIONS TO  STRESS

A d ap ta tio n s  are  reversib le  changes in  the n u m b er, size, 
p h en o ty p e , m etabolic  activity , o r functions of cells in  
response  to  changes in  the ir env ironm en t. Physiologic adap
tations u su a lly  rep resen t responses of cells to  no rm al stim 
u la tio n  by  ho rm ones or e n d o g en o u s  chem ical m ed ia to rs  
(e.g., the h o rm o n e-in d u ced  en la rg em en t of the b reast an d

u te ru s  d u rin g  pregnancy), or to  the  d em an d s  of m echan i
cal stress (in  the case of bones a n d  m uscles). Pathologic 
adaptations are  responses to  stress th a t allow  cells to  m o d u 
late  their s tru c tu re  a n d  function  a n d  th u s  escape in jury , b u t 
a t the expense of n o rm al function , such  as sq u am o u s m eta 
p lasia  of b ronch ial ep ith e liu m  in  sm okers. P hysio logic an d  
patho log ic  ad ap ta tio n s  can  take several d istinc t form s, as 
described  in  the fo llow ing  text.

Hypertrophy * •

H ypertrophy is  an increase in  the size  o f cells resu lting  
in  an increase in  the size  o f the organ. In  contrast, h y p er
p lasia  (d iscussed  next) is a n  increase in  cell nu m b er. S tated  
an o th er w ay , in  p u re  h y p e rtro p h y  there  a re  no  new  cells, 
ju s t b igger cells con ta in ing  increased  am o u n ts  o f s tru c tu ra l 
p ro te in s  a n d  organelles. H y p erp lasia  is a n  ad ap tiv e  
response  in  cells capable of rep lication , w h ereas  h y p e rtro 
p h y  occurs w h e n  cells have  a lim ited  capacity  to  d iv ide. 
H y p e rtro p h y  an d  h y p erp lasia  also  can  occur together, 
an d  obv iously  b o th  re su lt in  a n  en la rg ed  organ.

H ypertrophy can be p h ysio log ic  or pathologic and is 
caused  either by increased functional dem and or by  
grow th factor or horm onal stim ulation.
• The m assive  physio log ic en la rg em en t o f the  u te ru s  

d u rin g  p reg n an cy  occurs as a consequence of estrogen- 
stim u la ted  sm oo th  m uscle  h y p e rtro p h y  a n d  sm ooth  
m uscle  h y p erp lasia  (Fig. 2.20). In  contrast, in  response  
to increased  w o rk lo ad  the  s tria ted  m uscle  cells in  bo th  
the  skeletal m uscle a n d  the h ea rt u n d e rg o  on ly  h y p er
tro p h y  because a d u lt  m uscle  cells have  a lim ited  capac
ity  to  d iv ide . T herefore, the  chiseled  p h y siq u e  of the 
av id  w eigh tlifte r stem s solely from  the h y p e rtro p h y  of 
in d iv id u a l skeletal m uscles.

• A n  exam ple  of pa tho log ic  h y p e rtro p h y  is the card iac 
en largem en t th a t occurs w ith  h y p erten sio n  o r aortic  
va lve  d isease (Fig. 2.21). The differences be tw een  
norm al, ad a p te d , a n d  irreversib ly  in ju red  cells are illus
tra ted  by  the  resp o n ses of the h e a rt to  d ifferen t types of

Fig. 2.20 Physiologic hypertrophy of the uterus during pregnancy. (A) Gross appearance of a normal uterus (right) and a gravid uterus (left) that was removed 
for postpartum bleeding. (B) Small spindle-shaped uterine smooth muscle cells from a normal uterus. (C) Large, plump hypertrophied smooth muscle cells 
from a gravid uterus; compare with B. (8 and C, Same magnification.)
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Fig. 2.21 The relationship among normal, adapted, reversibly injured, and dead myocardial cells. The cellular adaptation depicted here is hypertrophy, the 
cause of reversible injury is ischemia, and the irreversible injury is ischemic coagulative necrosis. In the example of myocardial hypertrophy (lower left), the 
left ventricular wall is thicker than 2 cm (normal, 1-1.5 cm). Reversibly injured myocardium shows functional effects without any gross or light microscopic 
changes, or reversible changes such as cellular swelling and fatty change (shown here). In the specimen showing necrosis (lower right) the transmural light area 
in the posterolateral left ventricle represents an acute myocardial infarction. All three transverse sections of myocardium were stained with triphenyltetra- 
zolium chloride, an enzyme substrate that colors viable myocardium magenta. Failure to stain is due to enzyme loss after cell death.

stress. M yocard ium  subjected  to a p ersis ten tly  increased  
w ork load , as in  h y p erten sio n  or w ith  a n a rro w e d  (ste
notic) valve, ad a p ts  by  u n d e rg o in g  h y p e rtro p h y  to  gen
era te  the req u ired  h igher contractile  force. If, on  the 
o ther h an d , the  m y o card iu m  is subjected  to  red u ced  
b lood  flow  (ischem ia) d u e  to  a n  occluded  coronary  
artery , the m uscle  cells m ay  u n d e rg o  injury.

The m echan ism s d riv in g  card iac  h y p e rtro p h y  involve 
a t least tw o types of signals: m echanical triggers, such  as 
stretch, a n d  so lub le m ed ia to rs  th a t stim ula te  cell g row th , 
such  as g ro w th  factors a n d  ad renerg ic  horm ones. These 
stim uli tu rn  o n  signal tran sd u c tio n  p a th w ay s  th a t lead  to 
the in d u c tio n  of a n u m b er of genes, w h ich  in  tu rn  stim ulate  
syn thesis o f m an y  cellu lar p ro te ins, in c lu d in g  g ro w th  
factors a n d  s tru c tu ra l p ro te ins. The re su lt is the syn thesis 
of m ore  p ro te in s  a n d  m yofilam en ts p e r  cell, w h ich  increases 
the force gen era ted  w ith  each  contraction , enab ling  the cell 
to m eet increased  w o rk  dem an d s. T here m ay  also  be a 
sw itch  of contractile  p ro te in s  from  a d u lt to  fetal o r neonata l 
form s. For exam ple, d u rin g  m uscle  h y p ertro p h y , the 
a -m y o sin  h eavy  cha in  is rep laced  by  the  fetal P fo rm  of the 
m yosin  heavy  chain, w h ich  p ro d u ces slow er, m ore  ener
getically econom ical contraction .

A n adaptation to stress such  as hypertrophy can pro
gress to functionally  significant cell injury if  the stress is  
not relieved . W hatever the cause of h y p e rtro p h y , a  lim it is 
reached  beyond  w h ich  the en la rg em en t of m uscle  m ass can 
no  longer com pensa te  for the increased  b u rd en . W h en  th is 
h ap p en s  in  the heart, several degenera tive  changes occur

in  the m yocard ia l fibers, of w h ich  the  m ost im p o rta n t are 
frag m en ta tio n  a n d  loss of m yofibrillar con tractile  e lem ents. 
W hy h y p e rtro p h y  p rog resses to  these reg ressive  changes 
is incom plete ly  u n d e rs to o d . T here m ay  be finite lim its on  
the abilities of the vascu la tu re  to  ad eq u a te ly  su p p ly  the 
en la rg ed  fibers, the  m ito ch o n d ria  to  su p p ly  ATP, or the 
b iosyn thetic  m ach inery  to  p ro v id e  sufficient contractile  
p ro te in s  o r o ther cytoskeletal e lem ents. The n e t resu lt of 
these degenera tive  changes is ven tricu la r d ila tion  a n d  u lti
m ately  card iac failure.

Hyperplasia •

H yperplasia  is an increase in  the num ber o f cells in  an  
organ that stem s from  increased proliferation, either of  
differentiated  cells or, in  som e instances, less d ifferenti
ated progenitor cells. A s d iscussed  earlier, h y perp lasia  
takes p lace if the  tissue contains cell p o p u la tio n s  capable 
of replication; it m ay  occur concurren tly  w ith  h y p e rtro p h y  
an d  o ften  in  response  to  the sam e stim uli.

H yperplasia  can be p h ysio log ic  or pathologic; in  both  
situations, cellular proliferation is  stim ulated  by grow th  
factors that are produced by a variety o f cell types.
• The tw o types of physiologic hyperp lasia  are (1) hor

m onal hyperplasia , exem plified by the pro liferation  of 
the  g landu lar ep ithelium  of the fem ale b reast a t puberty  
a n d  d u rin g  pregnancy, an d  (2) com pensatory  hyperp la 
sia, in  w hich  residual tissue g row s after rem oval o r loss 
o f p a rt of a n  organ. For exam ple, w hen  p a rt of a liver is 
resected, m itotic activity in  the rem ain ing  cells begins as
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Fig. 2.22 Atrophy as seen in the brain. (A) Normal brain of a young adult. (B) Atrophy of the brain in an 82-year-old man with atherosclerotic disease. 
Atrophy of the brain is caused by aging and reduced blood supply. Note that loss of brain substance narrows the gyri and widens the sulci. The meninges 
have been stripped from the bottom half of each specimen to show the surface of the brain.

early  as 12 hou rs later, even tually  restoring  the liver to 
its no rm al size. The stim uli for hyperp lasia  in  this setting  
are  po lypep tide  g row th  factors p ro d u ced  by un in ju red  
hepatocytes as w ell as nonparenchym al cells in  the liver 
(C hapter 3). A fter restoration  of the  liver m ass, various 
g row th  inh ibitors tu rn  off cell proliferation.

• M ost fo rm s of patho log ic h yperp lasia  are  caused  by 
excessive ho rm onal or g ro w th  factor stim ulation . For 
exam ple, after a  no rm al m enstrua l p e rio d  there is a  b u rs t 
of u terine ep ithelia l p ro lifera tion  th a t is no rm ally  tightly  
reg u la ted  by the  stim ula to ry  effects of p itu ita ry  hor
m ones a n d  ovarian  estrogen  an d  the inh ib ito ry  effects of 
p rogesterone. A  d istu rbance in this balance lead ing  to 
increased  estrogenic stim ulation  causes endom etria l 
hyperp lasia , w h ich  is a  com m on cause of abnorm al m en 
strua l bleeding. Benign prosta tic  hyperp lasia  is ano ther 
com m on exam ple of patho log ic hyperp lasia  in d u ced  in 
responses to  horm onal s tim ulation  by  androgens. S tim u
lation by g ro w th  factors also is invo lved  in  the h y perp la 
sia th a t is associated  w ith  certain  v iral infections; for 
exam ple, pap illom av iruses cause sk in  w arts  an d  m ucosal 
lesions th a t are com posed  of m asses of hyperp lastic  ep i
thelium . H ere  the g ro w th  factors m ay  be encoded  by 
v iral genes o r by  the genes of the infected host cells.

A n  im p o rta n t p o in t is th a t in  all o f these  situations, the  
hyperplastic process rem ains controlled; i f  the signals  
that in itiate it abate, the hyperplasia d isappears . It is th is 
responsiveness to  n o rm al reg u la to ry  contro l m echan ism s 
th a t d is tingu ishes pa tho log ic  hyperp lasias  fro m  cancer, in 
w h ich  the g ro w th  contro l m echan ism s becom e p erm a 
nen tly  d y sreg u la ted  o r ineffective (C hap ter 6). N everthe 
less, in  m an y  cases, pa tho log ic  hy p erp lasia  constitu tes a 
fertile soil in  w h ich  cancers m ay  even tu a lly  arise. For 
exam ple, p a tien ts  w ith  hy p erp lasia  of the e n d o m etriu m  
are a t increased  risk  of d eve lop ing  en d o m etria l cancer 
(C hap ter 19).

Atrophy

A trophy is shrinkage in  the s ize  o f cells by the loss of  
cell substance. W h en  a sufficient n u m b er of cells are

involved , the en tire  tissue o r o rgan  is re d u ced  in  size, o r 
a troph ic  (Fig. 2.22). A lth o u g h  a tro p h ic  cells m ay  have 
d im in ished  function , they are n o t dead .

C auses of a tro p h y  include a decreased  w o rk lo ad  (e.g., 
im m obilization  of a lim b to  p e rm it hea ling  of a fracture), 
loss o f innerva tion , d im in ished  b lood  supp ly , in ad eq u a te  
nu tritio n , loss of endocrine  stim ulation , a n d  ag ing  (senile 
a trophy). A lth o u g h  som e of these stim uli are physio log ic 
(e.g., the loss of ho rm one s tim ulation  in m enopause) an d  
o th ers  a re  patho log ic  (e.g., denerva tion), the fu n d am en ta l 
cellu lar changes are  sim ilar. They rep re sen t a  re trea t by  the 
cell to  a  sm aller size a t w h ich  su rv iva l is still possible; a 
new  eq u ilib riu m  is ach ieved  betw een  cell size a n d  d im in 
ished  b lood  supp ly , nu tritio n , o r troph ic  stim ulation .

C ellular atrophy results from  a com bination  of 
decreased protein  syn th esis an d  increased protein  
degradation.
• P ro te in  syn thesis decreases because of red u ced  m eta 

bolic activity .
• The deg rad a tio n  of cellu lar p ro te in s  occurs m ain ly  by 

the  u b iq u itin -p ro teasom e p a th w ay . N u trie n t deficiency 
an d  d isuse  m ay  activate ub iqu itin  ligases, w h ich  a ttach  
m u ltip le  copies o f the sm all p ep tid e  ub iqu itin  to  cellu lar 
p ro te in s  a n d  ta rge t th em  fo r d eg rad a tio n  in  pro tea- 
som es. This p a th w a y  is also  th o u g h t to  be responsib le  
fo r the accelerated  p ro teo lysis  seen in  a va rie ty  of cata
bolic conditions, in c lu d in g  the cachexia associa ted  w ith  
cancer.

• In m an y  situations, a tro p h y  also  is associa ted  w ith  
au to p h ag y , w ith  resu ltin g  increases in  the n u m b er of 
au to p h ag ic  vacuoles. A s d iscussed  p rev iously , au to p h - 
agy is the p rocess in w h ich  the s ta rved  cell ea ts  its ow n 
o rganelles in  an a tte m p t to  survive.

Metaplasia

M etaplasia is a change in  w h ich  one adult cell type (epi
th e lia l or m esenchym al) is replaced by another adult cell 
type. In  th is type  o f cellu lar ad ap ta tio n , a cell type sensitive 
to a  p a rticu la r stress is rep laced  by  an o th er cell type be tte r 
able to  w ith s ta n d  the adverse  en v ironm en t. M etap lasia  
is th o u g h t to  arise by  the rep ro g ram m in g  of stem  cells
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A  epithelium

Fig. 2.23 Metaplasia of normal columnar (left) to squamous epithelium 
(right) in a bronchus, shown schematically (A) and histologically (B).

to d ifferen tia te  a long  a new  p a th w a y  ra th e r th a n  a p h en o 
typic change (transd ifferen tia tion ) of a lready  d ifferen tia ted  
cells.

E pithelial m etap lasia  is exem plified  by  the change th a t 
occurs in  the  resp ira to ry  ep ith e liu m  of h ab itu a l cigarette  
sm okers, in  w h o m  the n o rm al c ilia ted  co lum nar ep ithelia l 
cells of the  trachea a n d  bronch i o ften  a re  rep laced  by  stra ti
fied sq u am o u s ep ithelia l cells (Fig. 2.23). The ru g g e d  stra ti
fied sq u am o u s ep ith e liu m  m ay  be able to  su rv ive  the 
nox ious chem icals in  cigarette  sm oke th a t the  m ore fragile 
specialized  ep ith e liu m  w o u ld  n o t to lerate. A lth o u g h  the 
m etap lastic  sq u am o u s ep ith e liu m  has su rv iva l advan tages, 
im p o rtan t p ro tective  m echan ism s are  lost, such  as m ucus 
secretion  a n d  ciliary  clearance of p a rticu la te  m atte r. Epi
thelial m etap lasia  is therefore  a  dou b le -ed g ed  sw ord . 
Because v itam in  A  is essen tia l for no rm al ep ithelia l dif
feren tia tion , its deficiency also  m ay  induce  squam ous 
m etap lasia  in  the  resp ira to ry  ep ithelium .

M etap lasia  n eed  n o t a lw ays occur in  the  d irec tion  of 
co lum nar to  sq u am o u s ep ithelium ; in  chronic gastric 
reflux, the  n o rm al stra tified  sq u am o u s ep ith e liu m  of the 
low er e so p h ag u s m ay  u n d e rg o  m etap lastic  transfo rm ation  
to gastric o r in testina l-type  co lum nar ep ithe lium . M etap la 
sia also  m ay  occur in  m esenchym al cells, b u t in  these situ 
a tions it is generally  a  reaction  to  som e pa tho log ic  a lte ra tion  
an d  n o t a n  a d ap tiv e  response  to  stress. For exam ple, bone 
is occasionally  fo rm ed  in  soft tissues, p a rticu la rly  in  foci of 
injury.

The influences that induce m etaplastic change in  an 
ep ithelium , if  persistent, m ay pred ispose to m alignant 
transform ation. In  fact, sq u am o u s m etap lasia  of the  resp i
ra to ry  ep ith e liu m  o ften  coexists w ith  lu n g  cancers com 
p o sed  of m alig n an t sq u am o u s cells. It is th o u g h t tha t 
cigarette  sm oking  in itia lly  causes sq u am o u s m etap lasia , 
an d  cancers arise la te r in  som e of these a lte red  foci.

f l t  S U M M A R Y

C E L L U L A R  A D A P T A T I O N S  T O  S T R E S S

• H y p e rtro p h y : increased cell and organ size, o ften  in response  

to  increased w o rk lo a d ; induced by g ro w th  fac to rs  p ro du ced  in 

response to  m echanical stress o r  o th e r  stim uli; occurs in 

tissues incapable o f  cell division

• H yperplasia: increased cell num bers  in response to  h o rm o n e s  

and o th e r  g ro w th  factors; occurs in tissues w h o s e  cells are  

able to  d ivide o r  contain  abu nd ant tissue stem  cells

• A tro p h y : decreased  cell and organ size, as a resu lt o f decreased  

n u tr ie n t supply o r  disuse; associated w ith  decreased  synthesis 

o f ce llu lar building b locks and increased b re a k d o w n  o f  ce llu lar  

organelles and autophagy

• M etaplasia: change in p h e n o typ e  o f  d iffe re n tia te d  cells, o ften  in 

response to  chron ic  irr ita t io n , th a t  m akes cells b e t te r  able to  

w ith s ta n d  th e  stress; usually induced by a lte re d  d iffe ren tia tio n  

p athw ay o f  tissue stem  cells; m ay resu lt in red uced  functions  

o r  increased p ro p en s ity  fo r  m alignant tra n s fo rm a tio n

INTRACELLULAR ACCUM ULATIONS

U n d er som e circum stances, cells m ay  accum ula te  abno r
m al a m o u n ts  o f v a rio u s substances, w h ich  m ay  be h a rm 
less o r m ay  cause v a ry in g  degrees of in jury . The substance 
m ay  be located  in  the cy top lasm , w ith in  o rganelles 
(typically  lysosom es), o r in  the  nucleus, a n d  it m ay  be 
syn thesized  by the affected cells o r it m ay  be p ro d u ced  
elsew here.

The m ain  p a th w ay s  o f ab n o rm al in trace llu la r accum ula 
tions are  in ad eq u a te  rem oval an d  d eg rad a tio n  or excessive 
p ro d u c tio n  of a n  en d o g en o u s substance, o r dep o sitio n  of 
a n  ab n o rm al exogenous m ateria l (Fig. 2.24). Selected exam 
p les o f each  are  described  as follow s.

Fatty C hange. Fatty  change, also  called  steatosis, refers 
to an y  accum ula tion  of trig lycerides w ith in  pa renchym al 
cells. It is m ost o ften  seen  in  the liver, since th is  is the m ajor 
o rg an  invo lved  in  fat m etabolism , b u t also  m ay  occur in  
heart, skeletal m uscle, k idney , a n d  o ther o rgans. S teatosis 
m ay  be caused  by  toxins, p ro te in  m alnu trition , d iabetes 
m ellitus, obesity , o r anoxia. A lcohol abuse  a n d  d iabetes 
associated  w ith  obesity  a re  the m ost com m on  causes of 
fatty  change in  the  liver (fatty  liver) in  in d u stria lized  
nations. This p rocess is d iscussed  in  m ore  de ta il in  
C h ap te r 16.

C holesterol and C holesteryl Esters. C ellu lar cholesterol 
m etabo lism  is tigh tly  reg u la ted  to en su re  n o rm al genera 
tion  of cell m em branes (in w h ich  cholestero l is a key com 
ponen t) w ith o u t significant in trace llu la r accum ulation . 
H ow ever, phagocy tic  cells m ay  becom e o verloaded  w ith  
lip id  (trig lycerides, cholesterol, a n d  cholestery l esters) in  
several d ifferen t pa tho log ic  processes, m ostly  character
ized  by  increased  in take o r decreased  catabo lism  of lip ids. 
O f these, atherosclerosis is the m o st im p o rtan t. The ro le of 
lip id  an d  cholestero l dep o sitio n  in  the  pa thogenesis  o f a th 
erosclerosis is d iscussed  in  C h ap te r 10.

Proteins. M orphologically  v isible p ro te in  accum ula 
tions a re  less com m on th a n  lip id  accum ulations; they  m ay 
occur w h e n  excesses are p re sen ted  to the cells o r if the  cells
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Fig. 2.24 Mechanisms of intracellular accumulation: (1) Abnormal metabo
lism, as in fatty change in the liver. (2) Mutations causing alterations in protein 
folding and transport, so that defective molecules accumulate intracellularly. 
(3) A deficiency of critical enzymes responsible for breaking down certain 
compounds, causing substrates to accumulate in lysosomes, as in lysosomal 
storage diseases. (4) An inability to degrade phagocytosed particles, as in 
carbon pigment accumulation.

syn thesize  excessive am oun ts . In  the  k idney , for exam ple, 
trace am o u n ts  of a lb u m in  filtered  th ro u g h  the g lom eru lu s 
are  no rm ally  reabso rbed  by pinocytosis in  the  p rox im al 
co nvo lu ted  tubu les. H ow ever, in  d iso rd ers  w ith  heavy  
p ro te in  leakage across the  g lom eru lar filter (e.g., n eph ro tic  
syndrom e), m u ch  m ore of the  p ro te in  is reabsorbed , an d  
vesicles con ta in ing  th is p ro te in  accum ulate , g iv ing  the his
tologic ap p earan ce  of p ink , hyaline  cy top lasm ic d rop lets . 
The process is reversible: if the p ro te in u ria  abates, the 
p ro te in  d ro p le ts  are m etabo lized  a n d  d isap p ear. A no ther 
exam ple  is the m ark ed  accum ula tion  of n ew ly  syn thesized  
im m un o g lo b u lin s  th a t m ay  occur in  the  RER of som e 
p lasm a  cells, fo rm ing  ro u n d e d , eosinophilic  R ussell bodies. 
O th e r exam ples of p ro te in  ag g reg a tio n  are d iscussed  
e lsew here  in  th is book  (e.g., "alcoholic  hyaline" in  the 
liver in  C h ap te r 16; neu ro fib rilla ry  tang les in  n eu ro n s  in  
C h ap te r 23).

G lycogen . Excessive in trace llu la r deposits  of glycogen 
are  associa ted  w ith  abnorm alities in  the m etabo lism  of 
e ither g lucose o r glycogen. In  p o o rly  con tro lled  d iabetes 
m ellitus, the  p rim e  exam ple  of ab n o rm al glucose m etabo 
lism , g lycogen accum ulates in  ren a l tu b u la r ep ithelium , 
card iac  m yocytes, a n d  P cells of the islets o f L angerhans. 
G lycogen also  accum ula tes w ith in  cells in  a g ro u p  of 
re la ted  genetic d iso rd ers  collectively re ferred  to  as glyco
gen  sto rage d iseases, o r g lycogenoses (C hap ter 7).

Pigm ents. P igm ents are co lored  substances th a t are  
e ither exogenous, com ing  from  o u tsid e  the body , such  as 
carbon, o r a re  endogenous, syn thesized  w ith in  the  body  
itself, such  as lipofuscin , m elan in , a n d  certa in  derivatives 
of hem oglobin .

The m ost com m on  exogenous p ig m en t is carbon, a 
u b iq u ito u s  a ir p o llu ta n t of u rb a n  life. W hen  inhaled , it is 
p hagocy tosed  by a lveo lar m acrophages a n d  tran sp o rted  
th ro u g h  lym phatic  channels to  the  reg ional tracheobron 
chial ly m p h  nodes. A ggregates o f the p ig m en t b lacken  the 
d ra in in g  ly m p h  n o d es a n d  p u lm o n ary  p aren ch y m a (anthra- 
cosis) (C hap ter 13).
• Lipofuscin, o r "w ea r-an d -tea r p igm en t,"  is a n  inso lub le  

b row nish -ye llow  g ran u la r in trace llu la r m ateria l th a t 
accum ulates in  a v arie ty  of tissues (particu larly  the 
heart, liver, an d  brain) w ith  ag ing  o r a tro p h y . L ipofus- 
cin  rep resen ts  com plexes of lip id  a n d  p ro te in  th a t are 
p ro d u c e d  by the  free rad ica l-ca ta ly zed  p ero x id a tio n  of 
p o ly u n sa tu ra te d  lip id s of subcellu lar m em branes. It is 
n o t in ju rious to  the  cell b u t is a  m ark e r of p a s t free 
rad ica l in jury . The b ro w n  p ig m en t (Fig. 2.25), w h e n  
p re sen t in  large  am oun ts , im p arts  a n  app earan ce  to  the 
tissue th a t is called b ro w n  a trophy .

• M elanin  is an  endogenous, b row n-b lack  p ig m en t th a t 
is syn th esized  by  m elanocytes located  in  the ep iderm is 
a n d  acts as a screen ag a in st h a rm fu l UV rad ia tion . 
A lth o u g h  m elanocytes are  the  on ly  source  of m elan in , 
ad jacen t basal keratinocytes in  the  sk in  can  accum u
late  the  p ig m en t (e.g., in  freckles), as can  derm al 
m acrophages.

• Hemosiderin is a hem og lob in -derived  g ran u la r p ig m en t 
th a t is go lden  ye llow  to b ro w n  a n d  accum ulates in  
tissues w h e n  there  is a local o r system ic excess of iron. 
Iron  is no rm ally  s to red  w ith in  cells in  associa tion  w ith  
the p ro te in  apoferritin , fo rm ing  ferritin  m icelles. H em o
sid e rin  p ig m en t rep resen ts  large  aggregates of these
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Fig. 2.25 Lipofuscin granules in cardiac myocytes (deposits indicated by
arrows).

fe rritin  m icelles, read ily  v isua lized  by ligh t a n d  electron  
m icroscopy; the iron  can  be u n am b ig u o u sly  iden tified  
by  the P ru ssian  b lue  h istochem ical reaction  (Fig. 2.26). 
A lth o u g h  h em o sid erin  accum ula tion  is u sua lly  p a th o 
logic, sm all am o u n ts  of th is p ig m en t a re  no rm al in  the 
m o nonuclear phagocy tes of the bone m arrow , spleen, 
an d  liver, w h e re  ag ing  red  cells are no rm ally  deg rad ed . 
Excessive dep o sitio n  of hem osiderin , called  hem o
siderosis, a n d  m ore extensive accum ula tions of iron  
seen in  h e red ita ry  hem ochrom atosis  are  described  in  
C h ap te r 16.

PATHOLOGIC CALCIFICATIO N

Pathologic calcification, a com m on process in  a w id e  
variety o f d isease states, is the result o f an abnorm al 
d ep osition  o f calcium  salts, toge ther w ith  sm aller am o u n ts  
o f iron , m agnesium , an d  o th er m inerals. It can  occur in  tw o 
w ays.
• Dystrophic calcification. In  th is  form , calcium  m etabo lism  

is n o rm al b u t it deposits in injured or dead tissue, such  as

a reas  of necrosis of any  type. It is v irtu a lly  u b iq u ito u s  
in  the  arte ria l lesions of ad v an ced  a therosclerosis 
(C hap ter 10). A lth o u g h  d ystroph ic  calcification m ay  be 
a n  inc iden ta l f ind ing  in d ica ting  insign ifican t p a s t cell 
in jury , it also  m ay  be a  cause of o rg an  dysfunction . For 
exam ple, calcification can  develop  in  ag in g  o r dam aged  
h ea rt valves, re su ltin g  in  severely  com prom ised  valve 
m otion . D ystroph ic  calcification of the aortic  valves is 
a n  im p o rta n t cause of aortic  stenosis in  e lderly  p ersons 
(C hap ter 11).

D ystroph ic  calcification is in itia ted  by  the  extracel
lu la r dep o sitio n  of crysta lline  calcium  p h o sp h a te  in  
m em b ran e-b o u n d  vesicles, w h ich  m ay  be d e riv ed  from  
in ju red  cells, o r the in trace llu la r deposition  of calcium  
in  the m itochondria  of d y in g  cells. It is th o u g h t th a t the 
ex tracellu lar calcium  is concen tra ted  in  vesicles by  its 
affin ity  for m em b ran e  p h o sp h o lip id s , w h e reas  ph o s
p h a te s  accum ulate  as a re su lt of the  ac tion  of m em brane- 
b o u n d  phospha tases . The crystals are then  p ro p ag a ted , 
fo rm ing  la rger deposits.

• Metastatic calcification. This fo rm  is associated w ith hyper
calcemia a n d  can  occur in  no rm al tissues. The m ajor 
causes of hypercalcem ia are  (1) increased secretion o f para
thyroid hormone, d u e  to e ither p rim ary  p ara th y ro id  
tu m o rs o r p ro d u c tio n  of p a ra th y ro id  h o rm o n e-re la ted  
p ro te in  by  o ther m alig n an t tum ors; (2) destruction o f bone 
d u e  to  the effects of accelera ted  tu rn o v e r (e.g., P aget 
disease), im m obilization , o r tu m o rs (increased bone 
catabo lism  associa ted  w ith  m u ltip le  m yelom a, leuke
m ia, o r diffuse skeletal m etastases); (3) vitamin D-related 
disorders in c lu d in g  v itam in  D  in tox ication  a n d  sarcoidosis 
(in  w h ich  m acrophages activate  a  v itam in  D  p recursor); 
a n d  (4) rena l failure, in  w h ich  p h o sp h a te  re ten tio n  leads 
to secondary  h y p erp ara th y ro id ism .

M O R P H O L O G Y

Regardless of the site, calcium salts are seen on gross examina

tion as fine white granules or clumps, often felt as gritty deposits. 

Dystrophic calcification is common in areas of caseous necrosis 

in tuberculosis. Sometimes a tuberculous lymph node is essen

tially converted to radiopaque stone. On histologic examination,

Fig. 2.26 Hemosiderin granules in liver cells. (A) Hematoxylin-eosin-stained section showing golden-brown, finely granular pigment. (B) Iron deposits shown 
by a special staining process called the Prussian blue reaction.
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calcification appears as intracellular and/or extracellular baso

philic deposits. W ith  time, heterotopic bone may form in foci of 

calcification.

Metastatic calcification can occur widely throughout the body 

but principally affects the interstitial tissues of the vasculature, 

kidneys, lungs, and gastric mucosa. The calcium deposits morpho

logically resemble those described in dystrophic calcification. 

Although they generally do not cause clinical dysfunction, exten

sive calcifications in the lungs may be evident on radiographs and 

may produce respiratory deficits, and massive deposits in the 

kidney (nephrocalcinosis) can lead to renal damage.

Ä  S U M M A R Y

A B N O R M A L  I N T R A C E L L U L A R  D E P O S I T I O N S  A N D  

C A L C I F I C A T I O N S

• Abnormal deposits of materials in cells and tissues are the 

result of excessive intake or defective transport or 

catabolism.

• Depositions of lipids

• Fatty change: accumulation of free triglycerides in cells, 

resulting from excessive intake or defective transport 

(often because of defects in synthesis of transport pro

teins); manifestation of reversible cell injury

• Cholesterol deposition: result of defective catabolism and 

excessive intake; seen in macrophages and smooth muscle 

cells of vessel walls in atherosclerosis

• Deposition of proteins: reabsorbed proteins in kidney 

tubules; immunoglobulins in plasma cells

• Deposition of glycogen: in macrophages of patients with 

defects in lysosomal enzymes that break down glycogen 

(glycogen storage diseases)

• Deposition of pigments: typically indigestible pigments, 

such as carbon, lipofuscin (breakdown product of lipid per

oxidation), or iron (usually resulting from overload, as in 

hemosiderosis)

• Pathologic calcifications

• Dystrophic calcification: deposition of calcium at sites of cell 

injury and necrosis

• Metastatic calcification: deposition of calcium in normal 

tissues, caused by hypercalcemia (usually a consequence of 

parathyroid hormone excess)

CELLULAR A G ING

In d iv id u a ls  age because their cells age. A lth o u g h  pub lic  
a tten tio n  o n  the ag ing  p rocess has  trad itiona lly  focused  on  
its cosm etic m an ifesta tions, ag ing  has im p o rta n t h ea lth  
consequences, because age is one of the  s trongest in d ep en 
d e n t risk  factors for m any  chronic d iseases, such  as cancer, 
A lzheim er disease, a n d  ischem ic h e a rt disease. P erhaps 
one of the  m ost strik ing  d iscoveries ab o u t cellu lar ag ing  is 
th a t it is n o t sim ply  a consequence of cells' " ru n n in g  o u t 
o f steam ," b u t in  fact is reg u la ted  by a lim ited  n u m b er of 
genes an d  signaling  p a th w ay s  th a t are  evo lu tionarily  con
served  from  y east to  m am m als.

C ellular ag ing  is the resu lt o f a progressive decline in
the life  span and functional activity o f cells. Several
abnorm alities con tribu te  to  the  ag in g  of cells (Fig. 2.27):
• Accumulation o f mutations in D N A . A  varie ty  of m eta 

bolic in su lts  over tim e m ay  re su lt in  dam age  to  nuclear 
an d  m itochondria l D N A . ROS in d u ced  by  toxins and  
rad ia tio n  exposu re  con tribu te  to  D N A  dam age associ
a ted  w ith  aging. A lth o u g h  m o st D N A  dam ag e  is 
rep a ired  by D N A  rep a ir  enzym es, som e persis ts  an d  
accum ulates as cells age, especially  if rep a ir  m echa
n ism s becom e inefficient over tim e. A ccum ula tion  of 
m u ta tio n s in  nuclear an d  m itochondria l D N A  u lti
m ately  com prom ise  the  functional activ ities a n d  su r
v ival o f cells.

• Decreased cellular replication. N orm al cells (other than  
stem  cells) have a lim ited  capacity  for replication, and  
after a fixed n u m b er of divisions, they becom e arrested  
in  a term inally  n o nd iv id ing  state, kno w n  as replicative 
senescence. A ging  is associated w ith  progressive repli
cative senescence of cells. Cells from  ch ild ren  have the 
capacity  to u n d erg o  m ore ro u n d s  of replication  th an  do  
cells from  o lder people. In  contrast, cells from  patien ts 
w ith  W erner syndrom e, a rare  disease characterized 
by p rem atu re  aging, have a m arked ly  reduced  in  v itro  
life span.

R eplicative senescence occurs in  ag ing  cells because  
o f progressive shorten ing o f telom eres, w h ich  u lti
m ately results in  cell cycle arrest. Telomeres are  sho rt 
rep ea ted  sequences of D N A  p re se n t a t the en d s  of chro 
m osom es th a t a re  im p o rta n t for en su rin g  the com plete  
rep lication  of ch rom osom e en d s a n d  for p ro tec tin g  the 
en d s  from  fusion  a n d  deg rad a tio n . Telom eric D N A  
also  b in d s  p ro te in s  th a t sh ield  it, p re v en tin g  activa
tion  of a D N A  dam age  response. W hen  som atic  cells 
replicate, a sm all section  of the te lom ere  is n o t d u p li
cated , a n d  telom eres becom e p rog ressive ly  sho rtened . 
As they  shorten , the en d s of chrom osom es canno t be 
p ro tec ted  an d  are sensed  in  cells as b roken  D N A , w h ich  
signals cell cycle arrest. Telom ere len g th  is m ain ta ined  
by nucleo tide  ad d itio n  m ed ia ted  by a n  enzym e called 
telomerase. T elom erase is a specialized  R N A -pro te in  
com plex th a t u ses its o w n  R N A  as a tem p la te  for ad d in g  
nucleo tides to  the  en d s  of chrom osom es. T elom erase is 
expressed  in  g erm  cells a n d  is p re sen t a t low  levels in  
stem  cells, b u t ab sen t in  m ost som atic cells (Fig. 2.28). 
Therefore, as m a tu re  som atic  cells age, the ir te lom eres 
becom e sho rte r an d  they  exit the cell cycle, re su ltin g  in  
an  inab ility  to  generate  new  cells to  rep lace dam aged  
ones. C onversely , in  im m orta lized  cancer cells, te lom 
erase is u su a lly  reac tiva ted  an d  te lom ere  len g th  is sta
b ilized , a llow ing  the cells to  p ro lifera te  indefin itely . 
This is d iscussed  m ore  fu lly  in  C h ap te r 6. Telom ere 
sho rten ing  also  m ay  decrease the regenera tive  capac
ity  of stem  cells, fu rth e r co n tribu ting  to  cellu lar aging. 
D esp ite  such  a llu rin g  observations, how ever, the rela 
tionsh ip  of telom erase  activ ity  a n d  telom ere leng th  to 
ag ing  has y e t to  be fu lly  estab lished . A bnorm alities in  
telom ere m ain tenance  have  been  im p licated  in  m any  
diseases, such  as ap lastic  anem ia  a n d  o ther cy topen ias 
(th o u g h t to  be caused  by  a failu re of hem atopo ietic  stem  
cells), p rem a tu re  g rey ing  of hair, sk in  p ig m en t an d  nail 
abnorm alities, p u lm o n ary  a n d  liver fibrosis, a n d  o thers.
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Environmental and Telomere Abnormal Calorie
metabolic insults shortening protein homeostasis restriction

Fig. 2.27 Mechanisms that cause and counteract cellular aging. DNA damage, replicative senescence, and decreased and misfolded proteins are among the 
best-described mechanisms of cellular aging. Some environmental influences, such as calorie restriction, counteract aging by activating various signaling pathways 
and transcription factors. IGF, Insulin-like growth factor; ROS, reactive oxygen species; TOR, target of rapamycin.

These d iso rd ers  a re  som etim es considered  the p ro to- 
typ ic  " te lom eropath ies."

• Defective protein homeostasis. W ith  the passage  of tim e, 
cells are  u nab le  to  m ain ta in  n o rm al p ro te in  hom eostasis, 
because of increased  tu rn o v e r an d  decreased  syn thesis 
caused  by red u ced  tran sla tio n  of p ro te in s  a n d  defective 
activ ity  of chaperones (w hich  p ro m o te  n o rm al p ro te in  
fo ld ing) a n d  p ro teasom es (w hich  destroy  m isfo lded

pro te ins). The re su ltan t decrease in  in trace llu la r p ro 
te ins can  have  m an y  dele te rious effects on  cell surv ival, 
rep lication , an d  functions. The concom itan t accum ula 
tion  of m isfo lded  p ro te in s  exacerbates the  loss o f func
tional p ro te in s  a n d  can  trigger apoptosis.

• T here has been  g rea t in te rest in  defin ing  biochem ical 
signaling  p a th w ay s  th a t coun terac t the  ag in g  process, 
n o t on ly  because of the ir obv ious the rapeu tic  p o ten tia l

I
DNA damage response 

Defective cell proliferation

t

Telomerase
reactivation

Senescence Depletion of stem/
of mature cells progenitor cells

I
Tissue dysfunction (aging)

■►C a n c e r

Increasing age _  
B  Repeated cell divisions

Fig. 2.28 The role of telomeres and telomerase in replicative senescence of cells. (A) Mechanisms and consequences of telomere attrition. Repeated cell 
division associated with aging leads to progressive shortening of telomeres, which triggers senescence and loss of stem cell pools. (B) Telomere attrition is 
characteristic of somatic cells. Stem cells maintain their telomeres and are, therefore, capable of more cycles of replication. Cancer cells frequently activate 
telomerase and are thus able to maintain telomeres.
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(the search  for the "elix ir of y o u th ") b u t also  because 
e luc ida ting  these p a th w ay s  m ig h t tell u s  a b o u t the 
m echan ism s th a t cause aging. C alorie restric tion  has 
been  fo u n d  to slow  d o w n  ag in g  a n d  p ro lo n g  life in  
every  species tested  from  flies to  m ice. It is n o w  th o u g h t 
th a t calorie restric tion  a lte rs signaling  p a th w ay s  th a t 
in fluence ag ing  (Fig. 2.27). A m ong  the biochem ical 
a lte ra tions associated  w ith  calorie restric tion  th a t have 
been  described  as p lay in g  a ro le  in  co u n terac ting  the 
ag in g  p rocess is red u ced  ac tiva tion  of insu lin -like 
g ro w th  factor recep to r signaling , w h ich  involves a 
d o w n stream  n e tw o rk  of k inases an d  transcrip tion  
factors. R educed  IGF-1 signaling  leads to  low er ra tes of 
cell g ro w th  a n d  m etabo lism  a n d  possib ly  red u ced  erro rs  
in  D N A  rep lication , be tte r D N A  rep a ir a n d  im prove  
p ro te in  hom eostasis. C alorie restric tion  also  serves to 
im prove  im m un ity . A ll o f these inh ib it aging.

• Persistent inflammation. A s in d iv id u a ls  age, the  accum u
la tion  of d am ag ed  cells, lip ids, an d  o ther en d o g en o u s 
substances m ay  activate  the  in flam m asom e p a th w ay  
(C hap ter 5), re su ltin g  in  p e rsis ten t low -level in flam m a
tion. In flam m ation  in  tu rn  in d u ces chronic diseases, 
such  as atherosclerosis a n d  type 2 d iabetes. C ytokines 
p ro d u ced  d u rin g  in flam m ato ry  reactions m ay  them 
selves induce  cellu lar a lte ra tions th a t exacerbate aging, 
an d  chronic m etabolic  d iso rd ers  m ay  accelerate the 
ag ing  process.

C linical observa tions an d  ep idem io log ic  s tud ies  have  
sh o w n  th a t physical activ ity  and , as m en tio n ed  p rev iously , 
calorie restric tion  slow  the  ag in g  process, w h ereas stresses, 
p e rh a p s  ac ting  v ia  increased  p ro d u c tio n  of g lucocorticoids, 
accelerate aging. A las, the precise  m echan ism s u n d erly in g  
these effects rem ain  to  be defined, a n d  for n o w  w e  all 
rem ain  vu lnerab le  to  the ravages of age.
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C E L L U L A R  A G I N G

• Results fro m  a com bin a tio n  o f  m u ltip le , p rogressive cellu lar 

a lte ra tio n s , including:

• A ccu m u la tio n  o f D N A  dam age and m u tatio ns

• Replicative  senescence: reduced  capacity o f  cells to  divide  

secon dary  to  progressive s ho rten in g  o f  ch ro m o so m al ends  

( te lo m e re s )

• D e fec tiv e  p ro te in  hom eostasis: loss o f  n o rm a l p ro te in s  and 

accum ulation  o f  m isfo lded  p ro te ins

• A ging is ex a ce rb a te d  by chron ic  diseases, especially th o s e  asso

c iated  w ith  p ro lo n ged  in flam m atio n , and by stress, and is 

s low ed d o w n  by ca lo rie  re s tric tio n  and exerc ise.

It shou ld  be a p p a re n t th a t the  v a rio u s fo rm s of cellu lar 
d e ran g em en ts  a n d  ad ap ta tio n s  described  in  th is chap ter 
cover a  w id e  spectrum , ran g in g  from  reversib le  a n d  irre 
versib le  form s of acu te  cell in jury , to a d ap ta tio n s  in  cell 
size, g row th , a n d  function , to  largely  u n av o id ab le  conse
quences of aging. R eference is m ad e  to  these m an y  differ
en t a lte ra tions th ro u g h o u t th is book, because all instances

of o rg an  in ju ry  a n d  u ltim ate ly  all cases of clinical disease 
arise from  d eran g em en ts  in  cell s tru c tu re  a n d  function .

SUGGESTED READINGS
C alad o  RT, Y oung  NS: T elom ere  d iseases, N  Engl J M ed  361:2353, 2009. 

[An excellent review o f the basic biology o f telomeres, and how their 

abnormalities m ay contribute to cancer, aging, and other diseases.] 

C h ip u k  JE, M o ld o v e an u  T, L lam bl F, e t al: The BCL-2 fam ily  reu n io n , 

M ol Cell 37:299, 2010. [A review o f the biochemistry and biology o f the 

BCL-2 fam ily  o f apoptosis-regulating proteins.]

C h o i A M K , R yter S, L evine B: A u to p h a g y  in  h u m a n  h e a lth  a n d  

d isease, N  Engl J M ed  368:7, 2013. [An excellent discussion o f the 

mechanisms and significance o f autophagy.]

C o n ra d  M , A n g e li JPF, V andenabeele  P, e t al: R eg u la ted  necrosis: 

d isease  re levance  a n d  th e ra p eu tic  o p p o rtu n itie s , N at Rev D rug  

Discov, 15:348, 2016. [A review o f new ly discovered pathways o f cell death 

and possible therapeutic interventions.]

D o n g  Z, S a ik u m ar P, W ein b erg  JM, e t al: C a lc iu m  in  cell in ju ry  a n d  

d ea th , A n n  Rev Pathol 1:405, 2006. [A review o f the links between 

calcium and cell injury.]

F rey  N , O lso n  EN: C ard iac  h y p e rtro p h y : th e  g o o d , th e  b a d , a n d  the  

u g ly , A n n u  Rev Physiol 65:45, 2003. [Excellent discussion o f the mecha

nism s of muscle hypertrophy, using the heart as the paradigm.] 

H o tch k iss  RS, S trasse r A, M cD u n n  JE, e t al: C ell d ea th , N  Engl J M ed  

361:1570, 2009. [Excellent review of the major pathways o f cell death 

(necrosis, apoptosis, and autophagy-associated death), and their clinical 

implications and therapeutic targeting.]

K en y o n  CJ: The genetics of ageing , N ature  464:504, 2010. [An excellent 

review o f the genes that influence aging, based on human genetic syn 

dromes and studies w ith m u tan t model organisms.]

L am b eth  JD, N e ish  AS: N ox  e n zy m es a n d  n e w  th in k in g  o n  reactive  

oxygen: a  d o u b le -e d g ed  sw o rd  rev is ited , A n n  Rev Pathol M ech Dis 

9:47, 2014. [A discussion o f reactive oxygen species and their roles in 

physiology and cell injury.]

L o pez-O tin  C , B lasco M A , P a rtr id g e  L, e t al: The h a llm ark s  of ag ing , 

Cell 153:1194, 2013. [A landmark review that suggests nine hallmarks of 

aging and directions fo r  fu tu re  research.]

M a rq u e z  FC, V olovik  Y, C o h en  E: The ro les o f ce llu la r a n d  o rg an ism a l 

ag ing  in  th e  d e v e lo p m en t of la te -o n se t m alad ie s, A n n  Rev Pathol 

M ech Dis 10:1, 2015. [A review o f the m any ways by which cellular aging 

contributes to the development o f chronic diseases.]

M cK innell IW , R u d n ick i M A: M olecu lar m ech an ism s of m u sc le  

a tro p h y , Cell 119:907, 2004. [Discussion o f the mechanisms o f cellular 

atrophy.]

N a th a n  C , C u n n in g h am -B u sse l A: B eyond  ox id ativ e  stress: an  

im m u n o lo g is t 's  g u id e  to  reac tive  o xygen  species, N at Rev Im m unol 

13:349, 2013. [An excellent modern review o f the production, catabolism, 

targets, and actions o f reactive oxygen species, and their roles in 

inflammation.]

N e w g a rd  CB, S h a rp less  NE: C o m in g  of age: m o lecu la r d riv e rs  of 

ag ing  a n d  th e ra p eu tic  o p p o rtu n itie s , J Clin Invest 3:946, 2013. [A

sum m ary of key molecular pathways in aging.]

O akes SA, P a p a  FR: The ro le  of en d o p lasm ic  re tic u lu m  stress  in  

h u m a n  p a th o lo g y , A n n  Rev Pathol M ech Dis 10:173, 2015. [An up-to- 

date review o f the unfolded protein response and the pathogenic importance 

o f cell in jury  caused by misfolded proteins.]

T osh  D , S lack JM: H o w  cells ch an g e  th e ir p h e n o ty p e , N at Rev M ol Cell 

Biol 3:187, 2002. [Review o f metaplasia and the roles of stem cells and 

genetic reprogramming.]

V an d en  B erghe T, L in k e rm an n  A, Jo u a n -L an h o u e t S, e t al: R eg u la ted  

necrosis: th e  e x p an d in g  n e tw o rk  of n o n -a p o p to tic  cell d e a th  p a th 

w ays, N at Rev M ol Cell Biol 15:135, 2014. [A current review o f various 

form s o f programmed non-apoptotic pathways of cell death.]

http://ebooksmedicine.net

http://ebooksmedicine.net


See Targeted Therapy available online at stu d en tco nsu lt.co m C H A P T E R

Inflammation and Repair 3
C H A P T E R  O U T L I N E

O v e rv ie w  o f  In flam m atio n : D e fin itio n s  

and G e n e ra l Features 5 7

Causes o f  In flam m atio n  59

R ecognition  o f  M icro b es  and D am aged  

C ells  59

A c u te  In flam m atio n  60

Reactions o f Blood Vessels in Acute 

Inflammation 60

Leukocyte Recruitment to Sites o f 

Inflammation 62

Phagocytosis and Clearance o f the Offending 

Agent 66

Leukocyte-Mediated Tissue Injury 69

Other Functional Responses o f Activated 

Leukocytes 70

Termination o f the Acute Inflammatory 

Response 70

M e d ia to rs  o f  In flam m atio n  70

Vasoactive Amines: Histamine and Serotonin 71 

Arachidonic Acid Metabolites 71 

Cytokines and Chemokines 73 

Complement System 75 

Other Mediators o f Inflammation 77 

M o rp h o lo g ic  P atterns o f  A c u te  

In flam m atio n  78  

Serous Inflammation 78 

Fibrinous Inflammation 78 

Purulent (Suppurative) Inflammation, Abscess 78 

Ulcers 79

O u tc o m e s  o f A c u te  In flam m atio n  79

C h ro n ic  In flam m atio n  81

Causes o f Chronic Inflammation 81 

Morphologic Features 81 

Cells and Mediators o f Chronic 

Inflammation 82

System ic Effects o f  In flam m atio n  86  

T issue R e p a ir 8 7

Overview o f Tissue Repair 87 

Cell and Tissue Regeneration 88 

Repair by Scarring 89 

Factors That Impair Tissue Repair 93 

Clinical Examples o f Abnormal Wound Healing 

and Scarring 93

OVERVIEW OF INFLAMMATION: 
DEFINITIONS A N D  GENERAL 
FEATURES

Inflam m ation is a response o f vascularized tissu es to 
in fection s and tissu e dam age that brings cells and m ol
ecu les o f h ost d efen se from  the circulation to the sites  
w here they  are need ed , to elim inate the o ffen d in g  agents.
A lth o u g h  in  com m on  m ed ical a n d  lay parlance, in flam m a
tion  suggests a h a rm fu l reaction , it is ac tually  a p ro tective  
response  th a t is essen tia l for surv ival. It serves to  rid  the 
h o st of bo th  the in itial cause of cell in ju ry  (e.g., m icrobes, 
toxins) an d  the consequences of such  in ju ry  (e.g., necrotic 
cells a n d  tissues). The m ed ia to rs  of defense  inc lude  p h ag o 
cytic leukocytes, an tibod ies, a n d  com plem en t p ro te in s  (Fig.
3.1). M ost o f these norm ally  circu late  in  the  b lood, w here  
they are  sequestered  so they canno t dam age n o rm al tissues 
b u t can  be rap id ly  rec ru ited  to  any  site in  the body. Som e of 
the cells invo lved  in  in flam m ato ry  responses also  reside  in  
tissues, w h e re  they  function  as sen tinels on  the  lookou t for 
th reats. The p rocess of in flam m ation  delivers leukocytes 
an d  p ro te in s  to  fo reign  invaders, such  as m icrobes, an d  to 
d am ag ed  or necro tic  tissues, an d  it activates the  recru ited  
cells an d  m olecules, w h ich  th en  function  to  e lim inate  the 
h a rm fu l o r u n w a n te d  substances. W ith o u t in flam m ation , 
infections w o u ld  go unchecked , w o u n d s  w o u ld  never

heal, a n d  in ju red  tissues m ig h t rem ain  p e rm a n e n t fester
in g  sores.

The typ ical in flam m ato ry  reaction  develops th ro u g h  a 
series o f sequen tia l steps:
• The o ffend ing  agent, w h ich  is located  in  ex travascu lar 

tissues, is recogn ized  by  ho st cells a n d  m olecules.
• L eukocytes a n d  p lasm a  p ro te in s  a re  rec ru ited  from  the 

c ircu la tion  to  the site w h ere  the o ffend ing  ag en t is 
located.

• The leukocytes a n d  p ro te in s  are activa ted  an d  w o rk  
together to  destroy  a n d  e lim inate  the  o ffend ing  
substance.

• The reaction  is con tro lled  a n d  te rm inated .
• The d am ag ed  tissue is repa ired .

Inflam m ation m ay be o f tw o types, acute and chronic 
(Table 3.1). The initial, ra p id  response  to  infections and  
tissue dam ag e  is called  acute inflammation. It typically  
d evelops w ith in  m in u te s  o r h o u rs  a n d  is o f sh o rt d u ra tion , 
la s ting  for several h o u rs  o r a few  days. Its m ain  character
istics are the ex u d a tio n  of flu id  an d  p lasm a  p ro te in s  
(edem a) a n d  the  em ig ra tion  of leukocytes, p red o m in an tly  
n eu tro p h ils  (also called  p o ly m o rp h o n u c lea r leukocytes). 
W hen  acu te  in flam m ation  achieves its desired  goal of elim 
in a tin g  the offenders, the  reaction  subsides a n d  resid u a l 
in ju ry  is repa ired . B ut if the  in itial response  fails to  clear 
the  s tim ulus, the  reaction  p rog resses  to  a p ro trac ted  type
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Fig. 3.1 Sequence of events in an inflammatory reaction. Macrophages 
and other cells in tissues recognize microbes and damaged cells and 
liberate mediators, which trigger the vascular and cellular reactions of inflam
mation. Recruitment of plasma proteins from the blood is not shown.

of in flam m ation  th a t is called chronic inflammation. A s d is
cussed  la te r in  th is chap ter, chronic in flam m ation  m ay 
follow  acu te  in flam m ation  or arise de  novo . It is o f longer 
d u ra tio n  an d  is associa ted  w ith  m ore  tissue destruction , 
the p resence of lym phocy tes a n d  m acrophages, the  pro lif
e ra tion  of b lood  vessels, a n d  fibrosis.

Inflam m ation is  in d u ced  b y  chem ical m ediators that 
are produced by h ost cells in  response to injurious  
stim uli. W h en  a m icrobe en ters a tissue o r the tissue is

Table 3.1 Features of A cu te  and Chronic Inflam m ation

F e a tu re A c u te C h ro n ic

Onset Fast: minutes or 
hours

Slow: days

Cellular infiltrate Mainly neutrophils Monocytes/macrophages 
and lymphocytes

Tissue injury, 
fibrosis

Usually mild and 
self-limited

May be severe and 
progressive

Local and systemic 
signs

Prominent Less

in ju red , the  p resence of the  infection  or dam age is sensed  
by res id en t cells, in c lu d in g  m acrophages, d en d ritic  cells, 
m ast cells, a n d  o ther cell types. These cells secrete m ol
ecules (cytokines a n d  o th e r m ed iato rs) th a t induce  an d  
reg u la te  the su b seq u en t in flam m atory  response. Inflam 
m ato ry  m ed ia to rs  a re  also  p ro d u ced  from  p lasm a  p ro te in s  
th a t react to  the  m icrobes o r to  p ro d u c ts  of necrotic cells. 
Som e of these m ed ia to rs  p ro m o te  the efflux of p lasm a 
an d  the  rec ru itm en t of c ircu la ting  leukocytes to  the site 
w h ere  the o ffend ing  ag en t is located . M edia to rs also  acti
va te  the rec ru ited  leukocytes, en h ancing  the ir ab ility  to 
d estro y  a n d  rem ove the  o ffend ing  agent. U n d e rs tan d in g  
the  ro le  o f chem ical m ed ia to rs  is im p o rta n t because m ost 
an ti-in flam m ato ry  d ru g s  ta rge t specific m ed ia to rs. W e 
shall d iscuss the m ed ia to rs  of in flam m ation  in  deta il later, 
after w e  rev iew  the  m ain  steps in  in flam m atory  reactions.

The external m anifestations o f inflam m ation, often  
called  its cardinal sign s, are heat (calor in  Latin), redness  
(rubor), sw e llin g  (tumor), pain  (dolor), and lo ss  o f func
tio n  (functio laesa). The first fo u r of these w ere  described  
m ore  th a n  2000 y ears  ago  by a R om an  encycloped ist nam ed  
C elsus, w h o  w ro te  the  then-fam ous text D e M edicina, an d  
the  fifth  w as  a d d e d  in  the la te  19th cen tu ry  by R udolf 
V irchow , k n o w n  as the "fa th e r of m o d e rn  patho logy ."  
These m an ifesta tions occur as consequences o f the  v ascu lar 
changes a n d  leukocyte rec ru itm en t a n d  activation , as w ill 
be ev id en t from  the  d iscussion  th a t follow s.

A lthough  norm ally  protective, in  som e situations, the  
inflammatory reaction becom es the cause o f d isease, 
and the dam age it produces is its dom inant feature. For 
exam ple, inflam m atory  reactions to  infections are  often 
accom panied by local tissue dam age an d  its associated signs 
an d  sym ptom s (e.g., p a in  an d  functional im pairm ent). Typi
cally, how ever, these harm fu l consequences are self-lim ited 
an d  resolve as the in flam m ation  abates, leaving little o r no  
perm anen t dam age. In contrast, there are m any  diseases in  
w hich  the in flam m atory  reaction  is m isd irected  (e.g., against 
self tissues in  au to im m une diseases), occurs against norm ally  
harm less env ironm ental substances th a t evoke a n  im m une 
response (e.g., in  allergies), o r is excessively p ro longed  (e.g., 
in  infections by m icrobes th a t resist eradication).

In flam m ato ry  reactions u n d erlie  com m on  chronic d is
eases, such  as rh eu m ato id  arth ritis , a therosclerosis, an d  
lu n g  fibrosis, as w ell as life -th reaten ing  hypersensitiv ity  
reactions to  insect bites, d rugs, a n d  toxins (Table 3.2). For 
this reason  o u r pharm acies ab o u n d  w ith  anti-inflam m atory  
d rugs, w h ich  ideally  w o u ld  con tro l the  h a rm fu l sequelae 
of in flam m ation  y e t n o t in terfere  w ith  its beneficial effects. 
In  fact, in flam m ation  m ay  con tribu te  to  a varie ty  of d is
eases th a t a re th o u g h t to  be p rim arily  m etabolic, degenera 
tive, o r genetic d iso rders, such  as type  2 d iabetes, A lzheim er 
d isease, a n d  cancer. H ence, an ti-in flam m ato ry  d ru g s  m ay  
w ell hav e  a b ro ad e r ro le  th an  cu rren tly  ind ica ted . In  rec
ogn ition  of the w id e-ran g in g  h arm fu l consequences of 
in flam m ation , the  lay p ress  has  ra th e r m elodram atica lly  
re ferred  to it as " th e  silen t killer."

N o t on ly  excessive in flam m ation  b u t also  defective 
in flam m ation  is responsib le  for serious illness. Too little 
in flam m ation , w h ich  is typically  m an ifested  by  increased  
suscep tib ility  to infections, is m ost o ften  caused  by a 
red u ced  n u m b er of leukocytes resu ltin g  from  rep lacem en t 
of the  bone m arro w  by  cancers a n d  su p p ress io n  of the
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Table 3.2 Disorders Caused by In flam m ato ry  Reactions

D isorders
C ells  and M olecules  Involved in 
In ju ry

A c u te

Acute respiratory 
distress syndrome

Neutrophils

Asthma Eosinophils; IgE antibodies

Glomerulonephritis Antibodies and complement; neutrophils, 
monocytes

Septic shock Cytokines

C hronic

Arthritis Lymphocytes, macrophages; antibodies?

Asthma Eosinophils; IgE antibodies

Atherosclerosis Macrophages; lymphocytes

Pulmonary fibrosis Macrophages; fibroblasts

Listed are selected examples of diseases in which the inflammatory response plays a 
significant role in tissue injury. Some, such as asthma, can present with acute 
inflammation or a chronic illness with repeated bouts of acute exacerbation. These 
diseases and their pathogenesis are discussed in relevant chapters.

m arro w  by the rap ies  for cancer a n d  g raft rejection. Recall 
th a t leukocytes, the cells of the in flam m atory  response, 
arise  from  p ro g en ito rs  in  the bone m arrow , hence an y  com 
prom ise  of m a rro w  function  w ill d im in ish  the  generation  
of m a tu re  leukocytes. Inherited  genetic  abnorm alities of 
leukocyte  function  are  ra re  d iso rd e rs  b u t they  p ro v id e  
valuab le  in fo rm ation  ab o u t the  m echan ism s of leukocyte 
responses. These cond itions are described  in  C h ap te r 5, in  
the  contex t of im m unodefic iency  diseases.

Inflam m ation is term inated w h en  the o ffen d in g  agent 
is  elim inated . The reaction  reso lves because m ed ia to rs  are  
b roken  d o w n  a n d  d issipa ted , a n d  leukocytes have sh o rt 
life spans in  tissues. In  ad d itio n , an ti-in flam m ato ry  m echa
n ism s are  activated , serv ing  to  contro l the  response  an d  
p re v e n t it from  causing  excessive dam age  to  the host. A fter 
in flam m ation  has ach ieved  its goal of e lim inating  the 
o ffend ing  agents, it sets in to  m o tion  the p rocess of tissue 
repair. R epair consists o f a series of even ts th a t heal dam aged  
tissue. In  th is process, the  in ju red  tissue is rep laced  th ro u g h  
regeneration o f su rv iv in g  cells a n d  filling o f res id u a l defects 
w ith  connective tissue (scarring).

This ch ap te r describes the  e tio logy of a n d  stim uli for 
in flam m ation , a n d  th en  the  sequence of events, m ed ia to rs, 
an d  m orp h o lo g ic  p a tte rn s  of acu te  in flam m ation . This is 
fo llow ed by a d iscussion  of chronic in flam m ation , a n d  then  
the process o f tissue repair.

CAUSES OF INFLAMM ATION

In flam m atory  reactions m ay  be triggered  by a varie ty  of 
stim uli:
• Infections (bacterial, v iral, fungal, parasitic) an d  m icro 

bial toxins a re  am o n g  the  m o s t com m on  a n d  m edically  
im p o rta n t causes of in flam m ation . D ifferent in fectious 
p a th o g en s elicit d istinct in flam m ato ry  responses, from  
m ild  acu te  in flam m ation  th a t causes little o r no  lasting  
dam age a n d  successfully  e rad icates the  infection, to 
severe system ic reactions th a t can  be fatal, to p ro lo n g ed  
chronic reactions th a t cause extensive tissue in jury . The

m orpho log ic  p a tte rn  of the response  can  be u sefu l in  
iden tify ing  its etiology, as d iscussed  la te r in  th is chapter.

• T issue necrosis elicits in flam m ation  regard less of the 
cause  of cell dea th , w h ich  m ay  inc lude  ischemia (reduced  
b lood  flow , the cause  of m yocard ia l infarction), trauma, 
a n d  physical and chemical injury  (e.g., th e rm al in jury , as 
in  b u rn s  or frostbite; irrad ia tion ; exposu re  to  som e env i
ro n m en ta l chem icals). Several m olecu les re leased  from  
necro tic  cells a re  k n o w n  to trigger in flam m ation ; som e 
of these are  described  later.

• Foreign b od ies (splin ters, d irt, su tu res) m ay  elicit 
in flam m ation  by them selves or because they  cause 
trau m atic  tissue in ju ry  o r carry  m icrobes. E ven  som e 
en d o g en o u s substances stim ula te  po ten tia lly  harm fu l 
in flam m ation  if large  am o u n ts  are  d ep o sited  in  tissues; 
such  substances inc lude  u ra te  crystals (in  the d isease 
gout), a n d  cholesterol crystals (in atherosclerosis).

• Im m une reactions (also called  hypersensitivity) are  reac
tions in  w h ich  the no rm ally  p ro tective  im m u n e  system  
dam ages the in d iv id u a l's  o w n  tissues. The in ju rious 
im m u n e  responses m ay  be d irec ted  aga in st self an ti
gens, causing  autoimmune diseases, o r m ay  be in ap p ro 
p ria te  reactions ag a in st en v iro n m en ta l substances, as in  
allergies, o r ag a in st m icrobes. In flam m ation  is a m ajor 
cause of tissue in jury  in  these  d iseases (C hap ter 5). 
Because the stim uli for the  in flam m ato ry  responses in  
au to im m u n e  a n d  allerg ic d iseases (self a n d  env iron 
m en ta l an tigens) canno t be e lim inated , these reactions 
tend  to  be p e rs is ten t an d  difficult to  cure, are  o ften  asso 
ciated  w ith  ch ron ic  in flam m ation , an d  are  im p o rtan t 
causes of m o rb id ity  a n d  m orta lity .

R E C O G N IT IO N  OF MICROBES A N D  
DAMAGED CELLS

The first step in  inflam m atory responses is  the recogni
tio n  o f m icrobes and necrotic cells b y  cellular receptors 
and circulating proteins. The cells a n d  recep to rs th a t rec
ognize  in v ad e rs  evo lved  as ad ap ta tio n s  of m u ltice llu la r 
o rgan ism s to  the p resence of m icrobes in  the  env ironm ent, 
an d  the  responses they  trigger are  critical for surv ival.
• Cellular receptors fo r  microbes. P hagocytes, d en d ritic  cells 

(cells in  ep ithe lia  a n d  all tissues w h o se  function  is to 
cap tu re  m icrobes), an d  m an y  o ther cells express recep 
to rs th a t detect the p resence of in fectious pa thogens. 
The best defined  of these recep to rs belong  to  the fam ily 
of Toll-like receptors (TLRs), w h ich  are n am ed  for the 
fo u n d in g  m em ber, Toll, a  gene th a t w as  d iscovered  in  
D rosoph ila  (C hap ter 5). TLRs are  located  in  p lasm a 
m em b ran es a n d  endosom es, so they  are  able to  detect 
ex tracellu lar an d  ingested  m icrobes. O ther m icrobial 
sensors are p re se n t in  the  cy top lasm  of cells. TLRs rec
ognize m otifs com m on  to m an y  m icrobes, o ften  called 
pathogen -assoc ia ted  m o lecu lar p a tte rn s  (PAM Ps). Rec
ogn ition  of m icrobes by these  recep to rs s tim ula tes the 
p ro d u c tio n  a n d  expression  of a n u m b er of secreted  and  
m em b ran e  p ro te ins. These p ro te in s  include cy tokines 
th a t in d u ce  in flam m ation , an ti-v ira l cy tokines (in terfer
ons), a n d  cy tok ines a n d  m em b ran e  p ro te in s  th a t 
p ro m o te  lym phocy te  ac tiva tion  a n d  even  m ore  p o ten t 
im m u n e  responses. W e w ill re tu rn  to TLRs in  m ore
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deta il in  C h ap te r 5, w h e n  w e  d iscuss in n a te  im m un ity , 
the  early  defense ag a in st infections.

• Sensors o f cell damage. A ll cells have  cytosolic recep to rs 
th a t recognize m olecu les th a t a re  libera ted  o r a lte red  as 
a  consequence of cell dam age, a n d  are  hence ap p ro p ri
a te ly  called  dam age-associa ted  m olecu lar p a tte rn s  
(DAM Ps). These m olecu les inc lude  u ric  acid  (a p ro d u c t 
o f D N A  breakdow n), ATP (released  from  dam aged  
m itochondria), red u ced  in trace llu la r K+ concen tra tions 
(reflecting loss of ions because of p lasm a  m em brane  
in jury), D N A  (w hen  it is re leased  in to  the cy top lasm  an d  
n o t sequestered  in  nuclei, as it shou ld  be norm ally), and  
m an y  o thers. The recep to rs  activate  a m u ltip ro te in  cyto
solic com plex called the  inflammasome, w h ich  induces 
the  p ro d u c tio n  of the cytokine in terleukin-1  (IL-1). IL-1 
rec ru its  leukocytes a n d  th u s  in d u ces in flam m ation  (dis
cussed  later). G ain-of-function  m u ta tio n s  in  the  cyto
solic recep to rs are the cause of ra re  d iseases k n o w n  as 
autoinflammatory syndromes th a t a re  charac terized  by 
sp o n tan eo u s in flam m ation ; IL-1 an tagon ists  are effec
tive trea tm en ts  for these d iso rders. The in flam m asom e 
also  has been  im p licated  in  in flam m atory  reactions to 
u ra te  crystals (the cause of gout), cho lestero l crystals (in 
a therosclerosis), lip id s (in  m etabolic  synd rom e and  obe
sity-associated  diabetes), an d  am ylo id  d ep o sits  in  the 
b ra in  (in A lzheim er d isease). These d iso rd ers  a re  d is
cussed  in  re levan t chapters.

• Circulating proteins. Several p lasm a  p ro te in s  recognize 
m icrobes an d  function  to  destro y  b lood-borne m icrobes 
and  to s tim ula te  in flam m ation  a t tissue sites of infection. 
The complement system  reacts ag a in st m icrobes a n d  p ro 
duces m ed ia to rs  of in flam m ation  (d iscussed  later). A 
c ircu la ting  p ro te in  called mannose-binding lectin recog
n izes m icrobial sugars  an d  p rom otes  ingestion  of 
m icrobes an d  ac tiva tion  of the  co m plem en t system . 
O th e r p ro te in s  called collectins a lso  b in d  to m icrobes an d  
p ro m o te  their phagocytosis.

^ S U M M A R Y

G E N E R A L  F E A T U R E S  A N D  C A U S E S  

O F  I N F L A M M A T I O N

• In flam m atio n  is a benefic ial host response to  foreign  invaders  

and n ec ro tic  tissue, b u t also may cause tissue dam age.

• T h e  main co m p o n en ts  o f in flam m ation  a re  a vascu lar reaction  

and a ce llu la r response; bo th  a re  ac tiva ted  by m e d ia to rs  th a t  

are  d erived  fro m  plasm a p ro te in s  and various  cells.

• T h e  steps o f  th e  in fla m m a to ry  response can be re m e m b e re d  

as th e  five  Rs: (1) recogn ition  o f  th e  in jurious agent, (2 ) re c ru it 

m e n t o f  leukocytes, (3 ) rem oval o f th e  agent, (4 ) regulation  

(c o n tro l)  o f th e  response, and (5 ) reso lu tion  (re p a ir ).

• T h e  causes o f  in flam m ation  include in fections, tissue necrosis, 

foreign  bodies, tra u m a , and im m un e  responses.

• Epithelial cells, tissue m acrophages and d en d ritic  cells, leuko 

cytes, and o th e r  cell types  express re c e p to rs  th a t  sense th e  

presence  o f m icrobes  and n ec ro tic  cells. C ircu la tin g  p ro te ins  

recogn ize  m icrob es  th a t  have e n te re d  th e  b lo o d .

• T h e  o u tc o m e  o f acu te  in flam m ation  is e ith e r  e lim ination  o f  

th e  n ox iou s  stim ulus fo llo w e d  by decline o f  th e  reaction  and 

re p a ir  o f  th e  dam aged tissue, o r  p ers is ten t in ju ry  resulting in 

chron ic  in flam m atio n .

ACUTE INFLAMM ATION

Acute inflam m ation has three major com ponents: (1) d ila
tio n  o f sm all v esse ls , lead in g  to an increase in  b lo o d  flow ,
(2) increased perm eability  o f the m icrovasculature, 
en ab lin g  plasm a proteins and leukocytes to leave the  
circulation, and (3) em igration o f the leukocytes from  the  
m icrocirculation, their accum ulation in  the focus of 
injury, an d  their activation  to elim inate the o ffen d in g  
agent (Fig. 3.1). W h en  an  in ju rious agent, such  as an  infec
tious m icrobe or d ead  cells, is encoun tered , phagocy tes 
th a t reside  in  all tissues try  to  elim inate  these agents. A t 
the sam e tim e, phagocy tes an d  o th e r sen tinel cells in  the 
tissues recognize the  p resence of the fo reign  o r abno rm al 
substance an d  react by  libera ting  soluble m olecu les th a t 
m ed ia te  in flam m ation . Som e of these m ed ia to rs  act on  
sm all b lood vessels in  the v icin ity  an d  p ro m o te  the efflux 
of p lasm a  an d  the  rec ru itm en t o f c ircu la ting  leukocytes to 
the  site w h ere  the o ffend ing  ag en t is located.

Reactions of Blood Vessels in Acute Inflammation

The vascular reactions o f acute inflam m ation consist  
o f changes in  the flow  o f b lood  and the perm eability  
o f v esse ls , both  d esign ed  to m axim ize the m ovem ent of  
plasm a proteins and leukocytes out o f the circulation and  
in to the site o f in fection  or injury. The escape of fluid, 
p ro te in s, a n d  b lood  cells from  the vascu lar system  in to  
in te rstitia l tissues o r bo d y  cavities is k n o w n  as exudation 
(Fig. 3.2). A n  exudate is a n  ex travascu lar flu id  th a t has  a 
h ig h  p ro te in  concen tra tion  a n d  contains cellu lar debris. Its 
p resence im plies th a t there  is a n  increase in  the  perm eab il
ity  of sm all b lood  vessels, typically  d u r in g  a n  in flam m a
to ry  reaction . In  contrast, a transudate is a flu id  w ith  low  
p ro te in  conten t, little  o r no  cellu lar m ateria l, a n d  low  spe
cific g rav ity . It is essen tia lly  a n  u ltra filtra te  o f b lood  p lasm a 
th a t is p ro d u c e d  as a re su lt of osm otic  o r h y d ro sta tic  im bal
ance across vessels w ith  n o rm al vascu lar perm eab ility  
(C hap ter 4). Edema deno tes a n  excess of flu id  in  the in te r
stitia l tissue or serous cavities; it can  be e ithe r a n  exu d a te  
o r a tran su d a te . Pus, a  purulent exudate , is a n  in flam m atory  
exu d a te  rich  in  leukocytes (m ostly  neu troph ils), the debris 
of d ead  cells, and , in  m any  cases, m icrobes.

Changes in Vascular Flow and  C aliber

C hanges in  vascu lar flow  a n d  caliber beg in  early  after 
in ju ry  a n d  consist of the  follow ing:
• V asodilation  is induced  by the action of several m edia 

tors, notably  histam ine, on  vascu lar sm ooth  m uscle. It is 
one of the earliest m anifestations of acute inflam m ation, 
a n d  m ay  be p receded  by  transien t vasoconstriction. 
V asodilation  first involves the arterioles an d  then  leads 
to  the open ing  of new  capillary beds in  the area. The 
resu lt is increased blood flow , w h ich  is the cause of heat and  
redness (erythema) a t the site o f inflam m ation.

• V asod ila tion  is qu ick ly  fo llow ed  by increased  p erm ea 
bility  of the m icrovascu la tu re , w ith  the  o u tp o u rin g  of 
p ro te in -rich  flu id  (an  exudate) in to  the ex travascu lar 
tissues.

• The loss of flu id  a n d  increased  vessel d iam eter lead  to 
slow er b lood  flow , concen tra tion  of red  cells in  sm all
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A .  NORMAL

B . EXUDATE
(high protein content, and 
may contain some white 
and red cells)

C .  TRANSUDATE
(low protein content, few cells)

Increased hydrostatic pressure 
(venous outflow obstruction, 

[e.g., congestive heart failure])

Decreased colloid osmotic pressure 
(decreased protein synthesis [e.g., liver disease]; 
increased protein loss [e.g., kidney disease]; 
protein malnutrition [e.g., kwashiokor])

Fluid leakage

Fig. 3.2 Formation of exudates and transudates. (A) Normal hydrostatic pressure (blue arrow) is about 32 mm Hg at the arterial end of a capillary bed and 
12 mm Hg at the venous end; the mean colloid osmotic pressure of tissues is approximately 25 mm Hg (green arrow), which is equal to the mean capillary 
pressure. Therefore, the net flow of fluid across the vascular bed is almost nil. (B) An exudate is formed in inflammation because vascular permeability increases 
as a result of retraction of endothelial cells, creating spaces through which fluid and proteins can pass. (C) A transudate is formed when fluid leaks out because 
of increased hydrostatic pressure or decreased osmotic pressure.

vessels, an d  increased  viscosity  of the  b lood. These 
changes re su lt in  stasis o f b lood  flow, en g o rg em en t of 
sm all vessels jam m ed  w ith  slow ly m o v in g  red  cells, 
seen  h isto logically  as vascular congestion an d  externally  
as localized  red n ess  (erythema) of the in vo lved  tissue.

• A s stasis develops, b lood leukocytes, principally  neu tro 
phils, accum ulate along  the vascu lar endothelium . A t the 
sam e tim e endothelia l cells are activated  by m ed iato rs 
p ro d u ced  at sites of infection a n d  tissue dam age, and  
express increased  levels of adhesion  m olecules. Leuko
cytes then  adhere  to  the endothelium , an d  soon after
w a rd  they m igrate  th ro u g h  the  vascu lar w all in to  the 
in terstitia l tissue, in  a sequence th a t is described later.

Increased Vascular Perm eability  (Vascular Leakage)

Several m echan ism s are  responsib le  for increased  vascu lar
perm eab ility  in  acu te  in flam m ation  (Fig. 3.3), w h ich  include:
• Retraction o f endothelial cells re su ltin g  in  o p en in g  of in te r

endo the lia l spaces is the  m ost com m on  m echan ism  of 
vascu lar leakage. It is elicited by h istam ine, b radyk in in , 
leukotrienes, a n d  o ther chem ical m ed ia to rs. It occurs 
rap id ly  after exposu re  to  the  m ed ia to r (w ith in  15 to 30 
m inu tes) a n d  is u sua lly  short-lived ; hence, it is re ferred  
to as the im m ed ia te  transien t response, to  d is tin g u ish  it 
from  the  de layed  p ro lo n g ed  response  th a t follow s e n d o 
thelial in jury , described  next. The m ain  sites for th is 
ra p id  increase in  vascu la r perm eab ility  are  postcap illa ry  
venules.

• Endothelial injury, re su ltin g  in  endo the lia l cell necrosis 
a n d  de tachm ent. D irect dam ag e  to  the en d o th e liu m  is 
enco u n te red  in  severe injuries, for exam ple, in  b u rn s, o r 
is in d u ced  by  the  actions of m icrobes a n d  m icrobial

A  NORMAL

Leukocytes 

Plasma proteins 

Endothelium

Vessel lumen

Tissues

B  RETRACTION OF 
ENDOTHELIAL 
CELLS

• Induced by histamine,
other mediators

• Rapid and short-lived
(minutes)

C  ENDOTHELIAL INJURY

• Caused by burns, some
microbial toxins

• Rapid; may be long-lived
(hours to days)

Fig. 3.3 Principal mechanisms of increased vascular permeability in inflam
mation and their features and underlying causes.
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toxins th a t ta rge t endo the lia l cells. N eu tro p h ils  th a t 
ad h e re  to  the en d o th e liu m  d u rin g  in flam m ation  m ay 
also  in jure the endo the lia l cells a n d  th u s  am plify  the 
reaction . In  m o st in stances leakage sta rts  im m ediate ly  
after in jury  a n d  is su sta ined  for several h o u rs  u n til the 
d am ag ed  vessels a re  th rom bosed  o r repa ired .

• Increased tran sp o rt of flu ids an d  proteins, called trans- 
cytosis, th ro u g h  the endothelial cell. This process, docu
m en ted  in  experim ental m odels, m ay  involve in tracellu lar 
channels tha t open  in  response to certain  factors, such  as 
vascu lar endothelial g row th  factor (VEGF), th a t p rom ote  
vascu lar leakage. Its con tribu tion  to  the  vascu lar perm e
ability  seen in  acu te inflam m ation  in  h u m an s is unclear.

A lth o u g h  these m echan ism s of increased  vascu lar p e r
m eability  a re  described  separate ly , all p robab ly  con tribu te  
in  v a ry in g  degrees in  responses to  m ost stim uli. For exam ple, 
a t d ifferen t stages of a th e rm a l bu rn , leakage resu lts  from  
endo the lia l re trac tion  caused  by in flam m atory  m ed ia to rs  
a n d  direct a n d  leukocy te -d ep en d en t endo the lia l in jury .

Responses o f  Lym phatic Vessels and  Lym ph Nodes

In  a d d itio n  to  b lood  vessels, lym phatic  vessels also  partic i
pa te  in  acu te  in flam m ation . The system  of lym phatics and  
ly m p h  n o d es filters a n d  polices the ex travascu lar flu ids. 
L ym phatics d ra in  the sm all am o u n t of ex travascu lar flu id  
th a t seeps o u t of cap illaries u n d e r  n o rm al circum stances. 
In  in flam m ation , ly m p h  flow  is increased  to  help  d ra in  
ed em a flu id  th a t accum ula tes because of increased  vascu 
lar perm eab ility . In  a d d itio n  to  fluid, leukocytes a n d  cell 
debris, as w ell as m icrobes, m ay  find  the ir w ay  in to  lym ph . 
L ym phatic  vessels, like b lood  vessels, p ro lifera te  d u rin g  
in flam m atory  reactions to  h an d le  the  increased  load. The 
lym phatics  m ay  becom e secondarily  in flam ed  (lymphangi
tis), as m ay  the  d ra in in g  ly m p h  n o d es (lymphadenitis). 
In flam ed ly m p h  n o d es a re  o ften  en la rg ed  because of 
increased  cellu larity . This conste lla tion  of patho log ic  
changes is te rm ed  reactive, o r inflammatory, lymphadenitis 
(C hap ter 12). For clinicians the presence of re d  streaks near 
a sk in  w o u n d  is a  tellta le  sign  o f a n  in fection  in  the  w o u n d . 
This streak ing  fo llow s the  course of the  ly m phatic  channels 
a n d  ind ica tes the p resence of lym phang itis; it m ay  be 
accom pan ied  by  p a in fu l en largem en t o f the  d ra in in g  
ly m p h  nodes, ind ica ting  lym phaden itis .

Leukocyte Recruitment to Sites of Inflammation

Leukocytes that are recruited to sites o f inflam m ation  
perform  the key function o f elim inating the offen d in g
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V A S C U L A R  R E A C T I O N S  I N  

A C U T E  I N F L A M M A T I O N

• Vasodila tion  is induced by in fla m m a to ry  m e d ia to rs  such as 

histam ine (described  la te r), and is th e  cause o f  e ry th e m a  and 

stasis o f  b lo o d  flow .

• Increased vascu lar p e rm e a b ility  is induced by h istam ine, kinins, 

and o th e r  m e d ia to rs  th a t  p ro d u ce  gaps b e tw e e n  end oth elia l 

cells, by d ire c t o r  leuko cyte -in du ced  end oth elia l injury, and by 

increased passage o f  fluids th rou gh  th e  e n d o th e liu m .

• Increased vascu lar p e rm e a b ility  a llow s plasm a p ro te in s  and 

leukocytes, th e  m e d ia to rs  o f host defense, to  e n te r  sites o f 

in fection o r  tissue dam age. Fluid leak fro m  b lo o d  vessels (e x u 

d ation ) results in edem a.

• Lym phatic vessels and lym ph nodes also a re  involved in in flam 

m atio n , and o ften  sho w  redness and swelling.

agents. The m ost im p o rtan t leukocytes in  typical inflam m a
tory  reactions are the ones capable of phagocytosis, nam ely, 
neu troph ils  an d  m acrophages. N eu troph ils  are p ro d u ced  in  
the  bone m arro w  an d  rap id ly  recru ited  to  sites of inflam m a
tion. M acrophages are slow er responders. The principal 
functions of these cell types differ in  subtle b u t im portan t 
w a y s —neu troph ils  use  cytoskeletal rearrangem ents and  
enzym e assem bly to  m o u n t rap id , transien t responses, 
w hereas m acrophages, being long-lived, m ake slow er bu t 
m ore p ro longed  responses tha t often  rely on  n ew  gene tran 
scrip tion  (Table 3.3). M acrophages are  d iscussed  in  m ore 
detail later, in  the  context of chronic inflam m ation. These 
leukocytes ingest an d  destroy  bacteria an d  o ther m icrobes, 
as w ell as necrotic tissue an d  foreign substances. M acro
phages also p roduce  g row th  factors th a t a id  in  repair. A 
price tha t is p a id  for the defensive potency of leukocytes is 
that, w h e n  strongly  activated, they  m ay  induce  tissue 
dam age a n d  p ro long  inflam m ation, because the  leukocyte 
p ro d u c ts  th a t destroy m icrobes an d  help  "clean  u p "  necrotic 
tissues can also p roduce  "collateral dam age" of n o rm al host 
tissues. W hen  there is system ic activation  of inflam m ation, 
as m ay  occur w h en  there is invasion of the  b loodstream  by 
bacteria, the  resu lting  system ic inflam m atory  response m ay 
even  be lethal.

The journey o f leukocytes from  the v esse l lu m en  to 
the tissu e  is  a  m ultistep  process that is m ediated  and  
controlled  by ad h esion  m olecu les and cytokines. L euko
cytes no rm ally  flow  rap id ly  in  the  b lood, a n d  in  in flam m a
tion, they  have  to  be s to p p ed  a n d  th e n  b ro u g h t to  the  
o ffend ing  agen t o r the  site o f tissue  dam age, o u ts id e  the  
vessels. This p rocess can  be d iv id ed  in to  phases, consisting  
first of a d h esio n  of leukocytes to  en d o th e liu m  a t the  site of 
in flam m ation , th e n  tran sm ig ra tio n  of the  leukocytes 
th ro u g h  the  vessel w all, a n d  m ovem en t of the  cells to w ard  
the  o ffend ing  agent. D ifferen t m olecu les p lay  im p o rtan t 
ro les in  each  of these steps (Fig. 3.4).

Leukocyte Adhesion to Endothelium

W hen b lood  flow s from  capillaries in to  postcap illary  
venules, c ircu la ting  cells a re  sw ep t by  lam inar flow  against 
the  vessel w all. R ed cells, being  sm aller, ten d  to  m ove 
faster th a n  the  la rger w h ite  cells. A s a resu lt, red  cells are  
confined  to  the  cen tra l axial co lum n, a n d  leukocytes are  
p u sh e d  o u t to w a rd  the  w all of the  vessel, b u t the  flow  
p rev en ts  the  cells from  a ttach ing  to  the  en do the lium . As 
the  b lood  flow  slow s early  in  in flam m ation  (stasis), hem o
dynam ic  cond itions change (w all shear stress decreases), 
an d  m ore w h ite  cells a ssum e a p e rip h e ra l position  
a long  the  endo the lia l surface. This p rocess o f leukocyte 
red is trib u tio n  is called  margination. By m ov ing  close to  the 
vessel w all, leukocytes are able to  detect a n d  react to  
changes in  the  endo the lium . If the  endo the lia l cells are  
ac tivated  by  cy tok ines a n d  o th e r m ed ia to rs  p ro d u ced  
locally, they  express ad h esio n  m olecu les to  w h ich  the
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Table 3.3 Properties of N eutrophils and Macrophages

N eu tro p h ils M acrophages

Origin HSCs in bone marrow • HSCs in bone marrow (in inflammatory reactions)
• Many tissue-resident macrophages: stem cells in yolk 

sac or fetal liver (early in development)

Life span in tissues 1-2 days Inflammatory macrophages: days or weeks 
Tissue-resident macrophages: years

Responses to activating stimuli Rapid, short-lived, mostly degranulation 
and enzymatic activity

More prolonged, slower, often dependent on new gene 
transcription

• Reactive oxygen species Rapidly induced by assembly of phagocyte 
oxidase (respiratory burst)

Less prominent

• Nitric oxide Low levels or none Induced following transcriptional activation of iNOS

• Degranulation Major response; induced by cytoskeletal 
rearrangement

Not prominent

• Cytokine production Low levels or none Major functional activity, requires transcriptional 
activation of cytokine genes

• NET formation Rapidly induced, by extrusion of nuclear 
contents

No

• Secretion of lysosomal enzymes Prominent Less

HSC, Hematopoietic stem cells; iNOS, inducible nitric oxide synthase; NET, neutrophil extracellular traps.
This table lists the major differences between neutrophils and macrophages. The reactions summarized above are described in the text. Note that the two cell types share many 
features, such as phagocytosis, ability to migrate through blood vessels into tissues, and chemotaxis.

leukocytes a ttach  loosely. These cells b in d  a n d  de tach  an d  
th u s  beg in  to  tum ble  o n  the  endo the lia l surface, a p rocess 
called  ro lling . The cells finally  com e to  rest a t som e p o in t 
w h ere  they adhere firm ly  (resem bling  pebbles over w h ich  
a s tream  ru n s  w ith o u t d is tu rb in g  them ).

The a ttach m en t of leukocytes to  endo the lia l cells is 
m ed ia ted  by com plem en tary  ad h esio n  m olecu les on  the 
tw o  cell types w hose  expression  is en hanced  by  cytokines. 
C ytokines are  secreted  by cells in  tissues in  response  to 
m icrobes a n d  o ther in ju rious agents, th u s  en su rin g  th a t 
leukocytes are rec ru ited  to  the tissues w h ere  these stim uli 
are  p resen t. The tw o  m ajor fam ilies o f m olecu les invo lved  
in  leukocyte ad h esio n  an d  m ig ra tio n  are  the selectins an d  
in teg rin s  (Table 3.4). These m olecu les are exp ressed  on  
leukocytes a n d  endo the lia l cells, as a re  their ligands.
• Selectins  m ediate the in itia l w eak  interactions b etw een  

leukocytes and endothelium . Selectins a re  recep to rs 
expressed  on  leukocytes a n d  en d o th e liu m  th a t con ta in  
a n  ex tracellu lar d o m ain  th a t b in d s sugars  (hence the 
lectin  p a r t  of the  nam e). The th ree  m em bers of this 
fam ily  a re  E -selectin (also called  CD62E), expressed  on  
endo the lia l cells; P -selectin  (CD62P), p re sen t o n  p la te 
lets a n d  endo the lium ; a n d  L -selectin  (CD62L), fo u n d  
o n  the surface of m ost leukocytes. The ligands for selec- 
tins are  sialic ac id -con ta in ing  o ligosaccharides b o u n d  to 
g lycopro te in  backbones. The endo the lia l selectins are 
typically  exp ressed  a t low  levels o r n o t a t all o n  un ac 
tiva ted  en do the lium , a n d  are  u p re g u la te d  after stim 
u la tio n  by cy tok ines a n d  o th er m ed ia to rs. Therefore, 
b in d in g  of leukocytes is largely  restric ted  to the e n d o 
th e liu m  a t sites o f in fection  or tissue in ju ry  (w here  the 
m ed ia to rs  are p roduced ). For exam ple, in  un ac tiv a ted  
endo the lia l cells, P-selectin  is fo u n d  p rim arily  in  in tra 
cellu lar W eibel-Palade bodies; how ever, w ith in  m inu tes  
o f exposu re  to m ed ia to rs  such  as h istam ine or th rom bin , 
P-selectin  is d is tr ib u ted  to  the cell surface. Sim ilarly, 
E -selectin an d  the lig an d  for L-selectin a re  expressed  on  
en d o th e liu m  only  after s tim u la tio n  by IL-1 an d  tu m o r

necrosis factor (TNF), cy tok ines th a t are  p ro d u ced  by 
tissue m acrophages, d en d ritic  cells, m ast cells, an d  
endo the lia l cells them selves fo llow ing  encoun ters w ith  
m icrobes a n d  d ead  tissues. (These a n d  o ther cy tokines 
a re  described  in  m ore deta il later.) Leukocytes express 
L -selectin  a t the  tip s of their m icrovilli a n d  a lso  express 
lig an d s for E- a n d  P-selectins, a ll o f w h ich  b in d  to  the 
com plem en tary  m olecu les on  the endo the lia l cells. These 
a re  low -affinity  in teractions w ith  a fast off rate, a n d  they 
are  easily  d is ru p te d  by the flow ing  blood. A s a resu lt, 
the b o u n d  leukocytes b ind , detach, a n d  b in d  again, 
an d  th u s  beg in  to  ro ll a long  the  endo the lia l surface. 
These w eak  selectin -m ed iated  ro lling  in te rac tions slow  
d o w n  the leukocytes a n d  give th em  the  o p p o rtu n ity  
to  recognize ad d itio n a l ad h esio n  m olecu les on  the 
endo the lium .

• Firm ad h esion  o f leukocytes to en d oth eliu m  is m edi
ated by a fam ily  o f leukocyte surface proteins called
integrins. In teg rins a re  tran sm em b ran e  tw o-chain  gly
copro te ins th a t m ed ia te  the adh esio n  of leukocytes to 
en d o th e liu m  a n d  of va rio u s cells to  the ex tracellu lar 
m atrix . They are n o rm ally  expressed  on  leukocyte 
p lasm a m em branes in  a  low -affin ity  fo rm  a n d  do  n o t 
ad h ere  to  their specific ligands u n til the  leukocytes are  
ac tivated  by  chem okines. C hem okines are chem oattrac 
tan t cy tok ines th a t are secreted  by m any  cells a t sites of 
in flam m ation , b in d  to  endo the lia l cell p ro teoglycans, 
an d  are d isp layed  a t h ig h  concen tra tions on  the endo 
thelial surface. W h en  the ro lling  leukocytes encoun ter 
the d isp layed  chem okines, the cells are activated , an d  
their in teg rin s  u n d e rg o  confo rm ational changes an d  
c luster together, th u s  converting  to  a h igh-affin ity  form . 
A t the sam e tim e, o ther cytokines, no tab ly  TNF an d  
IL-1, activate  endo the lia l cells to increase their expres
sion of ligands for in teg rins. These ligands inc lude  in te r
cellu lar ad h esio n  m olecule-1 (ICAM-1), w h ich  b in d s  to 
the in teg rin s leukocyte  func tion -assoc ia ted  antigen-1  
(LFA-1) (also called  CD11aCD18) a n d  m acrophage-1
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ROLLING

INTEGRIN ACTIVATION  
BY CHEMOKINES

STABLE
ADHESION

MIGRATION
THROUGH

ENDOTHELIUM

PECAM-1 
■ (CD31)

Fibrin and fibronectin 
(extracellular matrix)

Fig. 3 . 4  The multistep process of leukocyte migration through blood vessels, shown here for neutrophils. The leukocytes first roll, then become activated 
and adhere to endothelium, then transmigrate across the endothelium, pierce the basement membrane, and move toward chemoattractants emanating from 
the source of injury. Different molecules play predominant roles at each step of this process: selectins in rolling; chemokines (usually displayed bound to 
proteoglycans) in activating the neutrophils to increase avidity of integrins; integrins in firm adhesion; and CD3I (PECAM-1) in transmigration. I C A M - I ,  Inter
cellular adhesion molecule-1; P E C A M - I  ( C D 3 I ) ,  platelet endothelial cell adhesion molecule-1; T N F , tumor necrosis factor.

Table 3.4 Endothelial and Leukocyte Adhesion Molecules

F am ily M o lecu le D is tr ib u tio n Ligand

Selectin L-selectin (CD62L) Neutrophils, monocytes 
T cells (naïve and central memory) 
B cells (naïve)

Sialyl-Lewis X/PNAd on GlyCAM-I, CD34, MAdCAM-I, others; 
expressed on endothelium (HEV)

E-selectin (CD62E) Endothelium activated by cytokines (TNF, 
IL-1)

Sialyl-Lewis X  (e.g., CLA) on glycoproteins; expressed on 
neutrophils, monocytes, T cells (effector, memory)

P-selectin (CD62P) Endothelium activated by cytokines (TNF, 
IL-1), histamine, or thrombin; platelets

Sialyl-Lewis X  on PSGL-I and other glycoproteins; expressed on 
neutrophils, monocytes, T cells (effector, memory)

Integrin LFA-1 (C D IIaC D I8) Neutrophils, monocytes, T cells (naïve, 
effector, memory)

ICAM-I (CD54), ICAM-2 (CDI02); expressed on endothelium 
(upregulated on activated endothelium)

MAC-1 (C D IIbC D I8) Monocytes, DCs ICAM-I (CD54), ICAM-2 (CDI02); expressed on endothelium 
(upregulated on activated endothelium)

VLA-4 (CD49aCD29) Monocytes
T cells (naïve, effector, memory)

VCAM-I (CDI06); expressed on endothelium (upregulated on 
activated endothelium)

a4ß7 (CD49DCD29) Monocytes
T cells (gut homing naïve effector, memory)

VCAM-I (CDI06), MAdCAM-I; expressed on endothelium in 
gut and gut-associated lymphoid tissues

|g CD3I Endothelial cells, leukocytes CD3I (homotypic interaction)

CLA, Cutaneous lymphocyte antigen-1; GiyCAM-i, glycan-bearing cell adhesion molecule-1; HEV, high endothelial venule; ICAM, intercellular adhesion molecule; Ig immunoglobulin; 
IL-1, interleukin-1 ; MAdCAM-i, mucosal adhesion cell adhesion molecule-1; PSGL-i, P-selectin glycoprotein ligand-1; TNF, tumor necrosis factor; VCAM, vascular cell adhesion 
molecule.
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an tig en  (Mac-1) (CD11bCD18), an d  vascu lar cell ad h e 
sion m olecule-1 (VCAM-1), w h ich  b inds to  the  in teg rin  
very  late antigen-4  (VLA-4) (Table 3.4). The com bination  
of cy tok ine-induced  expression  of in teg rin  ligands on  
the en d o th e liu m  a n d  increased  affinity  of in teg rin s  on  
the leukocytes resu lts  in  firm  in teg rin -m ed ia ted  b in d in g  
of the leukocytes to  the en d o th e liu m  a t the site of inflam 
m ation . The leukocytes stop  ro lling , a n d  en g agem en t of 
in teg rin s by  the ir ligands delivers signals lead in g  to 
cytoskeletal changes tha t a rrest the leukocytes and  
firm ly a ttach  th em  to the endo the lium .

The m ost te lling  p ro o f o f the im portance  of leukocyte 
ad h esio n  m olecu les is the  existence of genetic  deficiencies 
in  these  m olecu les th a t resu lt in  recu rren t bacteria l infec
tions as a  consequence of im p a ired  leukocyte ad h esio n  an d  
defective in flam m ation . These leukocyte  ad h esio n  defi
ciencies a re  described  in  C h ap te r 5.

Leukocyte M ig ra tio n  Through Endothelium

A fter being  a rrested  o n  the  endo the lia l surface, leukocytes 
m ig ra te  th ro u g h  the  vessel w a ll p rim arily  by squeezing  
be tw een  cells a t in te rce llu la r junctions. This ex travasa tion  
of leukocytes, called  transmigration, occurs m ain ly  in  po st
cap illary  venu les, the site a t w h ich  there  is m ax im al retrac 
tion  of endo the lia l cells. F u rth e r m o v em en t of leukocytes 
is d riv en  by chem okines p ro d u c e d  in  ex travascu lar tissues, 
w h ich  stim ula te  leukocytes to  travel a long  a chem ical gra
d ien t (described  shortly). In  ad d itio n , p la te le t endo the lia l 
cell a d h esio n  m olecule-1 (PECAM -1) (also called  CD31), an  
ad h esio n  m olecule of the im m u n o g lo b u lin  (Ig) superfam 
ily expressed  on  leukocytes a n d  endo the lia l cells, m ed i
ates the b in d in g  even ts n e ed ed  for leukocytes to  traverse  
the end o th e liu m . A fter trav ersin g  the en do the lium , leuko 
cytes p ierce  the b asem en t m em brane , p robab ly  by secret
ing  collagenases, an d  they  en te r the ex travascu lar tissue. 
Typically, the vessel w all is n o t in ju red  d u rin g  leukocyte 
transm igra tion .

C hem otaxis o f  Leukocytes

A fter exiting  the  circulation , leukocytes m ove in  the  tissues 
to w ard  the  site o f in jury  by a p rocess called chemotaxis, 
w h ich  is defined  as locom otion  a long  a chem ical g rad ien t. 
B oth exogenous a n d  e n d o g en o u s  substances can  act as che
m oattrac tan ts, in c lu d in g  the follow ing:
• B acterial p ro d u c ts , p a rticu la rly  p e p tid e s  w ith  N- 

fo rm y lm eth ion ine  term in i
• C ytokines, especially  those  of the  chem okine fam ily
• C om ponen ts  o f the co m plem en t system , p a rticu la rly  C5a
• P roducts of the lipoxygenase p a th w ay  of arachidonic 

acid (AA) m etabolism , particu larly  leukotriene B4 (LTB4)

These chem oattrac tan ts are p ro d u c e d  by m icrobes an d  
by  host cells in  response to  infections an d  tissue dam age and  
d u r in g  im m unolog ic  reactions. A ll act by  b in d in g  to  seven- 
tran sm em b ran e  G  p ro te in -co u p led  recep to rs o n  the surface 
of leukocytes. S ignals in itia ted  from  these recep to rs activate 
second  m essengers tha t induce  po ly m eriza tio n  of actin, 
re su ltin g  in  increased  am o u n ts  a t the  lead in g  edge  of the  cell 
a n d  localization  of m yosin  filam ents a t the back. The leuko 
cyte m oves by  ex tend ing  filopodia  th a t p u ll the back of the 
cell in  the d irection  of extension, m u ch  like the fron t w hee ls

p u ll an  au tom obile  w ith  fron t-w heel d rive . The ne t resu lt is 
tha t leukocytes m ig ra te  to w ard  the in flam m atory  s tim u lus 
in  the  d irec tion  of the locally p ro d u ced  chem oattractan ts.

The nature o f the leukocyte infiltrate varies w ith  the age 
o f the inflammatory response and the type of stim ulus. In 
m ost form s of acute inflam m ation, neu troph ils  p redom inate  
in  the inflam m atory  infiltrate d u rin g  the first 6 to 24 hou rs 
an d  are  g radually  replaced by m onocyte-derived  m acro
phages over 24 to 48 h o u rs  (Fig. 3.5). There are several reasons 
for the early  p reponderance  of neutrophils: they are m ore 
n um erous in  the b lood than  o ther leukocytes, they respond  
m ore rap id ly  to chem okines, an d  they m ay  attach  m ore 
firm ly to the adhesion  m olecules tha t are rap id ly  induced  on  
endothelial cells, such  as P- an d  E-selectins. A fter en tering  
tissues, neu troph ils  are short-lived; they u n d erg o  apoptosis 
an d  d isappear w ith in  24 to 48 hours. M acrophages no t only 
surv ive longer b u t also m ay  proliferate in  the tissues, and  
thus they becom e the d om inan t pop u la tio n  in  pro longed  
inflam m atory  reactions. There are, how ever, exceptions to 
this stereotypic p a tte rn  of cellular infiltration. In  certain  
in fections—for exam ple, those p ro d u ced  by Pseudomonas 
b ac teria—the cellular infiltrate is dom inated  by neu troph ils  
for several days; in  v iral infections, lym phocytes m ay  be the 
first cells to  arrive; som e hypersensitiv ity  reactions are  dom i
n a ted  by activated  lym phocytes, m acrophages, an d  p lasm a 
cells (reflecting the im m une response); an d  in  allergic reac
tions, eosinophils m ay  be a p rom inen t cell type.

The m olecu lar u n d e rs ta n d in g  of leukocyte  recru itm en t 
an d  m ig ra tio n  has p ro v id e d  a large  n u m b er of po ten tia l 
the rapeu tic  ta rge ts for con tro lling  h arm fu l in flam m ation . 
A gents that b lock  TNF, one o f the major cytok ines in  
leukocyte recruitm ent, are am ong the m ost successfu l 
therapeutics ever d evelop ed  for chronic inflam m atory  
diseases, an d  an tag o n ists  of leukocyte in teg rin s  are  
a p p ro v ed  for in flam m atory  d iseases a n d  are  being  tested  
in  clinical trials. P red ictab ly , these an tagon ists  n o t only  
have the  desired  effect o f con tro lling  the  in flam m ation  b u t 
can  also  com prom ise  the  ab ility  o f trea ted  p a tien ts  to 
defend  them selves aga in st m icrobes, w h ich , o f course, is 
the physio log ic  function  of the in flam m atory  response.

f t  S U M M A R Y

L E U K O C Y T E  R E C R U I T M E N T  T O  S IT E S  

O F  I N F L A M M A T I O N

• Leukocytes a re  re c ru ite d  fro m  th e  b lo o d  in to  th e  extravascu 

lar tissue w h e re  infectious pathogens o r  dam aged tissues may 

be located , m ig ra te  to  th e  site o f in fection  o r  tissue injury, and  

are  activa ted  to  p e r fo rm  th e ir  functions.

• Leu kocy te  re c ru itm e n t is a m u ltis tep  process consisting o f 

loose a tta c h m e n t to  and ro lling  on en d o th e liu m  (m e d ia te d  by 

selectins); f irm  a tta c h m e n t to  en d o th e liu m  (m e d ia te d  by in te 

grins); and m ig ra tion  th ro u g h  in te re n d o th e lia l gaps.

• V ariou s  cytok ines  p ro m o te  th e  expression  o f  selectins and 

in tegrin  ligands on en d o th e liu m  (T N F , IL -1 ), increase th e  avidity  

o f integrins fo r  th e ir  ligands (ch em o k in es ), and p ro m o te  d ire c 

tio n a l m ig ra tion  o f  leukocytes (also chem ok in es ). T issue m ac

rophages and o th e r  cells responding  to  th e  pathogens o r  

dam aged tissues p ro d u ce  m any o f  th e s e  cytokines.

• N e u tro p h ils  p re d o m in a te  in th e  early  in fla m m a to ry  in filtra te  

and a re  la te r rep laced  by m o n o cy tes  and m acrophages.
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Fig. 3 . 5  Nature of leukocyte infiltrates in inflammatory reactions. The photomicrographs show an inflammatory reaction in the myocardium after ischemic 
necrosis (infarction). (A) Early (neutrophilic) infiltrates and congested blood vessels. (B) Later (mononuclear) cellular infiltrates. (C) The approximate kinetics 
of edema and cellular infiltration. For simplicity, edema is shown as an acute transient response, although secondary waves of delayed edema and neutrophil 
infiltration also can occur.

Phagocytosis and Clearance of 
the Offending Agent

R ecognition  o f m icrobes or dead cells induces several 
responses in  leukocytes that are co llectively  ca lled  leuko
cyte activation  (Fig. 3.6). A fter leukocytes (particu larly  
n eu tro p h ils  a n d  m onocytes) have  been  rec ru ited  to  a site

of infection  o r tissue in ju ry  they  m u s t be ac tivated  to 
p e rfo rm  their functions. This m akes perfect sense because, 
w h ile  w e  w a n t o u r d efenders  to  p a tro l o u r bo d y  constantly , 
it w o u ld  be w astefu l to  keep  th em  a t a h ig h  level of a le rt 
a n d  ex p en d in g  energy  before they  are requ ired . The func
tional responses th a t a re  m o st im p o rta n t for destruc tion  
of m icrobes a n d  o ther o ffenders a re  phagocy tosis an d

Recognition 
of microbes, 

mediators

Cellular
response

Functional
outcomes

Microbe

Chemokines
W-formyl-
methionyl
peptides

Cytoskeletal changes, 
signal transduction

V
Increased 

integrin avidity

Adhesion to 
endothelium

f
Chemotaxis

V
Migration 

into tissues

Production of 
mediators 

(e.g., arachidonic 
acid metabolites, 

cytokines)

Production of reactive 
oxygen species (ROS); 

lysosomal enzymes

n____________

Phagocytosis of 
microbe into 
phagosome

_____ n

Microbicidal activity of leukocytes

V
Amplification of the 

inflammatory reaction
Killing of microbes

Fig. 3.6 Leukocyte activation. Various types of leukocyte cell surface receptors recognize different agonists. Once stimulated, the receptors initiate 
responses that mediate leukocyte functions. Only some receptors are depicted (see text for details). LPS first binds to a circulating LPS-binding protein (not 
shown). fFN-y, Interferon-y; LPS, lipopolysaccharide.
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A  1. RECOGNITION AND ATTACHMENT 
Microbes bind to 

phagocyte receptors

Fig. 3.7 Phagocytosis and intracellular destruction of microbes. (A) Phagocytosis of a particle (e.g., a bacterium) involves binding to receptors on the leukocyte 
membrane, engulfment, and fusion of the phagocytic vacuoles with lysosomes. This is followed by destruction of ingested particles within the phagolysosomes 
by lysosomal enzymes and by reactive oxygen and nitrogen species. (B) In activated phagocytes, cytoplasmic components of the phagocyte oxidase enzyme 
assemble in the membrane of the phagosome to form the active enzyme, which catalyzes the conversion of oxygen into superoxide ( O - ) and H2O2. Myelo
peroxidase, present in the granules of neutrophils, converts H2O2 to hypochlorite. (C) Microbicidal reactive oxygen species (ROS) and nitric oxide (NO) kill 
ingested microbes. During phagocytosis, granule contents may be released into extracellular tissues (not shown). iNOS, Inducible NO synthase; MPO, myelo
peroxidase; ROS, reactive oxygen species.

in trace llu la r k illing. Several o ther responses a id  in  the 
defensive functions of in flam m ation  a n d  m ay  con tribu te  to 
its in ju rious consequences.

Phagocytosis

P hagocytosis in vo lves three sequentia l steps: (1) recogni
tio n  and attachm ent o f the particle to be in gested  b y  the  
leukocyte; (2) engu lfm ent, w ith  su b seq u en t form ation of  
a phagocytic vacuole; and (3) k illin g  or degradation o f the  
in gested  m aterial (Fig. 3.7). These steps are  triggered  by 
activa tion  of phagocy tes by m icrobes, necrotic debris, an d  
various m ed iato rs.

Recognition by Phagocytic Receptors. M annose recep tors, 
scavenger recep tors, an d  recep to rs for v a rio u s opson ins b ind  
an d  in g est m icrobes. The m acrophage  m annose  recep to r is 
a  lectin  th a t b in d s  te rm inal m annose  a n d  fucose residues 
of g lycopro te ins a n d  glycolip ids. These su g ars  a re  typically  
p a r t  o f m olecu les fo u n d  on  m icrobial cell w alls, w h ereas 
m am m alian  g lycopro te ins a n d  glyco lip ids con ta in  term i
na l sialic acid  o r N -acety lgalactosam ine. Therefore, the

m an n o se  recep to r recognizes m icrobes a n d  n o t ho st cells. 
Scavenger recep to rs b in d  a n d  in g est low -density  lipop ro 
te in  (LDL) p artic les as w ell as a  varie ty  of m icrobes. The effi
ciency of phagocy tosis  is greatly  enhanced  w h e n  m icrobes 
a re  opso n ized  (coated) by  specific p ro te in s  (opsonins) 
for w h ich  the  phagocy tes express h igh-affin ity  recep tors. 
The m ajor opson ins a re  im m u n o g lo b u lin  (Ig)G an tib o d 
ies, the C3b b re ak d o w n  p ro d u c t o f com plem en t activa
tion, a n d  certa in  p lasm a lectins, no tab ly  m annose-b ind ing  
lectin, all o f w h ich  are recogn ized  by  specific recep to rs on  
leukocytes.

Engulfment. A fter a p artic le  is b o u n d  to  phagocy te  recep 
tors, ex tensions of the cy top lasm  (p seudopods) flow  
a ro u n d  it, an d  the p lasm a  m em brane  p inches off to  fo rm  a 
cytosolic vesicle (phagosom e) th a t encloses the  particle. 
The phagosom e th en  fuses w ith  lysosom es, re su ltin g  in  the 
d ischarge  of lysosom al con ten ts in to  the  phago lysosom e 
(Fig. 3.7). D u rin g  th is p rocess the  phagocy te  also  m ay 
release som e g ranu le  con ten ts in to  the extracellu lar space, 
thereby  d am ag in g  innocen t b y s tan d er n o rm al cells.
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68 CHAPTER 3 Inflammation and Repair

In trace llu lar Destruction o f  M icrobes and  D ebris  

The k illin g  o f m icrobes and the destruction o f in gested  
m aterials are accom plished  by reactive oxygen  species  
(ROS, also called  reactive oxygen  interm ediates), reactive 
nitrogen  species, m ain ly  derived from  nitric oxide (NO), 
and lysosom al enzym es (Fig. 3.7). This is the  final step  
in  the e lim ination  of in fectious agen ts a n d  necrotic cells. 
The k illing  an d  d e g rad a tio n  of m icrobes a n d  e lim ination  
of dead-cell deb ris  w ith in  n eu tro p h ils  a n d  m acrophages 
occur m ost efficiently after their activation . A ll these k illing  
m echan ism s are no rm ally  sequestered  in  lysosom es, to 
w h ich  p hagocy tosed  m ateria ls  are b rough t. T hus, p o ten 
tially  h a rm fu l substances a re  seg regated  from  the  cell's 
cy top lasm  an d  nucleus to  avo id  dam age  to  the phagocyte  
w h ile  it is pe rfo rm in g  its no rm al function .

R ea c tive  O xygen Species. ROS are  p ro d u c e d  by the  rap id  
assem bly  a n d  ac tiva tion  of a m u ltico m p o n en t enzym e, 
phagocy te  ox idase  (also called  N A D P H  oxidase), w h ich  
ox id izes N A D P H  (reduced  n ico tinam ide-aden ine  d in u 
cleotide pho sp h a te ) and , in  the  process, red u ces oxygen  
to  the superox ide  an io n  (O2 ) (Fig. 3.7B). In  neu troph ils , 
th is  ox idative  reaction  is tigh tly  linked  to  phagocytosis, 
a n d  is called  the respiratory burst. P hagocyte  ox idase is an  
enzym e com plex consisting  of a t least seven  p ro te in s. In 
restin g  neu troph ils , d ifferen t com ponen ts o f the enzym e 
are  located  in  the p lasm a  m em brane  a n d  the cy top lasm . In 
response  to  activa ting  stim uli, the cytosolic p ro te in  com 
p o n en ts  translocate  to  the ph ag o so m al m em brane, w h ere  
they  assem ble an d  fo rm  the  functional enzym e com plex. 
T hus, the  ROS are  p ro d u c e d  w ith in  the  phago lysosom e, 
w h ere  they  can  act o n  ingested  partic les w ith o u t d am ag 
in g  the ho st cell. O2 so p ro d u ced  is then  converted  in to  
h y d ro g e n  perox ide  (H2O2), m ostly  by sp o n tan eo u s d is
m u ta tion , a p rocess of s im u ltaneous ox ida tion  a n d  red u c 
tion. H 2 O 2  is no t able to  kill m icrobes efficiently by itself. 
H ow ever, the azu roph ilic  g ranu les o f neu tro p h ils  con ta in  
the  enzym e myeloperoxidase (M PO), w hich , in  the  presence 
of a h a lide  such  as Cl-, converts  H 2O2 to hypoch lo rite  (O C l- 
, the active in g red ien t in  ho u seh o ld  bleach). The la tte r is a 
p o te n t an ti-m icrobial ag en t th a t destroys m icrobes by halo- 
genation (in w h ich  the h a lide  is b o u n d  covalen tly  to  cellu lar 
constituen ts) o r by  oxidation o f p ro te in s  a n d  lip id s  (lipid 
perox idation). The H 2 O 2 -M PO -halide system  is the m ost 
efficient bactericidal system  of neu troph ils . N evertheless, 
in h erited  deficiency of M PO  only  causes a  m o d est increase 
in  suscep tib ility  to  infection, em p h asiz in g  the red u n d an cy  
of m icrobicidal m echan ism s in  leukocytes. H 2 O 2  also  is 
converted  to  h y d roxy l rad ical (O H *), an o th er pow erfu l 
destruc tive  agent. A s d iscussed  in  C h ap te r 2, these oxygen- 
de rived  free rad icals  b in d  to  a n d  m odify  cellu lar lip ids, 
p ro te ins, a n d  nucleic acids, a n d  th u s d estro y  cells such  as 
m icrobes.

O xygen-derived  rad icals  m ay  be re leased  ex tracellu 
larly  from  leukocytes after exposu re  to  m icrobes, chem o
kines, a n d  an tig e n -a n tib o d y  com plexes, o r fo llow ing  a 
phagocytic  challenge. These ROS are  im p licated  in  tissue 
dam age accom pany ing  inflam m ation .

Serum , tissue fluids, a n d  ho st cells possess anti-oxidant 
mechanisms th a t p ro tec t ag a in st these po ten tia lly  harm fu l 
oxygen-derived  rad icals. These an ti-ox idan ts are d iscussed  
in  C h ap te r 2; they  inc lude  (1) the enzym e superoxide

dismutase, w h ich  is fo u n d  in  o r can  be ac tiva ted  in  a varie ty  
of cell types; (2) catalase, w h ich  detoxifies H 2O2; a n d  (3) 
glutathione peroxidase, an o th e r p o w erfu l H 2O2 detoxifier. 
The ro le of oxygen -derived  free rad ica ls  in  an y  given 
in flam m ato ry  reaction  d e p en d s  on  the balance be tw een  
p ro d u c tio n  an d  inac tivation  of these m etabo lites by  cells 
an d  tissues.

G enetic defects in  the genera tion  of ROS are the  cause 
of a n  im m unodefic iency  d isease called chronic granuloma
tous disease, d escribed  in  C h ap te r 5.

N itr ic  O xide. N O , a so luble gas p ro d u c e d  from  arg in ine  
by  the ac tion  of n itric  ox ide syn thase  (NOS), also  partic i
p a te s  in  m icrobial killing. There are th ree  d iffe ren t types of 
NOS: endo the lia l (eNOS), n eu ro n a l (nNOS), a n d  inducib le  
(iNOS). eN O S a n d  nN O S are  constitu tively  expressed  a t 
low  levels, a n d  the  N O  they  generate  acts to  m ain ta in  vas
cu lar tone a n d  as a n eu ro tran sm itte r, respectively . iNOS, 
the type  th a t is invo lved  in  m icrobial killing, is expressed  
w h e n  m acrophages are activa ted  by cy tok ines (e.g., IFN-y) 
or m icrobial p ro d u c ts , a n d  induces the p ro d u c tio n  of N O . 
In  m acrophages, N O  reacts w ith  superox ide  (O2) to  gener
a te  the  h igh ly  reactive free rad ica l peroxyn itrite  (ONOO*) 
(Fig. 3.7C). These n itro g en -d eriv ed  free rad icals, sim ilar to 
ROS, a ttack  a n d  dam ag e  the lip ids, p ro te in s, a n d  nucleic 
acids of m icrobes an d  ho st cells.

In  ad d itio n  to  its ro le  as a m icrobicidal substance, N O  
p ro d u ced  by endo the lia l cells relaxes vascu lar sm ooth  
m uscle an d  p ro m o tes  vasod ila tion . It is n o t clear if th is 
action  of N O  p lays a n  im p o rta n t ro le  in  the  vascu lar reac
tions of acu te  in flam m ation .

G ranule E n zym es and  O ther P ro te ins. N eutrophils and  
m onocytes contain  granules packed w ith  enzym es and  
anti-m icrobial proteins that degrade m icrobes and dead  
tissu es and m ay contribute to tissu e dam age. These g ran 
u les a re  actively  secretory  a n d  th u s  d istinct from  classical 
lysosom es. N eu tro p h ils  have  tw o m ain  types of g ranules. 
The sm aller specific (or secondary) g ranu les  con tain  lyso
zym e, collagenase, gelatinase, lactoferrin , p lasm inogen  
activator, h istam inase , an d  alkaline phosp h a tase . The 
la rger azurophil (or p rim ary ) g ranu les con tain  M PO , bacte
ric idal factors (such as defensins), acid  hydro lases, a n d  a 
varie ty  of n eu tra l p ro teases (elastase, ca thepsin  G, no n sp e 
cific collagenases, p ro te inase  3). Phagocytic  vesicles con
ta in ing  engu lfed  m ateria l m ay  fuse w ith  these g ranu les 
(and  w ith  lysosom es, as described  earlier), a n d  the  ingested  
m ateria ls  are  destroyed . In  ad d itio n , b o th  types of g ranu les 
also  u n d e rg o  exocytosis (degranu lation ), lead in g  to  the 
ex tracellu lar release of g ranu le  contents.

D ifferen t g ranu le  enzym es serve d ifferen t functions. 
Acid proteases d eg rad e  bacteria  an d  debris  w ith in  p h ago ly 
sosom es , w h ich  are  acid ified  by m em b ran e-b o u n d  p ro to n  
p u m p s . Neutral proteases are  capable of d eg ra d in g  various 
ex tracellu lar com ponen ts, such  as collagen, b asem en t 
m em brane , fibrin, e lastin , a n d  cartilage, resu ltin g  in  the 
tissue d estru c tio n  th a t accom pan ies in flam m atory  p ro 
cesses. N eu tro p h il e lastase com bats infections by  d eg rad 
ing  v iru lence factors of bacteria. M acrophages also  contain  
acid hydro lases, collagenase, elastase, p hospho lipase , an d  
p lasm inogen  activator.

Because of the  d estruc tive  effects of g ranu le  enzym es, 
the in itia l leukocytic  in filtration , if unchecked , can  p o ten ti
a te fu rth e r in flam m ation  by d am ag in g  tissues. These
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h arm fu l p ro teases, how ever, are no rm ally  con tro lled  by a 
system  of anti-proteases in  the se ru m  a n d  tissue flu ids. Fore
m ost a m o n g  these is a 1-an ti-trypsin , w h ich  is the m ajor 
in h ib ito r of n eu tro p h il e lastase. A  deficiency of these inh ib 
ito rs m ay  lead  to  su sta in ed  action  of leukocyte p ro teases, 
as is the case in  pa tien ts  w ith  a 1-an ti-try p sin  deficiency 
(C hap ter 13).

N eu tro ph il E xtracellu lar Traps

N eutrophil extracellular traps (NETs) are extracellu
lar fibrillar netw orks that concentrate anti-m icrobial 
substances at sites o f in fection  and prevent the spread  
o f the m icrobes by trapping th em  in  the fibrils. They 
are  p ro d u ced  by  n eu tro p h ils  in  response  to  infectious 
p a th o g en s  (m ainly  bacteria  a n d  fungi) a n d  in flam m a
tory  m ed ia to rs  (e.g., chem okines, cytokines, a n d  com ple
m en t p ro teins). The ex tracellu lar trap s consist o f a v iscous 
m esh w o rk  of nuclear ch ro m atin  th a t b in d s  an d  concen
tra tes g ran u le  p ro te in s  such  as an ti-m icrobial p ep tid es  
a n d  enzym es (Fig. 3.8). NETs p ro v id e  a n  ad d itio n a l m ech
an ism  of k illing  m icrobes th a t does n o t involve p h ag o 
cytosis. In  the  p rocess of N ET form ation , the  nucle i of 
the n eu tro p h ils  a re  lost, lead in g  to  the d e a th  of the  cells, 
som etim es called NETosis, rep resen tin g  a d istinctive  fo rm  
of cell d e a th  affecting  neu tro p h ils . NETs also  have  been 
de tected  in  the b lood  d u rin g  sepsis. The nuclear ch rom a
tin  in  the NETs, w h ich  includes h istones a n d  associated  
D N A , m ay  be a source of nuclear an tigens in  system ic 
au to im m u n e  diseases, p a rticu la rly  lu p u s, in  w h ich  ind i
v id u a ls  react ag a in st the ir o w n  D N A  a n d  nucleop ro te in s 
(C hap ter 5).

Leukocyte-Mediated Tissue Injury

Leukocytes are im portant m ediators o f injury to norm al 
cells and tissu es under several circumstances:
• A s p a r t of a n o rm al defense reaction  ag a in st infectious 

m icrobes, w h e n  tissues a t o r near the site of infection  
suffer co llateral dam age. In  som e infections th a t are 
difficult to  erad icate, such  as tubercu losis a n d  certa in  
v ira l d iseases such  as hepatitis , the p ro lo n g ed  ho st 
response  con tribu tes m ore  to  the pa th o lo g y  th a n  does 
the m icrobe itself.

• W hen  the in flam m ato ry  response  is in ap p ro p ria te ly  
d irected  ag a in st h o s t tissues, as in  certa in  au to im m u n e  
diseases.

• W hen  the ho st "hyper-reac ts"  ag a in st u sua lly  harm less 
env ironm en ta l substances, as in  allerg ic d iseases, inc lud 
ing  asthm a, a n d  som e d ru g  reactions.

Leukocytes dam age tissu es by releasing  injurious m ol
ecules. The po ten tia lly  toxic con ten ts of g ranu les  are  
re leased  by leukocytes in to  the extracellu lar m ilieu  by 
several m echanism s. C on tro lled  secretion  of g ranu le  con
ten ts fo llow ing  d eg ran u la tio n  is a n o rm al response  of acti
v a ted  leukocytes. If phagocy tes encoun te r m ateria ls  th a t 
canno t be easily  ingested , such  as im m u n e  com plexes 
d eposited  o n  im m ovab le  flat surfaces (e.g., g lom eru lar 
b asem en t m em brane), the inab ility  of the leukocytes to  su r
ro u n d  a n d  in g est these substances ("fru s tra ted  phagocy to 
sis") triggers stro n g  ac tiva tion  a n d  also  the release of large 
am o u n ts  of g ran u le  enzym es in to  the ex tracellu lar env iron 
m ent. Som e p hagocy tosed  substances, such  as u ra te  an d

A

Fig. 3.8 Neutrophil extracellular traps (NETs). (A) Healthy neutrophils with nuclei stained red and cytoplasm green. (B) Release of nuclear material from 
neutrophils (note that two have lost their nuclei), forming extracellular traps. (C) An electron micrograph of bacteria (staphylococci) trapped in NETs. (From 
Brinkmann V, Zychlinsky A: Beneficial suicide: why neutrophils die to make NETs, Nat Rev Microbiol 5:577,2007, with permission.)
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silica crystals, m ay  dam age  the m em brane  of the  phago lyso 
som e a n d  also  lead  to the release of d am ag in g  contents.

O ther Functional Responses of 
Activated Leukocytes

In  ad d itio n  to  e lim inating  m icrobes a n d  d ead  cells, acti
v a te d  leukocytes p lay  several o ther ro les in  h o st defense. 
Im portan tly , these cells, especially  m acrophages, p ro d u ce  
cy tok ines th a t can  e ithe r am plify  o r lim it in flam m atory  
reactions, g ro w th  factors th a t stim ula te  the p ro life ra tion  
of endo the lia l cells a n d  fibrob lasts a n d  the syn thesis of 
collagen, a n d  enzym es th a t rem o d e l connective tissues. 
Because of these activities, m acrophages also  have  centrial 
ro les in  o rchestra ting  chronic in flam m ation  a n d  tissue 
repa ir, after the in flam m ation  has subsided . These func
tions of m acrophages are  d iscussed  la te r in  the chapter.

In  this d iscussion of acu te inflam m ation, w e  em phasize 
the  im portance of neu troph ils  a n d  m acrophages. H ow ever, 
it has becom e clear th a t som e T  lym phocytes, w h ich  are cells 
of adap tive  im m unity , also contribu te to acute inflam m a
tion. The m ost im p o rtan t of these cells are those tha t p roduce 
the  cytokine IL-17 (so-called "TH17 cells"), w h ich  are dis
cussed  in  m ore detail in  C hap ter 5. IL-17 induces the secre
tion  of chem okines th a t recru it o ther leukocytes. In  the 
absence of effective TH17 responses, ind iv iduals are suscep
tible to fungal an d  bacterial infections, an d  the  sk in  abscesses 
th a t develop are "co ld  abscesses," lacking the classic fea
tu res of acute inflam m ation, such  as w a rm th  an d  redness.

Termination of the Acute Inflammatory Response

Such a p o w erfu l system  of ho st defense, w ith  its inher
en t capacity  to  cause tissue in jury , needs tigh t contro ls to 
m in im ize dam age. In  pa rt, in flam m ation  declines after the 
o ffend ing  agents are rem o v ed  sim p ly  because the  m ed ia 
tors of in flam m ation  are p ro d u c e d  in  ra p id  bu rsts , on ly  as 
long  as the s tim u lu s persists, have  sh o rt half-lives, a n d  are 
d eg ra d e d  after their release. N eu tro p h ils  also  have  sho rt 
half-lives in  tissues a n d  d ie  by  apop tosis  w ith in  h o u rs  to a 
day  or tw o  after leav ing  the b lood. In  add ition , as inflam 
m ation  develops, the  process itself triggers a va rie ty  o f stop  
signals th a t actively  te rm inate  the  reaction . These active 
te rm ination  m echan ism s inc lude  a sw itch  in  the type  of 
a rach idon ic  acid  m etabo lite  p ro d u ced , from  pro in flam m a
to ry  leuko trienes to  an ti-in flam m ato ry  lipoxins (described 
later), a n d  the libera tion  of an ti-in flam m atory  cytokines, 
in c lu d in g  tran sfo rm in g  g ro w th  factor-P (TGF-P) a n d  IL-10, 
from  m acrophages a n d  o ther cells. O ther contro l m echa
n ism s th a t have  been  d em o n stra ted  experim en tally  inc lude  
n eu ra l im pu lses (cholinergic d ischarge), w h ich  inh ib it the 
p ro d u c tio n  of TNF in  m acrophages.

^ S U M M A R Y
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L E U K O C Y T E  A C T I V A T I O N  A N D  R E M O V A L  O F  

O F F E N D I N G  A G E N T S

• Leukocytes can e lim in ate  m icrob es  and dead cells by phagocy

tosis, fo llo w e d  by th e ir  d es tru c tio n  in phagolysosom es.

• D e s tru c tio n  is caused by fre e  radicals (R O S , N O )  g en era ted  

in ac tiva ted  leukocytes and by g ranu le  enzym es.

• N e u tro p h ils  can e x tru d e  th e ir  n uc lear c o n ten ts  to  fo rm  e x tra 

ce llu lar nets th a t  tra p  and d es tro y  m icrobes.

• G ra n u le  enzym es m ay be released in to  th e  e x tra c e llu la r  

e n v iro n m e n t.

• T h e  m echanism s th a t  function  to  e lim in ate  m icrobes  and dead  

cells (th e  physiologic ro le  o f  in flam m atio n ) also a re  capable o f  

dam aging n o rm a l tissues (th e  patho log ic  consequences o f  

in flam m atio n ).

• A n ti- in fla m m a to ry  m e d ia to rs  te rm in a te  th e  acu te  in flam m a

to r y  reaction  w h e n  it is no  lo n g er n eed ed .

MEDIATORS OF INFLAMM ATION

The m ediators o f inflam m ation are the substances that 
in itiate and regulate inflam m atory reactions. A lthough  
the  h a rried  s tu d e n t m ay  find  the  list of m ed ia to rs  d a u n tin g  
(as do  professors!), it is w o rth y  of no te  th a t th is k n ow ledge  
has been  u sed  to  design  a large  a rm am en ta riu m  of an ti
in flam m atory  agen ts th a t are u sed  every  d ay  by m any  
peop le  a n d  w h ich  inc lude  fam iliar d ru g s  such  as asp irin  
a n d  ace tam inophen . The m o st im p o rta n t m ed ia to rs  o f acu te  
in flam m ation  are  vasoactive  am ines, lip id  p ro d u c ts  (p ros
tag land ins an d  leukotrienes), cy tokines (inc lud ing  chem o
kines), a n d  p ro d u c ts  of com plem en t ac tiva tion  (Table 3.5). 
W e beg in  by  su m m ariz in g  the general p ro p ertie s  of the

Table 3.5 Principal M ediators of In flam m ation

M e d ia to r Source A c tio n

Histamine Mast cells, 
basophils, 
platelets

Vasodilation, increased 
vascular permeability, 
endothelial activation

Prostaglandins Mast cells, 
leukocytes

Vasodilation, pain, fever

Leukotrienes Mast cells, 
leukocytes

Increased vascular 
permeability, 
chemotaxis, leukocyte 
adhesion, and activation

Cytokines (TNF, 
IL-1,IL-6)

Macrophages, 
endothelial cells, 
mast cells

Local: endothelial
activation (expression 
of adhesion molecules). 
Systemic: fever, 
metabolic abnormalities, 
hypotension (shock)

Chemokines Leukocytes,
activated
macrophages

Chemotaxis, leukocyte 
activation

Platelet-activating
factor

Leukocytes, mast 
cells

Vasodilation, increased 
vascular permeability, 
leukocyte adhesion, 
chemotaxis, 
degranulation, oxidative 
burst

Complement Plasma (produced 
in liver)

Leukocyte chemotaxis and 
activation, direct target 
killing (membrane attack 
complex), vasodilation 
(mast cell stimulation)

Kinins Plasma (produced 
in liver)

Increased vascular 
permeability, smooth 
muscle contraction, 
vasodilation, pain
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m ed ia to rs  o f in flam m ation  an d  th en  d iscuss som e of the
m ore  im p o rtan t m olecules.
• M ediators m ay be produced loca lly  by cells at the site  

o f inflam m ation, or m ay be derived  from  circulating  
inactive precursors that are activated at the site of  
inflam m ation. Cell-derived mediators a re  rap id ly  re leased  
from  in trace llu la r g ranu les  (e.g., am ines) o r are  syn the
s ized  de  novo  (e.g., p ro stag lan d in s, leukotrienes, cyto
kines) in  response  to  a stim ulus. The major cell types  
that produce m ediators o f acute inflam m ation are 
tissu e  m acrophages, dendritic cells, and m ast cells, b u t 
p latelets, neu tro p h ils , endo the lia l cells, a n d  m o st epi- 
thelia also  can  be in d u ced  to  e laborate  som e of the m ed i
ators. Therefore, cell-derived  m ed ia to rs  a re  m ost 
im p o rta n t for reactions ag a in st o ffend ing  agen ts in  
tissues. Plasma-derived mediators (e.g., co m plem en t p ro 
teins) a re  p re sen t in  the c ircu la tion  as inactive p recu r
sors th a t m u s t be activated , u sua lly  by a series of 
p ro teo ly tic  cleavages, to  acqu ire  their biologic p ro p e r
ties. T hey are  p ro d u ced  m ain ly  in  the  liver, are  effective 
aga in st c ircu la ting  m icrobes, a n d  also  can  be recru ited  
in to  tissues.

• A ctive m ediators are produced on ly  in  response  
to various m olecu les that stim ulate inflam m ation, 
in c lu d in g  m icrobial products an d  substances released  
from  necrotic cells. M any of these  stim uli trigger w ell- 
defined  recep to rs a n d  signaling  pa th w ay s, as described  
earlier. The u su a l req u irem en t for m icrobes o r dead  
tissues as the  in itia ting  s tim u lus ensu res  th a t inflam 
m atio n  is no rm ally  triggered  on ly  w h e n  a n d  w h ere  it is 
needed .

• M ost o f the m ediators are short-lived. They quickly  
decay, o r are  inac tiva ted  by  enzym es, o r they  are  o ther
w ise  scavenged  or inh ib ited . T here is th u s  a system  of 
checks an d  balances th a t regu la tes  m ed ia to r actions. 
These bu ilt-in  con tro l m echan ism s are d iscussed  w ith  
each class o f m ed ia to r.

• O ne m ediator can stim ulate the release o f other m edia
tors. For instance, p ro d u c ts  o f co m plem en t activation  
s tim u la te  the release of h istam ine, a n d  the  cy tok ine TNF 
acts o n  endo the lia l cells to  stim ula te  the p ro d u c tio n  of 
an o th e r cytokine, IL-1, an d  m an y  chem okines. The sec
o n d a ry  m ed ia to rs  m ay  have the  sam e actions as the 
in itial m ed ia to rs  b u t also  m ay  have d iffe ren t a n d  even  
o p p o sin g  activities, th u s  p ro v id in g  m echan ism s for 
am p lify in g —or, in  certa in  instances, co u n te rac tin g —the 
in itial ac tion  of a m ed ia to r.

Vasoactive Amines: Histamine and Serotonin

The tw o major vasoactive am ines, so nam ed because they  
have im portant actions on  b lood  v esse ls , are h is ta m in e  
and sero ton in . They are s to red  as p re fo rm ed  m olecules in  
cells a n d  are therefore  a m o n g  the first m ed ia to rs  to  be 
re leased  d u rin g  in flam m ation . The richest sources of h ista 
m ine  are m ast cells, w h ich  are  no rm ally  p re sen t in  the 
connective tissue ad jacen t to  b lood  vessels. H istam ine  also 
is fo u n d  in  b lood  basoph ils  an d  platelets. It is s to red  in  
m ast cell g ranu les  a n d  is re leased  by d eg ran u la tio n  in  
response  to a varie ty  of stim uli, in c lu d in g  (1) physical 
in jury , such  as traum a, cold, o r heat, by  u n k n o w n  m echa
n ism s; (2) b in d in g  of an tibod ies to  m ast cells, w h ich

un d e rlie s  im m ed ia te  h ypersensitiv ity  (allergic) reactions 
(C hap ter 5); a n d  (3) p ro d u c ts  of com plem en t called  ana- 
phylatoxins (C3a a n d  C5a), described  later. A n tibod ies an d  
com plem en t p ro d u c ts  b in d  to  specific recep to rs o n  m ast 
cells a n d  trigger signaling  p a th w a y s  th a t induce  rap id  
d eg ranu la tion . N e u ro p ep tid es  (e.g., substance P) a n d  cyto
k ines (IL-1, IL-8) also  m ay  trigger release of h istam ine.

H istam ine causes d ila tion  o f arterioles and increases 
the perm eability  o f ven u les. H istam ine  is considered  the 
p rinc ipa l m ed ia to r of the im m ed ia te  tran s ien t p hase  of 
increased  vascu lar perm eab ility , p ro d u c in g  in te ren d o th e 
lial gaps in  postcap illa ry  venu les, as d iscussed  earlier. Its 
vasoactive effects are m ed ia ted  m ain ly  v ia  b in d in g  to 
recep tors, called  H i recep tors, o n  m icrovascu lar en d o th e 
lial cells. The an tih is tam ine  d ru g s  th a t are  com m only  u sed  
to  trea t som e in flam m atory  reactions, such  as allergies, are 
H j recep to r an tagon ists  th a t b in d  to  a n d  block the receptor. 
H istam ine  also  causes con traction  of som e sm ooth  m uscles, 
b u t leuko trienes, described  later, a re  m u ch  m ore  p o ten t 
an d  re lev an t for causing  spasm s of b ronch ial m uscles, for 
exam ple, in  asthm a.

S ero ton in  (5 -hydroxy tryp tam ine) is a p re fo rm ed  vaso
active m ed ia to r p re se n t in  p la te le ts  an d  certa in  n eu ro en 
docrine cells, such  as in  the g astro in testina l tract, an d  in  
m ast cells in  ro d en ts  b u t n o t h u m an s. Its p rim ary  function  
is as a n eu ro tran sm itte r in  the gastro in testina l tract. It also 
is a  vasoconstrictor, b u t the  im portance  of th is action  in  
in flam m ation  is unclear.

Arachidonic Acid Metabolites

The lip id  m ediators p rostag land ins  and leuko trienes  are 
produced from  arachidonic acid  present in  m em brane 
p h osp h o lip id s, and they stim ulate vascular and cellular  
reactions in  acute inflam m ation. A rach idon ic  acid is a 
20-carbon p o ly u n sa tu ra ted  fa tty  acid  th a t is d e riv ed  from  
d ie ta ry  sources or by  conversion  from  the essen tia l fatty  
acid  linoleic acid. M ost cellu lar a rach idon ic  acid  is esteri- 
fied a n d  in co rp o ra ted  in to  m em brane  p h o spho lip id s . 
M echanical, chem ical, a n d  physical stim uli o r o ther m ed ia 
to rs (e.g., C5a) trigger the release of a rach idon ic  acid  from  
m em branes by activa ting  cellu lar phospho lipases, m ain ly  
p h o sp h o lip ase  A2. O nce freed  from  the  m em brane , arachi- 
don ic  acid  is rap id ly  converted  to  b ioactive m ed ia to rs. 
These m ed ia to rs, also  called  eicosanoids (because they are 
d e riv ed  from  20-carbon fa tty  acids; G reek eicosa = 20), are 
syn thesized  by  tw o  m ajor classes o f enzym es: cyclooxygen
ases (w hich  generate  p ro stag lan d in s) a n d  lipoxygenases 
(w hich  p ro d u ce  leuko trienes an d  lipoxins) (Fig. 3.9). Eico- 
sano ids b in d  to  G  p ro te in -co u p led  recep to rs o n  m an y  cell 
types a n d  can  m ed ia te  v irtua lly  every  step  of in flam m ation  
(Table 3.6).

Prostaglandins

P rostag land ins  (PGs) are produced by m ast cells, macro
phages, endothelia l ce lls , and m any other cell types, and  
are in vo lved  in  the vascular and system ic reactions of 
inflam m ation. They are  g enera ted  by  the actions of tw o 
cyclooxygenases called COX-1 a n d  COX-2. COX-1 is p ro 
duced  in  response  to  in flam m atory  stim uli a n d  also  is con
s titu tively  expressed  in  m ost tissues, w h e re  it m ay  serve a 
hom eosta tic  function  (e.g., flu id  a n d  electro ly te balance in
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Steroids

COX-1 and COX-2 
inhibitors, aspirin, 

indomethacin

»• HETEs

Prostaglandin G2 (PGG2)

\
Prostaglandin H2 (PGH2)

Prostacyclin 
PGI2

Causes 
vasodilation, 

inhibits platelet 
aggregation

Thromboxane A2  

TXA 2

Causes
vasoconstriction, 
promotes platelet 

aggregation

PGD 2  +

p g e 2

Leukotriene A4 (LTA4)

Leukotriene C4  (LTC4)

Leukotriene B4

Leukotriene D4  (LTD 4 )I 4  vascular
T

Leukotriene E 4  (LTE4 )

Bronchospasm 
Increased

12-Lipoxygenase
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permeability

Lipoxin A 4  (LXA4) 
Lipoxin B 4  (LXB4)

Inhibition of 
inflammation

Leukotriene
receptor

antagonists

Fig. 3 . 9  Production of AA metabolites and their roles in inflammation. Clinically useful antagonists of different enzymes and receptors are indicated in red. 
While leukotriene receptor antagonists inhibit all actions of leukotrienes, they are used in the clinic to treat asthma, as shown. COX-1, COX-1, Cyclooxygenase 
1 and 2; HETE, hydroxyeicosatetraenoic acid; HPETE, hydroperoxyeicosatetraenoic acid.

the k idneys, cy topro tec tion  in  the gastro in testina l tract). In 
contrast, COX-2 is in d u ced  by  in flam m ato ry  stim uli an d  
th u s  generates the  PG s th a t a re  in vo lved  in  in flam m atory  
reactions, b u t it is low  or absen t in  m ost n o rm al tissues.

Table 3.6 Principal Actions of Arachidonic Acid M etabolites in 
In flam m ation

A c tio n Eicosanoid

Vasodilation Prostaglandins PGI2  (prostacyclin), 
PGE|, PGE2 , PGD2

Vasoconstriction Thromboxane A2 , leukotrienes C4 ,

D4 E4

Increased vascular permeability Leukotrienes C4 , D4 , E4

Chemotaxis, leukocyte adhesion Leukotriene B4

Smooth muscle contraction Prostaglandins PGC4, PGD4, PGE4

P ro stag lan d in s a re  n am ed  b ased  o n  s tru c tu ra l featu res 
cod ed  by a le tte r (e.g., PGD, PGE, PGF, PGG, a n d  PGH) 
a n d  a subscrip t n u m era l (e.g., 1, 2), w h ich  ind icates the 
n u m b er of doub le  b o n d s  in  the co m p o u n d . The m ost 
im p o rta n t p ro s tag lan d in s  in  in flam m ation  a re  PGE2, PGD2, 
PGF2a, PGI2 (prostacyclin), a n d  TXA2 (th rom boxane A2), 
each  of w h ich  is d e riv ed  by the action  of a specific enzym e 
o n  a n  in te rm ed ia te  in  the  p a th w ay . Som e of these enzym es 
have  restric ted  tissue d is trib u tio n  a n d  functions.
• PG D 2 is the  m ajor p ro s tag lan d in  m ad e  by m ast cells; 

a long  w ith  PGE 2  (w hich  is m ore  w id e ly  d istribu ted ), it 
causes vaso d ila tio n  a n d  increases the perm eab ility  of 
postcap illa ry  venules, th u s  p o ten tia tin g  ex u d a tio n  an d  
re su lta n t edem a. PGD 2  also  is a ch em oattrac tan t for 
neu troph ils .

• Platelets contain  the enzym e throm boxane synthase, 
w h ich  is responsible for synthesizing  TXA2, the m ajor
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plate le t eicosanoid. TXA2 is a p o ten t p latelet-aggregating  
agent an d  vasoconstrictor, and  thus prom otes throm bosis.

• In  contrast, vascu lar en d o th e liu m  con tains prostacyclin  
syn thase , w h ich  is responsib le  for the  fo rm ation  o f p ro s
tacyclin  (PGI2) a n d  its stable en d  p ro d u c t PG F1a. P rosta 
cyclin is a vasod ila to r an d  a p o te n t inh ib ito r o f p la te le t 
aggregation , a n d  th u s  serves to  p re v e n t th ro m b u s for
m ation  o n  n o rm al endo the lia l cells. A  th ro m b o x an e- 
p ro stacyclin  im balance has been  im p licated  in  coronary  
an d  cerebral a rte ry  th rom bosis (C hap ter 4).

• In  a d d itio n  to  their local effects, p ro s tag lan d in s  are 
in vo lved  in  the  p a thogenesis of pain an d  fever, tw o  
com m on system ic m an ifesta tions o f in flam m ation . PGE2 
m akes the  sk in  hypersensitive  to  p a in fu l stim uli, an d  
causes fever d u rin g  in fections (described  later).

Leukotrienes

Leukotrienes are produced in  leukocytes and m ast cells  
b y  the action o f lip oxygen ase and are in vo lved  in  vascu
lar and sm ooth  m uscle reactions and leukocyte recruit
m ent. The syn thesis of leuko trienes involves m u ltip le  
steps, the  first of w h ich  genera tes leuko triene  A4 (LTA4), 
w h ich  in  tu rn  gives rise  to  LTB4 or LTC4. LTB4 is p ro d u ced  
by n eu tro p h ils  a n d  som e m acrophages, a n d  is a p o te n t 
chem otactic ag en t an d  ac tivato r of neu tro p h ils , causing  
ag g regation  a n d  ad h esio n  of the  cells to  v en u la r en d o th e 
lium , genera tion  of ROS, a n d  release of lysosom al enzym es. 
The cyste iny l-con tain ing  leuko triene  LTC 4  an d  its m etabo 
lites, LTD4 a n d  LTE4, a re  p ro d u ced  m ain ly  in  m ast cells an d  
cause in tense  vasoconstriction , b ro n ch o sp asm  (im p o rtan t 
in  asthm a), a n d  increased  perm eab ility  of venules.

Lipoxins

Lipoxins a lso are generated from  arachidonic acid  by the  
lip oxygen ase pathw ay, but u n lik e  prostaglandins and  
leukotrienes, the lip ox in s suppress inflam m ation by  
in h ib itin g  the recruitm ent o f leukocytes. T hey inh ib it 
n eu tro p h il chem otax is a n d  ad h esio n  to  en do the lium . They 
a lso  are u n u su a l in  th a t tw o  cell p o p u la tio n s  are req u ired  
for the  transcellu lar b iosyn thesis of these m ed ia to rs. Leu
kocytes, p a rticu la rly  neu troph ils , p ro d u c e  in te rm ed ia tes  in  
lipoxin  synthesis, an d  these  a re  converted  to  lipoxins by 
p la te le ts  in te rac ting  w ith  the leukocytes.

Pharm acologic Inhibitors o f  Prostaglandins  

and  Leukotrienes

The im portance  of e icosanoids in  in flam m ation  has d riven  
a ttem p ts  to  develop  d ru g s  th a t inh ib it their p ro d u c tio n  
or actions an d  th u s  su p p ress  in flam m ation . These an ti
in flam m ato ry  d ru g s  inc lude  the follow ing:
• C yclooxygenase inh ib itors inc lude  asp irin  a n d  o ther 

n o n ste ro id a l an ti-in flam m ato ry  d ru g s  (NSAIDs), such  
as ibup ro fen . They inh ib it b o th  COX-1 a n d  COX-2 
an d  th u s  block all p ro s tag lan d in  syn thesis (hence their 
efficacy in  trea tin g  p a in  an d  fever); a sp irin  does th is 
by irreversib ly  inac tiva ting  cyclooxygenases. Selective 
COX-2 inh ib ito rs a re  a new er class of these d ru g s  th a t 
a re  200- to  300-fold m ore p o te n t in  b locking COX-2 than  
COX-1. T here has  been  g rea t in te rest in  COX-2 as a 
the rapeu tic  ta rg e t because of the possib ility  th a t COX-1 
is resp o n sib le  for the  p ro d u c tio n  of p ro s tag lan d in s  th a t 
are  invo lved  in  bo th  in flam m ation  an d  physio log ic

functions such  as p ro tec tin g  gastric  ep ithelia l cells 
from  ac id -induced  in jury , w h ereas  COX-2 generates 
p ro s tag lan d in s  th a t a re  invo lved  on ly  in  in flam m a
tion. If th is id ea  is correct, the selective COX-2 inh ib i
to rs sh o u ld  be an ti-in flam m ato ry  w ith o u t h av in g  the 
toxicities o f the  nonselective  inh ib ito rs, such  as gastric 
u lceration . H ow ever, these  d is tinctions are n o t abso
lu te, as COX-2 also  seem s to  p lay  som e ro le in  no rm al 
hom eostasis. F u rtherm ore , selective COX-2 inh ib ito rs 
m ay  increase the  risk  of card iovascu lar an d  cerebrovas
cu lar events, possib ly  because they  im p a ir endo the lia l 
cell p ro d u c tio n  of p rostacyclin  (PGI2), w h ich  p rev en ts  
th rom bosis, w h ile  leav ing  in tac t the  C O X -1-m ediated 
p ro d u c tio n  by p la te le ts  of TXA2, w h ich  in d u ces p la te le t 
aggregation . T hus, selective COX-2 inh ib ition  m ay  tilt 
the balance to w ard  vascu lar throm bosis, especially  in  
com bination  w ith  o ther factors th a t increase the risk  
of th rom bosis. N evertheless, these d ru g s  are  u sed  in  
in d iv id u a ls  w h o  do  n o t hav e  risk  factors fo r card iovas
cu lar d isease a n d  w h e n  the d ru g s ' benefits o u tw eigh  
their risks.

• L ipoxygenase inhibitors. 5-lipoxygenase is n o t affected 
by  NSA ID s, an d  m any  n ew  inh ib ito rs of th is enzym e 
p a th w ay  have  been  developed . P harm acologic agen ts 
th a t in h ib it leuko triene  p ro d u c tio n  (e.g., z ileu ton) are  
u sefu l in  the trea tm en t of asthm a.

• Corticosteroids are  b ro ad -sp ec tru m  an ti-in flam m atory  
agen ts th a t reduce  the tran sc rip tio n  of genes encod ing  
COX-2, p h o sp h o lip ase  A 2 , p ro in flam m ato ry  cy tokines 
(e.g., IL-1 an d  TNF), an d  iNOS.

• Leukotriene receptor antagonists block leuko triene  
recep to rs a n d  p re v e n t the  actions of the leukotrienes. 
These d ru g s  (e.g., M ontelukast) a re  u sefu l in  the  trea t
m en t of asthm a.

Cytokines and Chemokines

C ytokines are proteins secreted by m any cell types (prin
c ip ally  activated lym phocytes, m acrophages, and den
dritic cells, but also endothelia l, ep ithelia l, and connective  
tissu e  cells) that m ediate and regulate im m une and  
inflam m atory reactions. By convention , g ro w th  factors 
th a t ac t on  ep ithelia l a n d  m esenchym al cells a re  n o t 
g ro u p ed  u n d e r  cytokines. The general p ro p ertie s  a n d  func
tions of cy tokines are d iscussed  in  C h ap te r 5. H ere  the 
cy tokines invo lved  in  acu te  in flam m ation  are  rev iew ed  
(Table 3.7).

Tum or Necrosis Factor and  In te rle u k in -I 

TNF and IL-1 serve critical roles in  leukocyte recruitm ent 
b y  prom oting ad h esion  o f leukocytes to en d oth eliu m  
and their m igration through vesse ls . A ctivated  m acro 
p h ag es a n d  d en d ritic  cells m ain ly  p ro d u ce  these cytokines; 
TNF also  is p ro d u ced  by T lym phocy tes a n d  m ast cells, an d  
som e ep ithelia l cells p ro d u ce  IL-1 as w ell. M icrobial p ro d 
ucts, fo re ign  bodies, necrotic cells, a n d  a varie ty  of o ther 
in flam m atory  stim uli can  stim u la te  the secretion  of TNF 
a n d  IL-1. The p ro d u c tio n  of TNF is in d u ced  by signals 
th ro u g h  TLRs a n d  o th er m icrobial sensors, a n d  the syn the
sis of IL-1 is stim u la ted  by the sam e signals, b u t the genera 
tion  of the biologically  active fo rm  of th is cytokine is 
d e p e n d e n t o n  the in flam m asom e, described  earlier.
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Table 3.7 Cytokines in In flam m ation

C y to k in e
P rincipal
Sources

Princ ipal A c tio n s  in 
In fla m m a tio n

In A c u te  In flam m atio n

TNF Macrophages, 
mast cells, T 
lymphocytes

Stimulates expression of 
endothelial adhesion 
molecules and secretion of 
other cytokines; systemic 
effects

IL-1 Macrophages, 
endothelial cells, 
some epithelial 
cells

Similar to TNF; greater role 
in fever

IL-6 Macrophages, 
other cells

Systemic effects (acute phase 
response)

Chemokines Macrophages, 
endothelial cells, 
T lymphocytes, 
mast cells, 
other cell types

Recruitment of leukocytes to 
sites of inflammation; 
migration of cells in 
normal tissues

IL-17 T lymphocytes Recruitment of neutrophils 
and monocytes

In C hronic  In flam m atio n

IL-12 Dendritic cells, 
macrophages

Increased production of 
IFN-y

IFN-y T lymphocytes, 
NK cells

Activation of macrophages 
(increased ability to kill 
microbes and tumor cells)

IL-17 T lymphocytes Recruitment of neutrophils 
and monocytes

The most important cytokines involved in inflammatory reactions are listed. Many 
other cytokines may play lesser roles in inflammation. There is also considerable 
overlap between the cytokines involved in acute and chronic inflammation. 
Specifically; all the cytokines listed under acute inflammation may also contribute to 
chronic inflammatory reactions.
IFN-% Interferon-y; IL-1, interleukin-1 ; NK, natural killer; TNF, tumor necrosis factor.

The actions of TN F a n d  IL-1 con tribu te  to  the local an d  
system ic reactions of in flam m ation  (Fig. 3.10). The m ost 
im p o rta n t ro les of these cy tok ines in  in flam m ation  are  the 
follow ing:
• E ndothelial activation. B oth TNF a n d  IL-1 act on  endo 

the lium  to induce  a sp ec tru m  of changes re ferred  to  as 
endothelial activation. These changes inc lude  increased  
exp ression  of endo the lia l ad h esio n  m olecules, m ostly  
E- a n d  P-selectins a n d  ligands for leukocyte in tegrins; 
increased  p ro d u c tio n  of various m ed ia to rs, inc lud ing  
o ther cy tokines a n d  chem okines, a n d  eicosanoids; and  
increased  p ro co ag u lan t activ ity  of the endo the lium .

• A ctivation o f leukocytes and other cells. TNF augm ents 
responses of neu troph ils  to  o ther stim uli such as bacterial 
endotoxin  an d  stim ulates the m icrobicidal activity  of 
m acrophages. IL-1 activates fibroblasts to  synthesize col
lagen an d  stim ulates pro liferation  of synovial cells and  
o ther m esenchym al cells. IL-1 an d  IL-6 also stim ulate the 
generation  of a  subset of CD4+ helper T cells called TH17 
cells, described later an d  in  C h ap te r 5.

• System ic acute-phase response. IL-1 a n d  TNF (as w ell 
as IL-6) induce  the system ic acu te-phase  responses asso 
c ia ted  w ith  in fection  o r in jury , in c lu d in g  fever (described 
la te r in  the  chapter). They also  a re  im p lica ted  in  the 
p a thogenesis o f the system ic in flam m atory  response

sy n d ro m e (SIRS), resu ltin g  from  d issem in a ted  bacterial 
in fection  (sepsis) a n d  o th er serious conditions, described  
later.

• TN F regu la tes  energy  balance by  p ro m o tin g  lip id  an d  
p ro te in  catabo lism  a n d  by su p p ress in g  appetite . T here
fore, su sta in ed  p ro d u c tio n  of TNF con tribu tes to  cachexia, 
a  pa tho log ic  state  charac terized  by w e ig h t loss, m uscle 
a trophy , an d  anorex ia  th a t accom pan ies som e chronic 
infections an d  cancers.

As m en tio n ed  earlier, TNF antagonists have been  
rem arkably effective in  the treatm ent o f chronic inflam 
m atory d iseases, p articu la rly  rh eu m ato id  a rth ritis , p so ria 
sis, a n d  som e types of in flam m atory  bow el disease. O ne 
com plication  of th is th e rap y  is increased  suscep tib ility  to 
m ycobacteria l infection, re su ltin g  from  red u ced  ab ility  of 
m acrophages to  kill in trace llu la r m icrobes. A lth o u g h  m any  
of the actions of TNF a n d  IL-1 are  overlapp ing , IL-1 an tago 
n is ts  a re  n o t as effective, for reasons th a t rem ain  obscure. 
A lso, b lock ing  e ither cytokine has no  effect o n  the  ou tcom e 
of sepsis, p e rh a p s  because o ther cy tok ines con tribu te  to 
th is  serious system ic in flam m atory  reaction.

Chem okines

C hem okines are a fam ily  o f sm all (8-10 kD) proteins that 
act prim arily as chem oattractants for specific types o f leu 
kocytes. A b o u t 40 d ifferen t chem okines a n d  20 d ifferen t 
recep to rs  for chem okines have  been  iden tified . T hey are  
classified in to  fo u r m ajor g roups, accord ing  to  the a rran g e 
m en t o f cysteine (C) resid u es in  the  proteins:
• C-X-C chemokines have  one am ino  acid  resid u e  separa t

ing  the  first tw o  of the fo u r conserved  cysteines. These 
chem okines act p rim arily  o n  neu troph ils . IL-8 (now  
called  CXCL8) is typical of th is g roup . It is secreted  by 
ac tivated  m acrophages, endo the lia l cells, a n d  o th e r cell 
types, a n d  causes ac tiva tion  a n d  chem otax is of n eu tro 
phils, w ith  lim ited  activ ity  o n  m onocytes an d  eosino
phils. Its m ost im p o rta n t in d u cers  are  m icrobial p ro d u c ts  
an d  cytokines, m ain ly  IL-1 an d  TNF.

• C-C chemokines h av e  the first tw o  conserved  cysteine 
residues adjacent. The C-C chem okines, w h ich  inc lude  
m onocy te  ch em oattrac tan t p ro te in  (M CP-1, CCL2), 
eo tax in  (CCL11), a n d  m acrophage  in flam m ato ry  pro te in - 
1 a  (M IP-1a, CCL3), m ain ly  serve as chem oattrac tan ts for 
m onocytes, eosinophils, basophils, a n d  lym phocytes. 
A lth o u g h  m o st o f the chem okines in  th is class h av e  over
lap p in g  actions, eo tax in  selectively recru its  eosinophils.

• C chemokines lack the first a n d  th ird  of the  fo u r con
served  cysteines. The C chem okines (e.g., lym photactin , 
XCL1) are re la tively  specific for lym phocytes.

• CX3C chemokines con ta in  th ree  am ino  acids be tw een  the 
first tw o  cysteines. The on ly  k n o w n  m em ber o f th is  class 
is called  fractalkine (CX3CL1). This chem okine exists in  
tw o  form s: a cell su rface-bound  p ro te in  in d u ced  on  
endo the lia l cells by  in flam m atory  cy tok ines th a t p ro 
m otes s trong  ad h esio n  of m onocy tes a n d  T cells, a n d  a 
so lub le form , de rived  by  p ro teo lysis  of the m em brane- 
b o u n d  p ro te in , th a t h as  p o te n t ch em o attrac tan t activ ity  
for the sam e cells.

C hem okines m ed ia te  the ir activ ities by  b in d in g  to 
seven -transm em brane  G  p ro te in -c o u p le d  recep tors. These
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Fig. 3.10 Major roles of cytokines in acute inflammation. PDGF, Platelet-derived growth factor; PGE, prostaglandin E; PGI, prostaglandin I.

recep to rs u su a lly  exhib it o v e rlap p in g  ligand  specificities, 
an d  leukocytes generally  express m u ltip le  recep tors. As 
d iscussed  in  C h ap te r 5, certa in  chem okine recep to rs 
(CXCR4, CCR5) act as corecep tors for a v ira l envelope gly
copro te in  of h u m a n  im m unodefic iency  v iru s  (HIV), the 
cause of AIDS, an d  are  th u s in vo lved  in  b in d in g  a n d  en try  
of the v iru s  in to  cells.

C hem okines b in d  to  p ro teog lycans a n d  are d isp lay ed  a t 
h ig h  concen tra tions o n  the  surface of endo the lia l cells an d  
in  the  ex tracellu lar m atrix . They have  tw o  m a in  functions:
• Acute inflam m ation. M ost chem okines stim u la te  leuko 

cyte a ttach m en t to  en d o th e liu m  by  acting  o n  leukocytes 
to increase the affin ity  of in teg rins, a n d  also  serve as 
chem oattrac tan ts, thereby  g u id in g  leukocytes to  sites of 
in fection  or tissue d am age. Because they  m ed ia te  aspects 
o f the in flam m atory  reaction , they  are  som etim es called 
inflammatory chemokines. T heir p ro d u c tio n  is in d u ced  by 
m icrobes a n d  o th e r stim uli.

• M aintenance o f tissu e architecture. Som e chem okines 
are  p ro d u c e d  constitu tively  by strom al cells in  tissues 
an d  are  som etim es called  homeostatic chemokines. These 
o rgan ize  v a rio u s cell types in  d iffe ren t ana tom ic  reg ions 
of the tissues, such  as T  a n d  B lym phocy tes in  d iscrete  
a reas of the  sp leen  a n d  ly m p h  n o d es (C hap ter 5).

A lth o u g h  the ro le  o f chem okines in  in flam m ation  is w ell 
estab lished , it has p ro v e d  difficult to  develop  chem okine 
an tagon ists  th a t su p p ress  in flam m ation , p e rh a p s  because 
of the functional re d u n d an cy  of these p ro te ins.

O th e r Cytokines in A cute In flam m atio n

The list o f cy tok ines im p licated  in  in flam m ation  is huge
an d  constan tly  grow ing . In  a d d itio n  to  the ones described

earlier, tw o  th a t have  received  considerab le  in te rest are  
IL-6, m ad e  by  m acrophages a n d  o th e r cells, w h ich  is 
in vo lved  in  local an d  system ic reactions, a n d  IL-17, p ro 
duced  m ain ly  by T  lym phocytes, w h ich  p rom otes  n eu tro 
p h il recru itm en t. IL-6 recep to r an tagon ists  are u sed  in  the 
trea tm en t o f rh eu m ato id  arth ritis , an d  IL-17 an tagon ists  
are  very  effective in  pso riasis  an d  o ther in flam m ato ry  d is
eases. Type I in terferons, w hose  n o rm al function  is to 
inh ib it v ira l replication , con tribu te  to  som e of the  system ic 
m an ifesta tions of in flam m ation . C ytokines a lso  p lay  key 
ro les in  chronic in flam m ation ; these a re  described  la te r in  
the chapter.

Complement System

The com plem ent system  is a collection  o f so lu b le  pro
te in s and their m em brane receptors that function  m ainly  
in  host d efen se against m icrobes and in  pathologic  
inflam m atory reactions. T here are m ore th a n  20 com ple
m en t p ro te in s, som e of w h ich  are  n u m b ered  C1 th ro u g h  
C9. They function  in  b o th  in n a te  a n d  a d ap tiv e  im m u n ity  
for defense  ag a in st m icrobial pa thogens. In  the  process of 
com plem en t activation , several cleavage p ro d u c ts  of com 
p lem en t p ro te in s  a re  e labo ra ted  th a t cause increased  vas
cu lar perm eability , chem otaxis, a n d  opson iza tion . The 
activation  a n d  functions of co m plem en t a re  o u tlin ed  in  
Fig. 3.11.

C om plem en t p ro te in s  are  p re se n t in  inactive fo rm s in  
the p lasm a, a n d  m an y  of th em  are  ac tivated  to  becom e 
pro teo ly tic  enzym es th a t d eg rad e  o th er com plem en t p ro 
teins, th u s  fo rm ing  an  enzym atic  cascade capable of tre
m en d o u s  am plification . The critical step  in  com plem en t 
activation  is the  p ro teo lysis  o f the  th ird  (and  m ost
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EFFECTOR FUNCTIONS

Fig. 3.11 The activation and functions of the complement system. Activation of complement by different pathways leads to cleavage of C3. The functions of 
the complement system are mediated by breakdown products of C3 and other complement proteins, and by the membrane attack complex (MAC).

ab u n d an t) com ponen t, C3. Cleavage o f C3 can occur by  
one o f three p ath w ays :
• The classical pathway, w h ich  is triggered  by fixation  of 

C1 to  an tib o d y  (IgM  o r IgG) th a t has  com bined  w ith  
an tigen

• The alternative pathway, w h ich  can  be triggered  by 
m icrobial surface m olecu les (e.g., endo tox in , o r LPS), 
com plex  po lysaccharides, a n d  o th e r substances, in  the 
absence of an tibody

• The lectin pathway, in  w h ich  p lasm a  m annose-b ind ing  
lectin  b in d s to  ca rbohydra tes  on  m icrobes a n d  d irectly  
activates C1

A ll three pathw ays o f com plem ent activation lead  to 
the form ation o f an enzym e called  the C3 convertase, 
w h ich  sp lits C3 into tw o functionally  d istinct fragm ents, 
C3a and C3b. C3a is re leased , a n d  C3b becom es covalen tly  
a ttached  to  the cell o r m olecule w h ere  the com plem en t is 
being  activated . M ore C3b th en  b inds to  the  p rev iously  
g enera ted  fragm en ts to  fo rm  C5 convertase, w h ich  cleaves 
C5 to  release C5a a n d  leave C5b a ttach ed  to  the  cell surface. 
C5b b in d s the late  com ponen ts (C6-C9), cu lm in a tin g  in  the 
fo rm ation  of the m em brane  a ttack  com plex (M AC, com 
p o sed  of m u ltip le  C9 m olecules). The enzym atic  activ ity  of 
com plem en t p ro te in s  p ro v id es such  trem en d o u s  am plifi
ca tion  th a t m illions of m olecu les of C3b can  d eposit on  the 
surface of a  m icrobe w ith in  2 o r 3 m inutes!

The co m plem en t system  has th ree  m ain  functions

(Fig. 3.11):
• Inflam m ation. C5a, and , to  a lesser extent, C4a a n d  C3a, 

a re  c leavage p ro d u c ts  o f the  co rresp o n d in g  com plem en t 
com ponen ts  th a t s tim u la te  h istam ine  release from  m ast 
cells a n d  thereby  increase vascu lar perm eab ility  an d  
cause vasod ila tion . They are called  anaphylatoxins

because they  have  effects sim ilar to  those of m ast cell 
m ed ia to rs  th a t are  invo lved  in  the  reaction  called  anaphy
laxis (C hap ter 5). C5a also  is a chem otactic  ag en t for 
neu troph ils , m onocytes, eosinophils, a n d  basophils. In 
add ition , C5a activates the lipoxygenase  p a th w ay  of ara- 
ch idonic acid  m etabo lism  in  n eu tro p h ils  a n d  m onocytes, 
causing  release of m ore  in flam m atory  m ed ia to rs.

• O p son ization  and phagocytosis. C3b a n d  its cleavage 
p ro d u c t iC3b (inactive C3b), w h e n  fixed to  a m icrobial 
cell w all, act as o pson ins a n d  p ro m o te  phagocy tosis  by 
n eu tro p h ils  a n d  m acrophages, w h ich  bear cell surface 
recep to rs for these com plem en t fragm ents.

• C ell ly sis . The dep o sitio n  of the M A C on  cells d rills 
holes in  the  cell m em brane , m ak ing  the cells perm eab le  
to w a te r  a n d  ions an d  resu ltin g  in  their osm otic  dea th  
(lysis). This function  of com plem en t is im p o rta n t m ain ly  
for the  k illing  of m icrobes w ith  th in  cell w alls, such  as 
Neisseria bacteria. H ence, deficiency of the te rm inal 
com ponen ts o f co m plem en t p red isp o ses to  infections by 
the Neisseria species m eningococci a n d  gonococci. In 
pa tien ts  w ith  com plem en t deficiencies, these m icrobes 
can  cause serious d issem inated  infections.

The activation o f com plem ent is tigh tly  controlled  by  
cell-associated  and circulating regulatory proteins. Dif
feren t reg u la to ry  p ro te in s  inh ib it the p ro d u c tio n  of active 
com plem en t fragm en ts o r rem ove fragm en ts th a t d eposit 
on  cells. These regu la to rs  are exp ressed  o n  n o rm al ho st 
cells a n d  th u s p re v e n t hea lthy  tissues from  being  in ju red  
a t sites o f co m plem en t activation . R egu lato ry  p ro te in s  can  
be ov erw h e lm ed  w h e n  large am o u n ts  o f co m plem en t are  
d eposited  o n  h o st cells a n d  in  tissues, as h a p p e n s  in  au to 
im m u n e  d iseases, in  w h ich  in d iv id u a ls  p ro d u ce  
com plem ent-fix ing  an tibod ies  ag a in st the ir o w n  cell and
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tissue an tigens (C hap ter 5). The m o st im p o rta n t of these 
reg u la to ry  p ro te in s  a re  the  follow ing:
• C1 inhibitor blocks the activation of C1, the first p ro te in  

of the classical com plem ent pathw ay. Inherited  deficiency 
of this inhibitor is the cause of hereditary angioedema.

• D ecay accelerating factor (DAF) a n d  CD59 are  tw o  p ro 
te ins th a t are linked  to  p lasm a  m em branes by a glyco- 
p h o sp h a tid y l (GPI) anchor. DAF p rev en ts  fo rm ation  of 
C3 convertases a n d  CD59 inh ib its  fo rm ation  of the 
M AC. A n  acq u ired  deficiency o f the  enzym e th a t creates 
GPI ancho rs leads to  deficiency of these regu la to rs an d  
excessive com plem en t activa tion  a n d  lysis o f re d  cells 
(w hich  are  sensitive to  co m p lem en t-m ed ia ted  cell lysis). 
This gives rise  to  a d isease called  paroxysmal nocturnal 
hemoglobinuria (PNH) (C hap ter 12).

• O th e r com plem en t reg u la to ry  p ro te in s  proteo ly tically  
cleave active com plem ent com ponen ts. For instance, 
Factor H  is a p lasm a  p ro te in  th a t serves as a  cofactor 
for the p ro teo ly sis  of the  C3 convertase; its deficiency 
resu lts in  excessive com plem ent activation . M u ta tions 
in  Factor H  are  associa ted  w ith  a k idney  d isease called 
the  hem oly tic  u rem ic synd rom e (C hap ter 14), as w ell as 
increased  perm eab ility  o f re tina l vessels in  wet m acu lar 
degenera tion  of the  eye.

The com plem ent system  con tribu tes to  d isease in  several 
w ays. The activa tion  of com plem ent by  an tibod ies  o r 
a n tig en -an tib o d y  com plexes d eposited  on  h o st cells and  
tissues is a n  im p o rta n t m echan ism  of cell a n d  tissue in jury  
(C hap ter 5). In h erited  deficiencies of co m plem en t p ro te in s  
cause increased  suscep tib ility  to infections, and , as m en 
tioned  earlier, deficiencies of regu la to ry  p ro te in s  cause a 
varie ty  of d iso rders.

O ther Mediators of Inflammation

Platelet-Activating Factor

PAF is a p h o sp h o lip id -d e riv ed  m ed ia to r th a t w as  d iscov
e red  as a factor th a t caused  p la te le t aggregation , b u t it is 
n o w  k n o w n  to have  m u ltip le  in flam m atory  effects. A 
varie ty  of cell types, in c lu d in g  p la te le ts  them selves, baso 
phils, m ast cells, neu tro p h ils , m acrophages, an d  en d o th e 
lial cells, can  e laborate  PAF. In  a d d itio n  to  p la te le t 
aggregation , PA F causes vasoconstric tion  a n d  bronchocon- 
striction, a n d  a t low  concen tra tions it induces vasod ila tion  
a n d  increased  vascu lar perm eab ility . D esp ite  these docu 
m en ted  actions, tria ls of PAF an tagon ists  in  va rio u s inflam 
m ato ry  cond itions have  been  d isappo in ting .

Products o f  Coagulation

S tud ies perfo rm ed  m ore th a n  50 years ago  suggested  th a t 
inh ib iting  coagu la tion  red u ced  the in flam m atory  reaction  
to som e m icrobes, lead in g  to  the  id ea  th a t coagu la tion  an d  
in flam m ation  are  linked  processes. This concept w as  su p 
p o rted  by the d iscovery  of p ro tease-ac tiva ted  recep to rs 
(PARs), w h ich  a re  ac tiva ted  by th ro m b in  (the p ro tease  th a t 
cleaves fib rinogen  to  p ro d u ce  a fib rin  clot). PA R s are  
exp ressed  on  leukocytes, suggesting  a role in  in flam m a
tion, b u t the ir clearest ro le  is in  p latelets, in  w h ich  th ro m 
b in  ac tiva tion  of a PA R  k n o w n  as the  th ro m b in  recep to r is 
a p o ten t trigger o f p la te le t ag g regation  d u rin g  the p rocess 
o f clot fo rm ation  (C hap ter 4). In  fact, it is d ifficult to

d issociate  clo tting  a n d  in flam m ation , because v irtua lly  all 
fo rm s of tissue in jury  th a t lead  to  c lo tting  also  induce  
in flam m ation , a n d  in flam m atio n  causes changes in  endo 
thelial cells th a t increase  the  likelihood  of ab n o rm al clot
ting  (throm bosis, described  in  C h ap te r 4). W hether the 
p ro d u c ts  of coagulation , p e r  se, have a significant role in  
s tim u la ting  in flam m ation  is  still n o t estab lished .

Kinins

K inins a re  vasoactive p ep tid es  d e riv ed  from  p lasm a  p ro 
teins, called  k in inogens, by  the  ac tion  of specific p ro teases 
called  kallikreins. The enzym e kallik re in  cleaves a p lasm a 
g lycopro te in  p recurso r, h igh-m o lecu lar-w eigh t k in inogen, 
to  p ro d u ce  bradykinin. B radykinin  increases vascular per
m eability  and causes contraction o f sm ooth  m uscle, d ila
tio n  o f b lood  vesse ls , and pain  w h en  in jected  into the  
sk in . These effects are sim ilar to  those of h istam ine. The 
ac tion  of b rad y k in in  is  short-lived , because it is  qu ickly  
in ac tiva ted  by a n  enzym e called  kininase. B radyk in in  has 
been  im p lica ted  as a m ed ia to r in  som e fo rm s of allergic 
reaction, such  as anaphylax is.

N europep tides

N eu ro p e p tid e s  a re  secreted  by sensory  nerves a n d  various 
leukocytes, an d  m ay  p lay  a  role in  the  in itia tio n  a n d  regu la 
tion  of in flam m ato ry  responses. These sm all pep tides, 
in c lu d in g  substance P a n d  n eu ro k in in  A, are p ro d u c e d  in  
the cen tra l a n d  p erip h e ra l n e rv o u s  system s. N erve  fibers 
con ta in ing  substance P are  p ro m in en t in  the lu n g  an d  
g astro in testina l tract. Substance P has m any  biologic func
tions, in c lu d in g  the transm ission  of p a in  signals, regu lation  
of b lood  p ressu re , s tim u la tion  of ho rm one secretion  by 
endocrine  cells, a n d  in  increasing  vascu lar perm eab ility .

W hen  Lew is d iscovered  the ro le  o f h is tam ine  in  inflam 
m ation , one m ed ia to r w as  th o u g h t to  be enough . N ow , w e 
are  w a llo w in g  in  them! Yet, from  th is large  co m pend ium , 
it is  likely th a t a few  m ed ia to rs  are m ost im p o rta n t for the 
reactions o f acu te  in flam m ation  in  vivo, a n d  these  are sum 
m arized  in  Table 3.8. This list is com piled  in  p a r t  from  the

Table 3.8 Role o f M ediators in D ifferent Reactions of 
In flam m ation

R eaction  o f 
In fla m m a tio n Princ ipal M ed ia to rs

Vasodilation Histamine

Prostaglandins

Increased vascular Histamine
permeability C3a and C5a (by liberating vasoactive 

amines from mast cells, other cells) 
Leukotrienes C4, D4, E4

Chemotaxis, leukocyte TNF, IL-1
recruitment and Chemokines
activation C3a, C5a 

Leukotriene B4

Fever IL-1, TNF 
Prostaglandins

Pain Prostaglandins
Bradykinin

Tissue damage Lysosomal enzymes of leukocytes 
Reactive oxygen species
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observed  an ti-in flam m ato ry  effects of an tagon ists  to  these 
m olecules, th u s  h ig h ligh ting  the  im portance  of basic 
b io logy  to  the practice of m edicine. The red u n d an cy  of the 
m ed ia to rs  a n d  their actions en su res  th a t th is p ro tective  
response  rem ains ro b u st a n d  is n o t read ily  subverted .

®  S U M M A R Y
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A C T I O N S  O F  T H E  P R IN C IP A L  M E D I A T O R S  O F  

I N F L A M M A T I O N

• Vasoactive  am ines, m ain ly h istam ine: vasod ila tion  and increased  

vascu lar p erm e a b ility

• A rac h id o n ic  acid m e ta b o lite s  (prostaglandins and le u k o tr i-  

enes): several fo rm s  ex ist and a re  involved in vascu lar reactions, 

leuko cyte  chem otax is , and o th e r  reactions o f in flam m ation; 

antagonized  by lipoxins

• C y to k in es : p ro te ins  p ro du ced  by m any cell types; usually act 

a t s h o rt range; m e d ia te  m u ltip le  effects, m ain ly in leuko cyte  

re c ru itm e n t and m igra tion ; principal ones in acu te  in flam m a

tio n  a re  T N F , IL -1 , and chem okines

• C o m p le m e n t p ro te ins: A c tiv a tio n  o f  th e  c o m p le m e n t system  

by m icrob es  o r  an tibod ies  leads to  th e  g en e ra tio n  o f  m u ltip le  

b re a k d o w n  p ro du cts , w h ich  a re  responsib le  fo r  leuko cyte  che 

m o tax is , o pson iza tion  and phagocytosis o f  m icrob es  and o th e r  

partic les , and cell killing

• Kinins: p ro d u ced  by p ro te o ly tic  cleavage o f  p recursors; m e d ia te  

vascular reac tio n , pain

M O RPHO LO G IC  PATTERNS OF 
ACUTE INFLAMM ATION

The m orphologic hallm arks o f acute inflam m atory reac
tion s are d ila tion  o f sm all b lood  v esse ls  and accum ula
tio n  o f leukocytes and flu id  in  the extravascular tissue.
The vascu lar a n d  cellu lar reactions accoun t for the  signs 
a n d  sym ptom s of the in flam m atory  response. Increased  
b lood  flow  to the  in ju red  area  a n d  increased  vascu lar p e r
m eab ility  lead  to  the  accum ula tion  of ex travascu lar flu id  
rich  in  p lasm a  p ro te in s  (edema) a n d  accoun t for the red n ess  
(rubor), w a rm th  (calor), a n d  sw elling  (tumor) th a t accom 
p a n y  acu te  in flam m ation . Leukocytes th a t are recru ited  
an d  activa ted  by  the o ffend ing  ag en t a n d  by  en d o g en o u s 
m ed ia to rs  m ay  release toxic m etabo lites a n d  p ro teases 
extracellu larly , causing  tissue dam ag e  a n d  loss of function  
(functio  laesa). D u rin g  the  dam age, a n d  in  p a r t  as a resu lt 
of the libera tion  of p ro stag lan d in s, n eu ro p ep tid es , and  
cytokines, one of the local sym ptom s is p a in  (dolor).

A lth o u g h  these general fea tu res  a re  characteristic  of 
m ost acu te  in flam m atory  reactions, special m orpho log ic  
p a tte rn s  are  o ften  su p erim p o sed  on  them , d e p en d in g  
o n  the  severity  o f the reaction , its specific cause, a n d  the 
p a rticu la r tissue a n d  site invo lved . T he im portance  of rec
o g n iz ing  d istinc t gross a n d  m icroscopic p a tte rn s  of inflam 
m ation  is th a t they  o ften  p ro v id e  valuab le  clues ab o u t the 
u n d e rly in g  cause.

Serous Inflammation

Serous inflam m ation is m arked by the exudation o f cell- 
poor flu id  in to  spaces created  by injury to  surface epithelia

Fig. 3.12 Serous inflammation. Low-power view of a cross section of a skin 
blister showing the epidermis separated from the dermis by a focal collection 
of serous effusion.

or in to  bo d y  cavities lined  by the peritoneum , p leura, o r 
pericard ium . Typically, the flu id  in  serous in flam m ation  is 
no t infected by  destructive organism s an d  does n o t contain  
large num bers o f leukocytes (w hich tend  to  p ro d u ce  p u ru 
len t inflam m ation, described later). In  body  cavities the fluid 
m ay be derived  from  the p lasm a (as a resu lt of increased 
vascular perm eability) o r from  the secretions of m esothelial 
cells (as a resu lt of local irritation); accum ulation  of flu id  in  
these cavities is called an  effusion. (Effusions consisting of 
transudates also occur in  noninflam m atory  conditions, such 
as reduced  b lood  ou tflow  in  h eart failure, o r reduced  p lasm a 
p ro te in  levels in  som e k idney  an d  liver diseases.) The skin 
b lister resu lting  from  a b u rn  or viral infection represen ts 
accum ulation  of serous flu id  w ith in  or im m ediate ly  beneath  
the dam aged  ep iderm is of the skin (Fig. 3.12).

Fibrinous Inflammation

A  fibrinous exudate d evelop s w h en  the vascular leaks are 
large or there is a local procoagulant stim ulus. W ith  a 
large increase in  vascu lar perm eab ility , h igher-m olecu lar- 
w e ig h t p ro te in s  such  as fib rinogen  p ass o u t of the blood, 
a n d  fib rin  is fo rm ed  a n d  d ep o sited  in  the ex tracellu lar 
space. A  fib rinous ex u d a te  is characteristic  o f in flam m ation  
in  the lin ing  of b o d y  cavities, such  as the m eninges, pe ri
c a rd iu m  (Fig. 3.13A), a n d  p leu ra . H isto logically , fibrin  
ap p ea rs  as an  eosinophilic  m esh w o rk  of th read s o r som e
tim es as a n  am o rp h o u s  coagu lum  (Fig. 3.13B). F ibrinous 
ex udates  m ay  be d isso lved  by  fibrinolysis a n d  c leared  by  
m acrophages. If the fib rin  is n o t rem oved , w ith  tim e, it m ay  
stim ula te  the in g ro w th  of fibrob lasts a n d  b lood  vessels and  
th u s  lead  to  scarring . C onversion  of the  fib rinous exu d a te  
to  scar tissue (organization) w ith in  the pericard ia l sac leads 
to  o p aq u e  fibrous th icken ing  of the p e rica rd iu m  a n d  epi- 
ca rd iu m  in  the a rea  of ex u d a tio n  and , if the fibrosis is 
extensive, ob lite ra tion  of the pe rica rd ia l space.

Purulent (Suppurative) Inflammation, Abscess

Purulent inflam m ation is characterized b y  the produc
tio n  o f pus, an exudate con sistin g  o f neutrophils, the  
liq u efied  debris o f necrotic cells, and edem a fluid. The
m o st freq u en t cause of p u ru le n t (also called  suppurative)
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Fig. 3.13 Fibrinous pericarditis. (A) Deposits of fibrin on the pericardium. (B) A pink meshwork of fibrin exudate (F) overlies the pericardial surface (P).

in flam m ation  is in fection  w ith  bacteria  th a t cause lique- 
factive tissue necrosis, such  as staphylococci; these p a th o 
gens are  re ferred  to  as pyogenic (pus-p roducing ) bacteria. 
A  com m on  exam ple  of a n  acu te  su p p u ra tiv e  in flam m ation  
is acu te  append ic itis . A bscesses  are loca lized  collections of  
pus caused  by su p p u ra tio n  b u ried  in  a tissue, an  o rgan , o r 
a confined  space. They are  p ro d u c e d  by seed ing  of pyo 
genic bacteria  in to  a tissue (Fig. 3.14). A bscesses hav e  a 
cen tra l reg ion  th a t a p p ea rs  as a m ass of necrotic leukocytes 
an d  tissue cells. There is u sua lly  a  zone of p rese rv ed  n eu 
troph ils  a ro u n d  th is  necrotic focus, a n d  o u ts ide  th is reg ion  
there  m ay  be vascu lar d ila tion  a n d  parenchym al a n d  fibro
blastic p ro lifera tion , ind ica ting  chronic in flam m ation  an d  
repair. In  tim e the abscess m ay  becom e w alled  off and  
u ltim ate ly  rep laced  by  connective tissue. W hen  p e rsis ten t 
o r a t critical locations (such as the brain), abscesses m ay  
have to be d ra in ed  surgically .

Ulcers

A n ulcer is a local defect, or excavation, o f the surface of  
an organ or tissu e  that is produced b y  the slou gh in g

(shedding) o f in flam ed necrotic tissu e (Fig. 3.15). U lcer
a tio n  can  occur on ly  w h e n  tissue necrosis a n d  resu ltan t 
in flam m ation  exist o n  o r n ear a  surface. It is m ost com 
m on ly  enco u n te red  in  (1) the m ucosa  of the m ou th , 
stom ach, in testines, o r g en itou rina ry  tract, a n d  (2) the skin 
a n d  subcu taneous tissue of the low er ex trem ities in  o lder 
p e rso n s w h o  have c ircu la tory  d is tu rbances th a t p red isp o se  
to  extensive ischem ic necrosis. A cute a n d  chronic inflam 
m atio n  often  coexist in  u lcers, such  as p ep tic  u lcers of the 
s tom ach  o r d u o d e n u m  a n d  d iabetic  u lcers of the  legs. 
D u rin g  the acu te  stage there  is in tense  p o ly m o rp h o n u c lea r 
in filtra tion  a n d  vascu lar d ila tion  in  the m arg in s of the 
defect. W ith  chronicity , the m arg in s a n d  base  of the  u lcer 
develop  fibroblast p ro lifera tion , scarring , a n d  the  accum u
la tion  of lym phocy tes, m acrophages, a n d  p lasm a  cells.

OUTCO M ES OF ACUTE  
INFLAMM ATION

A lthough , as m igh t be expected , m an y  variab les m ay  
m odify  the  basic p rocess of in flam m ation , in c lu d in g  the

F ig .3.14 Purulent inflammation. (A) Multiple bacterial abscesses (arrows) in the lung in a case of bronchopneumonia. (B) The abscess contains neutrophils 
and cellular debris, and is surrounded by congested blood vessels.
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Fig. 3 . I 5  The morphology of an ulcer. (A) A chronic duodenal ulcer. (B) Low-power cross-section view of a duodenal ulcer crater with an acute inflamma
tory exudate in the base.

n a tu re  a n d  in tensity  of the  in jury , the  site a n d  tissue 
affected, an d  the  responsiveness of the host, acute inflam 
m atory reactions typ ica lly  have one o f three outcom es 
(Fig. 3.16):
• C om plete resolution . In  a  perfect w o rld , all in flam m a

to ry  reactions, after they  have  succeeded  in  e lim inating  
the o ffend ing  agent, sh o u ld  en d  w ith  resto ra tio n  of the 
site o f acu te  in flam m ation  to  norm al. This is called  reso
lution  a n d  is the u su a l ou tcom e w h e n  the  in ju ry  is 
lim ited  o r short-lived  o r w h e n  there  h as  been  little  tissue

d estru c tio n  a n d  the d am ag ed  parenchym al cells can 
regenerate . R eso lu tion  involves rem oval of cellu lar 
deb ris  a n d  m icrobes by  m acrophages, a n d  reso rp tio n  of 
ed em a  flu id  by  lym phatics.

• H ealin g  by connective tissu e  replacem ent (scarring, or 
fibrosis). This occurs after substan tia l tissue destruction , 
w h e n  the in flam m ato ry  in ju ry  involves tissues th a t are 
incapable of regeneration , o r w h e n  there  is a b u n d a n t 
fib rin  ex u d a tio n  in  tissue o r in  serous cavities (p leura, 
perito n eu m ) th a t canno t be ad eq u a te ly  cleared. In  all

ACUTE INFLAMMATION RESOLUTION
Vascular changes 
Neutrophil recruitment 
Mediators

Clearance of injurious stimuli 
Clearance of mediators and acute 
inflammatory cells 
Replacement of injured cells 
Normal function

Infarction
Bacterial infections
Toxins
Trauma Pus formation (abscess)

Progression Healing

Healing

Healing
Viral infections 
Chronic infections 
Persistent injury 
Autoimmune diseases

FIBROSIS
• Loss of function

CHRONIC INFLAMMATION
• Angiogenesis
• Mononuclear cell infiltrate
• Fibrosis (scar)

Fig. 3.16 Outcomes of acute inflammation: resolution, healing by fibrosis, or chronic inflammation. The components of the various reactions and their func
tional outcomes are listed.
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these situations, connective tissue grow s in to  the a rea  of 
dam ag e  o r exudate , converting  it in to  a  m ass of fibrous 
tissue.

• P rog ression  of the response  to  chronic inflam m ation. 
A cute to  chronic transition  occurs w h e n  the acu te  
in flam m atory  response  canno t be reso lved , as a resu lt 
of e ithe r the persistence of the  in ju rious ag en t o r som e 
in terference w ith  the n o rm al p rocess o f healing .

C H R O N IC  INFLAMM ATION

Chronic inflam m ation is a response o f prolonged  dura
tio n  (w eeks or m onths) in  w h ich  inflam m ation, tissu e  
injury, and attem pts at repair coexist, in  varying com bi
nations. It m ay  follow  acu te  in flam m ation , as described  
earlier, o r m ay  beg in  insid iously , as a sm oldering , som e
tim es progressive , p rocess w ith o u t any  signs of a  p reced 
ing  acu te  reaction .

Causes of Chronic Inflammation

C hronic  in flam m ation  arises in  the  fo llow ing  settings:
• Persistent in fection s by m icroorgan ism s th a t are diffi

cult to  erad icate, such  as m ycobacteria  an d  certa in  
v iruses, fungi, a n d  parasites. These o rgan ism s often  
evoke a n  im m u n e  reaction  called delayed-type hypersen
sitiv ity  (C hap ter 5). The in flam m ato ry  response  som e
tim es takes a specific p a tte rn  called  granulomatous 
inflammation (d iscussed  later). In  o th e r cases, u n reso lved  
acu te  in flam m ation  evolves in to  chronic in flam m ation , 
such  as w h e n  a n  acu te  bacterial infection  of the  lu n g  
p rog resses  to  a chronic lu n g  abscess.

• H ypersensitiv ity  d iseases. C hronic  in flam m ation  p lays 
an  im p o rtan t ro le  in  a g ro u p  of d iseases th a t are  caused  
by excessive an d  in a p p ro p ria te  ac tiva tion  of the  im m u n e  
system  (C hap ter 5). In  autoimmune diseases, self (auto) 
an tigens evoke a se lf-perpe tua ting  im m u n e  reaction  
th a t resu lts  in  chronic in flam m ation  a n d  tissue dam age; 
exam ples of such  d iseases are rh eu m ato id  a rth ritis  and  
m u ltip le  sclerosis. In  allergic diseases, chronic in flam m a
tion  is the  re su lt of excessive im m u n e  resp o n ses against 
com m on en v iro n m en ta l substances, as in  b ronchial 
asthm a. Because these au to im m u n e  a n d  allerg ic reac
tions are triggered  aga in st an tigens th a t are  norm ally  
harm less, the  reactions serve no  u sefu l p u rp o se  and  
on ly  cause disease. Such d iseases m ay  show  m o rp h o 
logic p a tte rn s  of m ixed  acu te  an d  chronic in flam m ation  
because they are  charac terized  by  rep ea ted  b o u ts  of 
in flam m ation . F ibrosis m ay  d om ina te  the la te  stages.

• Prolonged  exposure to potentia lly  toxic agents, either 
exogenous or endogenous. A n exam ple  of a n  exoge
n o u s  agen t is pa rticu la te  silica, a n o n d eg rad ab le  inan i
m ate  m ateria l tha t, w h e n  inhaled  for p ro lo n g ed  periods, 
resu lts  in  a n  in flam m atory  lu n g  d isease  called silicosis 
(C hap ter 13). Atherosclerosis (C hap ter 10) is a chronic 
in flam m ato ry  p rocess affecting  the  arte ria l w all th a t is 
th o u g h t to  be in d u ced , at least in  pa rt, by  excessive 
p ro d u c tio n  an d  tissue  d ep o sitio n  o f en d o g en o u s choles
tero l a n d  o ther lip ids.

• Som e fo rm s of chronic in flam m ation  m ay  be im p o rtan t 
in  the  pa thogenesis o f d iseases th a t are n o t convention-

ally  th o u g h t of as in flam m ato ry  d iso rders. T hese inc lude  
n eu ro d eg en era tiv e  d iseases such  as A lzheim er d isease, 
m etabolic  synd rom e a n d  the associa ted  type  2 d iabetes, 
a n d  certa in  cancers in  w h ich  in flam m atory  reactions 
p ro m o te  tu m o r developm ent. The role o f in flam m ation  
in  these cond itions is d iscussed  in  the  re levan t 
chapters.

Morphologic Features

In  co n trast to  acu te  in flam m ation , w h ich  is m an ifested  by 
vascu lar changes, edem a, a n d  p red o m in an tly  n eu troph ilic  
in filtration , chronic in flam m ation  is charac terized  by  the 
follow ing:
• Infiltration w ith  m ononuclear cells, w h ich  inc lude  

m acrophages, lym phocytes, a n d  p lasm a  cells (Fig. 3.17)
• T issue destruction, in d u ced  by  the  p e rsis ten t o ffend ing  

ag en t o r by  the  in flam m atory  cells
• A ttem pts at h ea lin g  by connective tissue rep lacem en t 

o f d am ag ed  tissue, accom plished  by angiogenesis (prolif
e ra tion  of sm all b lood  vessels) an d , in  particu lar, 
fibrosis

A

B

Fig. 3.17 (A) Chronic inflammation in the lung, showing all three charac
teristic histologic features: ( 1) collection of chronic inflammatory cells (* *), 
(2) destruction of parenchyma (normal alveoli are replaced by spaces lined 
by cuboidal epithelium, arrowheads), and (3) replacement by connective tissue 
(fibrosis, arrows). (B) In contrast, in acute inflammation of the lung (acute 
bronchopneumonia), neutrophils fill the alveolar spaces and blood vessels 
are congested.
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Because ang iogenesis a n d  fibrosis are also  com ponen ts 
of w o u n d  hea ling  a n d  repa ir, they  are  d iscussed  later, in  
the contex t of tissue repair.

Cells and Mediators of Chronic Inflammation

The com bination  of leukocyte in filtration , tissue dam age, 
a n d  fibrosis th a t characterize  chronic in flam m ation  is the 
re su lt of the  local activa tion  of several cell types a n d  the 
p ro d u c tio n  of m ed iato rs.

Role o f  M acrophages

The dom inant cells in  m ost chronic inflam m atory reac
tion s are m acrophages, w h ich  contribute to the reaction  
b y  secreting cytok ines and grow th factors that act on  
various cells, by destroying foreign  invaders and tissu es, 
and by activating other cells, notably  T lym phocytes. 
M acrophages a re  p ro fessional phagocy tes th a t act as filters 
for p a rticu la te  m atter, m icrobes, a n d  senescent cells. T hey 
also  function  as effector cells th a t e lim inate  m icrobes in  
cellu lar a n d  h u m o ra l im m u n e  responses (C hap ter 5). But 
they serve m an y  o ther ro les in  in flam m ation  a n d  repair. 
H ere  w e  rev iew  the basic b io logy of m acrophages, inc lud 
ing  their d ev e lo p m en t a n d  functional responses.

M acrophages are  tissue cells deriv ed  from  h em atopo i
etic stem  cells in  the  bone m arro w  an d  from  p rogen ito rs  in  
the em bryonic  yo lk  sac a n d  fetal liver d u r in g  early  devel
o p m e n t (Fig. 3.18). C ircu la ting  cells of th is lineage are  
k n o w n  as monocytes. M acrophages are no rm ally  d iffusely  
sca tte red  in  m ost connective tissues. In  ad d itio n , they  are

fo u n d  in  specific locations in  o rgans such  as the  liver 
(w here  they  are called  K upffer cells), sp leen  a n d  ly m p h  
n o d es (sinus histiocytes), cen tra l n e rv o u s system  (m icrog
lial cells), a n d  lu n g s  (alveolar m acrophages). T ogether 
these cells com prise  the  mononuclear phagocyte system, also 
k n o w n  by the o lder (and  inaccurate) nam e of re ticu loen 
do thelia l system .

In  in flam m ato ry  reactions, p ro g en ito rs  in  the  bone 
m arro w  give rise to  m onocytes, w h ich  en te r the blood, 
m igra te  in to  v a rio u s tissues, a n d  d ifferen tia te  in to  m acro 
phages. E ntry  of b lood  m onocy tes in to  tissues is governed  
by the  sam e factors th a t a re  invo lved  in  n e u tro p h il em igra 
tion, such  as ad h esio n  m olecu les a n d  chem okines. The 
half-life of b lood  m onocy tes is ab o u t 1 day, w h ereas the 
life sp an  of tissue m acrophages is several m o n th s  o r years. 
Thus, m acrophages often  becom e the  d o m in a n t cell p o p u 
la tion  in  in flam m atory  reactions w ith in  48 h o u rs  o f onset. 
The m acrophages th a t reside  in  tissues in  the  s teady  state  
(in  the absence of tissue in ju ry  o r inflam m ation), such  as 
m icroglia, K upffer cells, a n d  alveo lar m acrophages, arise 
from  the  yo lk  sac o r fetal liver v ery  early  in  em bryogenesis, 
p o p u la te  the tissues, stay  for long  periods, a n d  are  rep len 
ished  m ain ly  by the p ro life ra tion  of resid en t cells.

There are tw o major pathw ays o f m acrophage activa
tion , ca lled  classical and alternative (Fig. 3.19). W hich  of 
these tw o  p a th w ay s  is taken  by  a g iven  m acrophage  
d e p en d s  o n  the  n a tu re  of the ac tiva ting  signals.
• C lassical m acrophage activation m ay  be in d u ced  by

m icrobial p ro d u c ts  such  as endotoxin , w h ich  engage
TLRs a n d  o ther sensors, a n d  by T ce ll-d e riv ed  signals,

Bone marrow Hemopoietic 
stem cell

Blood monocyte

Activated macrophages in inflammation 
Macrophages in skin, intestinal tract

Liver

A

Resident tissue macrophages 
(Kupffer cells, alveolar macrophages, 
microglia, etc.)

B  Monocyte Activated macrophage

Fig. 3 . I8 Maturation of mononuclear phagocytes. (A) During inflammatory reactions, the majority of tissue macrophages are derived from hematopoietic 
precursors. Some long-lived resident tissue macrophages are derived from embryonic precursors that populate the tissues early in development. (B) The 
morphology of a monocyte and activated macrophage.
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Fig. 3 . I 9  Classical and alternative macrophage activation. Different stimuli 
activate monocytes/macrophages to develop into functionally distinct popu
lations. Classically activated macrophages are induced by microbial products 
and cytokines, particularly IFN-y. They phagocytose and destroy microbes 
and dead tissues and can potentiate inflammatory reactions. Alternatively 
activated macrophages are induced by other cytokines and are important in 
tissue repair and the resolution of inflammation.

im p o rtan tly  the  cytokine IFN-y, in  im m u n e  responses. 
C lassically  ac tiva ted  (also called M1) m acrophages 
p ro d u ce  N O  a n d  ROS a n d  u p reg u la te  lysosom al 
enzym es, all of w h ich  enhance their ab ility  to  kill 
ingested  o rgan ism s, a n d  secrete cy tokines th a t stim ula te  
in flam m ation . These m acrophages are  im p o rta n t in  h o st 
defense  ag a in st m icrobes an d  in  m an y  in flam m atory  
reactions.

• A lternative m acrophage activation is in d u ced  by cyto
k ines o ther th a n  IFN-y, such  as IL-4 a n d  IL-13, p ro d u ced  
by T lym phocy tes a n d  o th er cells. These m acrophages 
a re  n o t actively m icrobicidal; in stead , the  p rin c ip a l func
tion  of a lte rna tive ly  activa ted  (M2) m acrophages is in  
tissue repair. T hey secrete g ro w th  factors th a t p ro m o te  
angiogenesis, activate  fibroblasts, a n d  stim ula te  colla
gen synthesis.

It seem s p lausib le  th a t in  response  to  m ost in ju rious 
stim uli, the first ac tiva tion  p a th w ay  is the  classical one, 
d esigned  to  destroy  the  o ffend ing  agents, a n d  th is  is fol
low ed  by  a lte rna tive  activation , w h ich  in itia tes tissue 
repair. H ow ever, such  a precise  sequence is n o t w ell docu 
m en ted  in  m ost in flam m ato ry  reactions. In  add ition , 
a lth o u g h  the concep t of M1 an d  M2 m acrophages p ro v id es 
a u sefu l fram ew ork  for u n d e rs ta n d in g  m acro p h ag e  he tero 
geneity , n u m ero u s  o ther su b p o p u la tio n s  hav e  been 
described  a n d  the M1 a n d  M2 subsets are  n o t fixed.

The products o f activated m acrophages elim inate inju 
rious agents such  as m icrobes and in itiate the process of  
repair, but are also resp on sib le  for m uch o f the tissu e  
injury in  chronic inflam m ation. Several functions of m ac
rophages a re  cen tra l to  the d ev e lo p m en t a n d  persistence of 
chronic in flam m ation  a n d  the accom pany ing  tissue in jury .

• M acrophages secrete m ediators o f inflam m ation, such  
as cy tokines (TNF, IL-1, chem okines, an d  others) and  
eicosanoids. T hus, m acrophages are cen tra l to  the in itia 
tion  a n d  p ro p ag a tio n  of in flam m ato ry  reactions.

• M acrophages disp lay  antigens to T lym phocytes and  
respond  to signals from  T cells, th u s  se tting  u p  a feed
back loop th a t is essen tia l for defense ag a in st m any  
m icrobes by  cell-m ediated  im m u n e  responses. These 
in teractions a re  described  fu rth e r in  the  d iscussion  of 
the ro le  o f lym phocy tes in  chronic in flam m ation , la ter 
in  th is chapter, a n d  in  m ore deta il in  C h ap te r 5 w h ere  
cell-m ed iated  im m u n ity  is considered .

Their im pressive  a rsenal o f m ed ia to rs  m akes m acro 
phages p o w erfu l allies in  the  b o d y 's  defense aga in st 
u n w a n te d  invaders, b u t the  sam e w e ap o n ry  can  also 
induce  considerab le  tissue d estruc tion  w h e n  m acrophages 
are  in ap p ro p ria te ly  or excessively activated . It is because 
of these activ ities o f m acrophages th a t tissue d estru c tio n  is 
one of the ha llm arks of chronic in flam m ation .

In  som e instances if the irr itan t is e lim inated , m acro 
phages even tua lly  d isap p ea r (either d y in g  off o r m ak ing  
their w ay  v ia  lym phatics in to  ly m p h  nodes). In  o thers, 
m acrophage  accum ula tion  persists, as a re su lt o f con tinu 
ous rec ru itm en t from  the  c ircu la tion  a n d  local p ro life ra tion  
a t the  site of inflam m ation .

Role o f  Lym phocytes

M icrobes an d  other environm ental antigens activate T 
and B lym phocytes, w h ich  am plify  and propagate chronic 
inflam m ation. A lth o u g h  the  m ajor function  of these lym 
phocy tes is as the m ed ia to rs  o f a d a p tiv e  im m un ity , w h ich  
p ro v id es defense ag a in st in fectious p a th o g en s (C hap ter 5), 
these cells are o ften  p re sen t in  chronic in flam m ation  and , 
w h e n  they  are  activated , the  in flam m ation  ten d s to  be p e r
sisten t a n d  severe. Som e of the s trongest chronic inflam 
m ato ry  reactions, such  as g ran u lo m ato u s  in flam m ation , 
described  later, are  d e p e n d e n t on  lym phocy te  responses. 
L ym phocy tes m ay  be the  d o m in an t p o p u la tio n  in  the 
chronic in flam m ation  seen  in  au to im m u n e  a n d  o ther 
hypersensitiv ity  diseases.

By virtue o f their ab ility  to secrete cytok ines, CD4+ T 
lym phocytes prom ote inflam m ation an d  influence the  
nature o f the inflam m atory reaction. These T cells greatly  
am plify  the early  in flam m atory  reaction  th a t is in d u ced  by 
recogn ition  o f m icrobes a n d  d ead  cells as p a r t  of the inna te  
im m u n e  response. T here are th ree  subsets o f CD4+ T cells 
th a t secrete d ifferen t cy tok ines a n d  elicit d ifferen t types of 
inflam m ation .
• TH1 cells p ro d u ce  the cytokine IFN-y, w h ich  activates 

m acrophages by  the classical p a thw ay .
• TH2 cells secrete IL-4, IL-5, a n d  IL-13, w h ich  rec ru it and  

activate eosinoph ils  a n d  are  responsib le  for the  a lte rna 
tive p a th w ay  of m acrophage  activation .

• TH17 cells secrete IL-17 a n d  o ther cytokines, w h ich  
induce  the  secretion  of chem okines responsib le  for 
recru iting  n eu tro p h ils  in to  the reaction.

B oth TH1 a n d  TH17 cells a re  invo lved  in  defense aga in st 
m any  types of bacteria  an d  v iru ses a n d  in  au to im m u n e  
diseases. TH2 cells are  im p o rtan t in  defense ag a in st he lm in 
thic p arasites  a n d  in  allergic in flam m ation . These T cell
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Fig. 3.20 Macrophage-lymphocyte interactions in chronic inflammation. Activated T cells produce cytokines that recruit macrophages (TNF, IL-17, chemo
kines) and others that activate macrophages (IFN-y). Activated macrophages in turn stimulate T cells by presenting antigens and via cytokines such as IL-12.

subse ts a n d  their functions are  described  in  m ore  deta il in  
C h ap te r 5.

L ym phocy tes a n d  m acrophages in te rac t in  a b id irec
tional w ay , a n d  these in teractions p lay  a n  im p o rta n t role 
in  p ro p ag a tin g  chronic in flam m ation  (Fig. 3.20). M acro
p h ag es d isp lay  an tigens to  T cells, express m em brane  
m olecu les (called costim ulators) th a t activate T cells, 
a n d  p ro d u ce  cy tokines (IL-12 a n d  others) th a t also 
s tim u la te  T cell responses (C hap ter 5). A ctivated  T lym 
phocytes, in  tu rn , p ro d u ce  cytokines, described  earlier, 
w h ich  rec ru it a n d  activate  m acrophages, p ro m o tin g  m ore 
an tig en  p re sen ta tio n  a n d  cy tok ine secretion . The resu lt is 
a cycle o f cellu lar reactions th a t fuel a n d  su sta in  chronic 
in flam m ation .

A ctivated  B lym phocy tes an d  an tib o d y -p ro d u c in g  
p lasm a cells are o ften  p re se n t a t sites of chronic in flam m a
tion. The an tibod ies  m ay  be specific for p e rs is ten t foreign 
or self an tigens in  the in flam m atory  site o r ag a in st a ltered  
tissue com ponen ts. H ow ever, the specificity an d  ev en  the 
im portance  of an tibod ies in  m ost chronic in flam m atory  
d iso rders  are unclear.

In  som e chronic in flam m ato ry  reactions, the accum u
la ted  lym phocytes, an tig en -p resen tin g  cells, an d  p lasm a 
cells c luste r toge ther to  fo rm  ly m p h o id  s tru c tu res  resem 
b ling  the follicles fo u n d  in  ly m p h  nodes. These are  called 
tertiary lymphoid organs; th is type  of ly m p h o id  o rganogen 
esis is o ften  seen  in  the sy n o v iu m  of pa tien ts  w ith  long 
s ta n d in g  rh eu m ato id  arth ritis , in  the th y ro id  in  H ash im o to  
thyro id itis , a n d  in  the gastric m ucosa  in  the se tting  of Heli
cobacter pylori infection. It has  been  p o stu la ted  th a t the  local 
fo rm ation  of ly m p h o id  o rgans m ay  p e rp e tu a te  the  im m u n e  
reaction , b u t the significance of these s tru c tu res  is n o t 
estab lished .

O th e r Cells in Chronic In flam m atio n

O th e r cell types m ay  be p ro m in en t in  chronic in flam m ation  
in d u ced  by  p articu la r stim uli.
• E o s in o p h ils  are a b u n d a n t in  im m u n e  reactions m ed i

a ted  by IgE an d  in  parasitic  in fections (Fig. 3.21). Their 
rec ru itm en t is d riv en  by ad h esio n  m olecules sim ilar to 
those  u sed  by neu tro p h ils , an d  by specific chem okines 
(e.g., eotaxin) d e riv ed  from  leukocytes a n d  ep ithelia l

cells. E osinophils have  g ranu les  th a t con ta in  major basic 
protein, a  h igh ly  cationic p ro te in  th a t is toxic to  parasites 
b u t also  in jures h o st ep ithelia l cells. This is w h y  eosino
ph ils  are  of benefit in  con tro lling  parasitic  infections, ye t 
a lso  con tribu te  to  tissue dam age in  im m u n e  reactions 
such  as a llerg ies (C hap ter 5).

• M ast cells are w id e ly  d is tr ib u ted  in  connective tissues 
a n d  partic ipa te  in  bo th  acu te  a n d  chronic in flam m a
tory  reactions. M ast cells arise from  p recu rso rs  in  the 
bone m arrow . They have  m an y  sim ilarities w ith  circu 
la ting  basophils, b u t  they  d o  n o t arise  from  basophils, 
are  tissue-residen t, a n d  therefore  p lay  m ore significant 
ro les in  in flam m atory  reactions in  tissues th a n  baso 
ph ils  do. M ast cells (and  basoph ils) express on  their 
surface the  recep to r FceRI, w h ich  b in d s  the Fc p o rtio n  
of IgE an tibody . In  im m ed ia te  h ypersensitiv ity  reac
tions, IgE b o u n d  to  the  m ast cells' Fc recep to rs spe
cifically recognizes an tigen , a n d  in  response  the cells 
d eg ran u la te  a n d  release m ed ia to rs, such  as h istam ine  
an d  p ro s tag lan d in s  (C hap ter 5). This type  of response  
occurs d u rin g  allergic reactions to  foods, insect venom , 
or d rugs, som etim es w ith  catastroph ic  resu lts  (e.g., ana 
phylactic  shock). M ast cells also  are  p re sen t in  chronic 
in flam m atory  reactions, a n d  because they  secrete a

Fig. 3 .2 I A focus of inflammation containing numerous eosinophils.
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p le th o ra  of cytokines, they  can  p ro m o te  in flam m atory  
reactions.

• A lth o u g h  neutrophils are characteristic  of acu te  inflam 
m ation , m an y  form s of chronic in flam m ation , las ting  for 
m onths, con tinue  to  show  large n u m b ers  o f neu troph ils , 
in d u ced  e ither by  p e rsis ten t m icrobes or by  cy tokines 
an d  o th e r m ed ia to rs  p ro d u ced  by  activa ted  m acro 
phages a n d  T lym phocytes. In  chronic bacterial infec
tion  of bone (osteom yelitis), a n eu tro p h ilic  exuda te  can  
p ersis t for m an y  m onths. N eu tro p h ils  also  are  im p o r
tan t in  the chronic dam age  in d u ced  in  lu n g s  by  sm oking  
an d  o ther irr itan t stim uli (C hap ter 13). This p a tte rn  of 
in flam m ation  has been  called  acute on chronic.

G ranulom atous In flam m atio n

G ranulom atous inflam m ation is  a form  o f chronic inflam 
m ation  characterized b y  co llections o f activated macro
phages, often  w ith  T lym phocytes, and som etim es  
associated w ith  central necrosis. The activa ted  m acro 
p h ag es m ay  develop  a b u n d a n t cy top lasm  a n d  beg in  to 
resem ble  ep ithelia l cells, a n d  are  called  epithelioid cells. 
Som e ac tiva ted  m acrophages m ay  fuse, fo rm ing  m u ltin u 
cleate giant cells. G ran u lo m a fo rm ation  is a cellu lar a ttem p t 
to  con ta in  a n  o ffend ing  agen t th a t is d ifficult to  erad icate. 
In  th is a tte m p t there  is o ften  stro n g  ac tiva tion  o f T ly m p h o 
cytes lead in g  to  m acrophage  activation , w h ich  can  cause 
in ju ry  to  no rm al tissues.

T here are  tw o  types of g ranu lom as, w h ich  d iffer in  their 
pathogenesis.
• Im m une granulom as are caused  by a varie ty  of agen ts 

th a t a re capab le  o f in d u c in g  a p e rs is ten t T ce ll-m ed ia ted  
im m u n e  response. This type  of im m u n e  response  p ro 
duces g ran u lo m as u sually  w h e n  the  inciting  agen t 
canno t be read ily  e lim inated , such  as a p e rs is ten t 
m icrobe or a self an tigen . In  such  responses, m acro 
p h ag es activate  T cells to  p ro d u c e  cytokines, such  as 
IL-2, w h ich  activates o ther T cells, p e rp e tu a tin g  the 
response, a n d  IFN-y, w h ich  activates the m acrophages.

• Foreign body granulom as are  seen in  response  to  rela 
tively in e rt fo re ign  bodies, in  the absence of T cell- 
m ed ia ted  im m u n e  responses. Typically, fo re ign  body  
g ran u lo m as fo rm  a ro u n d  m ateria ls  such  as talc (associ
a ted  w ith  in trav en o u s  d ru g  abuse), su tu res, o r o ther 
fibers th a t a re  large  en o u g h  to  p rec lu d e  phagocy tosis  by 
a m acrophage  b u t are  n o t im m unogen ic . E pithelio id  
cells an d  g ian t cells are ap p o sed  to  the surface of the 
foreign  body . The fo reign  m ateria l can  u su a lly  be iden ti
fied in  the  cen ter of the g ranu lom a, p articu larly  if 
v iew ed  w ith  po la rized  light, in  w h ich  it m ay  ap p ea r 
refractile.

^  M O R P H O L O G Y

In th e  usual H & E  stained tissue samples ( Fig. 3 .2 2 ), th e  activated  

m acrophages in g ranu lom as have p ink  g ranu la r cytoplasm  w ith  

ind istinct cell boundaries  and a re  called ep ith e lio id  cells. A  

c o lla r o f  lym phocytes surrounds th e  aggregates o f  ep ithe lio id  

m acrophages. O ld e r  g ranu lom as may have a rim  o f fibrob lasts  

and con nective  tissue. F requently, b u t n o t invariably, m u ltin u c le -  

a ted  g ian t cells 4 0  to  50  |tm  in d ia m e te r  a re  found  in

Fig. 3.22 Typical tuberculous granuloma showing an area of central necrosis 
surrounded by multiple multinucleate giant cells, epithelioid cells, and 
lymphocytes.

granu lom as; th e s e  a re  called Langhans g iant cells. T h e y  consist o f  

a large mass o f cytoplasm  and m any nuclei. G ran u lo m as  associ

a ted  w ith  ce rta in  in fectious organism s (classically M ycobacterium  

tuberculosis) o ften  con tain  a cen tra l z o n e  o f  necrosis. Grossly, this  

has a granular, cheesy app earance  and is th e re fo re  called caseous 

necrosis. M icroscopically, th is n ec ro tic  m ate ria l appears as 

a m o rp h o u s , s tructu re less , eosinophilic , g ranu la r debris , w ith  loss 

o f ce llu lar details. T h e  g ranu lom as in C ro h n  disease, sarcoidosis, 

and foreign  b od y  reactions  te n d  to  n o t have n ec ro tic  centers  

and a re  said to  be noncaseating. H ea ling  o f g ranu lom as is a c c o m 

panied by fibrosis th a t  m ay be extens ive .

G ran u lo m as are enco u n te red  in  certa in  specific p a th o 
logic states; recogn ition  of the g ran u lo m ato u s p a tte rn  is 
im p o rta n t because of the  lim ited  n u m b er of cond itions 
(som e life th rea ten ing) th a t cause it (Table 3.9). In  the 
se tting  of p e rs is ten t T cell responses to  certa in  m icrobes 
(e.g., M. tuberculosis, Treponema pallidum, o r fungi), T cell- 
de rived  cy tok ines a re  responsib le  for chronic m acrophage  
activation  a n d  g ran u lo m a form ation . G ranu lom as m ay 
also  develop  in  som e im m u n e-m ed ia ted  in flam m atory  
diseases, no tab ly  C ro h n  disease, w h ich  is one type of 
in flam m atory  bow el d isease a n d  a n  im p o rta n t cause of 
g ran u lo m ato u s in flam m ation  in  the U n ited  States, a n d  in  
a d isease of u n k n o w n  etio logy called  sarcoidosis. Tubercu
lo sis  is the prototype o f a granulom atous d isease caused  
by in fection  and sh ou ld  alw ays be excluded  as the cause 
w h en  granulom as are identified . In  th is d isease the  g ran u 
lom a is re ferred  to  as a tubercle. The m orpho log ic  p a tte rn s  
in  the v a rio u s g ran u lo m ato u s d iseases m ay  be sufficiently 
d ifferen t to  a llow  a reasonab ly  accurate  d iagnosis (Table 
3.9), b u t it is a lw ays necessary  to  iden tify  the  specific etio- 
logic ag en t by  special sta ins for o rgan ism s (e.g., acid-fast 
sta ins for tubercle  bacilli), by  cu ltu re  m eth o d s  (e.g., in  
tubercu losis  a n d  fungal diseases), by  m o lecu lar techniques 
(e.g., the  po lym erase  cha in  reaction  in  tuberculosis), an d  
by serologic s tu d ies  (e.g., in  syphilis).
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Table 3.9 Examples of Diseases W ith  G ranulom atous Inflam m ation

Disease Cause Tissue Reaction

Tuberculosis Mycobacterium tuberculosis Caseating granuloma (tubercle): focus of activated macrophages 
(epithelioid cells), rimmed by fibroblasts, lymphocytes, 
histiocytes, occasional Langhans giant cells; central necrosis 
with amorphous granular debris; acid-fast bacilli

Leprosy Mycobacterium leprae Acid-fast bacilli in macrophages; noncaseating granulomas

Syphilis Treponema pallidum Gumma: microscopic to grossly visible lesion, enclosing wall of 
macrophages; plasma cell infiltrate; central cells are necrotic 
without loss of cellular outline; organisms difficult to identify in 
tissue

Cat-scratch disease Gram-negative bacillus Rounded or stellate granuloma containing central granular debris 
and recognizable neutrophils; giant cells uncommon

Sarcoidosis Unknown etiology Noncaseating granulomas with abundant activated macrophages

Crohn disease (inflammatory 
bowel disease)

Immune reaction against 
undefined gut microbes 
and, possibly, self antigens

Occasional noncaseating granulomas in the wall of the intestine, 
with dense chronic inflammatory infiltrate

Ä s U M M A R Y

C H R O N I C  I N F L A M M A T I O N

• C h ro n ic  in flam m ation  is a p ro lo n ged  host response to  persis

te n t  stim uli th a t  m ay fo llo w  unreso lved  acu te  in flam m ation  o r  

be chron ic  fro m  th e  o u tset.

• It is caused by m icrob es  th a t  resist e lim in atio n , im m une  

responses against self and en v iro n m en ta l antigens, and som e  

to x ic  substances (e.g., silica); underlies  m any m edically  im p o r

ta n t  diseases.

• It is c h a ra c te rize d  by coex is ting  in flam m atio n , tissue injury, 

a tte m p te d  re p a ir  by scarring, and im m un e response.

• T h e  ce llu la r in filtra te  consists o f m acrophages, lym phocytes, 

plasm a cells, and o th e r  leukocytes.

• It is m ed ia ted  by cytok ines  p ro d u ced  by m acrophages and 

lym phocytes (no tab ly  T  lym phocytes); b id irec tion a l in te ra c 

tion s  b e tw e e n  these  cells te n d  to  am plify  and p ro lo n g  th e  

in fla m m a to ry  reac tion .

• G ra n u lo m a to u s  in flam m ation  is a m o rp h o lo g ica lly  specific 

p atte rn  o f  chron ic  in flam m ation  induced by T  cell and m a c ro 

phage activa tion  in response to  an agent th a t  is res istan t to  

erad ication .

SYSTEMIC EFFECTS OF 
INFLAMM ATION

Inflam m ation, even  if  it is  localized , is  associated w ith  
cytok ine-induced  system ic reactions that are collectively  
called  the acute-phase response. A nyone w h o  has suf
fered  th ro u g h  a severe b o u t of a bacterial o r v ira l illness 
(e.g., p n eu m o n ia  o r influenza) has  experienced  the sys
tem ic m an ifesta tions of acu te  in flam m ation . These changes 
a re  reactions to cy tokines w h o se  p ro d u c tio n  is stim u la ted  
by  bacteria l p ro d u c ts  such  as LPS, v ira l doub le  s tran d ed  
R N A  an d  by o th e r in flam m atory  stim uli. The cy tokines 
TNF, IL-1, an d  IL-6 are im p o rta n t m ed ia to rs  of the acute- 
p h ase  reaction; o th e r cytokines, no tab ly  type  I in terferons, 
also  con tribu te  to  the  reaction.

The acu te-phase  response  consists o f several clinical an d
patho log ic  changes:
• Fever, charac terized  by a n  e leva tion  of bo d y  tem pera 

tu re, u sua lly  by 1° to 4°C, is one of the m ost p ro m in en t 
m an ifesta tions of the acu te-phase  response, espe
cially w h e n  in flam m ation  is associated  w ith  infection. 
Substances th a t induce  fever are called  pyrogens. The 
increase in  body  tem p era tu re  is caused  by p ro stag lan 
d ins th a t a re  p ro d u c e d  in  the vascu lar an d  p erivascu lar 
cells of the h y p o th a lam u s. B acterial p ro d u c ts , such  as 
LPS (called exogenous pyrogens), s tim u la te  leukocytes to 
release cy tok ines such  as IL-1 a n d  TNF (called endog
enous pyrogens) th a t increase the enzym es (cyclooxygen
ases) th a t convert arachadon ic  acid  in to  p rostag lan d in s. 
In  the h y p o th a lam u s, the p ro stag lan d in s, especially  
PGE2, s tim ula te  the p ro d u c tio n  of neu ro tran sm itte rs  
th a t rese t the tem p era tu re  set p o in t a t a  h ig h er level. 
NSA ID s, in c lu d in g  asp irin , reduce  fever by  inh ib iting  
p ro s tag lan d in  synthesis. H ow , a n d  even  if, fever con
tribu tes to  the p ro tective  h o st response  rem ains unclear.

• A cute-phase proteins are p lasm a  p ro te ins, m ostly  syn 
thesized  in  the liver, w hose  p lasm a  concen tra tions m ay  
increase several h u n d red -fo ld  as p a r t  o f the response  
to in flam m ato ry  stim uli. T hree of the best-know n  of 
these p ro te in s  are  C -reactive p ro te in  (CRP), fibrinogen, 
an d  se ru m  am ylo id  A  (SAA) p ro te in . S ynthesis of these 
m olecules in  hepatocy tes is stim u la ted  by  cytokines. 
M any acu te-phase  p ro te ins, such  as CRP a n d  SAA, b ind  
to m icrobial cell w alls, a n d  they  m ay  act as o pson ins 
an d  fix com plem ent. F ib rinogen  b in d s  to red  cells and  
causes th em  to fo rm  stacks (rou leaux) th a t sed im en t 
m ore  rap id ly  a t u n it g rav ity  th a n  do  in d iv id u a l re d  cells. 
This is the  basis for m easu rin g  the  erythrocyte sedimenta
tion rate as a sim ple test for a n  in flam m atory  response 
caused  by  any  stim ulus. A cu te-phase  p ro te in s  have  ben 
eficial effects d u rin g  acu te  in flam m ation , b u t p ro lo n g ed  
p ro d u c tio n  of these p ro te in s  (especially  SAA) in  states 
of chronic in flam m ation  can, in  som e cases, cause sec
ondary amyloidosis (C hap ter 5). E levated  se ru m  levels of 
CRP serve as a m ark e r for increased  risk  of m yocard ia l 
in farc tion  in  p a tien ts  w ith  co ronary  a rte ry  d isease. It 
is p o s tu la ted  th a t in flam m ation  invo lv ing  atheroscle
rotic p laq u es in  the coronary  arte ries p red isp o ses to
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th rom bosis a n d  su b seq u en t infarction . A no ther p ep tid e  
w h o se  p ro d u c tio n  is increased  in  the acu te-phase  
response  is the iron -regu la ting  p e p tid e  hepcidin. C hron i
cally e leva ted  p lasm a  concen tra tions of h ep c id in  reduce  
the  availab ility  o f iron  a n d  a re  responsib le  for the anemia 
associa ted  w ith  chronic in flam m ation  (C hap ter 12).

• L eukocytosis is a com m on fea tu re  of in flam m atory  
reactions, especially  those  in d u ced  by bacterial infec
tions. The leukocyte co u n t u sua lly  clim bs to  15,000 or 
20,000 ce lls /m L , b u t som etim es it m ay  reach  ex trao rd i
narily  h ig h  levels o f 40,000 to  100,000 ce lls /m L . These 
ex trem e elevations a re  re ferred  to  as leukemoid reactions, 
because they  are  sim ilar to  (and  m u st be d is tin g u ish ed  
from ) the w h ite  cell coun ts observed  in  leukem ia. The 
leukocytosis occurs in itia lly  because of accelerated  
release of cells from  the bone m arrow  p ostm ito tic  reserve 
p o o l (caused  by cytokines, in c lu d in g  TNF an d  IL-1) an d  
is therefore  associa ted  w ith  a  rise in  the  n u m b er o f m ore  
im m atu re  n eu tro p h ils  in  the b lood, re ferred  to  as a  shift 
to the left. P ro longed  in fection  also  induces p ro life ra tion  
of p recu rso rs  in  the bone m arrow , caused  by increased  
p ro d u c tio n  of co lony-stim ulating  factors (CSFs). Thus, 
if in flam m ation  is su sta in ed  the  bone m arro w  o u tp u t of 
leukocytes increases, a n  effect tha t u sua lly  m ore than  
conpensa tes for the  loss of these cells in  the in flam m a
tory  reaction . (See a lso  the d iscussion  of leukocytosis in  
C h ap te r 12.) M ost bacterial infections induce  a n  increase 
in  the b lood  n eu tro p h il count, called  neutrophilia. V iral 
infections, such  as in fectious m ononucleosis, m u m p s, 
an d  G erm an  m easles, cause a n  abso lu te  increase in  the 
n u m b er of lym phocy tes (lymphocytosis). In  som e aller
gies a n d  parasitic  in festa tions, there  is an  increase in  the 
n u m b er of b lood  eosinophils, crea ting  an  eosinophilia. 
C erta in  infections (typho id  fever a n d  infections caused  
by  som e v iruses, rickettsiae, a n d  certa in  p ro tozoa) are  
associa ted  w ith  a decreased  n u m b er o f c ircu la ting  w h ite  
cells (leukopenia).

• O th e r m an ifesta tions of the  acu te-phase  response  inc lude  
increased  h ea rt ra te  a n d  b lood  p ressu re; decreased  
sw eating , m ain ly  because of red irec tion  of b lood  flow  
from  cu tan eo u s to  deep  vascu lar beds, to  m in im ize hea t 
loss th ro u g h  the skin; rigo rs (shivering), chills (search  for 
w arm th ), anorexia, som nolence, a n d  m alaise, p robab ly  
because of the actions of cy tokines on  b ra in  cells.

In  severe bacterial infections (sep sis), the large  am o u n ts  
o f bacteria  a n d  the ir p ro d u c ts  in  the  b lood  stim ula te  the 
p ro d u c tio n  of en o rm o u s q u an titie s  of several cytokines, 
no tab ly  TNF a n d  IL-1. H ig h  b lood  levels o f cy tokines 
cause w id e sp re a d  clinical a n d  pa tho log ic  abnorm alities 
such  as d issem in a ted  in travascu la r coagulation , h y p o ten 
sive shock, a n d  m etabolic  d is tu rbances in c lu d in g  in su lin  
resistance a n d  hyperg lycem ia. This clinical triad  is kn o w n  
as septic shock; it is d iscussed  in  m ore deta il in  C h ap te r 4. 
A  sy n d ro m e sim ilar to  septic shock m ay  occur as a com 
p lica tion  of non in fectious d iso rders, such  as severe bu rns, 
traum a, pancreatitis, a n d  o th er serious conditions. Col
lectively these reactions are  called systemic inflammatory 
response syndrome (SIRS).

W e nex t consider the  process o f repa ir, w h ich  is a 
hea ling  response  to  tissue d estru c tio n  re su ltin g  from  
in flam m ation  or o ther causes.

Ä S U M M A R Y

S Y S T E M IC  E F F E C T S  O F  I N F L A M M A T I O N

• Fever: C y to k in e s  (T N F , IL -1 ) s tim u la te  p ro d u c tio n  o f PGs in 

hypothalam us

• P rod uction  o f acute -phase  p ro te ins: C -re a c tiv e  p ro te in , o thers ; 

synthesis s tim ula ted  by cytok ines  ( IL -6 , o th e rs ) acting on liver 

cells

• Leukocytosis: C y to k in e s  (CSFs) s tim u la te  p ro d u c tio n  o f  leuko 

cytes fro m  p recu rso rs  in th e  b on e  m a rro w

• In som e severe  in fections, septic  shock: Fall in b lo o d  pressure, 

dissem inated in travascular coagu lation , m etabo lic  a b n o rm a li

ties; induced by high levels o f T N F  and o th e r  cytokines

TISSUE REPAIR

Overview of Tissue Repair

C ritical to  the su rv iva l of a n  o rgan ism  is the ab ility  to 
rep a ir the  dam age caused  by toxic in su lts  a n d  in flam m a
tion. In  fact, the in flam m atory  response  to  m icrobes an d  
in ju red  tissues n o t on ly  serves to  elim inate  these dan g ers  
b u t also  sets in to  m o tion  the process o f repair.

Repair o f dam aged tissu es occurs by tw o types of 
reactions: regeneration b y  proliferation o f residual (unin
jured) cells and m aturation o f  tissu e  stem  cells , and the  
d ep osition  o f connective tissu e  to form  a scar (Fig. 3.23). 
• R egeneration. Som e tissues are able to  rep lace  the 

d am ag ed  co m ponen ts  a n d  essen tially  re tu rn  to  a n o rm al

NORMAL

Mild, superficial injury Severe injury

REGENERATION SCAR FORMATION

Fig. 3.23 Mechanisms of tissue repair: regeneration and scar formation. 
Following mild injury, which damages the epithelium but not the underlying 
tissue, resolution occurs by regeneration, but after more severe injury with 
damage to the connective tissue, repair is by scar formation.
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state; th is p rocess is called  regeneration. R egeneration  
occurs by  p ro life ra tion  of cells th a t su rv ive  the  in jury  
a n d  re ta in  the capacity  to  pro lifera te , for exam ple, in  the 
rap id ly  d iv id in g  ep ithe lia  of the sk in  a n d  in testines, and  
in  som e p aren ch y m al o rgans, no tab ly  the liver. In  o ther 
cases, tissue stem  cells m ay  con tribu te  to  the  resto ra tion  
of d am ag ed  tissues. H ow ever, w h ereas low er an im als 
such  as sa lam anders  an d  fish can  regenera te  en tire  
lim bs or ap p en d ag es, m am m als have  a lim ited  capacity  
to regenera te  d am ag ed  tissues a n d  organs, a n d  on ly  
som e com ponen ts of m ost tissues a re  able to  fu lly  resto re  
them selves.

• C onnective tissu e  d ep osition  (scar form ation). If the
in ju red  tissues are incapab le  of com plete restitu tion , o r 
if the su p p o rtin g  s tru c tu res  of the  tissue are  severely  
dam aged , rep a ir  occurs by  the lay ing  d o w n  of connec
tive (fibrous) tissue, a  p rocess th a t m ay  re su lt in  fo rm a
tion  of a  scar. A lth o u g h  the  fib rous scar is n o t no rm al, it 
p ro v id es en o u g h  s tru c tu ra l stab ility  th a t the in ju red  
tissue is u sua lly  able to  function . The te rm  fibrosis is 
m ost o ften  u se d  to  describe the  extensive dep o sitio n  of 
collagen th a t occurs in  the  lungs, liver, k idney , an d  
o ther o rgans as a consequence of chronic in flam m ation , 
o r in  the m y o card iu m  after extensive ischem ic necrosis 
(infarction). If fibrosis develops in  a tissue space occu
p ied  by a n  in flam m atory  exudate , it is called  organiza
tion (as in  o rg an iz in g  p n eu m o n ia  affecting  the lung).

A fter m an y  com m on types of in jury , bo th  regenera tion  
an d  scar fo rm ation  con tribu te  in  v a ry in g  degrees to  the 
u ltim ate  repa ir. B oth p rocesses invo lve the  p ro life ra tion  of 
various cells, a n d  close in teractions be tw een  cells a n d  the 
ex tracellu lar m atrix  (ECM). W e first d iscuss the general 
m echanism s of cellu lar p ro life ra tion  a n d  regeneration , and  
then  the sa lien t fea tu res o f reg en era tio n  a n d  hea ling  by 
scar fo rm ation , a n d  conclude w ith  a descrip tion  of cu tane 
ous w o u n d  hea ling  a n d  fibrosis (scarring) in  pa renchym al 
o rgans as illu stra tions of the rep a ir  process.

Cell and Tissue Regeneration

The regeneration o f injured cells and tissu es in vo lves cell 
proliferation, w h ich  is  driven by grow th factors and is  
critically dep en d en t on  the integrity o f the extracellular 
matrix, and by the d evelop m en t o f m ature cells from  
stem  cells. Before describ ing  exam ples of rep a ir by  regen 
era tion , w e  discuss the con tro l o f cell p ro life ra tion  in  this 
p rocess. The general p rincip les of cell p ro life ra tion  w ere  
su m m arized  in  C h ap te r 1.

Cell Proliferation: Signals and  Control M echan ism s

Several cell types pro life ra te  d u rin g  tissue repair. These 
include the  rem n an ts  of the in ju red  tissue (w hich  a tte m p t 
to resto re  n o rm al struc tu re), vascu lar endo the lia l cells (to 
create n ew  vessels th a t p ro v id e  the n u trien ts  n eed ed  for 
the rep a ir process), an d  fibroblasts (the source  of the  fibrous 
tissue th a t fo rm s the scar to fill defects th a t canno t be cor
rected  by regeneration ).

The ab ility  o f tissues to  rep a ir them selves is d e term ined , 
in  pa rt, by their in trinsic  p ro lifera tive  capacity . In  som e 
tissues (som etim es called labile tissues), cells a re  constan tly  
being  lost a n d  m u s t be con tinually  rep laced  by n ew  cells
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th a t a re d e riv ed  from  tissue stem  cells a n d  ra p id ly  p ro lifer
a tin g  im m atu re  p rogen ito rs. These types of tissues inc lude  
hem atopo ie tic  cells in  the  bone m arro w  a n d  m an y  surface 
ep ithelia , such  as the  basal layers o f the sq u am o u s ep ithelia  
o f the skin, o ra l cavity , vag ina, a n d  cervix; the  cubo ida l ep i
thelia  o f the d u c ts  d ra in in g  exocrine o rgans (e.g., salivary  
g lands, pancreas, b iliary  tract); the co lu m n ar ep ith e liu m  
of the g astro in testina l tract, u te ru s , a n d  fa llop ian  tubes; 
an d  the  transitiona l ep ith e liu m  of the u rin a ry  tract. These 
tissues can  read ily  regenera te  after in jury  as long  as the 
poo l o f stem  cells is p reserved .

O th e r tissues (called stable tissues) a re  m ad e  u p  of cells 
th a t are no rm ally  in  the G0 stage of the cell cycle an d  
hence n o t p ro lifera ting , b u t they  are  capable of d iv id in g  in  
response  to  in jury  o r loss of tissue m ass. These tissues 
inc lude  the p a ren ch y m a of m ost so lid  o rgans, such  as 
liver, k idney , a n d  pancreas. E ndo thelia l cells, fibroblasts, 
a n d  sm oo th  m uscle  cells are also  no rm ally  qu iescen t b u t 
can  pro life ra te  in  response  to g ro w th  factors, a reaction  
th a t is p a rticu la rly  im p o rtan t in  w o u n d  healing.

Som e tissues (called permanent tissues) consist o f term i
nally  d iffe ren tia ted  nonpro life ra tive  cells, such  as the 
m ajority  o f n eu ro n s  a n d  card iac  m uscle cells. In ju ry  to 
these tissues is irreversib le  a n d  resu lts  in  a scar, because 
the  cells canno t regenerate . Skeletal m uscle cells are  
u su a lly  considered  n o n d iv id in g , b u t satellite cells a ttached  
to  the endom ysia l sh ea th  p ro v id e  som e regenera tive  
capacity  for m uscle.

Cell p ro life ra tion  is d riv en  by signals p ro v id e d  by 
g ro w th  factors a n d  from  the extracellu lar m atrix . M any 
d ifferen t g ro w th  factors have been  described , som e of 
w h ich  act on  m u ltip le  cell types, w h ile  o thers  are  
cell-type specific (C hap ter 1). G ro w th  factors a re  typically  
p ro d u c e d  by cells n ea r the site of dam age. The m ost im p o r
tan t sources of these g ro w th  factors a re  m acrophages that 
a re  activa ted  by  the tissue in ju ry , b u t ep ithelia l a n d  strom al 
cells also  p ro d u ce  som e of these factors. Several g ro w th  
factors b in d  to  ECM  p ro te in s  a n d  are d isp layed  a t the  site 
o f tissue in jury  a t h ig h  concentra tions. A ll g ro w th  factors 
activate  signaling  p a th w a y s  tha t u ltim ate ly  induce  changes 
in  gene expression  tha t d rive  cells th ro u g h  the cell cycle 
a n d  su p p o rt the b iosyn thesis  of m olecu les a n d  o rganelles 
th a t a re  n eed ed  for cell d iv ision  (C hap ter 1). In  ad d itio n  to 
re sp o n d in g  to  g ro w th  factors, cells u se  in teg rin s  to  b in d  to 
ECM  p ro te in s, an d  signals from  the in teg rin s can  also  stim 
u la te  cell pro lifera tion .

In  the  p rocess of regenera tion , p ro life ra tion  of resid u a l 
cells is su p p lem en ted  by d ev e lo p m en t o f m a tu re  cells from  
stem  cells. In  C h ap te r 1 w e  in tro d u ced  the m ajor types of 
stem  cells. In  ad u lts , the m ost im p o rta n t stem  cells for 
reg en era tio n  after in ju ry  are  tissue stem  cells. These stem  
cells live in  specia lized  niches, a n d  it is believed  th a t in jury  
triggers signals in  these n iches th a t activate  qu iescen t stem  
cells to  p ro life ra te  an d  d ifferen tia te  in to  m a tu re  cells that 
rep o p u la te  the in ju red  tissue.

M ech an ism s o f  Tissue Regeneration

The im portance  of reg en era tio n  in  the rep lacem en t of 
in ju red  tissues varies in  d ifferen t types of tissues a n d  w ith  
the severity  o f injury.
• In  ep ithe lia  of the in testina l trac t a n d  skin, in ju red  cells

are  rap id ly  rep laced  by p ro life ra tion  of resid u a l cells
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a n d  d iffe ren tia tion  of cells d e riv ed  from  tissue stem  
cells, p ro v id in g  the  u n d e rly in g  b asem en t m em brane  is 
in tact. The res id u a l ep ithelia l cells p ro d u ce  the g ro w th  
factors in vo lved  in  these processes. The new ly  gener
a ted  cells m ig ra te  to  fill the defect created  by  the  in jury , 
a n d  tissue in teg rity  is resto red  (Fig. 3.23).

• T issue regen era tio n  can  occur in  pa renchym al o rgans 
w hose  cells a re  capab le  of p ro lifera tion , b u t w ith  the 
exception  of the  liver, th is is u su a lly  a lim ited  process. 
Pancreas, ad renal, thy ro id , a n d  lu n g  hav e  som e regen 
era tive  capacity . The surg ical rem oval o f a  k id n ey  elicits 
in  the rem ain in g  k id n ey  a com pensa to ry  response  tha t 
consists of bo th  h y p e rtro p h y  a n d  h yperp lasia  o f p rox i
m al d u c t cells. The m echan ism s u n d e rly in g  th is  response  
are  n o t u n d e rs to o d , b u t they  likely invo lve local p ro d u c 
tion  of g ro w th  factors a n d  in terac tions of cells w ith  the 
ECM . The ex trao rd in ary  capacity  of the liver to regener
a te  has m ad e  it a va luab le  m o d e l for s tu d y in g  th is 
process, a s  described  below .

R esto ration  o f n o rm al tissue arch itectu re  can  occur on ly  
if the  resid u a l tissue is s truc tu ra lly  in tact, for exam ple  a fter 
p a rtia l surg ical resection  of the liver. By contrast, if the 
en tire  tissue is d am ag ed  by  in fection  or in flam m ation , 
reg en era tio n  is incom plete  a n d  is accom pan ied  by scarring. 
For exam ple, extensive d estru c tio n  of the liver w ith  col
lapse of the  re ticu lin  fram ew ork , as occurs in  a liver abscess, 
leads to  scar fo rm ation  ev en  th o u g h  the rem ain in g  liver 
cells have the  capacity  to  regenerate .

Liver Regeneration

The hum an liver has a rem arkable capacity to regenerate, 
as dem onstrated by its grow th after partial hepatectom y,
w h ich  m ay  be p e rfo rm ed  for tu m o r resection  o r for living- 
d o n o r hepatic  tran sp lan ta tio n . The m ythologic  im age of 
liver regen era tio n  is the re g ro w th  of the  liver of P ro 
m etheus, w h ich  w as  ea ten  every  d ay  by a n  eagle sen t by 
Z eus as p u n ish m en t for s tealing  the secret of fire, an d  
reg rew  every  n igh t. The reality , a lth o u g h  less d ram atic , is 
still qu ite  im pressive.

R egeneration o f the liver occurs by tw o major m echa
nism s: proliferation o f rem ain ing hepatocytes and repop
u lation  from  progenitor cells. W hich  m echan ism  p lays the 
d o m in a n t ro le  d e p en d s  on  the n a tu re  of the injury.
• Proliferation o f hepatocytes fo llo w in g  partial hepatec

tom y. In  h um ans, resection  of u p  to  90% of the  liver can 
be corrected  by  p ro life ra tion  of the  res id u a l hepatocytes. 
This p rocess is d riv en  by  cy tok ines such  as IL-6 p ro d u ced  
by  K upffer cells, a n d  by g ro w th  factors such  as hepato - 
cyte g ro w th  factor (HGF) p ro d u c e d  by m an y  cell types.

• Liver regeneration from  progenitor cells. In  situa 
tions in  w h ich  the p ro lifera tive  capacity  of hepato- 
cytes is im paired , such  as after chronic liver in jury  
o r in flam m ation , p ro g en ito r cells in  the  liver contrib 
u te  to  rep o p u la tio n . In  roden ts, these  p ro g en ito r cells 
h av e  been  called  oval cells because of the  shape  of their 
nuclei. Som e of these p ro g en ito r cells reside  in  special
ized  n iches called canals o f Hering, w h e re  bile cana- 
liculi connect w ith  la rger bile ducts. The signals th a t 
d rive  p ro life ra tion  of p ro g en ito r cells a n d  their differ
en tia tion  in to  m a tu re  hepatocy tes a re  top ics of active 
investigation .

Ä S U M M A R Y

R E P A IR  B Y  R E G E N E R A T I O N

• D iffe re n t tissues consist o f con tin u ou sly  d ividing cells (ep ith e -  

lia, h e m a to p o ie tic  tissues), n o rm a lly  qu iescen t cells th a t  a re  

capable o f p ro life ra tio n  (m o st parenchym al organs), and n o n 

dividing cells (neu ro ns , skeletal and card iac m uscle). T h e  regen 

e ra tiv e  capacity o f a tissue depends on th e  p ro life ra tiv e  

p o ten tia l o f its c o n s titu e n t cells.

• C e ll p ro life ra tio n  is c o n tro lle d  by th e  cell cycle, and is s tim u 

lated by g ro w th  fac to rs  and in te rac tion s  o f  cells w ith  th e  

e x tra c e llu la r m a trix .

• R egen eration  o f th e  liver is a classic exa m p le  o f  re p a ir  by 

re g e n e ra tio n . It is trig g ered  by cytok ines  and g ro w th  fac tors  

p ro du ced  in response to  loss o f  liver mass and in flam m atio n . 

In d iffe re n t s ituations, reg en eratio n  may o c c u r by p ro life ra tio n  

o f surviving h ep ato cytes  o r  rep o p u la tio n  fro m  p ro g e n ito r  cells.

Repair by Scarring

If repair cannot be accom plished  by regeneration alone, 
it occurs by replacem ent o f the injured cells w ith  connec
tive  tissu e , lead in g  to the form ation o f a scar, or by a 
com bination  o f regeneration o f som e residual cells and  
scar form ation. A s d iscussed  earlier, scarring  m ay  h a p p e n  
if the tissue in ju ry  is severe or chronic a n d  resu lts  in  
dam age to  p a ren ch y m al cells a n d  ep ithelia  as  w ell a s  to  the 
connective tissue fram ew ork , o r if n o n d iv id in g  cells a re  
in jured . In  con trast to  regeneration , w h ich  invo lves the 
restitu tio n  of tissue com ponen ts, scar fo rm ation  is a 
response  th a t "p a tch es"  ra th e r th a n  resto res the  tissue. The 
te rm  scar is m ost o ften  u sed  in  connection  to  wound healing 
in  the skin, b u t a lso  m ay  be u sed  to  describe the rep lace
m en t of pa renchym al cells in  any  tissue by collagen, a s  in  
the h ea rt a fte r m yocard ia l infarction .

Steps in Scar Form ation

R epair by  connective tissue dep o sitio n  consists o f a series 
o f sequen tia l steps th a t fo llow  tissue in ju ry  (Fig. 3.24).
• W ith in  m in u tes  a fte r in jury , a hem ostatic  p lu g  com 

p rised  of p la te le ts  (C hap ter 4) is fo rm ed , w h ich  stops 
b leed in g  a n d  p ro v id es a scaffold for in filtra ting  inflam 
m ato ry  cells.

• Inflam m ation. This step  is com prised  of the  typical 
acu te  a n d  chronic in flam m atory  responses. Break
d o w n  p ro d u c ts  of com plem en t activation , chem okines 
re leased  from  ac tiva ted  p latelets, a n d  o ther m ed ia to rs  
p ro d u c e d  a t the site o f in ju ry  function  as chem otac- 
tic ag en ts  to  rec ru it n eu tro p h ils  a n d  th en  m onocytes 
d u rin g  the  nex t 6 to  48 hou rs. As described  earlier, these 
in flam m atory  cells e lim inate  the o ffend ing  agents, such  
as m icrobes th a t m ay  have en te red  th ro u g h  the  w o u n d , 
an d  clear the debris. M acrophages are the central cel
lular players in  the repair p rocess—M1 m acrophages 
clear m icrobes a n d  necro tic  tissue a n d  p ro m o te  inflam 
m ation  in  a positive  feedback  loop, a n d  M 2 m acrophages 
p ro d u ce  g ro w th  factors th a t stim ula te  the  pro lifera 
tion  of m an y  cell types in  the nex t stage of repair. As 
the in ju rious ag en ts  a n d  necrotic cells a re  cleared , the
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Fig. 3.24 Steps in repair by scar formation: healing of a large wound in the skin. This is an example of healing by second intention. (A) Hemostatic plug and 
inflammation. (B) Proliferation of epithelial cells; formation of granulation tissue by vessel growth and proliferating fibroblasts. (C) Remodeling to produce the 
fibrous scar.

in flam m ation  resolves; h o w  th is in flam m ato ry  flam e is 
ex tingu ished  in  m ost situa tions of in ju ry  is still n o t w ell 
defined.

• C ell proliferation. In  the  nex t stage, w h ich  takes u p  to 
10 days, several cell types, in c lu d in g  ep ithelia l cells, 
endo the lia l a n d  o th e r vascu lar cells, a n d  fibroblasts, 
p ro life ra te  an d  m ig ra te  to  close the now -clean  w o u n d . 
Each cell type  serves u n iq u e  functions.
• Epithelial cells re sp o n d  to  locally p ro d u c e d  g ro w th  

factors a n d  m ig ra te  over the w o u n d  to  cover it.
• Endothelial and other vascular cells p ro life ra te  to  fo rm  

n ew  b lood  vessels, a  p rocess k n o w n  as a n g io g en esis . 
Because of the  im portance  of th is p rocess in  physio 
logic h o st responses an d  in  m any  pa tho log ic  cond i
tions, it is described  in  m ore deta il later.

• Fibroblasts p ro life ra te  an d  m ig ra te  in to  the  site of 
in ju ry  a n d  lay d o w n  co llagen fibers th a t fo rm  the 
scar.

• The com bination  of p ro life ra ting  fibroblasts, loose 
connective tissue, new  b lood  vessels a n d  scattered  
chronic in flam m atory  cells, fo rm s a type  o f tissue th a t 
is u n iq u e  to  hea ling  w o u n d s  a n d  is called granulation 
tissue. This te rm  derives from  its p ink , soft, g ran u la r 
gross appearance, such  as th a t seen  b en ea th  the  scab 
of a sk in  w o u n d .

• R em odeling. The connective tissue th a t h as  been  d epos
ited  by  fib roblasts is reo rg an ized  to  p ro d u ce  the stable 
fib rous scar. This p rocess beg ins 2 to  3 w eeks after in jury  
an d  m ay  con tinue  for m o n th s o r years.

H ealing  of sk in  w o u n d s  can  be classified in to  healing by 
first intention (primary union), re ferring  to  ep ithelia l regen 
e ra tion  w ith  m in im al scarring , as in  w ell-ap p o sed  surgical 
incisions, an d  healing by second intention (secondary union), 
re ferring  to  la rger w o u n d s  th a t hea l by  a com bination  of 
reg en era tio n  a n d  scarring . Because the fu n d am en ta l p ro 
cesses invo lved  in  bo th  types of w o u n d  hea ling  rep resen t 
a  co n tin u u m  from  regen era tio n  to  scarring , w e  do  n o t

m ake  th is d istinc tion  in  o u r d iscussion  of the  key even ts in  
tissue repair.

Angiogenesis

A n giogen esis is  the process o f n ew  b lood  v esse l d evelop 
m ent from  existin g  vesse ls . It is critical in  hea ling  a t sites 
o f in jury , in  the d ev e lo p m en t of collateral c ircu la tions a t 
sites o f ischem ia, a n d  in  a llow ing  tu m o rs to  increase in  size 
bey o n d  the  constra in ts  of the ir o rig ina l b lood  supp ly . 
M uch  w o rk  has been  done  to  u n d e rs ta n d  the m echan ism s 
of angiogenesis, a n d  therap ies have  b een  d ev eloped  e ither 
to  au g m en t the  p rocess (e.g., to  im p ro v e  b lood  flow  to a 
h e a rt rav ag ed  by  co ronary  a therosclerosis) or to  in h ib it it 
(to fru stra te  tu m o r g ro w th  o r b lock  pa tho log ic  vessel 
g row th , as in  w e t m acu la r d eg en era tio n  of the eye).

A ng iogenesis invo lves sp ro u tin g  of new  vessels from  
ex isting  ones, an d  consists o f the fo llow ing  steps (Fig. 3.25):
• V asod ila tion  in  response  to  N O  an d  increased  p erm ea 

bility  in d u ced  by VEGF
• S epara tion  of pericy tes from  the  ab lum inal surface and  

b rea k d o w n  of the b asem en t m em b ran e  to a llow  form a
tion  of a vessel sp ro u t

• M ig ra tion  of endo the lia l cells to w ard  the area  of tissue 
in jury

• P ro lifera tion  of endo the lia l cells ju s t beh in d  the  lead ing  
fro n t ("tip") of m ig ra tin g  cells

• R em odeling  in to  cap illary  tubes
• R ecru itm en t o f p e rien d o th e lia l cells (pericytes for sm all 

capillaries a n d  sm ooth  m uscle  cells for la rger vessels) to 
form  the m a tu re  vessel

• S up p ressio n  of endo the lia l p ro life ra tion  a n d  m ig ra tion  
an d  dep o sitio n  of the  b asem en t m em brane

It has  been  suggested  th a t endo the lia l p ro g en ito r cells 
are  p re sen t in  the bone m a rro w  a n d  can  be  rec ru ited  to 
p ro m o te  n ew  vessel fo rm ation . H ow ever, these cells likely 
p lay  a m inor, if any , ro le  in  the ang iogenesis associated  
w ith  the hea ling  of m o st w o u n d s .
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Fig. 3.25 Angiogenesis. In tissue repair, angiogenesis occurs mainly by the 
sprouting of new vessels. The steps in the process, and the major signals 
involved, are illustrated. The newly formed vessel joins up with other vessels 
(not shown) to form the new vascular bed.

The p rocess of ang iogenesis invo lves several signaling  
pa th w ay s, cell-cell in teractions, ECM  pro te in s, an d  tissue 
enzym es.
• G row th factors. VEGFs, m ain ly  VEGF-A (C hap ter 1), 

s tim u la tes b o th  m ig ra tio n  a n d  p ro life ra tion  of en d o th e 
lial cells, th u s  in itia ting  the p rocess of cap illary  sp ro u t
in g  in  angiogenesis. It p rom otes  vaso d ila tio n  by 
s tim u la tin g  the  p ro d u c tio n  of N O  a n d  con tribu tes to  the 
fo rm ation  of the vascu lar lum en . Fibroblast growth factors 
(FGFs), m ain ly  FGF-2, stim u la te  the  p ro life ra tion  of 
endo the lia l cells. They also  p ro m o te  the m ig ra tio n  of 
m acrophages a n d  fibrob lasts to  the d am ag ed  area, and  
stim ula te  ep ithelia l cell m ig ra tio n  to  cover ep id erm al 
w o u n d s . N ew ly  fo rm ed  vessels need  to  be stab ilized  by 
the rec ru itm en t of pericy tes a n d  sm oo th  m uscle  cells 
an d  by the dep o sitio n  of connective tissue. M ultip le  
g ro w th  factors, in c lu d in g  PDGF a n d  TGF-ß, likely p a r 
tic ipate  in  the stab iliza tion  process: PDGF recru its  
sm oo th  m uscle  cells an d  TGF-ß sup p resses  endo the lia l 
p ro life ra tion  a n d  m igration , a n d  enhances the p ro d u c 
tion  of ECM  pro te ins.

• N otch  signaling. T h ro u g h  "cross ta lk" w ith  VEGF, the 
N o tch  signaling  p a th w a y  regu la tes  the  sp ro u tin g  an d  
b ran ch in g  of n ew  vessels a n d  th u s ensu res  th a t the new  
vessels th a t a re fo rm ed  have  the p ro p e r spacing  to  effec
tively  su p p ly  the  hea ling  tissue w ith  b lood.

• ECM proteins p a rtic ip a te  in  the process o f vessel sp ro u t
ing  in  angiogenesis, largely  th ro u g h  in terac tions w ith  
in teg rin  recep to rs of endo the lia l cells a n d  by p ro v id in g  
the scaffold for vessel g row th .

• E nzym es in  the ECM , no tab ly  the m atrix  m eta llop ro 
teinases (M M Ps), d eg rad e  the ECM  to p e rm it rem odel
in g  a n d  ex tension  of the  vascu lar tube.

N ew ly  fo rm ed  vessels are leaky  because of incom plete  
in te rendo the lia l junc tions a n d  because VEGF, the g ro w th  
factor th a t d rives angiogenesis, increases vascu lar pe rm e 
ability . This leak iness accounts in  p a r t  for the  ed em a th a t 
m ay  p ers is t in  hea ling  w o u n d s  long  after the acu te  inflam 
m ato ry  response  has resolved.

Activation o f  Fibroblasts and  D eposition o f  

Connective Tissue

The lay in g  d ow n  o f connective tissu e  occurs in  tw o  steps:
(1) m igration and proliferation o f fibroblasts in to the site  
o f injury and (2) d ep osition  o f ECM proteins produced  
by th ese  cells. These p rocesses are o rch estra ted  by locally 
p ro d u c e d  cy tokines a n d  g ro w th  factors, in c lu d in g  PDGF, 
FGF-2, a n d  TGF-P. The m ajor sources of these factors are  
in flam m atory  cells, p a rticu la rly  a lte rnatively  activated  
(M2) m acrophages th a t in filtra te  sites o f injury.

In  response  to  cy tokines a n d  g ro w th  factors, fibroblasts 
en ter the  w o u n d  from  the edges a n d  m ig ra te  to w ard  the 
center. Som e of these cells m ay  d ifferen tia te  in to  cells 
called  myofibroblasts, w h ich  con ta in  sm oo th  m uscle  actin  
an d  h av e  increased  contractile  activity , a n d  serve to  close 
the  w o u n d  by p u llin g  its m arg in s to w ard  the  center. Acti
v a ted  fib roblasts a n d  m yofibroblasts also  increase their 
syn thetic  activ ity  an d  p ro d u ce  connective tissue p ro te ins, 
m ain ly  collagen, w h ich  is the m ajor co m p o n en t o f the  fu lly  
d ev eloped  scar.

TGF-P is  the m ost im portant cytokine for the syn th esis  
and d ep osition  o f connective tissu e  proteins. It is p ro 
duced  by  m ost o f the  cells in  g ran u la tio n  tissue, in c lu d in g  
a lte rna tive ly  activa ted  m acrophages. The levels of TGF-P 
in  tissues a re  p rim arily  reg u la ted  n o t by  the transcrip tion  
of the gene b u t by  the  p o st-transc rip tiona l activa tion  of 
la ten t TGF-P, the  ra te  o f secretion  of the  active m olecule, 
an d  factors in  the  ECM , no tab ly  in teg rins, th a t enhance  or 
d im in ish  TGF-P activ ity . In  ad d itio n , m icrofibrils m ad e  u p  
of fibrillin  also  regu la te  the  b ioavailab ility  of TGF-P 
(C hap ter 6). TGF-P stim ula tes fib rob last m ig ra tio n  an d  
p ro lifera tion , increases the syn thesis of co llagen an d  fibro- 
nectin , an d  decreases the d e g rad a tio n  of ECM  by inh ib iting  
m etallop ro te inases. TGF-P is invo lved  n o t on ly  in  scar for
m ation  after in jury  b u t also  in  the d ev e lo p m en t o f fibrosis 
in  lung , liver, a n d  k id n ey s th a t fo llow s chronic in flam m a
tion. TGF-P also  has an ti-in flam m ato ry  effects th a t serve to 
lim it a n d  te rm inate  in flam m ato ry  responses. It does th is by 
inh ib iting  lym phocy te  p ro life ra tion  a n d  the  activ ity  of 
o ther leukocytes.

A s hea ling  p rogresses, the n u m b er of p ro life ra ting  
fibroblasts a n d  n ew  vessels decreases, b u t  the fibroblasts
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prog ressive ly  assu m e a m ore syn thetic  phen o ty p e , an d  
hence there  is increased  dep o sitio n  of ECM. C ollagen  syn 
thesis, in  particu lar, is necessary  for the  hea ling  w o u n d  to 
becom e s trong  a n d  m echanically  stable. C ollagen  synthesis 
by  fibrob lasts beg ins early  in  w o u n d  hea ling  (days 3-5) 
a n d  con tinues for several w eeks, d e p e n d in g  on  the size of 
the  w o u n d . N e t collagen accum ula tion  d e p en d s  n o t only  
on  increased  syn thesis b u t also  o n  d im in ished  collagen 
d e g rad a tio n  (d iscussed  later). A s the  scar m atu res, there  is 
p rog ressive  vascu lar regression , w h ich  even tua lly  trans
form s the h igh ly  v ascu larized  g ran u la tio n  tissue in to  a 
pale , largely  avascu lar scar.

R em odeling o f  Connective Tissue

After the scar is form ed, it is  rem odeled  to increase its 
strength and contract it. W o u n d  s tren g th  increases because 
of cross-link ing  of collagen a n d  increased  size of collagen 
fibers. In  ad d itio n , there  is a sh ift of the  type  of collagen 
deposited , from  type III co llagen early  in  rep a ir  to  m ore  
resilien t type  I collagen. In  w e ll-su tu red  sk in  w o u n d s , 
s tren g th  m ay  recover to  70% to 80% of n o rm al sk in  by 3 
m onths. W o u n d  con traction  is in itia lly  caused  by  m yofi
b rob lasts  a n d  la te r by  cross-link ing  of co llagen fibers.

W ith  tim e, the  connective tissue is d eg ra d e d  a n d  the 
scar shrinks. The d e g rad a tio n  of collagens a n d  o th e r ECM  
com ponen ts  is accom plished  by a fam ily  of matrix metal
loproteinases (M M Ps), so called  because they  are  d e p e n d e n t 
o n  m eta l ions (e.g., zinc) for the ir enzym atic  activity . M M Ps 
are  p ro d u c e d  by  a varie ty  of cell types (fibroblasts, m ac
rophages, neu tro p h ils , synovial cells, a n d  som e ep ithelia l 
cells), a n d  their syn thesis a n d  secretion  are  reg u la ted  by 
g ro w th  factors, cytokines, a n d  o ther agents. They inc lude  
in te rstitia l collagenases, w h ich  cleave fib rillar collagen 
(M M P-1, -2, an d  -3); gelatinases (M M P-2 a n d  9), w h ich  
d eg rad e  am o rp h o u s  co llagen a n d  fibronectin; a n d  strom e- 
lysins (M M P-3, -10, a n d  -11), w h ich  d eg rad e  a varie ty  
of ECM  constituen ts, in c lu d in g  p ro teog lycans, lam in in , 
fibronectin , an d  am o rp h o u s  collagen. N e u tro p h il elastase, 
ca th ep sin  G, p lasm in , a n d  o th e r serine p ro te inases  can  also 
d eg rad e  ECM  b u t are  less im p o rta n t in  w o u n d  rem ode ling
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th a n  the M M Ps. In  add ition , ac tiva ted  co llagenases can 
be rap id ly  in h ib ited  by specific tissue inh ib ito rs o f m etal
lop ro te inases (TIMPs), p ro d u ced  by m ost m esenchym al 
cells. T hus, a balance of M M Ps an d  TIM Ps regu la tes the 
size a n d  n a tu re  of the scar.

M O R O P H O L O G Y

• G ra n u la tio n  tissue is c h aracte rized  by p ro life ra tio n  o f  f ib ro 

blasts and n e w  th in -w a lle d , d e lica te  capillaries in a loose e x tra 

ce llu lar m a trix , o ften  w ith  adm ixed  in fla m m a to ry  cells, m ain ly  

m acrophages ( Fig. 3 .2 6 A ). Th is  tissue progressively invades th e  

site o f in jury; th e  a m o u n t o f g ranu la tion  tissue th a t  is fo rm e d  

depends on th e  size o f  th e  tissue d efic it c rea ted  by th e  w o u n d  

and th e  in tensity  o f  in flam m ation .

• A  scar o r  fibrosis in tissues is com po sed  o f largely inactive, 

spindle-shaped fibrob lasts , dense collagen, fragm ents o f elastic  

tissue, and o th e r  E C M  c o m p o n e n ts  ( Fig. 3 .2 6B ). Pathologists  

o ften  use special stains to  identify  d iffe re n t p ro te in  c o n s titu 

ents o f  scars and fib ro tic  tissues. T h e  t r ic h ro m e  stain detects  

collagen fibers , and th e  elastin  stain identifies d e lica te  fibers  o f  

elastin , w h ich  is th e  m a jo r  c o m p o n e n t o f p liable elastic tissue. 

(T h e  tr ic h ro m e  actually  contains th re e  stains— h ence its 

nam e— th a t stain red  cells o rang e, m uscle red , and collagen  

blue.) A n o th e r  e x tra c e llu la r m a tr ix  p ro te in  th a t  m akes up th e  

con nective  tissue s tro m a  o f  n o rm a l organs and is p re s e n t in 

early  scars is re ticu lin , w h ich  is com po sed  o f ty p e  III collagen, 

and it to o  can be iden tified  w ith  a special stain.

Ä S U M M A R Y

R E P A IR  B Y  S C A R  F O R M A T I O N

• R epa ir occurs by d eposition  o f con nective  tissue and scar 

fo rm a tio n  if th e  in jured  tissue is n o t  capable o f re g eneration  

o r  if th e  s tru c tu ra l f ra m e w o rk  is dam aged and can n o t su p p o rt  

reg en eratio n .
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Fig. 3.26 (A) Granulation tissue showing numerous blood vessels, edema, and a loose extracellular matrix containing occasional inflammatory cells. Collagen 
is stained blue by the trichrome stain; minimal mature collagen can be seen at this point. (B) Trichrome stain of mature scar, showing dense collagen (stained 
blue) and scattered vascular channels.
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• T h e  main steps in re p a ir  by scarring a re  c lo t fo rm a tio n , in flam 

m atio n , angiogenesis and fo rm a tio n  o f g ranu la tion  tissue, 

m ig ration  and p ro life ra tio n  o f  fib rob lasts , collagen synthesis, 

and con nective  tissue rem odeling .

• M acrophages a re  critical fo r  o rc h e s tra tin g  th e  re p a ir  process, 

by elim inating  o ffend ing  agents and producing  cytok ines  and 

g ro w th  fac tors  th a t  s tim u la te  th e  p ro life ra tio n  o f  th e  cell types  

involved in repair.

• T G F -P is a p o te n t  fib rogen ic  agent; E C M  d eposition  depends  

on th e  balance am ong  fib rogen ic  agents, m a tr ix  m e ta llo p ro 

teinases (M M P s) th a t  d igest E C M , and th e  tissue inh ib ito rs  o f  

M M P s (T IM P s ).

Factors That Impair Tissue Repair * •

T issue rep a ir  m ay  be im p a ired  by a varie ty  of factors th a t
red u ce  the  q uality  o r ad eq u acy  of the rep ara tiv e  process.
Factors th a t in terfere  w ith  hea ling  m ay  be extrinsic  (e.g.,
infection) o r in trinsic  to the  in ju red  tissue, an d  system ic or
local:
• In fection  is one o f the m o st im p o rta n t causes o f d elayed  

healing; it p ro longs in flam m ation  a n d  po ten tia lly  
increases the local tissue injury.

• D iab etes is a m etabolic  d isease th a t com prom ises tissue 
rep a ir  for m an y  reasons (C hap ter 24), a n d  is a n  im p o r
tan t system ic cause of ab n o rm al w o u n d  healing.

• N utritional status has p ro fo u n d  effects on  repair; 
p ro te in  m aln u tritio n  a n d  v itam in  C deficiency, for 
exam ple, inh ib it co llagen syn thesis an d  re ta rd  healing .

• G lucocorticoids (steroids) have  w ell-docum en ted  an ti
in flam m ato ry  effects, an d  the ir ad m in is tra tio n  m ay 
re su lt in  w eak  scars because they  in h ib it TGF-P p ro d u c 
tion  a n d  d im in ish  fibrosis. In  som e instances, how ever, 
the an ti-in flam m atory  effects o f g lucocortico ids are  
desirable. For exam ple, in  corneal infections, glucocor
ticoids m ay  be p rescribed  (along w ith  antibiotics) to 
reduce  the  likelihood  of opacity  d u e  to  collagen 
deposition .

• M echanical factors such  as increased  local p ressu re  or 
to rsion  m ay  cause w o u n d s  to  p u ll a p a r t (dehisce).

• Poor perfusion , re su ltin g  e ither from  arteriosclerosis 
an d  d iabetes o r from  obstru c ted  ven o u s d ra in ag e  (e.g., 
in  varicose veins), also  im pa irs  healing .

• Foreign b od ies such  as fragm en ts  o f steel, glass, o r even  
bone im p ed e  healing .

• The type and extent o f tissu e injury affects the subse
q u e n t repair. C om plete  resto ra tio n  can  occur on ly  in  
tissues com posed  of cells capable of p ro lifera ting ; even  
then, extensive in ju ry  w ill p robab ly  re su lt in  incom plete  
tissue regen era tio n  a n d  a t least p a rtia l loss of function . 
In jury  to tissues com posed  of n o n d iv id in g  cells m u st 
inev itab ly  re su lt in  scarring; such  is the  case w ith  healing  
of a m yocard ia l infarct.

• T he location  o f the injury a n d  the character o f the tissue 
in  w h ich  the in ju ry  occurs also  a re  im p o rtan t. For 
exam ple, in  in flam m ation  arising  in  tissue spaces (e.g., 
p leu ra l, peritoneal, synovial cavities), sm all exudates 
m ay  be reso rbed  a n d  d igested  by  the p ro teo ly tic  
enzym es of leukocytes, re su ltin g  in  reso lu tion  of the

in flam m ation  a n d  resto ra tio n  of n o rm al tissue architec
tu re . H ow ever, w h e n  the exuda te  is too large  to  be fu lly  
reso rb ed  it u n d erg o es  o rgan ization , a p rocess d u rin g  
w h ich  g ran u la tio n  tissue g row s in to  the  exudate , a n d  a 
fib rous scar u ltim ate ly  form s.

Clinical Examples of Abnormal Wound Healing 
and Scarring

C om plications in  tissue rep a ir can  arise  from  abnorm alities 
in  an y  of the  basic co m ponen ts  o f the process, inc lud ing  
deficient scar fo rm ation , excessive fo rm ation  of the rep a ir 
com ponen ts, an d  fo rm ation  of contractures.

D efects in H ealing : Chronic W ounds

These are  seen  in  n u m ero u s  clinical situations, as a resu lt 
of local a n d  system ic factors. The fo llow ing  are  som e 
com m on exam ples.
• Venous leg ulcers (Fig. 3.27A) develop  m ost o ften  in  

elderly  peop le  as a resu lt of chronic ven o u s h y p e rten 
sion, w h ich  m ay  be caused  by severe varicose veins or 
congestive h e a rt failure. D eposits of iron  p ig m en t 
(hem osiderin) a re  com m on, resu ltin g  from  re d  cell 
b reak d o w n , a n d  there  m ay  be accom pany ing  chronic 
in flam m ation . These u lcers fail to  heal because of poo r 
delivery  of oxygen  to  the site of the ulcer.

• Arterial ulcers (Fig. 3.27B) develop  in  in d iv id u a ls  w ith  
a therosclerosis o f p e rip h e ra l arteries, especially  associ
a ted  w ith  d iabetes. T he ischem ia resu lts  in  a tro p h y  an d  
then  necrosis o f the sk in  a n d  u n d e rly in g  tissues. These 
lesions can  be qu ite  painfu l.

• Pressure sores (Fig. 3.27C) are  a reas of sk in  u lceration  
an d  necrosis of u n d e rly in g  tissues caused  by p ro lo n g ed  
com pression  of tissues ag a in st a bone, for exam ple, in  
b ed rid d en , im m obile  e lderly  in d iv id u a ls  w ith  n u m er
ous m orb id ities. The lesions a re  caused  by  m echanical 
p ressu re  a n d  local ischem ia.

• Diabetic ulcers (Fig. 3.27D) affect the low er extrem ities, 
p articu larly  the feet. T issue necrosis an d  failu re to  heal 
are  the re su lt of sm all vessel d isease causing  ischem ia, 
n eu ro p a th y , system ic m etabolic  abnorm alities, and  
secondary  infections. H isto logically , these lesions are  
charac terized  by ep ithelia l u lcera tion  (Fig. 3.27E) and  
extensive g ran u la tio n  tissue in  the  u n d e rly in g  derm is 
(Fig. 3.27F).

In  som e cases failu re of hea ling  m ay  lead  to  dehiscence 
(w o u n d  ru p tu re ). A lth o u g h  n o t com m on, th is occurs m ost 
frequen tly  after abdom ina l su rgery  a n d  is a re su lt of 
increased  ab d o m in a l p ressu re , such  as m ay  occur w ith  
vom iting , coughing , or ileus.

Excessive Scarring

E xcessive form ation o f the com ponents o f the repair 
process can g ive  rise to hypertrophic scars and kelo id s.
The accum ula tion  of excessive am o u n ts  of co llagen m ay 
re su lt in  a ra ised  scar k n o w n  as a hypertrophic scar. These 
often  g row  rap id ly  a n d  con ta in  a b u n d a n t m yofibroblasts, 
b u t they  ten d  to  regress over several m o n th s  (Fig. 3.28A). 
H y p ertro p h ic  scars generally  develop  after therm al o r 
trau m atic  in jury  th a t involves the deep  layers of the derm is. 
If the scar tissue grow s bey o n d  the  b o u n d a rie s  of the
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Fig. 3.27 Chronic wounds illustrating defects in wound healing. (A-D) External appearance of skin ulcers. (F ro m  E m in g  SA , M a r g in  P, T o m ic - C a n ic  M :  W o u n d  

r e p a i r  a n d  r e g e n e r a t io n :  m e c h a n is m s ,  s ig n a lin g ,  a n d  t r a n s la t io n ,  Sci Transl Med 6 : 2 6 5 ,  2 0 1 4 . )  (A) Venous leg ulcer; (B) arterial ulcer, with more extensive tissue 
necrosis; (C) diabetic ulcer; and (D) pressure sore. (E-F) Histologic appearance of a diabetic ulcer. (E) ulcer crater; (F) chronic inflammation and granulation 
tissue.

orig inal w o u n d  an d  does n o t regress, it is called  a keloid 
(Fig. 3.28B). C erta in  in d iv id u a ls  seem  to be p red isp o sed  to 
kelo id  form ation , p a rticu la rly  those of A frican  descent.

Exuberant granulation is an o th er d ev ia tion  in  w o u n d  
healing  charac terized  by the  fo rm ation  of excessive 
am o u n ts  o f g ran u la tio n  tissue, w h ich  p ro tru d e s  above the 
level of the su rro u n d in g  sk in  a n d  blocks reep ithe lia liza tion  
(this p rocess has  been  called, w ith  m ore lite rary  fervor, 
proud flesh). Excessive g ran u la tio n  m u st be rem oved  by 
cau tery  or surg ical excision to  p e rm it resto ra tio n  of ep ithe 
lial con tinu ity . R arely, incisional scars o r traum atic  in juries 
m ay  be fo llow ed by ex u b eran t p ro life ra tion  of fibroblasts 
an d  o th e r connective tissue e lem en ts th a t m ay, in  fact, 
recu r after excision. C alled  desmoids, o r aggressive fibroma
toses, these neop lasm s lie a t the g ray  zone  of ben ig n  and  
m alig n an t low -g rade  tum ors.

W o u n d  con traction  is an  im p o rta n t p a r t  of the  no rm al 
healing  process. A n  exaggera tion  of th is  p rocess gives 
rise to  contracture an d  resu lts  in  defo rm ities of the w o u n d  
an d  the  su rro u n d in g  tissues. C on trac tu res  a re  p a rticu larly  
p ro n e  to  develop  o n  the palm s, the soles, a n d  the an te 
rio r aspec t of the  thorax . C on trac tu res  a re  com m only  seen 
after serious b u rn s  a n d  can  com prom ise  the  m o vem en t 
of joints.

Fibrosis in Parenchym al Organs

The term  fibrosis is u sed  to denote the excessive d ep osi
tio n  o f co llagen  and other ECM com ponents in  a tissue.
The term s scar a n d  fibrosis m ay  be u se d  in terchangeably , 
b u t fibrosis m ost o ften  refers to  the  abno rm al dep o sitio n  of 
collagen th a t occurs in  in te rn a l o rgans in  chronic diseases. 
The basic m echan ism s of fibrosis are the  sam e as those of 
scar fo rm ation  in  the sk in  d u rin g  tissue repa ir. F ibrosis is 
a pa tho log ic  process in d u ced  by  p ers is ten t in ju rious 
stim uli such  as chronic infections a n d  im m unolog ic  reac
tions, a n d  is typ ically  associa ted  w ith  loss o f tissue (Fig. 
3.29). It m ay  be responsib le  for substan tia l o rg an  dysfunc
tion  a n d  ev en  o rg an  failure.

A s d iscussed  earlier, the  m ajor cy tok ine invo lved  in  
fibrosis is TGF-P. The m echan ism s th a t lead  to increased  
TGF-P activ ity  in  fibrosis are  n o t precisely  know n , b u t cell 
d e a th  by  necrosis o r apop tosis  an d  the p ro d u c tio n  of ROS 
seem  to be im p o rta n t triggers, regard less o f the tissue. The 
cells th a t p ro d u ce  co llagen in  response  to  TGF-P stim ula 
tion  m ay  vary  d e p e n d in g  on  the tissue. In  m ost organs, 
such  as in  the  lu n g  an d  k idney , m yofibroblasts are the 
m ain  source of collagen, b u t stellate  cells are the m ajor col
lagen  p ro d u ce rs  in  liver cirrhosis.
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Epithelium

Fig. 3.28 Clinical examples of excessive scarring and collagen deposition. 
(A) Hypertrophic scar. (B) Keloid. (C) Microscopic appearance of a keloid. 
Note the thick connective tissue deposition in the dermis. ( A - B  f r o m  E m in g  

SA, M a r g in  P, T o m ic - C a n ic  M :  W o u n d  r e p a i r  a n d  r e g e n e r a t io n :  m e c h a n is m s ,  

s ig n a lin g ,  a n d  t r a n s la t io n ,  Sci Transl Med 6 : 2 6 5 ,  2 0 1 4 ,  p .  2 . )

TGF-ß
MMPs

Fibroblast recruitment 
and differentiation m r i m

Myofibroblasts 

Extracellular matrix —

FIBROSIS

Fig. 3.29 Mechanisms of fibrosis. Persistent tissue injury leads to chronic 
inflammation and loss of tissue architecture. Cytokines produced by macro
phages and other leukocytes stimulate the migration and proliferation of 
fibroblasts and myofibroblasts and the deposition of collagen and other 
extracellular matrix proteins. The net result is replacement of normal tissue 
by fibrosis.

Fibrotic d iso rd ers  include d iverse  chronic a n d  deb ilita t
ing  d iseases such  as liver cirrhosis, system ic sclerosis 
(scleroderm a), fib rosing  d iseases of the lu n g  (id iopath ic  
p u lm o n ary  fibrosis, pneum ocon ioses, a n d  d rug - o r 
rad ia tio n -in d u ced  p u lm o n ary  fibrosis), end-stage k idney  
disease, a n d  constrictive pericard itis. These cond itions are  
d iscussed  in  the re levan t chap te rs  la te r in  the book. Because 
fibrosis is the  m ajor cause of m o rb id ity  a n d  d e a th  in  these 
conditions, there  is g rea t in te rest in  the  d ev e lo p m en t of 
anti-fibrotic d rugs.

W o u n d  healing can be a lte re d  by m any con d ition s , p a rticu la rly  

in fection and diabetes; th e  ty p e , v o lu m e , and location  o f  

th e  in ju ry  a re  im p o rta n t fac to rs  th a t  in fluence th e  healing  

process.

Excessive p ro d u c tio n  o f E C M  can cause keloids in th e  skin. 

P ersistent s tim ula tion  o f  collagen synthesis in chron ic  in flam 

m a to ry  diseases leads to  tissue fibrosis, o ften  w ith  exten s ive  

loss o f th e  tissue and functiona l im p a irm en t.

1 S U M M A R Y

C U T A N E O U S  W O U N D  H E A L I N G  A N D  

P A T H O L O G I C  A S P E C T S  O F  R E P A IR

T h e  main phases o f  cu taneous w o u n d  healing a re  in flam m atio n , 

fo rm a tio n  o f g ranu la tion  tissue, and E C M  rem odeling . 

C u ta n eo u s  w ou n ds  can heal by p rim a ry  union (firs t in te n 

t io n ) o r  secon dary  union (seco nd ary  in te n tio n ); secondary  

healing involves m o re  exten s ive  scarring and w o u n d  

co n tra c tio n .
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The h ea lth  of cells a n d  tissues d e p en d s  o n  the circu lation  
of b lood , w h ich  de livers oxygen  an d  n u trien ts  an d  
rem oves w astes  g enera ted  by cellu lar m etabolism . U n d er 
n o rm al conditions, as b lood  passes th ro u g h  cap illary  beds, 
p ro te in s  in  the p lasm a  are re ta in ed  w ith in  the vascu la tu re  
an d  there  is little  n e t m o v em en t o f w a te r  a n d  electro ly tes 
in to  the tissues. This balance is o ften  d is tu rb ed  by p a th o 
logic cond itions th a t a lte r endo the lia l function , increase 
vascu lar h y d ro sta tic  p ressu re , o r decrease p lasm a p ro te in  
con ten t, all of w h ich  p ro m o te  edem a — the accum ula tion  
of flu id  in  tissues re su ltin g  from  a n e t m ovem en t of w a te r 
in to  ex travascu lar spaces. D ep en d in g  on  its severity  an d  
location, ed em a m ay  have  m in im al o r p ro fo u n d  effects. In 
the  low er extrem ities, it m ay  on ly  m ake  o n e 's  shoes feel 
sn u g g er after a  long  seden ta ry  day; in  the  lungs, how ever, 
ed em a  flu id  can  fill alveoli, causing  life -th reaten ing  
hypoxia.

The s tru c tu ra l in teg rity  of b lood  vessels is frequen tly  
co m prom ised  by  traum a. Hemostasis is the process o f b lood 
clo tting  th a t p rev en ts  excessive b leed ing  after b lood-vessel 
dam age. In ad eq u a te  hem ostasis  m ay  re su lt in  hem orrhage , 
w h ich  can  com prom ise  reg ional tissue p e rfu sio n  and , if 
m assive  an d  rap id , m ay  lead  to  h y p o tension , shock, an d  
dea th . C onversely , in a p p ro p ria te  c lo tting  (throm bosis) o r 
m ig ra tion  of clots (em bolism ) can  o b stru c t b lood  vessels, 
po ten tia lly  causing  ischem ic cell d e a th  (infarction). Indeed , 
th rom boem bo lism  lies a t the h ea rt o f th ree  m ajor causes of 
m o rb id ity  a n d  d e a th  in  d ev e lo p ed  countries: m yocard ia l 
infarction , p u lm o n ary  em bolism  (PE), a n d  cerebrovascu lar 
acciden t (stroke).

W ith  th is as a  preface, w e  beg in  o u r d iscussion  of 
hem o d y n am ic  d iso rd ers  w ith  cond itions th a t increase 
tissue b lood  volum es.

HYPEREMIA A N D  C O N G ESTIO N

H y p erem ia  a n d  congestion  bo th  refer to  a n  increase in  
b lood  vo lum e w ith in  a tissue, b u t have  d iffe ren t u n d e rly 
in g  m echanism s. Hyperemia is a n  active process resu lting  
from  arte rio lar d ila tion  a n d  increased  b lood  inflow , as 
occurs a t sites of in flam m ation  or in  exercising  skeletal 
m uscle. H yperem ic  tissues are  re d d e r th a n  n o rm al because 
of eng o rg em en t w ith  oxygenated  b lood. Congestion is a 
passive  p rocess re su ltin g  from  im p a ired  ou tflow  of venous 
b lood  from  a tissue. It can  occur system ically , as in  cardiac 
failure, o r locally as a consequence of an  iso la ted  venous 
obstruction . C ongested  tissues have  a n  abno rm al b lue-red  
color (cyanosis) th a t stem s from  the  accum ula tion  o f deoxy- 
genated  hem oglob in  in  the  affected area. In  lo n g -stand ing  
chronic congestion , in ad eq u a te  tissue pe rfu sio n  a n d  p er
sisten t hypox ia  m ay  lead  to  pa renchym al cell d e a th  an d  
secondary  tissue fibrosis, a n d  the e levated  in travascu la r 
p ressu res  m ay  cause edem a or som etim es ru p tu re  cap illar
ies, p ro d u c in g  focal hem orrhages.

^  M O R P H O L O G Y

C u t  surfaces o f hyperem ic  o r  congested  tissues feel w e t  and  

typ ically  o o z e  b lo o d . O n  m icroscop ic  exam in a tio n , acu te  pul

m o n a ry  congestion is m arked  by b lo o d -en g o rg ed  a lveo la r  

capillaries and v ariab le  degrees o f  a lveo la r septal edem a and  

in traa lv e o la r h e m o rrh a g e . In chronic p u lm o n a ry  congestion , 

th e  septa b ec o m e  th ic k e n e d  and f ib ro tic , and th e  a lveo la r spaces 

contain  n um erou s m acrophages laden w ith  h em os id erin  (“ h e a rt  

fa ilu re  cells” ) derived  fro m  phagocytosed  red  cells. In acu te
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Fig. 4 .l Liver with chronic passive congestion and hemorrhagic necrosis. 
(A) In this autopsy specimen, central areas are red and slightly depressed 
compared with the surrounding tan viable parenchyma, creating “nutmeg 
liver” (so called because it resembles the cut surface of a nutmeg). (B) 
Microscopic preparation shows centrilobular hepatic necrosis with hemor
rhage and scattered inflammatory cells. ( C o u r te s y  o f  D r .  J a m e s  C r a w fo r d . )

hepatic  congestion , th e  cen tra l vein and sinusoids a re  dis

te n d e d  w ith  b lo o d , and th e re  m ay even be necrosis o f  centra lly  

located  h ep ato cytes . T h e  p e r ip o rta l h ep ato cytes , b e t te r  o xyg en 

a ted  because o f th e ir  p ro x im ity  to  hepatic  a rte rio le s , e x p e rie n c e  

less severe  hypoxia and m ay d eve lop  only  revers ib le  fa tty  change.

In chron ic passive congestion o f th e  liver, th e  centra l 

regions o f  th e  hepatic  lobules, v iew ed  on gross exam in a tio n , a re  

re d -b ro w n  and slightly depressed  (ow in g  to  cell loss) and are  

a ccen tua ted  against th e  surro un d in g  zo n es  o f  uncongested  tan , 

som etim es  fatty, liver (n u tm e g  live r) ( Fig. 4 . I A ). M icroscopic  

findings include c e n trilo b u la r h ep a to c y te  necrosis, h e m o rrh a g e , 

and h em os id erin -laden  m acrophages ( Fig. 4 . IB ).

EDEMA

A pprox im ate ly  60% of lean  bo d y  w e ig h t is w a te r, tw o- 
th ird s  of w h ich  is in tracellu lar. M ost o f the  rem ain ing  
w a te r is fo u n d  in  ex tracellu lar co m p artm en ts  in  the fo rm  
of in te rstitia l fluid; on ly  5% of the b o d y 's  w a te r  is in  b lood 
p lasm a. A s n o ted  earlier, ed em a is a n  accum ula tion  of 
in te rstitia l flu id  w ith in  tissues. E x travascu lar flu id  can  also 
collect in  bo d y  cavities a n d  such  accum ula tions are often  
re ferred  to collectively as effusions. E xam ples include effu
sions in  the  p leu ra l cavity  (hydrothorax), the pericard ia l 
cav ity  (hydropericardium), or the  p e ritonea l cavity  (hydro 
p e rito n eu m , o r ascites). A nasarca  is severe, generalized

ed em a  m ark ed  by p ro fo u n d  sw elling  of su bcu taneous 
tissues a n d  accum ula tion  of flu id  in  bo d y  cavities.

Table 4.1 lists the m ajor causes of edem a. The m echa
n ism s of in flam m atory  ed em a a re  largely  re la ted  to 
increased  vascu lar perm eab ility  a n d  a re  d iscussed  in  
C h ap te r 3; the non in flam m ato ry  causes a re  described  in  
the  fo llow ing  d iscussion.

F lu id  m o v em en t be tw een  the vascu lar a n d  in terstitia l 
spaces is governed  m ain ly  by  tw o  o p p o sin g  forces — the 
vascu lar hyd rosta tic  p ressu re  a n d  the  colloid osm otic  p res 
su re  p ro d u ced  by p lasm a  p ro te ins. N orm ally , the ou tflow  
of flu id  p ro d u c e d  by hyd rosta tic  p re ssu re  a t  the a rte rio la r 
en d  of the m icrocircu la tion  is nearly  ba lanced  by inflow  a t 
the  v en u la r en d  ow in g  to  slightly  e levated  osm otic  p res 
sure; hence there  is on ly  a  sm all n e t ou tflow  of flu id  in to  
the  in te rstitia l space, w hich  is d ra in ed  by lym phatic  vessels. 
E ither increased  h yd rosta tic  p ressu re  o r d im in ish ed  colloid 
osm otic  p ressu re  causes increased  m o v em en t of w ater in to  
the  in te rs titiu m  (Fig. 4.2). This in  tu rn  increases the tissue 's  
h y d ro sta tic  p ressu re , a n d  even tua lly  a new  equ ilib rium  is 
ach ieved . Excess ed em a flu id  is rem o v ed  by  lym phatic  
d ra in ag e  a n d  is re tu rn e d  to  the  b loodstream  by  w ay of the 
thoracic d u c t (Fig. 4.2).

The edem a flu id  th a t accum ula tes in  the se tting  of 
increased  hyd rosta tic  p ressu re  o r red u ced  in travascu la r

Table 4.1 Causes of Edem a

Increased H ydrosta tic  Pressure

Im p a i r e d  V e n o u s  R e tu r n

Congestive heart failure 
Constrictive pericarditis 
Ascites (liver cirrhosis)
Venous obstruction or compression 
Thrombosis
External pressure (e.g., mass)
Lower extremity inactivity with prolonged dependency 

A r t e r i o l a r  D i la t io n

Heat
Neurohumoral dysregulation

Reduced Plasm a O sm o tic  Pressure (H y p o p ro te in e m ia )

Protein-losing glomerulopathies (nephrotic syndrome) 
Liver cirrhosis (ascites)
Malnutrition
Protein-losing gastroenteropathy

Lym phatic  O bstruction

Inflammatory
Neoplastic
Postsurgical
Postirradiation

Sodium  R etention

Excessive salt intake with renal insufficiency 
Increased tubular reabsorption of sodium 
Renal hypoperfusion
Increased renin-angiotensin-aldosterone secretion

In flam m atio n

Acute inflammation 
Chronic inflammation 
Angiogenesis

Data from Leaf A, Cotran RS: Renal pathophysiology, ed 3, New York, 1985, Oxford 
University Press, p 146.
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LYMPHATICS To thoracic duct and eventually

Arterial end CAPILLARY BED Venous end

Fig. 4 . 2  Factors influencing fluid movement across capillary walls. Capillary 
hydrostatic and osmotic forces are normally balanced so there is little net 
movement of fluid into the interstitium. However, increased hydrostatic 
pressure or diminished plasma osmotic pressure leads to extravascular fluid 
accumulation (edema). Tissue lymphatics drain much of the excess fluid back 
to the circulation by way of the thoracic duct; however, if the capacity for 
lymphatic drainage is exceeded, tissue edema results.

collo id  typically  is a p ro te in -p o o r tran su d a te ; by contrast, 
because of increased  vascu lar perm eability , in flam m atory  
ed em a  flu id  is a p ro te in -rich  exuda te  w ith  a  h ig h  specific 
g rav ity . The u su a l cutoffs for specific g rav ity  (<1.012 for 
tra n su d a te s  a n d  >1.020 for exudates) illu stra te  the p o in t 
b u t are  n o t clinically usefu l. W e w ill now  discuss the 
various causes of edem a.

Increased Hydrostatic Pressure

Increases in  hydrostatic pressure are m ain ly  caused  by  
disorders that im pair ven ou s return. Local increases in  
in travascu la r p ressu re  caused , for exam ple, by deep  
venous th rom bosis in  the  low er ex trem ity  can  cause  edem a 
restric ted  to  the d ista l p o rtio n  of the  affected  leg. G eneral
ized  increases in  ven o u s p ressu re , w ith  re su ltan t system ic 
edem a, occur m ost com m only  in  congestive  heart failure 
(C hap ter 11). Fig. 4.3 illu stra tes  the in terlock ing  m echa
n ism s tha t u n d e rlie  generalized  ed em a re su ltin g  from  
cardiac, renal, a n d  hepatic  failure. Several factors increase 
venous h yd rosta tic  p ressu re  in  p a tien ts  w ith  congestive 
h e a rt failu re (Fig. 4.3). The red u ced  card iac  o u tp u t leads to 
system ic ven o u s congestion  a n d  resu ltan t increase in  cap il
lary  h y d ro sta tic  p ressu re . A t the  sam e tim e red u c tio n  in  
card iac o u tp u t resu lts  in  h y p o p e rfu s io n  of the k idneys, trig 
gering  the ren in -ang io tensin -a ldosterone  axis a n d  in ducing  
so d iu m  an d  w a te r re ten tio n  (secondary  h y p era ld o ste ro n 
ism ). In  p a tien ts  w ith  no rm al h e a rt function , th is a d a p ta 
tion  increases card iac filling a n d  card iac  o u tp u t, thereby  
im p ro v in g  ren a l perfu sion . H ow ever, the failing  h e a rt often  
canno t increase its card iac  o u tp u t in  response  to  the com 
p en sa to ry  increases in  b lood  vo lum e. Instead , a v icious 
cycle o f flu id  re ten tion , increased  ven o u s hyd rosta tic  p res 
sures, a n d  w o rsen in g  ed em a ensues. U nless card iac o u tp u t 
is re sto red  or rena l w a te r  re ten tio n  is red u ced  (e.g., by 
salt restric tion  o r trea tm en t w ith  d iu re tics or a ldosterone

an tagon ists), th is d o w n w a rd  sp ira l con tinues. Because sec
o n d a ry  h y p era ld o ste ro n ism  is a com m on  fea tu re  of gen
era lized  edem a, salt restriction , d iuretics, a n d  a ldosterone  
an tagon ists  a lso  are o f va lue  in  the  m anagem en t of general
ized  ed em a re su ltin g  from  non-card iac  causes.

Reduced Plasma Osmotic Pressure

R eduction  o f p lasm a a lbum in  concentrations leads to 
decreased co llo id  osm otic pressure o f the b lood  and loss  
o f flu id  from  the circulation. U n d er n o rm al c ircum stances, 
a lb u m in  accoun ts for alm ost half o f the to ta l p lasm a 
p ro te in . Therefore, cond itions in  w h ich  a lb u m in  is e ither 
lost from  the c ircu la tion  or syn thesized  in  in ad eq u a te  
am o u n ts  are co m m on  causes of red u ced  p lasm a  osm otic 
p ressu re . Nephrotic syndrome is the  m o st im p o rta n t cause of 
a lb u m in  loss from  the b lood. In  d iseases tha t are charac ter
ized  by n eph ro tic  synd rom e (C hap ter 14), the g lom eru lar 
cap illaries becom e leaky, lead in g  to  the  loss of a lbum in  
(and  o ther p lasm a  pro te ins) in  the u rin e  a n d  the  develop 
m en t o f generalized  edem a. R educed  a lb u m in  synthesis 
occurs in  the se tting  of severe liver d isease (e.g., cirrhosis) 
(C hap ter 16) a n d  p ro te in  m a ln u tritio n  (C hap ter 8). R egard 
less of cause, low  a lb u m in  levels lead  in  a  stepw ise  fash ion  
to  edem a, red u ced  in trav ascu la r vo lum e, ren a l hy p o 
perfusion , an d  secondary  h y pera ldoste ron ism . U nfo rtu 
nately , increased  salt a n d  w a te r re ten tio n  by the k id n ey  not 
on ly  fails to  correct the  p lasm a  vo lum e deficit bu t also 
exacerbates the edem a, because the  p rim ary  d e f e c t - lo w  
se ru m  p ro te in -p e r s is ts .

Lymphatic Obstruction

Edem a m ay result from  lym phatic obstruction that com
prom ises resorption o f flu id  from  interstitial spaces.
Im pa ired  lym phatic  d ra in ag e  an d  consequen t ly m p h 
ed em a u sually  resu lts  from  a localized  obstruc tion  caused  
by a n  in flam m atory  or neoplastic  cond ition . For exam ple, 
the parasitic  in fection  filariasis can  cause  m assive  edem a 
of the  low er ex trem ity  a n d  ex ternal gen ita lia  (so-called

Fig. 4.3 Pathways leading to systemic edema resulting from heart failure, 
renal failure, or reduced plasma osmotic pressure.
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"e lephan tiasis") by  p ro d u c in g  ingu ina l ly m phatic  an d  
ly m p h  n o d e  fibrosis. In filtra tion  a n d  obstruc tion  of su p er
ficial lym phatics by  b reast cancer m ay  cause ed em a of the 
overly ing  skin; the  characteristic  finely p itte d  app earan ce  
of the skin  of the affected  b reas t is called  peau d’orange 
(o range peel). L ym phedem a also  m ay  occur as a com plica
tion  of therapy . O ne re la tively  com m on se tting  for th is 
clinical en tity  is in  w o m en  w ith  b reast cancer w h o  u n d e rg o  
ax illary  ly m p h  n ode  resection  a n d /o r  irrad ia tion , bo th  of 
w h ich  can  d is ru p t an d  ob stru c t lym phatic  d ra inage , resu lt
ing  in  severe ly m p h ed em a of the  arm .

Sodium and W ater Retention

Excessive re ten tio n  of salt (and  its ob ligate  associated  
w ater) can  lead  to  ed em a by increasing  h yd rosta tic  p res 
su re  (because of expansion  of the  in travascu la r volum e) 
an d  red u c in g  p lasm a osm otic  p ressu re . Excessive salt an d  
w a te r re ten tio n  are seen  in  a w id e  varie ty  of d iseases tha t 
com prom ise  ren a l function , in c lu d in g  poststrep tococcal 
g lo m eru lo n ep h ritis  a n d  acu te  ren a l failu re (C hap ter 14).

^  M O R P H O L O G Y

Edem a is easily recognized on gross inspection; m icroscopic ex a m 

ination shows clearing and separation o f th e  extrace llu lar m a trix  

(E C M ) elem ents . A lthough  any tissue can be involved, edem a m ost 

c om m o nly  is e nco un te red  in subcutaneous tissues, lungs, and brain.

S ubcutaneous e d e m a  can be diffuse b u t usually accum u

lates p re fe ren tia lly  in p arts  o f th e  body pos itio ned  th e  g rea tes t 

d istance b e lo w  th e  h ea rt, w h e re  hydrosta tic  pressures a re  

highest. Thus, edem a typ ically  is m o s t p ro n o u n c ed  in th e  legs w ith  

standing and th e  sacrum  w ith  recum bency, a re la tionsh ip  te rm e d  

d ep e n d e n t e d e m a . Finger pressure  o v e r ed em ato u s  subcuta

neous tissue displaces th e  in te rs titia l flu id , leaving a finger-shaped  

depression; th is appearance  is called p itt in g  e d e m a . Edem a  

resu lting  fro m  renal dysfunction o r  n ep h ro tic  synd ro m e  

o ften  m anifests firs t in loose con nective  tissues (e.g., th e  eyelids, 

causing p e rio rb ita l e d e m a ).W ith  p u lm o n a ry  e d e m a , th e  lungs 

o ften  a re  tw o  to  th re e  tim es  th e ir  n o rm a l w e ig h t, and sectioning  

show s fro thy, som etim es b lo o d -tin g ed  flu id  consisting o f a 

m ix tu re  o f  air, edem a flu id , and extravasated  red  cells. Brain  

e d e m a  (C h a p te r  2 3 ) can be localized (e.g., because o f abscess 

o r  tu m o r )  o r  g en era lized , depend ing  on th e  n a tu re  and e x te n t  

o f th e  patho log ic  process o r  injury. W it h  g enera lized  edem a, th e  

sulci a re  n a rro w e d  as th e  gyri swell and b eco m e fla tte n e d  against 

th e  skull.

C l in ic a l  F e a tu r e s

The effects o f edem a vary , ran g in g  from  m erely  an n o y in g  
to  rap id ly  fatal. S ubcu taneous ed em a is im p o rta n t to  rec
ognize  p rim arily  because it signals p o ten tia l u n d erly in g  
card iac or rena l d isease; how ever, w h e n  significant, it also 
can  im p a ir w o u n d  hea ling  a n d  the clearance of infections. 
P u lm o n ary  ed em a  is a com m on  clinical p rob lem . It is seen 
m o st frequen tly  in  the se tting  o f left v en tricu la r failure, b u t 
also  m ay  occur in  rena l failure, acu te  resp ira to ry  d istress 
sy n d ro m e (C hap ter 11), a n d  in flam m atory  a n d  infectious 
d iso rd ers  o f the lung . It can  cause d e a th  by in te rfering  w ith

n o rm a l ven tila to ry  function; besides im p ed in g  oxygen  dif
fusion, alveo lar ed em a flu id  also  creates a favorab le  env i
ro n m e n t for infections. B rain ed em a is life th reaten ing ; if 
the  sw elling  is severe, the b ra in  can  hern ia te  (extrude) 
th ro u g h  the fo ram en  m ag n u m . W ith  increased  in tracran ia l

®  S U M M A R Y

E D E M A

• Edem a results fro m  th e  m o v e m e n t o f  flu id  fro m  th e  vascula

tu re  in to  th e  in te rs titia l spaces; th e  flu id  m ay be p ro te in  p o o r  

(tran su d ate ) o r  p ro te in  rich (e x u d a te ).

• Edem a m ay be caused by:

• Increased h yd ro sta tic  pressure (e.g., h e a r t fa ilu re)

• Increased vascu lar p erm e a b ility  (e.g., in flam m ation)

• D e creased  co llo id  o sm otic  pressure  resulting fro m  reduced  

plasm a album in

• D e creased  synthesis (e.g., liver disease, p ro te in  

m a ln u tritio n )

• Increased loss (e.g., n e p h ro tic  synd ro m e)

• Lym phatic o b s tru c tio n  (e.g., in flam m ation  o r  neoplasia)

• Sodium  re te n tio n  (e.g., renal failure)

pressu re , the b ra in  stem  vascu lar su p p ly  can  be com 
p ressed , lead in g  to  d ea th  d u e  to  in jury  to  the m ed u lla ry  
cen ters con tro lling  resp ira tio n  a n d  o ther v ita l functions 
(C hap ter 23).

HEMORRHAGE

H em orrhage, defined  as the extravasation o f b lood  from  
v esse ls , is  m ost often  the result o f dam age to b lood  
vesse ls  or defective clot form ation. A s described  earlier, 
cap illary  b leed ing  can  occur in  chronically  congested  
tissues. T raum a, a therosclerosis, o r in flam m atory  or neo
p lastic  e rosion  of a vessel w all also  m ay  lead  to  hem or
rhage, w h ich  m ay  be extensive if the affected  vessel is a 
large ve in  o r artery .

The risk  of hem orrhage (often after a seem ingly insignifi
can t injury) is increased in  a w ide  variety  of clinical disor
ders collectively called hem orrhagic diatheses. These have 
d iverse causes, includ ing  inherited  or acquired  defects in  
vessel w alls, platelets, or coagulation  factors, all of w h ich  
m u st function  p roperly  to  ensure  hom eostasis. These are 
d iscussed  in  the next section. H ere w e focus o n  clinical fea
tu res of hem orrhages, regard less o f the cause.

H em o rrh ag e  m ay  be m an ifested  by d ifferen t ap p ea r
ances an d  clinical consequences.
• H em o rrh ag e  m ay  be ex ternal o r accum ulate  w ith in  a 

tissue as a hematoma, w h ich  ranges in  significance from  
triv ial (e.g., a bru ise) to fa ta l (e.g., a  m assive  re tro p eri
toneal hem ato m a re su ltin g  from  ru p tu re  of a  d issecting  
aortic  aneu rysm ) (C hap ter 10). Large b leeds in to  body  
cavities a re  described  variously  accord ing  to  lo ca tio n — 
hemothorax, hemopericardium, hemoperitoneum, o r hemar- 
throsis (in joints). Extensive h em o rrh ag es can  occasionally  
re su lt in  jaund ice  from  the m assive  b reak d o w n  of red  
cells a n d  hem oglobin .

http://ebooksmedicine.net

http://ebooksmedicine.net


Hemostasis and Thrombosis 101

Fig. 4.4 (A) Punctate petechial hemorrhages of the colonic mucosa, a con
sequence of thrombocytopenia. (B) Fatal intracerebral hemorrhage.

• Petechiae a re  m in u te  (1 to  2 m m  in  d iam eter) hem or
rh ag es in to  skin, m ucous m em branes, o r serosal su r
faces (Fig. 4.4A ); causes inc lude  low  p la te le t coun ts 
(th rom bocy topen ia), defective p la te le t function , an d  
loss o f v ascu lar w all su p p o rt, as in  v itam in  C deficiency 
(C hap ter 8).

• Purpura are  slightly  la rger (3 to  5 m m ) hem orrhages. 
P u rp u ra  can  re su lt from  the sam e d iso rd ers  th a t cause 
petech iae, as w ell as traum a, vascu lar in flam m ation  
(vasculitis), a n d  increased  vascu lar fragility .

• Ecchymoses a re  la rger (1 to 2 cm) subcu tan eo u s hem ato 
m as (colloquially  called  bruises). E x travasated  red  cells 
a re  p hagocy tosed  a n d  d eg rad ed  by  m acrophages; the 
characteristic  color changes of a b ru ise  resu lt from  the 
enzym atic  conversion  of h em oglob in  (red -b lue color) to 
b iliru b in  (b lue-green  color) a n d  even tua lly  h em osiderin  
(go lden-brow n).

The clinical significance of any  particu lar hem orrhage 
d ep en d s o n  the vo lum e of b lood th a t is lost an d  the rate  of 
bleeding. R apid  loss of u p  to 20% of the  b lood  volum e, or 
slow  losses of even  larger am ounts, m ay  have little im pact 
in  healthy  adults; g reater losses, how ever, can  cause hem 
orrhagic (hypovolem ic) shock (d iscussed later). The site of 
hem orrhage  also is im portan t; b leed ing  th a t w o u ld  be trivial 
in  the subcu taneous tissues can  cause dea th  if located in  
the  b ra in  (Fig. 4.4B). Finally, chronic o r recu rren t external 
b lood  loss (e.g., d u e  to  pep tic  ulcer o r m enstrua l bleeding)

frequently  culm inates in  iron  deficiency anem ia as a  conse
quence of a loss o f iron  in  hem oglobin. By contrast, iron  is 
efficiently recycled from  phagocytosed  red  cells, so in ternal 
b leed ing  (e.g., a hem atom a) does no t lead  to  iron  deficiency.

HEMOSTASIS A N D  THROMBOSIS

N o rm al hem ostasis  com prises a  series of reg u la ted  p ro 
cesses th a t cu lm inate  in  the  fo rm ation  of a  b lood  clot th a t 
lim its b leed ing  from  a n  in ju red  vessel. The patho log ic  
co u n te rp a rt of hem ostasis  is th rom bosis, the  fo rm ation  of 
b lood  clo t (th rom bus) w ith in  n o n -trau m atized , in tact 
vessels. This d iscussion  beg ins w ith  n o rm al hem ostasis 
an d  its regu la tion , to be fo llow ed  by causes an d  conse
quences of throm bosis.

Normal Hemostasis * •

H em ostasis is a precisely  orchestrated process in vo lv in g  
platelets, clotting factors, and en d oth eliu m  that occurs at 
the site o f vascular injury and culm inates in  the forma
tio n  o f a b lood  clot, w h ich  serves to prevent or lim it the  
extent o f b leed in g . The general sequence of even ts lead ing  
to  hem ostasis  a t a site of vascu lar in jury  is sh o w n  in  Fig. 4 .5 .
• Arteriolar vasoconstriction occurs im m ed ia te ly  an d  m ark 

ed ly  reduces b lood  flow  to the  in ju red  area  (Fig. 4.5A ). It 
is m ed ia ted  by reflex neurogen ic  m echan ism s a n d  aug 
m en ted  by the  local secretion  of factors such  as endothe
lin, a  p o ten t en d o th e liu m -d eriv ed  vasoconstric tor. This 
effect is transien t, how ever, an d  b leed in g  w o u ld  resum e 
if n o t for ac tiva tion  of p la te le ts  an d  coagu la tion  factors.

• Primary hemostasis: the formation o f the platelet plug. D is
ru p tio n  of the  en d o th e liu m  exposes subendo the lia l von  
W illeb rand  factor (vW F) a n d  collagen, w h ich  p ro m o te  
p la te le t adherence  a n d  activation . A ctivation  of p la te le ts  
resu lts  in  a d ram atic  shape  change (from  sm all ro u n d e d  
discs to  flat p la tes w ith  sp iky  p ro tru s io n s  th a t m arked ly  
increased  surface area), as w ell as the release of secre
to ry  g ranu les. W ith in  m in u tes  the  secreted  p ro d u c ts  
rec ru it ad d itio n a l p latelets, w h ich  u n d e rg o  aggregation 
to  fo rm  a primary hemostatic plug  (Fig. 4.5B).

• Secondary hemostasis: deposition o f fibrin. V ascular in ju ry  
exposes tissue factor a t the  site o f in jury . T issue factor is 
a m em b ran e-b o u n d  p ro co ag u lan t g lycopro te in  th a t is 
no rm ally  expressed  by subendo the lia l cells in  the vessel 
w all, such  as sm oo th  m uscle  cells an d  fibroblasts. T issue 
factor b in d s  a n d  activates factor VII (see later), se tting  in  
m o tion  a cascade of reactions th a t cu lim inates in  throm
bin generation . T hrom bin  cleaves c ircu la ting  fib rinogen  
in to  inso lub le  fibrin , c reating  a fib rin  m eshw ork , an d  
also  is a  p o te n t activato r o f p latelets, lead in g  to  ad d i
tional p la te le t ag g regation  a t the  site of in jury . This 
sequence, re ferred  to  as secondary hemostasis, consoli
dates the  in itial p la te le t p lu g  (Fig. 4.5C).

• Clot stabilization and resorption. P o lym erized  fib rin  and  
p la te le t agg regates u n d e rg o  con traction  to fo rm  a solid, 
permanent plug  th a t p rev en ts  fu rth e r hem orrhage . A t th is 
stage, co u n te rreg u la to ry  m echan ism s (e.g., tissue plas
minogen activator, t-PA made by endothelial cells) are  set in to  
m o tion  th a t lim it c lo tting  to  the site o f in jury  (Fig. 4.5D) 
an d  even tua lly  lead  to  clot reso rp tio n  a n d  tissue repair.
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A . VASOCONSTRICTION

Endothelium Basement membrane Arteriole smooth muscle

B. PLATELET ACTIVATION AND AGGREGATION

C . ACTIVATION OF CLOTTING FACTORS AND FORMATION 
OF FIBRIN

D . CLOT RESORPTION

Fig. 4 . 5  Normal hemostasis. (A) After vascular injury, local neurohumoral 
factors induce a transient vasoconstriction. (B) Platelets bind via glycoprotein 
Ib (GpIb) receptors to von Willebrand factor (VWF) on exposed ECM and 
are activated, undergoing a shape change and granule release. Released ADP 
and thromboxane A2  (TXA2) induce additional platelet aggregation through 
platelet Gpllb-IIIa receptor binding to fibrinogen, and form the p r im a r y  

hemostatic plug. (C) Local activation of the coagulation cascade (involving 
tissue factor and platelet phospholipids) results in fibrin polymerization, 
“cementing” the platelets into a definitive s e c o n d a r y  hemostatic plug. (D) 
Counterregulatory mechanisms, mediated by tissue plasminogen activator 
(t-PA, a fibrinolytic product) and thrombomodulin, confine the hemostatic 
process to the site of injury.

It sh ou ld  be em phasized  that endothelia l ce lls are 
central regulators o f hem ostasis; the balance b etw een  the  
anti-throm bic and prothrom botic activities o f endo
th eliu m  determ ines w hether throm bus form ation, propa
gation , or d isso lu tion  occurs. N o rm al endo the lia l cells 
express a  v arie ty  of anticoagulant factors th a t inh ib it p la te le t 
ag g reg a tio n  a n d  coagu la tion  an d  p ro m o te  fibrinolysis; 
after in jury  o r activation , how ever, th is balance shifts, and  
endo the lia l cells acqu ire  n u m ero u s  procoagulant activities 
(activation  of p la te le ts  a n d  clo tting  factor, described  above, 
see also  Fig. 4.11). Besides traum a, en d o th e liu m  can  be 
ac tivated  by  m icrobial pa thogens, h em odynam ic  forces, 
a n d  a n u m b er of p ro -in flam m ato ry  m ed ia to rs. W e w ill 
re tu rn  to  the  p ro -co ag u lan t a n d  an ti-coagu lan t ro les of 
en d o th e liu m  after a d e ta iled  d iscussion  of the role o f p la te 
lets a n d  coagu la tion  factors in  hem ostasis  since en d o th e 
lium  m o d u la tes  the  functions of p la te le ts  a n d  can  trigger 
coagulation .

The fo llow ing  sections describe ro les o f p latelets, coagu 
la tion  factors a n d  en d o th e liu m  in  hem ostasis  in  g reater 
detail, fo llow ing  the schem e illu stra ted  in  Fig. 4 .5 .

Platelets

Platelets p lay a critical role in  hem ostasis by form ing the  
primary p lu g  that in itia lly  seals vascular defects and by  
provid ing  a surface that b inds and concentrates activated  
coagulation  factors. P latelets are d isc-shaped  anucleate  
cell fragm en ts  th a t are shed  from  m egakaryocy tes in  the 
bone m arro w  in to  the  b loodstream . T heir function  d ep en d s  
on  several g lycopro te in  recep tors, a contractile  cytoskele- 
ton, an d  tw o  types of cy top lasm ic g ranu les. a-Granules 
have  the  ad h esio n  m olecule P -selectin  o n  their m em branes 
(C hap ter 3) a n d  con ta in  p ro te in s  in vo lved  in  coagulation , 
such  as fibrinogen, coagu la tion  factor V, a n d  vW F, as w ell 
as p ro te in  factors th a t m ay  be invo lved  in  w o u n d  healing , 
such  as fibronectin , p la te le t factor 4 (a h ep arin -b in d in g  
chem okine), p la te le t-derived  g ro w th  factor (PDGF), an d  
tran sfo rm in g  g ro w th  factor-ß. Dense (or 8) granules con ta in  
ad enosine  d ip h o sp h a te  (ADP) a n d  ad enosine  tr iphosphate , 
ion ized  calcium , sero ton in , a n d  ep ineph rine .

A fter a  trau m atic  vascu lar in jury , p la te le ts  encoun ter 
con stitu en ts  o f the  su bendo the lia l connective tissue, such  
as vW F a n d  collagen. O n  contact w ith  these p ro te ins, p la te 
lets u n d e rg o  a sequence of reactions th a t cu lm inate  in  the 
fo rm ation  of a p la te le t p lu g  (Fig. 4.5B).
• Platelet adhesion is m ed ia ted  largely  v ia  in te rac tions w ith

vW F, w h ich  acts as a  b ridge  b e tw een  the p la te le t surface
recep to r g lycopro te in  Ib (GpIb) a n d  exposed  collagen
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Glanzmann
thrombasthenia
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f

Subendothelium
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von Willebrand 
disease

Platelet aggregation follow s the ir activation . The con
fo rm ational change in  g lycopro te in  I lb /I I Ia  th a t occurs 
w ith  p la te le t ac tiva tion  a llow s b in d in g  of fibrinogen, a 
large b iva len t p lasm a  p o ly p ep tid e  th a t fo rm s b ridges 
be tw een  ad jacen t p latelets, lead in g  to  their aggregation . 
P red ictab ly , in h erited  deficiency of G pIIb-IIIa resu lts  in  
a  b leed ing  d iso rd e r called Glanzmann thrombasthenia. 
The in itial w av e  of ag g regation  is reversib le , b u t concur
re n t activa tion  of th ro m b in  stabilizes the  p la te le t p lu g  
by causing  fu rth e r p la te le t ac tiva tion  a n d  aggregation , 
a n d  by p ro m o tin g  irreversib le  platelet contraction. P late 
le t con traction  is d e p e n d e n t on  the cy toskele ton  an d  
conso lidates the  ag g reg a ted  p latelets. In  paralle l, th ro m 
b in  also  converts  fib rinogen  in to  inso lub le  fibrin, cem ent
in g  the p la te le ts  in  p lace a n d  creating  the defin itive 
secondary hemostatic plug. E n trap p ed  red  cells a n d  leuko 
cytes a re  also  fo u n d  in  hem osta tic  p lugs, in  p a r t  d ue  to 
adheren ce  of leukocytes to P-selectin  exp ressed  on  acti
v a te d  p latelets.

Fig. 4 . 6  Platelet adhesion and aggregation. VWF functions as an adhesion 
bridge between subendothelial collagen and the glycoprotein Ib (GpIb) plate
let receptor. Platelet aggregation is accomplished by fibrinogen binding to 
platelet GpIIb-IIIa receptors on different platelets. Congenital deficiencies in 
the various receptors or bridging molecules lead to the diseases indicated 
in the colored boxes. A D P , Adenosine diphosphate.

(Fig. 4.6). N otab ly , genetic deficiencies o f vW F (von 
W illeb rand  disease, C h ap te r 14) o r G pIb  (B ernard- 
Soulier syndrom e) re su lt in  b leed ing  d iso rders, a ttesting  
to the im portance  of these factors.

• Platelets rapidly change shape fo llow ing  adhesion , being  
converted  from  sm oo th  discs to sp iky  "sea  u rch in s" 
w ith  greatly  increased  surface area. This change is 
accom pan ied  by  a lte ra tions in  glycoprotein IIb/IIIa th a t 
increase its affinity  for fib rinogen  (see later), a n d  by  the 
transloca tion  of negatively charged phospholipids (particu 
larly  p h o spha tidy lse rine ) to  the  p la te le t surface. These 
p h o sp h o lip id s  b in d  calcium  a n d  serve as nucleation  
sites for the assem bly  of coagu la tion  factor com plexes.

• Secretion (release reaction) o f granule contents occurs along  
w ith  changes in  shape; these tw o  even ts are often  
re ferred  to  toge ther as platelet activation. P la te le t activa
tion  is tr ig g ered  by a n u m b er of factors, in c lu d in g  he 
coagu la tion  factor th ro m b in  a n d  ADP. T hrom bin  acti
vates p la te le ts  th ro u g h  a special type  of G -p ro te in - 
coup led  recep to r re ferred  to  as a protease-activated 
receptor (PAR), w h ich  is sw itched  o n  by a p ro teo ly tic  
cleavage carried  o u t by  th rom bin . ADP is a com ponen t 
of dense-body  granules; thus, p la te le t ac tiva tion  an d  
ADP release begets ad d itio n a l ro u n d s  of p la te le t activa
tion, a p h en o m en o n  re fe rred  to  as recruitment. A ctivated  
p la te le ts  also  p ro d u ce  the p ro s tag lan d in  thromboxane A2  
(TXA2), a p o te n t in d u cer o f p la te le t agg regation . Aspirin  
inh ib its  p la te le t ag g regation  a n d  p ro d u ces  a m ild  b leed 
ing  defect by  inh ib iting  cyclooxygenase, a p la te le t 
enzym e th a t is req u ired  for TXA2 synthesis. A lth o u g h  
the p h en o m en o n  is less w ell characterized , it is also 
su spec ted  th a t g ro w th  factors re leased  from  p la te le ts  
con tribu te  to the  rep a ir  o f the  vessel w all fo llow ing  
injury.

Ä S U M M A R Y

P L A T E L E T  A D H E S I O N ,  A C T I V A T I O N ,  

A N D  A G G R E G A T I O N

• E ndothelia l in ju ry  exposes th e  underly ing  b asem en t m e m b ra n e  

E C M ; p la te le ts  a d h e re  to  th e  E C M  p rim a rily  th ro u g h  th e  

binding o f p la te le t G p Ib  re c e p to rs  to  V W F .

• A d hes ion  leads to  p la te le t ac tiva tio n , an event associated w ith  

secretio n  o f p la te le t g ranu le  con ten ts , including calcium  (a 

c o fa c to r fo r  several coagulation  p ro te in s ) and A D P  (a m e d ia to r  

o f fu r th e r  p la te le t ac tiva tio n ); d ram atic  changes in shape 

and m e m b ra n e  com po s itio n ; and activa tion  o f  G p IIb /IIIa  

rec e p to rs .

• T h e  G p IIb /IIIa  re c e p to rs  on activa ted  p la te le ts  fo rm  bridging  

crosslinks w ith  fib rin o gen , leading to  p la te le t aggregation.

• C o n c o m ita n t ac tiva tion  o f th ro m b in  p ro m o te s  fib rin  d ep osi

tio n , cem en tin g  th e  p la te le t plug in place.

C oagulation Cascade

The coagulation  cascade is a series o f am p lify in g  enzy
m atic reactions that lead  to the d ep osition  o f an in so lu b le  
fibrin clot. A s d iscussed  later, the  d ep en d en cy  of clot for
m atio n  on  v ario u s factors differs in  the labo ra to ry  test tube 
a n d  in  b lood  vessels in  v ivo  (Fig. 4.7). H ow ever, c lo tting  in  
v itro  a n d  in  v ivo  bo th  follow  the  sam e genera l p rincip les, 
as follow s.

The cascade of reactions in  the p a th w a y  can  be likened  
to  a  "d an ce ,"  in  w h ich  coagu la tion  factors are  p assed  from  
one p a rtn e r  to  the  nex t (Fig. 4.8). Each reaction  step  involves 
a n  enzym e (an  activa ted  coagu la tion  factor), a substra te  (an 
inactive p ro en zy m e fo rm  of a coagu la tion  factor), a n d  a 
cofactor (a reaction  accelerator). These com ponen ts are  
assem bled  on  a negatively  charged  p h o sp h o lip id  surface, 
w h ich  is p ro v id e d  by  activa ted  p latelets. A ssem bly  of reac
tion  com plexes also  d e p en d s  o n  calcium , w h ich  b inds to 
y-carboxylated g lu tam ic acid  resid u es th a t are  p re se n t in  
factors II, VII, IX, a n d  X. The enzym atic  reactions th a t 
p ro d u ce  y-carboxylated g lu tam ic acid  u se  v itam in  K as a 
cofactor a n d  are an tag o n ized  by  d ru g s  such  as C oum adin , 
a  w id e ly  u se d  anti-coagulan t.
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CLOTTING IN THE LABORATORY

Intrinsic pathway

Negatively charged surface 
(e.g., glass beads)

CLOTTING IN VIVO

Vascular damage
Exposure of tissue factor

Fig. 4 . 7  The coagulation cascade in the laboratory and in vivo. (A) Clotting is initiated in the laboratory by adding phospholipids, calcium, and either a 
negative-charged substance such as glass beads (intrinsic pathway) or a source of tissue factor (extrinsic pathway). (B) In vivo, tissue factor is the major initia
tor of coagulation, which is amplified by feedback loops involving thrombin ( d o t te d  lin e s ).The r e d  polypeptides are inactive factors, the d a r k  g r e e n  polypeptides 
are active factors, whereas the l i g h t  g r e e n  polypeptides correspond to cofactors.

B ased o n  assays p e rfo rm ed  in  clinical laboratories, the 
coagu la tion  cascade has trad itiona lly  been  d iv id ed  in to  the 
extrinsic a n d  intrinsic p a th w ay s  (Fig. 4.7A).
• The prothrombin time (PT) assay  assesses the function  of 

the p ro te in s  in  the extrinsic  p a th w a y  (factors VII, X, V, 
II (p ro th rom bin), a n d  fibrinogen). In  brief, tissue factor, 
p h o spho lip id s , a n d  calcium  are  a d d e d  to  p lasm a an d  
the tim e for a  fib rin  clot to  fo rm  is recorded .

• The partial thromboplastin time (PTT) assay  screens the 
function  of the p ro te in s  in  the in trinsic  p a th w ay  (factors 
XII, XI, IX, VIII, X, V, II, a n d  fibrinogen). In  th is assay, 
clo tting  of p lasm a  is in itia ted  by the  a d d itio n  of negative- 
charged  partic les (e.g., g ro u n d  glass) th a t activate factor 
XII (H agem an  factor) toge ther w ith  p h o sp h o lip id s  
an d  calcium , a n d  the tim e to  fib rin  clot fo rm ation  is 
recorded .

Xa

Xa

Active coagulation 
factor (enzyme)

Phospholipid 
surface

Inactive coagulation 
factor (substrate)

Tissue factor

Activated factor X (Xa)

Cofactor Va

Fig. 4.8 Sequential conversion of factor X  to factor Xa by way of the extrinsic pathway, followed by conversion of factor II (prothrombin) to factor IIa (throm
bin). The initial reaction complex consists of a protease (factor Vila), a substrate (factor X), and a reaction accelerator (tissue factor) assembled on a platelet 
phospholipid surface. Calcium ions hold the assembled components together and are essential for the reaction. Activated factor Xa then becomes the protease 
component of the next complex in the cascade, converting prothrombin to thrombin (factor IIa) in the presence of a different reaction accelerator, factor Va.

http://ebooksmedicine.net

http://ebooksmedicine.net


Hemostasis and Thrombosis 105

A lth o u g h  the PT a n d  PTT assays a re  of g rea t u tility  in  
eva lu a tin g  coagu la tion  factor function  in  pa tien ts, they  do  
n o t recap itu la te  the  even ts th a t lead  to  coagu la tion  in  vivo. 
This p o in t is m ost clearly  m ad e  by considering  the clinical 
effects o f deficiencies o f v a rio u s coagu la tion  factors. Defi
ciencies o f factors V, VII, VIII, IX, a n d  X are  associa ted  w ith  
m o d era te  to  severe b leed ing  d iso rders, an d  p ro th ro m b in  
deficiency is likely incom patib le  w ith  life. In  contrast, 
factor XI deficiency is on ly  associa ted  w ith  m ild  b leeding, 
an d  in d iv id u a ls  w ith  factor XII deficiency do  n o t b leed  and  
in  fact m ay  be suscep tib le  to  throm bosis. The paradox ical 
effect of factor XII deficiency m ay  be exp la ined  by involve
m en t of factor XII in  the  fib rinolysis p a th w ay  (d iscussed  
later); a lth o u g h  there  is also  som e ev idence from  experi
m en ta l m ode ls  suggesting  th a t factor XII m ay  p ro m o te  
th rom bosis u n d e r  certa in  c ircum stances, the  relevance of 
these observa tions to  h u m a n  th rom botic  d isease rem ains 
to be determ ined .

B ased on  the effects o f v a rio u s factor deficiencies in  
h um ans, it is believed  that, in  vivo, factor V IIa /tissu e  
factor com plex  is the m ost im p o rta n t activato r o f factor IX 
an d  th a t factor IX a /fac to r VIIIa com plex  is the m ost im p o r
tan t activa to r of factor X (Fig. 4.7B). The m ild  b leed ing  
tendency  seen  in  p a tien ts  w ith  factor XI deficiency is likely 
exp la ined  by the ab ility  of th ro m b in  to  activate  factor XI 
(as w ell as factors V an d  VIII), a feedback  m echan ism  tha t 
am plifies the  coagu la tion  cascade.

A m o n g  the  coagu la tion  factors, th ro m b in  is the m ost 
im p o rtan t, because its various enzym atic  activ ities contro l 
d iverse  aspects of hem ostasis  a n d  link  c lo tting  to  inflam 
m ation  a n d  repa ir. A m ong  th ro m b in 's  m ost im p o rtan t 
activ ities a re  the  follow ing:
• Conversion o f fibrinogen into crosslinked fibrin. T hrom bin  

d irectly  converts so luble fib rinogen  in to  fib rin  m ono 
m ers th a t po lym erize  in to  a n  inso lub le  fibril, a n d  also 
am plifies the  coagu la tion  process, n o t on ly  by  activating  
factor XI, b u t also  by ac tiva ting  tw o  critical cofactors: 
factors V a n d  VIII. It also  stabilizes the secondary  hem o
static p lu g  by ac tiva ting  factor XIII, w h ich  covalen tly  
crosslinks fibrin.

• Platelet activation. T hrom bin  is a  p o ten t inducer o f p latelet 
activation  an d  aggregation  th ro u g h  its ability to  activate 
PARs, thereby linking pla te le t function  to  coagulation.

• Proinflammatory effects. PARs also  a re  expressed  on  
in flam m atory  cells, endo the lium , a n d  o ther cell types 
(Fig. 4.9), a n d  ac tiva tion  of these recep to rs by  th rom bin  
is believed  to  m ed ia te  p ro in flam m ato ry  effects th a t con
tribu te  to  tissue rep a ir  a n d  angiogenesis.

• Anti-coagulant effects. R em arkably , th ro u g h  m echan ism s 
described  later, o n  enco u n te rin g  no rm al endo the lium , 
th ro m b in  changes from  a p ro co ag u lan t to  an  an ti
coagulan t; th is  reversa l in  function  p rev en ts  clots from  
ex ten d in g  bey o n d  the site of the vascu lar in jury .

F a c to rs  T h a t L im i t  C o a g u la tio n . O nce in itia ted , coag
u la tio n  m u st be restric ted  to  the site o f vascu lar in jury  
to  p re v e n t de le te rious consequences. O ne lim iting  factor 
is sim ple  d ilu tion ; b lood  flow ing  p a s t the  site o f in jury  
w ash es o u t activa ted  coagu la tion  factors, w h ich  are  
rap id ly  rem oved  by the liver. A  second  is the req u irem en t 
for negatively  charged  p h o sp h o lip id s , w hich , as m en 
tioned , are  m ain ly  p ro v id e d  by  p la te le ts  th a t hav e  been

Fig. 4 . 9  Role of thrombin in hemostasis and cellular activation. Thrombin 
generates fibrin by cleaving fibrinogen, activates factor XIII (which is respon
sible for crosslinking fibrin into an insoluble clot), and also activates several 
other coagulation factors, thereby amplifying the coagulation cascade (Fig. 
4.7) . Through protease-activated receptors (PARs), thrombin activates (/) 
platelet aggregation and TxA2  secretion; (2) endothelium, which responds by 
generating leukocyte adhesion molecules and a variety of fibrinolytic (t-PA), 
vasoactive (NO, PGI2), or cytokine (PDGF) mediators; and (3) leukocytes, 
increasing their adhesion to activated endothelium. E C M , Extracellular 
matrix; N O ,  nitric oxide; P D G F , platelet-derived growth factor; P G I2, prosta
glandin I2  (prostacyclin); T X A 2 ,  thromboxane A2; t-PA, tissue-type plasmino
gen activator. See Fig. 4.11 for anticoagulant activities mediated by thrombin 
via thrombomodulin. ( C o u r te s y  o f  S h a u n  C o u g h lin ,  M D ,  P h D ,  C a r d io v a s c u la r  

R e s e a rc h  In s t i t u t e ,  U n iv e r s i t y  o f  C a l i f o r n ia  a t  S a n  F ra n c is c o ,  S a n  F ra n c is c o ,  

C a lifo r n ia . )

ac tiva ted  by contact w ith  su bendo the lia l m atrix  a t sites 
o f vascu lar in jury . H ow ever, the m ost im p o rta n t coun ter
reg u la to ry  m echan ism s involve factors th a t are expressed  
by  in tac t en d o th e liu m  ad jacen t to  the site o f in jury  
(described  later).

A ctivation  of the  coagu la tion  cascade also  sets in to  
m o tio n  a fibrinolytic cascade th a t lim its the size of the clot 
a n d  con tribu tes to  its la te r d isso lu tio n  (Fig. 4.10). F ibrino
lysis is largely  accom plished  th ro u g h  the  enzym atic  activ 
ity  o f plasmin, w h ich  b reaks d o w n  fib rin  a n d  in terferes w ith  
its po lym eriza tion . A n  e leva ted  level o f b re ak d o w n  p ro d 
ucts o f fib rinogen  (often called  fib rin  sp lit p roducts), m ost 
no tab ly  fib rin -derived  D-dimers, are  a u sefu l clinical 
m arkers of several th rom botic  states (described  later). 
P lasm in  is g enera ted  by  enzym atic  catabo lism  of the  inac
tive c ircu la ting  p recu rso r plasminogen, e ithe r by  a factor 
X II-d ep en d en t p a th w ay  (possib ly  exp lain ing  the  associa
tion  of factor XII deficiency a n d  throm bosis) o r by  p las
m inogen  activators. The m ost im p o rta n t p lasm inogen  
ac tivato r is t-PA; it is syn thesized  p rinc ipa lly  by en d o th e 
lium  a n d  is m ost active w h e n  b o u n d  to  fibrin. This charac
teristic m akes t-PA a u sefu l th e rap eu tic  agent, since its 
fibrinolytic activ ity  is largely  confined  to sites o f recen t 
throm bosis. O nce activated , p la sm in  is in  tu rn  tigh tly  con
tro lled  by cou n te rreg u la to ry  factors such  as a 2-p lasm in  
inh ib ito r, a  p lasm a p ro te in  th a t b inds a n d  rap id ly  inh ib its  
free p lasm in .
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Fibrin degradation products
Tissue plasminogen 
activator (tPA) 
and urokinase (N '

Thrombin

F'g.

a2-Anti-plasmin a2-Anti-plasmin/plasmin complexes

Free plasmin 

. Fibrin clot

Plasminogen activator 
inhibitors (PAI)

Plasminogen Platelets Plasmin Endothelium

4.10 The fibrinolytic system, illustrating various plasminogen activators and inhibitors (see text).

Ä s U M M A R Y

C O A G U L A T I O N  F A C T O R S

• C o ag u la tion  occurs via th e  sequential enzym atic  convers ion  o f  

a cascade o f  c ircu lating  and locally synthesized p ro te ins .

• T issue fa c to r  e la b o ra ted  a t sites o f in ju ry  is th e  m o s t im p o r

ta n t  in it ia to r  o f  th e  coagulation cascade in vivo.

• A t  th e  final stage o f  coagulation , th ro m b in  con verts  fib rinogen  

in to  insoluble fib rin  th a t  co n trib u tes  to  fo rm a tio n  o f  th e  d efin i

tive  h em o sta tic  plug.

• C o ag u la tion  n o rm a lly  is re s tr ic te d  to  sites o f  vascu lar 

in ju ry  by:

• lim iting  enzym atic  ac tiva tion  to  phospholip id  surfaces p ro 

v ided  by activa ted  p la te le ts  o r  e n d o th e liu m ,

• c ircu lating  inh ib ito rs  o f  coagulation  fac to rs , such as a n ti

th ro m b in  III, w h o s e  ac tiv ity  is aug m en ted  by h ep arin -like  

m olecu les expressed  on end oth elia l cells

• expression  o f th ro m b o m o d u lin  on n o rm a l end o th elia l cells, 

w hich  bind th ro m b in  and c o n v e rt it in to  an anti-coagu lant,

• ac tiva tion  o f  fib rin o ly tic  pathw ays (e.g., by association o f  

tissue p lasm inogen a c tiv a to r w ith  fib rin ).

E ndothelium

The balance b etw een  the anticoagulant and procoagulant 
activ ities o f en d oth eliu m  often  determ ines w hether clot 
form ation, propagation, or d isso lu tion  occurs (Fig. 4.11). 
N o rm al endo the lia l cells express a m u ltitu d e  o f factors th a t 
in h ib it the p ro co ag u lan t activ ities o f p la te le ts  a n d  coagula 
tion  factors a n d  th a t au g m e n t fibrinolysis. These factors act 
in  concert to  p re v e n t th rom bosis an d  to  lim it c lo tting  to 
sites o f vascu lar dam age. H ow ever, if in ju red  or exposed  
to  p ro in flam m ato ry  factors, endo the lia l cells lose m an y  of 
their an tith rom bo tic  p roperties. H ere, w e  com plete the d is
cussion  of hem ostasis  by focusing  o n  the  an tith rom bo tic  
activ ities o f n o rm al endo the lium ; w e  re tu rn  to  the  "d a rk  
side" of endo the lia l cells la te r w h e n  d iscussing  
th rom bosis.

The an tith rom bo tic  p ro p ertie s  o f en d o th e liu m  can  be 
d iv id ed  in to  activ ities d irec ted  a t p la te le ts, coagu lation  
factors, a n d  fibrinolysis.

• Platelet inhibitory effects. A n  o bv ious effect of in tact endo 
the lium  is to  serve as a b a rrie r th a t sh ie lds p la te le ts  from  
suben d o th e lia l vW F an d  collagen. H ow ever, no rm al 
en d o th e liu m  also  releases a n u m b er of factors th a t 
inh ib it p la te le t ac tiva tion  an d  aggregation . A m ong  the 
m o st im p o rta n t are  prostacyclin (P G I)  nitric oxide (NO), 
a n d  adenosine diphosphatase; the  la tte r d eg rad es ADP, 
a lread y  d iscussed  as a p o te n t activato r of p la te le t aggre 
gation . F inally, endo the lia l cells b in d  a n d  a lte r the  activ 
ity  o f th rom bin , w h ich  is one of the  m ost p o ten t 
activa to rs o f p latelets.

• Anticoagulant effects. N o rm al en d o th e liu m  sh ie lds coag
u la tio n  factors from  tissue factor in  vessel w alls and  
expresses m u ltip le  factors th a t actively oppose  coag
u la tion , m ost no tab ly  th ro m bom odu lin , endo the lia l 
p ro te in  C recep tor, heparin -like  m olecules, a n d  tissue 
factor p a th w a y  inh ib ito r. Thrombomodulin a n d  endothe
lial protein C receptor b in d  th ro m b in  an d  p ro te in  C, 
respectively , in  a com plex o n  the endo the lia l cell surface. 
W hen  b o u n d  in  th is  com plex, th ro m b in  loses its ability 
to activate  coagu la tion  factors a n d  platelets, a n d  in stead  
cleaves a n d  activates protein C, a  v itam in  K -d e p e n d e n t 
p ro tease  th a t requ ires a cofactor, p ro te in  S. A ctivated  
p ro te in  C /p ro te in  S com plex  is a p o te n t inh ib ito r of 
coagu la tion  factors Va an d  VIIIa. Heparin-like molecules 
on  the surface of en d o th e liu m  b in d  an d  activate  an ti
th ro m b in  III, w h ich  th en  inh ib its  th ro m b in  a n d  factors 
IXa, Xa, XIa, a n d  XIIa. The clinical u tility  of h e p a rin  and  
re la ted  d ru g s  is based  o n  their ability  to  stim ula te  an ti
th ro m b in  III activ ity . Tissue factor pathway inhibitor 
(TFPI), like p ro te in  C, req u ires  p ro te in  S as a cofactor 
and , as the n am e im plies, b in d s a n d  inh ib its  tissue 
fa c to r/fa c to r VIIa com plexes.

• Fibrinolytic effects. N o rm al endo the lia l cells syn thesize  
t-PA, a lready  discussed , as a  key com ponen t o f the fibri
nolytic p a thw ay .

Thrombosis

The prim ary abnorm alities that lead  to intravascular 
throm bosis are (1) en d oth elia l injury, (2) stasis or turbu
len t b lood  flow , and (3) hypercoagulability  o f the b lood  
(the so-called  "Virchow triad") (Fig. 4.12). T hrom bosis is
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FAVOR
THROMBOSIS

Fig. 4 . l l  Anti-coagulant properties of normal endothelium (top) and procoagulant properties of injured or activated endothelium (bottom). N O ,  Nitric oxide; 
P G I 2 , prostaglandin I2 (prostacyclin); t-P A , tissue plasminogen activator; V W F , von Willebrand factor. Thrombin receptors are also called protease-activated 
receptors (PARs).

Rg. <4.12 Virchow's triad in thrombosis. Endothelial integrity is the most 
important factor. Abnormalities of procoagulants or anti-coagulants can tip 
the balance in favor of thrombosis. Abnormal blood flow (stasis or turbu
lence) can lead to hypercoagulability directly and also indirectly through 
endothelial dysfunction.

one of the scourges of m o d e rn  m an , because it u n d erlie s  
the  m ost serious a n d  com m on form s of card iovascu lar 
disease. H ere, the focus is o n  its causes a n d  consequences; 
its ro le  in  card iovascu lar d iso rd ers  is d iscussed  in  deta il in  
C h ap te rs  10 a n d  11.

E ndothelia l In jury

E ndothelia l in ju ry  lead in g  to p la te le t ac tiva tion  a lm ost 
inev itab ly  un d erlie s  th ro m b u s fo rm ation  in  the  h ea rt 
a n d  the  a rte ria l c irculation , w h ere  the  h ig h  ra tes o f b lood 
flow  im p ed e  clot fo rm ation . N otab ly , card iac a n d  arteria l 
clots are  typically  rich  in  p latelets, a n d  it is believed  th a t 
p la te le t adherence  a n d  ac tiva tion  is a necessary  p re req 
u isite  for th ro m b u s fo rm ation  u n d e r  h ig h  shear stress, 
such  as exists in  arteries. This in sig h t p ro v id es  p a r t  of 
the reason ing  b eh in d  the u se  o f asp irin  an d  o th e r p la te le t 
inh ib ito rs in  co ronary  a rte ry  d isease a n d  acu te  m yocard ia l 
infarction.

O bviously , severe endo the lia l in jury  m ay  trigger th ro m 
bosis by  exposing  VWF a n d  tissue factor. H ow ever, inflam 
m ation  a n d  o th er nox ious stim uli also p ro m o te  th rom bosis
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by sh ifting  the  p a tte rn  of gene expression  in  en d o th e liu m  
to one th a t is "p ro th ro m b o tic ."  This change is som etim es 
re ferred  to  as endothelial activation o r dysfunction a n d  can  be 
p ro d u c e d  by  d iverse  exposures, in c lu d in g  physical in jury , 
in fectious agents, ab n o rm al b lood  flow , in flam m atory  
m ed ia to rs, m etabolic  abnorm alities, such  as hypercho les
tero lem ia o r hom ocystinem ia, a n d  toxins abso rbed  from  
cigarette  sm oke. E ndo thelia l ac tiva tion  is believed  to  have  
an  im p o rta n t ro le  in  triggering  a rte ria l th rom botic  events.

The ro le o f endo the lia l cell ac tiva tion  a n d  dysfunction  
in  arte ria l th rom bosis is also  d iscussed  in  C h ap te rs  10 and  
11. H ere  it suffices to m en tio n  several o f the m ajor p ro 
th rom bo tic  a lterations:
• Procoagulant changes. E ndo thelia l cells ac tiva ted  by  cyto

k ines d o w n reg u la te  the expression  of thrombomodulin, 
a lread y  described  as a  key m o d u la to r o f th ro m b in  activ 
ity. This m ay  re su lt in  su sta in ed  ac tiva tion  of th ro m 
b in , w h ich  can  in  tu rn  stim ula te  p la te le ts  a n d  au g m en t 
in flam m ation  th ro u g h  PA Rs expressed  o n  p la te le ts  
a n d  in flam m atory  cells. In  ad d itio n , in flam ed  en d o th e 
liu m  also  d o w n reg u la tes  the expression  of o ther an ti
coagulan ts, such  as p ro te in  C a n d  tissue factor p ro te in  
inh ib ito r, changes th a t fu rth e r p ro m o te  a  p ro co ag u lan t 
state.

• Anti-fibrinolytic effects. A ctivated  endo the lia l cells secrete 
P lasm inogen  activato r inh ib ito rs (PAI), w h ich  lim it 
fib rinolysis a n d  d o w n reg u la te  the expression  of t-PA, 
a lte ra tions th a t also  favor the d ev e lo p m en t o f th rom bi.

A b n o rm a l Blood Flow

T urbulence (chaotic b lo o d  flow) contributes to arterial 
and cardiac throm bosis by causing en d oth elia l injury or 
dysfunction , as w e ll as by form ing countercurrents and  
local pockets o f stasis. Stasis is a m ajor factor in  the devel
o p m e n t of venous th rom bi. U n d e r cond itions of no rm al 
lam in ar b lood  flow , p la te le ts  (and  o ther b lood  cells) are  
fo u n d  m ain ly  in  the cen ter of the  vessel lum en , separa ted  
from  the  en d o th e liu m  by  a s low er-m oving  layer o f p lasm a. 
By contrast, stasis a n d  tu rbu lence  have  the fo llow ing  del
e te rious effects:
• B oth p ro m o te  endo the lia l cell ac tiva tion  a n d  enhanced  

p ro co ag u lan t activ ity , in  p a r t  th ro u g h  flow -induced  
changes in  endo the lia l gene expression.

• Stasis allow s p la te le ts  a n d  leukocytes to  com e in to  
contact w ith  the en d o th e liu m  w h e n  the flow  is 
sluggish.

• Stasis also  slow s the w a sh o u t o f ac tivated  clo tting  
factors a n d  im p ed es the inflow  of c lo tting  factor 
inh ibitors.

T u rb u len t a n d  static b lood  flow  con tribu tes to  th ro m 
bosis in  a  n u m b er of clinical settings. U lcerated  a th e ro 
sclerotic p laq u es n o t on ly  expose subendo the lia l ECM  
b u t also  cause tu rbu lence. A bnorm al aortic  a n d  arteria l 
d ila tions called  an eu ry sm s create local stasis a n d  conse
quen tly  a re  fertile sites for th rom bosis (C hap ter 9). A cute 
m yocard ia l in farc tion  resu lts  in  focally noncon tractile  
m yocard ium . V entricu lar rem ode ling  after m ore  rem ote  
in farc tion  can  lead  to  an eu ry sm  form ation . In  b o th  cases, 
card iac m u ra l th rom bi are m ore  easily fo rm ed  because of 
the local b lood  stasis (C hap ter 11). M itral valve  stenosis 
(e.g., after rh eu m atic  h eart disease) resu lts  in  left a tria l

d ila tion . In  conjunction  w ith  a tria l fibrillation, a d ila ted  
a tr iu m  also  p ro d u ces stasis a n d  is a p rim e  location  for 
the  d ev e lo p m en t of th rom bi. H yperv iscosity  synd rom es 
(such  as po lycy them ia  vera, C h ap te r 12) increase resis
tance to  flow  an d  cause sm all vessel stasis; the  defo rm ed  
re d  cells in  sickle cell anem ia  (C hap ter 12) cause vascu 
la r occlusions, an d  the  resu ltan t stasis also  p red isp o ses to 
throm bosis.

H ypercoagulab ility

H ypercoagulability  refers to an abnorm ally h ig h  ten 
dency o f the b lood  to clot, and is typ ica lly  caused by  
alterations in  coagulation  factors. It con tribu tes infre
q u en tly  to  arte ria l o r in tracard iac  th rom bosis b u t is an  
im p o rta n t u n d e rly in g  risk  factor for ven o u s throm bosis. 
The a lte ra tions of the coagu la tion  p a th w ay s  th a t p red is 
pose  affected p erso n s to  th rom bosis can  be d iv id ed  in to  
p rim ary  (genetic) a n d  secondary  (acquired) d iso rd ers  
(Table 4.2).

P rim ary  (inherited) hypercoagu lab ility  is m ost often  
caused  by m u ta tio n s  in  the factor V a n d  p ro th ro m b in  
genes:
• A pproxim ately  2% to 15% of w hites carry  a specific 

factor V m u ta tio n  (called the L eiden m utation , after the 
D utch  city w here  it w as first described). A m ong  those 
w ith  recu rren t deep  venous th rom bosis (DVT), the fre
quency  of this m u ta tio n  approaches 60%. The m uta tion  
alters an  am ino  acid residue in  factor V an d  renders it

Table 4.2 Hypercoagulable States

P rim a ry  (G en e tic )

C o m m o n  (> 1 %  o f  t h e  P o p u la t io n )

Factor V mutation (G I69IA  mutation; factor V Leiden)
Prothrombin mutation (G202I0A variant)
Increased levels of factor VIII, IX, or XI or fibrinogen

R a r e

Anti-thrombin III deficiency 
Protein C deficiency 
Protein S deficiency

V e ry  R a r e

Fibrinolysis defects
Homozygous homocystinuria (deficiency of cystathione ß-synthetase)

Secondary (A cqu ired )

H ig h  R is k  f o r  T h ro m b o s is

Prolonged bed rest or immobilization 
Myocardial infarction 
Atrial fibrillation
Tissue injury (surgery, fracture, burn)
Cancer
Prosthetic cardiac valves 
Disseminated intravascular coagulation 
Heparin-induced thrombocytopenia 
Anti-phospholipid antibody syndrome

L o w e r  R is k  f o r  T h ro m b o s is

Cardiomyopathy 
Nephrotic syndrome
Hyperestrogenic states (pregnancy and postpartum) 
Oral contraceptive use 
Sickle cell anemia 
Smoking
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resistan t to proteolysis by p ro te in  C. Thus, a n  im por
tan t an ti-throm botic  coun terregu lato ry  m echanism  is 
lost. H eterozygotes carry  a fivefold increased risk  for 
venous throm bosis, w ith  hom ozygotes hav ing  a 50-fold 
increased risk.

• A  sing le-nucleo tide  su b stitu tio n  (G to A) in  the 
3 '-u n tran s la ted  reg ion  of the p ro th ro m b in  gene is a 
fairly  com m on  allele (found  in  1%-2% of the  general 
p opu la tion ). This v a rian t resu lts  in  increased  p ro th ro m 
b in  tran sc rip tio n  a n d  is associa ted  w ith  a  nearly  th ree 
fo ld  increased  risk  for ven o u s th rom boses.

• E levated  levels o f homocysteine con tribu te  to  a rte ria l an d  
venous th rom bosis, a s  w ell as  to  the  d ev e lo p m en t of 
a therosclerosis (C hap ter 10). The p ro th ro m b o tic  effects 
of hom ocyste ine  m ay  be d u e  to th ioester linkages 
fo rm ed  be tw een  hom ocyste ine  m etabo lites a n d  a  varie ty  
of p ro te ins, in c lu d in g  fibrinogen. M arked  elevations of 
hom ocyste ine  m ay  be caused  by a n  in h erited  deficiency 
of cysta th ione P-synthetase.

• Less com m on  p rim ary  hypercoagu lab le  states inc lude  
in h erited  deficiencies o f an ti-coagu lan ts such  as  an ti
th ro m b in  III, p ro te in  C, o r p ro te in  S; affected pa tien ts  
typically  p resen t w ith  ven o u s th rom bosis a n d  re c u rren t 
th rom boem bo lism  in  adolescence o r in  early  a d u lt life.

A lth o u g h  the risk  of th rom bosis is on ly  m ild ly  increased  
in  h e terozygous carriers of factor V L eiden  a n d  the p ro 
th ro m b in  gene varian t, these  genetic factors carry  a d d e d  
significance for tw o  reasons. First, b o th  ab n o rm al alleles 
are  sufficiently  freq u en t th a t hom o zy g o u s a n d  co m p o u n d  
h e terozygous p e rso n s a re  n o t uncom m on , a n d  these  ind i
v id u a ls  a re  a t m u ch  h igher r isk  for th rom bosis. M ore 
im portan tly , h e terozygous in d iv id u a ls  a re  a t h igher risk  
for ven o u s th rom bosis in  the se tting  of o th e r acq u ired  risk  
factors, such  as p regnancy , p ro lo n g ed  bed  rest, a n d  leng thy  
a irp lan e  flights. C onsequen tly , in h erited  causes of h y p er
coagulab ility  sh o u ld  be considered  in  y o u n g  p a tien ts  (<50 
years o f age), even  w h e n  o th e r acq u ired  risk  factors a re  
p resen t.

Secondary  (acquired) hypercoagu lab ility  is seen  in  
m any  settings (Table 4.2). In  som e situa tions (e.g., card iac 
failu re o r traum a), stasis o r v ascu lar in ju ry  m ay  be the m ost 
im p o rta n t factor. The hypercoagu lab ility  associa ted  w ith  
o ral con tracep tive  use  a n d  the hyperestrogen ic  sta te  of 
p regnancy  m ay  be re la ted  to  increased  hepatic  syn thesis of 
coagu la tion  factors a n d  re d u c e d  syn thesis o f an ti-th ro m b in  
III. In  d issem in a ted  cancers, release of p ro co ag u lan t tu m o r 
p ro d u c ts  (e.g., m u c in  from  adenocarcinom a) p red isp o ses 
to th rom bosis. The hypercoagu lab ility  seen  w ith  ad v an c 
ing  age has been  a ttr ib u te d  to  increased  p la te le t agg rega 
tion  a n d  red u ced  release of PGI2 from  endo the lium . 
Sm oking a n d  obesity  p ro m o te  hypercoagu lab ility  by 
u n k n o w n  m echanism s.

A m ong  the  acq u ired  th rom boph ilic  states, tw o  a re  p a r 
ticu larly  im p o rtan t clinical p rob lem s a n d  deserve  special 
m ention:
• Heparin-induced thrombocytopenia (HIT) syndrome. This 

sy n d ro m e occurs in  u p  to  5% of p a tien ts  trea ted  w ith  
unfractionated  h ep arin  (for therapeu tic  anti-coagulation). 
It is m ark ed  by  the developm ent of au toan tibod ies  that 
b in d  com plexes of h ep a rin  an d  p la te le t m em brane 
p ro te in  (p latelet factor-4) (C hapter 12). A lthough  the

m echan ism  is unclear, it a p p ea rs  tha t these an tibod ies 
m ay  also  b in d  sim ilar com plexes p resen t on  p la te le t 
a n d  endo thelia l surfaces, resu ltin g  in  p la te le t activa
tion, aggregation , a n d  co nsum ption  (hence throm bocy 
topenia), as w ell as causing  endo the lia l cell injury. The 
overall re su lt is a  p ro th rom botic  state, even  in  the  face of 
h ep a rin  ad m in istra tio n  a n d  low  p la te le t counts. N ew er 
low -m olecular-w eight fractionated  h ep arin  p rep ara tio n s 
induce  au toan tibod ies  less frequently  b u t can  still cause 
thrombosis i f  antibodies have already formed.

• Anti-phospholipid antibody syndrome. This syndrom e 
(prev iously  called the lu p u s  an ti-coagu lan t syndrom e) 
has p ro tean  clinical m anifestations, inc lud ing  recu rren t 
throm boses, re p ea ted  m iscarriages, card iac valve veg
etations, an d  th rom bocytopenia. D ep en d in g  o n  the vas
cular bed  involved , the clinical p resen ta tions can  include 
p u lm o n ary  em bolism  (follow ing low er extrem ity  v enous 
throm bosis), p u lm o n ary  h y pertension  (from  recu rren t 
subclinical p u lm o n ary  em boli), stroke, bow el infarction, 
o r renovascu lar hypertension . Fetal loss does n o t a p p ea r 
to be explained  by throm bosis, b u t ra th e r  seem s to stem  
from  an tib o d y -m ed ia ted  interference w ith  the g ro w th  
a n d  d ifferen tia tion  of trophoblasts, lead ing  to  a  failure of 
p lacen ta tion . A n ti-phospho lip id  an tib o d y  synd rom e is 
also  a  cause of ren a l m icroang iopathy , re su ltin g  in  ren a l 
failure associated  w ith  m u ltip le  cap illary  a n d  arteria l 
th rom boses (C hap ter 14).

The nam e an ti-p h o sp h o lip id  an tib o d y  synd rom e 
cam e from  the detection  in  p a tien ts  o f c ircu la ting  an ti
bod ies th a t b in d  to  p h o sp h o lip id s . B ut th is  nam e is 
m islead ing , a s  it is believed  th a t the m ost im p o rtan t 
patho log ic  effects a re  m ed ia ted  th ro u g h  b in d in g  of the 
an tibod ies  to  ep itopes o n  p ro te in s  th a t a re  som ehow  
in d u ced  o r "u n v e iled "  by p h o sp h o lip id s . Suspected  
an tib o d y  ta rge ts inc lude  p2-g lycopro te in  I, a p lasm a 
p ro te in  tha t associates w ith  the surfaces of en d o th e 
lial cells a n d  trophob lasts , a n d  p ro th ro m b in . In  vivo, 
it is su spec ted  tha t these an tibod ies  b in d  to these an d  
p e rh a p s  o th e r p ro te ins, thereby  in d u c in g  a hypercoag 
u lab le  sta te  th ro u g h  u n certa in  m echanism s. H ow ever, 
in  v itro , the an tib o d ies  in terfere  w ith  p h o sp h o lip id s  
a n d  th u s  inh ib it coagu la tion  (hence the nam e lu p u s  
an ticoagu lan t, a lso  a  m isnom er). The an tibod ies  also  
frequen tly  p ro v id e  a  fa lse-positive serologic test for 
syph ilis  because the an tig en  in  the s ta n d a rd  assay  for 
syph ilis  is e m b ed d ed  in  card io lip in .

A n ti-p h o sp h o lip id  an tib o d y  synd rom e has p rim ary  
a n d  secondary  form s. In d iv id u a ls  w ith  a w ell-defined  
a u to im m u n e  disease, such  as  system ic lu p u s  e ry them a
to sus (C hap ter 5), are  desig n a ted  as hav in g  secondary anti
phospholipid syndrome (hence the earlier te rm  lupus antico
agulant syndrome). In  primary anti-phospholipid syndrome, 
p a tien ts  exhibit on ly  the m an ifesta tions of a  hyperco- 
agu lab le  state  a n d  lack ev idence of o ther au to im m u n e  
d iso rders; occasionally , it a p p e a rs  fo llow ing  exposu re  
to certa in  d ru g s  or infections. T herapy  involves an ti
coagu la tion  a n d  im m u n o su p p ress io n . A lth o u g h  an ti
p h o sp h o lip id  an tibod ies  a re  clearly  associa ted  w ith  
th rom botic  d ia theses, they  have  a lso  been  iden tified  in  
5% to 15% of ap p a re n tly  n o rm al in d iv iduals , im p ly ing  
tha t they  a re  necessary  b u t n o t sufficient to  cause the 
fu ll-b low n  syndrom e.
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M O R P H O L O G Y

T h ro m b i can develop  a n y w h e re  in th e  card iovascular system . 

A r te r ia l  o r  card iac th ro m b i typ ically  arise  a t sites o f  end oth elia l 

in ju ry  o r  tu rb u len c e ; venous th ro m b i characteris tica lly  o cc u r at 

sites o f  stasis. T h ro m b i a re  focally a ttached  to  th e  underly ing  

vascu lar surface and te n d  to  p ropagate  to w a rd  th e  h ea rt; thus, 

a rte r ia l th ro m b i g ro w  in a re tro g ra d e  d irec tio n  fro m  th e  p o in t  

o f a tta c h m e n t, w h e re as  venous th ro m b i e x te n d  in th e  d ire c tio n  

o f b lo o d  flo w . T h e  p ropagating  p o rtio n  o f a th ro m b u s  ten d s  to  

be p o o rly  a ttached  and th e re fo re  p ro n e  to  frag m en ta tio n  and 

m ig ra tion  th ro u g h  th e  b lo o d  as an em bolus.

T h ro m b i can have grossly (and m icroscopically ) a pp aren t  

lam inations called lines o f Z ah n ; th e s e  re p re s e n t pale p la te le t  

and fib rin  layers a lte rn a tin g  w ith  d a rk e r red  c e ll-r ic h  layers. Such 

lines a re  significant in th a t  th e y  a re  on ly  found  in th ro m b i th a t  

fo rm  in flo w in g  b lood; th e ir  p resence  can th e re fo re  usually dis

tinguish a n te m o rte m  th ro m b o s is  fro m  th e  bland non lam inated  

clots th a t  fo rm  in th e  p o s tm o rte m  sta te . A lth o u g h  th ro m b i 

fo rm e d  in th e  “ lo w -f lo w ” venous system  superfic ially  resem b le  

p o s tm o rte m  clots, careful evaluation  genera lly  show s ill-defined  

lam inations.

T h ro m b i o cc u rring  in h e a rt cham bers o r  in th e  a o rtic  lum en  

a re  designated as m u ra l th ro m b i. A b n o rm a l m yocard ia l con 

tra c tio n  (arrh y th m ias , d ila ted  card iom yopathy, o r  m yocardial 

in farc tion ) o r  end om yocard ia l in ju ry  (m yocard itis , c a th e te r  

tra u m a ) p ro m o te  card iac m ura l th ro m b i ( Fig. 4 . I 3 A ), w he re as  

u lc e ra te d  a th e ro s c le ro tic  plaques and aneurysm al d ila tion  

p ro m o te  a o rtic  th ro m b o s is  ( Fig. 4 . I3 B ).

A r te r ia l th ro m b i a re  frequ en tly  occlusive. T h e y  are  typ ically  

rich in p la te le ts , as th e  processes underly ing  th e ir  d ev e lo p m en t  

(e.g., end o th e lia l in ju ry) lead to  p la te le t ac tiva tio n . A ltho ug h  

usually superim posed  on a ru p tu re d  a th e ro s c le ro tic  p laque, o th e r  

vascu lar in juries (vasculitis, tra u m a ) can also be underly ing  causes. 

Venous th ro m b i (p h leb o th ro m b o s is ) a re  a lm o st invariably  

occlusive; th e y  fre q u e n tly  p ro pagate  som e distance to w a rd  th e  

h e a rt, fo rm in g  a long cast w ith in  th e  vessel lum en th a t  is p ro n e  

to  give rise to  em b o li. Because th e s e  th ro m b i fo rm  in th e  slug

gish venous c ircu lation , th e y  te n d  to  con tain  m o re  enm eshed  red  

cells, leading to  th e  m o n ik e r  red , o r  stasis, th ro m b i. T h e  veins  

o f th e  lo w e r e x tre m itie s  a re  m o s t co m m o n ly  affected  (90 %  o f  

venous th ro m b o s es ); how ever, venous th ro m b i also can o cc u r  

in th e  u p p e r e x tre m itie s , p e rip ro s ta tic  plexus, o r  ovarian and 

p e r iu te r in e  veins, and u n d e r special c ircum stances th e y  m ay be 

found  in th e  dural sinuses, p o rta l ve in , o r  hepatic  vein.

A t  autopsy, p o s tm o rte m  clots can som etim es  be m istaken  

fo r  venous th ro m b i. H o w e v e r, th e  fo rm e r  a re  gelatinous and 

because o f  red  cell settling  th e y  have a d a rk  red  d ep e n d e n t 

p o rtio n  and a y e llo w  “ chicken fa t” u p p e r p o rtio n ; th e y  also are  

usually n o t a ttached  to  th e  underly ing  vessel w a ll. By con tras t, 

red  th ro m b i typ ically  a re  f irm , focally a ttached  to  vessel walls, 

and th e y  con tain  gray strands o f  d ep osited  fib rin .

T h ro m b i on h e a rt valves a re  called vege ta tio ns . Bacterial 

o r  fungal b lo o d b o rn e  infections can cause valve dam age, leading  

to  th e  d ev e lo p m en t o f  large th ro m b o tic  masses (in fec tive  

end ocard itis ) (C h a p te r  I I ) .  S te rile  vegeta tio ns  also can develop  

on non in fected  valves in hypercoagulab le states— th e  lesions o f  

so-called  “ n o n b ac te ria l th ro m b o tic  end ocard itis”  (C h a p te r  

I I ) .  Less com m o nly , s te rile , verruco us  end ocard itis  (L ib m a n 

Sacks end ocard itis ) can o cc u r in th e  setting  o f  system ic lupus 

e ry th e m ato su s  (C h a p te r  5 ).

Fig. 4.13 Mural thrombi. (A) Thrombus in the left and right ventricular 
apices, overlying white fibrous scar. (B) Laminated thrombus in a dilated 
abdominal aortic aneurysm. Numerous friable mural thrombi are also super
imposed on advanced atherosclerotic lesions of the more proximal aorta 
( le f t  s id e  o f  p h o to g r a p h ) .

Fate o f  the  Throm bus

If a  p a tien t su rv ives a n  in itial th rom botic  event, d u rin g  the
en su in g  d ays to  w eeks the  th ro m b u s evolves th ro u g h  som e
com bination  of the fo llow ing  fo u r processes:
• Propagation. The th ro m b u s en larges th ro u g h  the accre

tion  of ad d itio n a l p la te le ts  a n d  fibrin, increasing  the 
o d d s  of vascu lar occlusion o r em bolization .

• Embolization. P a rt or all o f the  th ro m b u s is d islodged  
an d  tra n sp o rted  elsew here  in  the vascu la tu re .

• Dissolution. If a th rom bus is new ly form ed, activation  of 
fibrinolytic factors m ay  lead  to its rap id  shrinkage and  
com plete dissolution . W ith  o lder throm bi, extensive 
fibrin  po lym erization  renders the th rom bus substantially  
m ore resistan t to  p lasm in-induced  proteolysis, an d  lysis 
is ineffectual. This acquisition  of resistance to  lysis has 
clinical significance, as therapeutic  adm in istra tion  of 
fibrinolytic agents (e.g., t-PA in  the  setting  of acu te coro
n ary  throm bosis) generally  is n o t effective un less adm in 
istered  w ith in  a few  hou rs of th rom bus form ation.

• Organization and recanalization. O lder th rom bi becom e 
o rgan ized  by the in g ro w th  of endo the lia l cells, sm ooth  
m uscle  cells, a n d  fibrob lasts (Fig. 4.14). In  tim e, cap illary  
channels are  fo rm ed  th a t—to a lim ited  e x te n t—create 
condu its  a long  the len g th  o f the th rom bus, thereby  rees
tab lish ing  the con tinu ity  of the o rig inal lum en . F u rth e r 
recanaliza tion  can  som etim es convert a  th ro m b u s in to  a

http://ebooksmedicine.net

http://ebooksmedicine.net


Hemostasis and Thrombosis 111

Fig. 4.M  An organized thrombus. Low-power view of a thrombosed 
artery stained for elastic tissue. The original lumen is delineated by the inter
nal elastic lamina (arrows) and is completely filled with organized thrombus.

vascu larized  m ass of connective tissue th a t is even tua lly  
in co rp o ra ted  in to  the  w a ll o f the rem o d e led  vessel. 
O ccasionally, in stead  of o rgan izing , the  cen ter of a 
th ro m b u s u n d e rg o es  enzym atic  d igestion , p resu m ab ly  
because of the release of lysosom al enzym es from  
en tra p p e d  leukocytes. If bacterial seed ing  occurs, the 
con ten ts o f d eg rad ed  th rom bi serve as a n  ideal cu ltu re  
m ed ium , an d  the  re su ltin g  in fection  m ay  w eak en  the 
vessel w all, lead in g  to the  fo rm ation  of a mycotic aneu
rysm  (C hap ter 10).

C lin ic a l  F e a tu r e s

T hrom bi a re  significant because they  cause obstruc tion  of 
a rteries a n d  veins a n d  m ay  give rise  to  em boli. The effect 
th a t is of the g rea test clinical im portance  d e p en d s  o n  the  site 
of th rom bosis. T hus, a lth o u g h  ven o u s th rom bi can  cause 
congestion  a n d  ed em a in  vascu lar b eds d is ta l to  a n  obstruc 
tion, they  are  m ost w orrisom e because of their p o ten tia l to 
em bolize to  the lu n g s a n d  cause dea th . C onversely , w h ereas 
arte ria l th rom bi can  em bolize a n d  cause tissue infarction , 
their tendency  to  o b stru c t vessels (e.g., in  co ronary  an d  
cerebral vessels) is considerab ly  m ore im portan t.

Venous Throm bosis (Phlebothrom bosis)

M ost ven o u s th rom bi occur in  the  superficial o r the deep  
veins of the leg. Superficial ven o u s th rom bi u su a lly  arise 
in  the sap h en o u s system , p articu larly  in  the se tting  of vari
cosities; these rare ly  em bolize b u t they can  be p a in fu l an d  
can  cause local congestion  a n d  sw elling  from  im p a ired  
ven o u s ou tflow , p red isp o sin g  the overly ing  sk in  to  the 
d ev e lo p m en t o f infections a n d  varicose u lcers. D eep 
ven o u s th rom boses (DVTs) in  the la rger leg  veins a t o r 
above the knee jo in t (e.g., poplitea l, fem oral, a n d  iliac 
veins) a re  m ore serious because they  a re  p ro n e  to  em bolize. 
A lth o u g h  such  DVTs m ay  cause local p a in  a n d  edem a, 
collateral channels o ften  c ircum ven t the ven o u s obstruc 
tion. C onsequen tly , DVTs are en tire ly  asym ptom atic  in  
app rox im ate ly  50% of p a tien ts  a n d  are recogn ized  only  
after they  have  em bolized  to  the  lungs.

Low er-extrem ity D V T s are associated  w ith  stasis and  
hypercoagulable states, as described  earlier (Table 4.2). 
T hus, com m on  p red isp o sin g  factors inc lude  congestive

h ea rt failure, b ed  rest, a n d  im m obilization ; the la tte r tw o 
factors reduce  the  m ilk ing  action  of leg  m uscles an d  th u s 
slow  ven o u s re tu rn . T raum a, su rgery , an d  b u rn s  n o t only  
im m obilize a  p a tien t b u t also  a re  associa ted  w ith  vascu lar 
in jury , p ro co ag u lan t release, increased  hepatic  syn thesis of 
coagu la tion  factors, a n d  red u ced  t-PA  p ro d u c tio n . M any 
factors con tribu te  to  the th rom botic  d ia thesis  of p regnancy; 
in  a d d itio n  to  the  p o ten tia l for am nio tic  flu id  in fu sion  in to  
the circu la tion  a t the  tim e of delivery , p ressu re  p ro d u ced  
by the  en la rg in g  fe tus a n d  u te ru s  can  p ro d u ce  stasis in  the 
veins of the  legs, a n d  la te  p reg n an cy  a n d  the p o s tp a rtu m  
p erio d  are  associated  w ith  hypercoagu lab ility . T um or- 
associated  p ro co ag u lan t release is largely  responsib le  for 
the increased  risk  of th rom boem bolic  p h en o m en a  seen in  
d issem inated  cancers. These are som etim es re ferred  to  as 
migratory thrombophlebitis, because of the tendency  to 
involve several d iffe ren t ven o u s beds transien tly , o r as 
T rousseau  syndrom e, for the physic ian  w h o  b o th  described  
the  d iso rd e r an d  su ffered  from  it. R egard less o f the specific 
clinical setting , the  risk  of DVT is increased  in  p ersons 
o lder th a n  50 years.

A rte r ia l and  C ardiac Thrombosis

Atherosclerosis is a  m ajor cause of arte ria l th rom boses 
because it is associated  w ith  the loss of endo the lia l in teg 
rity  an d  w ith  ab n o rm al b lood  flow  (Fig. 4.13B). M yocard ia l 
in farc tion  can  p red isp o se  to  card iac m u ra l th ro m b i by 
causing  dysk inetic  m yocard ia l con traction  a n d  endocar
d ia l in ju ry  (Fig. 4.13A), a n d  rh eu m atic  h ea rt d isease m ay 
en g en d er a tria l m u ra l th rom bi by  causing  a tria l d ila tion  
an d  fibrillation. B oth card iac a n d  aortic  m u ra l th rom bi are  
p ro n e  to em bolization . A lth o u g h  any  tissue can  be affected, 
the b rain , k idneys, a n d  sp leen  are  p articu larly  likely ta rge ts 
because of their rich  b lood  supp ly .

®  S U M M A R Y

T H R O M B O S I S

• T h ro m b u s  d ev e lo p m en t is usually re la ted  to  o n e  o r  m o re  

co m p o n en ts  o f V irc h o w ’s triad :

• end o th e lia l in ju ry  (e.g., by to x in s , h yp erten s io n , in flam m atio n , 

o r  m etabo lic  p ro du cts )

• ab n o rm a l b lo o d  f lo w , stasis, o r  tu rb u le n c e  (e.g., resulting  

fro m  aneurysm s, a th e ro s c le ro tic  plaque)

• hypercoagulability: e ith e r  p rim a ry  (e.g., fa c to r  V  Leiden, 

increased p ro th ro m b in  synthesis, an ti-th ro m b in  III deficiency) 

o r  secon dary  (e.g., bed rest, tissue dam age, m alignancy)

• T h ro m b i m ay p ropagate , reso lve, b ec o m e  o rg an ized , o r  

em b o lize .

• T h ro m b o s is  causes tissue in ju ry  by local vascu lar occlusion o r  

by distal em b o liza tio n .

Disseminated Intravascular Coagulation (D IC)

DIC is w id e sp re a d  th rom bosis w ith in  the m icrocircu la tion  
th a t m ay  be of su d d e n  or in sid ious onset. It m ay  be seen in  
d iso rd ers  ran g in g  from  obstetric  com plications to ad vanced  
m alignancy . To com plicate  m atters, the w id e sp re a d  m icro 
vascu lar th rom bosis consum es p la te le ts  an d  coagu lation  
p ro te in s  (hence the sy n o n y m  consum ptive  coagulopathy), 
a n d  a t the  sam e tim e, fibrinolytic m echan ism s are  activated .
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The n e t re su lt is th a t excessive c lo tting  a n d  b leed ing  m ay 
co-exist in  the sam e pa tien t. It is d iscussed  in  grea ter detail 
a long  w ith  o ther b leed ing  d ia theses in  C h ap te r 12.

EMBOLISM

A n em bolus is a detached intravascular so lid , liq u id , or 
gaseous m ass that is carried by the b lood  from  its point 
o f origin  to a d istant site, w here it o ften  causes tissu e  
dysfunction  or infarction. The v as t m ajority  o f em boli 
derive  from  a d is lo d g ed  th ro m b u s—hence the  te rm  th ro m 
boem bolism . Less com m only , em boli a re  com posed  of fat 
d rop le ts , bubb les o f a ir o r n itrogen , a therosclero tic  debris 
(cholesterol em boli), tu m o r fragm ents, b its o f bone m arrow , 
or am nio tic  flu id . Inevitably , em boli lodge  in  vessels too 
sm all to p e rm it fu rth e r passage, re su ltin g  in  p a rtia l o r com 
p le te  vascu lar occlusion; d e p e n d in g  o n  the site of orig in , 
em boli can  a rre s t an y w h ere  in  the  vascu lar tree. The 
p rim ary  consequence of system ic em boliza tion  is ischem ic 
necrosis (infarction) of d o w n stream  tissues, w h ereas em bo 
lization  in  the p u lm o n ary  c ircu la tion  leads to  hypoxia, 
hypo tension , an d  rig h t-s id ed  h e a rt failure.

Pulmonary Thromboembolism * •

Pulm onary em b oli originate from  deep ven ou s throm 
b oses and are resp on sib le  for the m ost com m on form  
o f throm boem bolic d isease. The incidence of p u lm o n ary  
em bolism  (PE) is 2 to  4 p e r  1000 h o sp ita lized  patien ts. 
A lth o u g h  the ra te  of fa ta l PE has declined  considerab ly  
since the early  1990s, PE still causes ab o u t 100,000 d ea th s  
p e r y ear in  the U n ited  States. In  m ore  th a n  95% of cases, 
venous em boli o rig ina te  from  th rom bi w ith in  deep  leg 
veins p rox im al to  the p o p litea l fossa; em bo liza tion  from  
low er leg  th ro m b i is uncom m on.

F rag m en ted  th rom bi from  DVTs are  carried  th ro u g h  
p rogressively  la rger channels a n d  u su a lly  p ass  th ro u g h  the 
rig h t side of the h e a rt before a rrestin g  in  the  p u lm o n ary  
vascu la tu re . D ep en d in g  on  size, a  PE can  occlude the m ain  
p u lm o n ary  artery , lodge  a t the  b ifu rca tion  of the rig h t an d  
left p u lm o n ary  arteries (sadd le  em bolus), or pass in to  the 
sm aller, b ran ch in g  arterio les (Fig. 4.15). F requently , m u l
tip le em boli occur, e ithe r sequen tia lly  o r as a show er of 
sm aller em boli from  a single large  th rom bus; a p a tien t w h o  
has h a d  one p u lm o n ary  em bolus is a t increased  risk  for 
hav in g  m ore. R arely, a n  em bolus passes th ro u g h  a n  a tria l 
o r ven tricu la r defect a n d  en ters the system ic circu la tion  
(paradoxical em bo lism ) . A  m ore com plete d iscussion  of PE 
is fo u n d  in  C h ap te r 13; the  m ajor clinical a n d  patho log ic  
fea tu res a re  the  follow ing:
• M ost p u lm o n ary  em boli (60%-80%) are  sm all an d  clini

cally silent. W ith  tim e, they  u n d e rg o  o rg an iza tio n  and  
becom e in co rp o ra ted  in to  the vascu lar w all; in  som e 
cases, o rgan iza tio n  of th rom boem boli leaves beh ind  
b rid g in g  fib rous webs.

• A t the o ther en d  of the spectrum , a large  em bolus th a t 
blocks a m ajor p u lm o n ary  a rte ry  can  cause su d d e n  death .

• Em bolic obstruc tion  of m ed ium -sized  arteries a n d  su b 
seq u en t ru p tu re  of d o w n stream  capillaries ren d e red  
anoxic can  cause p u lm o n ary  hem orrhage . Such em boli 
d o  n o t u sua lly  cause p u lm o n ary  in farc tion  because the

Fig. 4 . l 5  Embolus derived from a lower-extremity deep venous thrombus 
lodged in a pulmonary artery branch.

area  also  receives b lood  th ro u g h  a n  in tac t b ronch ial cir
cu la tion  (dual circulation). H ow ever, a sim ilar em bolus 
in  the se tting  of left-sided  card iac  fa ilu re  (and  d im in 
ished  b ronch ial a rte ry  perfusion) can  lead  to  a p u lm o 
nary  infarct.

• E m bolism  to sm all en d -a rte rio la r p u lm o n ary  branches 
u sua lly  causes infarction .

• M u ltip le  em boli occurring  th ro u g h  tim e can  cause p u l 
m o n ary  h y p erten sio n  a n d  r ig h t v en tricu lar failu re (cor 
pu lm onale).

Systemic Thromboembolism

M ost system ic em boli (80%) arise  from  in tracard iac  m u ra l 
throm bi; tw o -th ird s  of these  a re  associa ted  w ith  left v en 
tricu lar in farcts a n d  a n o th er 25% w ith  d ila ted  left a tria  (e.g., 
secondary  to  m itra l valve  disease). T he rem a in d e r o rig inate  
from  aortic  aneu rysm s, th rom bi overly ing  u lcera ted  a th 
erosclerotic p laques, fragm en ted  v a lv u la r vegeta tions 
(C hap ter 11), o r the  ven o u s system  (paradoxical em boli); 
10% to 15% of system ic em boli are o f u n k n o w n  orig in .

By con trast w ith  ven o u s em boli, w h ich  lodge p rim arily  
in  the lung , arte ria l em boli can  trave l v irtua lly  anyw here; 
the ir final restin g  place u n d e rs ta n d a b ly  d e p en d s  on  their 
p o in t o f o rig in  an d  the  re la tive  flow  ra tes of b lood  to  the 
d o w n stream  tissues. C om m on  arte rio lar em boliza tion  sites 
inc lude  the low er ex trem ities (75%) a n d  cen tra l n e rv o u s 
system  (10%); in testines, k idneys, a n d  sp leen  are less 
com m on targets. The consequences of em boliza tion  d ep en d  
on  the caliber of the  occ luded  vessel, the co llateral supp ly , 
a n d  the  affected  tissu e 's  vu lnerab ility  to  anoxia; a rteria l 
em boli o ften  lodge  in  en d  arteries a n d  cause infarction .

Fat Embolism

Soft tissue c ru sh  in ju ry  o r ru p tu re  of m arro w  vascu lar 
sinuso id s (eg, d u e  to  a long  bone fracture) release m icro 
scopic fa t g lobules in to  the c irculation . Fat a n d  m arro w  
em boli are com m on  inc iden ta l find ings after v igo rous car
d io p u lm o n ary  resusc ita tion  b u t p robab ly  are of little clin i
cal significance. S im ilarly, a lth o u g h  fa t a n d  m arro w  
em bolism  occurs in  som e 90% of in d iv id u a ls  w ith  severe 
skeletal in juries (Fig. 4.16A), less th a n  10% show  any  clin i
cal findings. H ow ever, a  m ino rity  of p a tien ts  develop  a
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Fig. 4 . I 6  Unusual types of emboli. (A) Bone marrow embolus. The embolus 
is composed of hematopoietic marrow and marrow fat cells ( c le a r  s p a c e s )  

attached to a thrombus. (B) Amniotic fluid emboli. Two small pulmonary 
arterioles are packed with laminated swirls of fetal squamous cells. The sur
rounding lung is edematous and congested. ( C o u r te s y  o f  D r .  B e th  S c h w a r tz ,  

B a lt im o r e ,  M D . )

sym ptom atic  fa t em bolism  synd rom e charac terized  by  p u l
m o n ary  insufficiency, neuro log ic  sym ptom s, anem ia, 
th rom bocy topen ia , a n d  a diffuse petech ia l ra sh  th a t is fatal 
in  10% of cases. C linical signs a n d  sym ptom s ap p e a r 1 to 
3 days after in jury  as the  su d d e n  o n se t o f tachypnea, 
dyspnea , tachycard ia , irritab ility , a n d  restlessness, w h ich  
can  p ro g ress  rap id ly  to  d e liriu m  o r com a. T hrom bocy tope
n ia  is a ttr ib u te d  to  p la te le t ad h esio n  to  fat g lobules and  
su b seq u en t ag g reg a tio n  o r sp lenic sequestra tion ; anem ia  
can  re su lt from  sim ilar red  cell ag g regation  a n d /o r  hem o
lysis. A  diffuse pe tech ia l ra sh  (seen in  20%-50% of cases) 
is re la ted  to  ra p id  onse t of th rom bocy topen ia  a n d  can  be a 
u sefu l d iagnostic  feature.

The pa thogenesis  o f fa t em boli synd rom e invo lves bo th  
m echanical ob stru c tio n  a n d  biochem ical in jury . Fat m icro 
em boli occlude p u lm o n ary  an d  cerebral m icrovascu la tu re , 
bo th  d irectly  a n d  by tr iggering  p la te le t aggregation . This 
de le te rious effect is exacerbated  by  fa tty  acid  release from  
lip id  globules, w h ich  causes local toxic endo the lia l in jury . 
P latelet ac tiva tion  a n d  g ranu locy te  rec ru itm en t (w ith  free 
radical, p ro tease , a n d  e icosanoid  release) (C hap ter 3) com 
p le te  the  vascu lar assau lt. Because lip id s a re  d isso lved  by 
the so lven ts u sed  d u rin g  tissue processing , m icroscopic

d em o n stra tio n  of fa t m icroglobules (i.e., in  the absence of 
accom pany ing  m arro w  elem ents) requ ires  specialized  
techn iques (frozen  sections an d  fa t stains).

Amniotic Fluid Embolism

A m niotic flu id  em b olism  is an uncom m on, grave com pli
cation o f labor and the im m ediate postpartum  period  
occurring in  1 in  40,000 deliveries. The m orta lity  ra te  
app ro ach es 80%, m ak in g  it the  m ost com m on cause of 
m ate rn a l d e a th  in  the d ev eloped  w o rld  a n d  the fifth  m ost 
com m on  cause of m a te rn a l d e a th  in  the U n ited  States, 
accoun ting  for 10% of m ate rn a l d ea th s  in  th is country ; 85% 
of su rv ivo rs  suffer som e fo rm  of p e rm a n e n t neuro log ic  
deficit. O nse t is charac terized  by  su d d e n  severe dyspnea , 
cyanosis, a n d  h ypo tensive  shock, fo llow ed  by seizu res an d  
com a. If the  p a tien t su rv ives the  in itial crisis, p u lm o n ary  
ed em a typically  develops, a long  w ith  (in ab o u t half the 
patien ts) d issem in a ted  in travascu la r coagu la tion  second 
ary  to  release of th rom bogen ic  substances from  am nio tic  
flu id . In d eed  it is th o u g h t th a t m o rb id ity  a n d  m orta lity  in  
such  cases resu lts  n o t from  m echanical ob stru c tio n  of p u l
m o n ary  vessels b u t from  biochem ical activa tion  of the 
coagu la tion  system  an d  the inna te  im m u n e  system  caused  
by substances in  the am nio tic  fluid.

The u n d e rly in g  cause is the en try  of am nio tic  flu id  (and  
its conten ts) in to  the  m a te rn a l c ircu la tion  v ia  tears in  the 
p lacen ta l m em b ran es a n d /o r  u te rin e  ve in  ru p tu re . H isto 
logic analysis show s sq u am o u s cells shed  from  fetal skin, 
lan u g o  hair, fa t from  vern ix  caseosa, a n d  m u cin  derived  
from  the fetal resp ira to ry  o r gastro in testina l tracts in  the 
m ate rn a l p u lm o n ary  m icrocircu la tion  (Fig. 4.16B). O ther 
find ings inc lude  m ark ed  p u lm o n a ry  edem a, d iffuse alveo
lar dam age  (C hap ter 13), a n d  system ic fib rin  th rom bi gen
e ra ted  by d issem inated  in trav ascu la r coagulation .

A ir Embolism

Gas b u b b les w ith in  the circulation can coalesce and  
obstruct vascular flow  and cause distal ischem ic injury.
Thus, a sm all vo lu m e of a ir tra p p e d  in  a  co ronary  artery  
d u rin g  b ypass su rg ery  o r in tro d u ced  in to  the cerebral a rte 
rial c ircu la tion  by n eu ro su rg e ry  p e rfo rm ed  in  a n  u p rig h t 
"s ittin g  position" can  occlude flow, w ith  d ire  consequences. 
Sm all ven o u s gas em boli generally  have  no  de le terious 
effects, b u t sufficient a ir can  en te r the p u lm o n ary  circula
tion  in ad v erten tly  d u rin g  obstetric  o r lap roscop ic  proce
d u res  or as a  consequence of a chest w all in jury  to  cause 
hypoxia, an d  very  large  venous em boli m ay  a rre s t in  the 
h ea rt a n d  cause death .

A  p a rticu la r fo rm  of gas em bolism  called decom pression  
sickness is caused  by su d d e n  changes in  a tm ospheric  p res 
sure. Scuba d ivers, u n d e rw a te r  construc tion  w orkers, an d  
p ersons in  u n p re ssu riz e d  a ircraft w h o  u n d e rg o  ra p id  ascen t 
a re  a t risk. W h en  air is b rea th ed  a t h ig h  p re ssu re  (e.g., 
d u rin g  a  deep  sea dive), increased  am o u n ts  o f gas (particu 
larly  n itrogen) becom e d isso lved  in  the  b lood  a n d  tissues. 
If the d iver th en  ascends (depressu rizes) too  rap id ly , the 
n itro g en  ex p an d s  in  the tissues a n d  bubb les o u t of so lu tion  
in  the b lood  to  fo rm  gas em boli, w h ich  cause tissue ische
m ia. R ap id  fo rm ation  of gas bubb les w ith in  skeletal m uscles 
an d  su p p o rtin g  tissues in  a n d  ab o u t jo in ts  is responsib le  for
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the  p a in fu l cond ition  called  the  b en d s  (so n am ed  in  the 
1880s because the afflicted p e rso n  arches the back in  a 
m an n e r rem in iscen t of a th en -p o p u la r w o m e n 's  fash ion  
pose  called  the G recian  bend). G as bubb les in  the  p u lm o 
n a ry  vascu la tu re  cause edem a, hem orrhages, a n d  focal atel
ectasis o r em physem a, lead in g  to  resp ira to ry  d istress, the  
so-called "chokes". B ubbles in  the  cen tra l n e rv o u s  system  
can  cause m en ta l im p a irm en t a n d  ev en  su d d e n  onset of 
com a. A  m ore chronic fo rm  of d ecom pression  sickness is 
called  caisson  d isease (nam ed  for p re ssu rized  u n d e rw a te r  
vessels u se d  d u rin g  b ridge  construction), in  w h ich  recur
ren t o r pe rsis ten t gas em boli in  the  bones lead  to  m ultifocal 
ischem ic necrosis; the h ead s  of the fem urs, tibiae, an d  
h u m eri a re  m ost com m only  affected.

P lacing  affected p erso n s in  a h ig h -p ressu re  cham ber, to 
force the  gas back in to  solu tion , trea ts  acu te  decom pression  
sickness. S ubsequen t slow  d ecom pression  p erm its  g rad u a l 
gas reso rp tio n  a n d  exhala tion  so th a t obstruc tive  bubbles 
do  n o t re-form .

f t  S U M M A R Y

E M B O L IS M

• A n  em bolus  is a solid , liquid, o r  gaseous mass carried  by th e  

b lo o d  to  a site d is tant fro m  its origin; m o s t a re  dislodged  

th ro m b i.

• P u lm o nary  em b o li d erive  p rim a rily  fro m  lo w e r-e x tre m ity  deep  

vein th ro m b i. T h e ir  effects d epend  m ain ly on th e  size o f  th e  

em bolus and th e  location  in w h ich  it lodges. C o nsequences  

m ay include right-s ided  h e a rt fa ilu re , p u lm o n ary  h e m o rrh a g e , 

p u lm o n ary  in farction , o r  sudden death .

• System ic em b o li d erive  p rim a rily  fro m  cardiac m ural o r  va lvu 

lar th ro m b i, a o r tic  aneurysm s, o r  a th e ro s c le ro tic  plaques; 

w h e th e r  an em bolus causes tissue in farction  depends on th e  

site o f  em b o liza tio n  and th e  p resence  o r  absence o f  c o lla te ra l 

circu lation .

• Fat em bolism  can o cc u r a fte r  crushing in juries to  th e  bones; 

sym ptom s include p u lm o n ary  insufficiency and neuro log ical 

dam age. A m n io tic  flu id  em bolism  may fo llo w  c h ild b irth  and 

can give rise to  fatal p u lm o n ary  and c e re b ra l m anifestations. 

A ir  em b o lism  can o c c u r upon rapid deco m p ress ion , m o st 

c o m m o n ly  in divers; it results fro m  sudden bubbling o f  n itrogen  

dissolved in b lo o d  a t h igher pressures.

INFARCTIO N

A n infarct is an area o f ischem ic necrosis caused b y  occlu
sion  o f the vascular su p p ly  to the affected  tissu e. Infarc
tion  p rim arily  affecting  the  h eart an d  the  b ra in  is a com m on 
a n d  ex trem ely  im p o rta n t cause of clinical illness. R oughly  
40% of all d ea th s  in  the U n ited  S tates are a consequence of 
card iovascu lar disease, w ith  m ost of these  d ea th s  stem 
m ing  from  m yocard ia l o r cerebral infarction . P u lm onary  
in farc tion  is a com m on  clinical com plication , bow el infarc
tion  o ften  is fatal, a n d  ischem ic necrosis of d ista l ex trem i
ties (gangrene) causes substan tia l m o rb id ity  in  the d iabetic  
popu la tion .

A rteria l th rom bosis o r arte ria l em bolism  un d erlie s  the  
v as t m ajority  o f infarctions. Less com m on  causes o f a rteria l 
obstruc tion  inc lude  vasospasm , expansion  of a n  a the rom a 
secondary  to  in trap laq u e  hem orrhage , an d  extrinsic  com 
p ressio n  of a  vessel, such  as by  tum or, a  d issecting  aortic  
an eu ry sm , o r edem a w ith in  a confined  space (e.g., in  an te 
rio r tib ial co m p artm en t syndrom e). O ther u n com m on  
causes of tissue  in farc tion  include vessel tw istin g  (e.g., in  
testicu lar to rs ion  o r bow el vo lvu lus), trau m atic  vascu lar 
ru p tu re , an d  e n trap m en t in  a he rn ia  sac. A lth o u g h  venous 
th rom bosis can  cause infarction , the  m ore com m on 
outcom e is sim ply  congestion; typically , bypass channels 
rap id ly  o p en  to  p ro v id e  sufficient ou tflow  to resto re  the 
a rte ria l inflow . Infarcts caused  by ven o u s th rom bosis th u s 
u sua lly  occur on ly  in  o rgans w ith  a  single efferent vein  
(e.g., testis o r ovary).

M O R P H O L O G Y

Infarcts a re  classified based on th e ir  c o lo r  (re fle c tin g  th e  a m o u n t  

o f h em o rrh a g e ) and th e  p resence  o r  absence o f  m icrob ia l infec

t io n . T hu s, infarcts m ay be e ith e r  red (h e m o rrh a g ic ) o r  w h ite  

(a n e m ic ) and m ay be e ith e r  septic o r  bland.

Red infarcts (Fig. 4 .1 7 A ) o cc u r (1) as a result o f venous occlu 

sions (such as in ovarian to rs io n ); (2) in loose tissues (e.g., lung) 

w h e re  b lood  can co llec t in infarcted zones; (3 ) in tissues w ith  dual 

circulations such as lung and small intestine, w h e re  partia l, a lbeit

Fig. 4 . l 7  Red and white infarcts. (A) Hemorrhagic, 
roughly wedge-shaped pulmonary infarct ( r e d  in fa r c t ) .  

(B) Sharply demarcated pale infarct in the spleen ( w h i te  

in fa r c t).
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inadequate perfusion by co llateral a rte ria l supplies is typical; (4 ) in 

previously congested tissues (as a consequence o f sluggish venous  

o u tflo w ); and (5 ) w hen  f lo w  is reestablished a fte r infarction has 

o ccu rred  (e.g., a fte r  angioplasty o f  an a rte ria l o bstru ctio n ).

W h ite  infarcts  o cc u r w ith  a rte ria l occlusions in solid organs  

w ith  e n d -a rte r ia l c ircu lations (e.g., h e a rt, spleen, and k idn ey), and 

w h e re  tissue density  lim its th e  seepage o f b lo o d  fro m  adjo ining  

p a te n t vascu lar beds ( Fig. 4 . I7 B ). Infarcts te n d  to  be w e d g e 

shaped, w ith  th e  occ luded  vessel a t th e  ap ex  and th e  organ  

p e r ip h e ry  fo rm in g  th e  base ( Fig. 4 .1 7 ); w h e n  th e  base is a serosal 

surface, th e re  is o ften  an overlying  fib rin o us  e x u d a te . Lateral 

m argins m ay be irregular, re flec tin g  f lo w  fro m  ad jacent vessels. 

T h e  m argins o f acu te  infarcts typ ically  a re  ind istinct and slightly 

h em orrh ag ic ; w ith  t im e , th e  edges b ec o m e  b e t te r  defined  by a 

n a rro w  rim  o f hyperem ia  a ttr ib u ta b le  to  in flam m atio n .

Infarcts resulting fro m  a rte ria l occlusions in organs w ith o u t  

a dual c ircu lation  typ ically  b ec o m e  progressively p a le r and m o re  

sharply d efined  w ith  t im e  ( Fig. 4 . I7 B ). By com pariso n , h e m o r

rhagic infarcts a re  th e  ru le  in th e  lung and o th e r  spongy organs  

( Fig. 4 . I 7 A ). E xtravasated red  cells in h em o rrh ag ic  infarcts are  

phagocytosed  by m acrophages, and th e  h em e  iron  is c o n v e rte d  

to  in trac e llu la r h em os id erin . Small am o un ts  do  n o t  im p a rt any 

apprec iab le  c o lo r  to  th e  tissue, b u t ex ten s ive  h em orrh ages  leave 

a f irm , b ro w n  residue.

In m o s t tissues, th e  m ain h isto logic finding associated w ith  

infarcts is ischem ic coagulative  necrosis (C h a p te r  2 ). A n  

in fla m m a to ry  response begins to  develop  a long th e  m argins o f  

infarcts w ith in  a fe w  hours  and usually is w e ll defined  w ith in  I 

to  2  days. Eventually, in flam m ation  is fo llo w e d  by repair, beginning  

in th e  p reserved  m argins (C h a p te r  3 ). In som e tissues, parenchy

mal re g e n e ratio n  can o c c u r a t th e  p e r ip h e ry  o f  th e  infarct, w h e re  

th e  underly ing  s trom al a rc h ite c tu re  has been spared. M o s t  

infarcts, h ow ever, a re  u ltim ate ly  rep laced  by scar ( Fig. 4 .1 8 ). T h e  

brain  is an ex c ep tio n  to  th e s e  genera liza tions; ischem ic tissue  

in ju ry  in th e  cen tra l n ervou s system  results in liquefactive  

necrosis (C h a p te r  2 ).

S ep tic  infarctis o cc u r w h e n  infected card iac valve vege ta 

tio n s  em b o lize , o r  w h e n  m icrob es  seed n ec ro tic  tissue. In these  

cases th e  infarct is c o n v e rte d  in to  an abscess, w ith  a c o rre s p o n d 

ingly g re a te r  in fla m m a to ry  response and healing by o rgan iza tion  

and fibrosis (C h a p te r  3 ).

Fig. 4 . l 8 Remote kidney infarct, now replaced by a large fibrotic scar.

Factors That Influence Infarct Development

The effects o f vascular occlusion  range from  inconse
quentia l to tissu e  necrosis lead in g  to organ dysfunction  
and som etim es death. The ran g e  of ou tcom es is in fluenced  
by  the fo llow ing  th ree  variables:
• Anatom y o f the vascular supply. The p resence o r absence 

of a n  a lte rna tive  b lood  su p p ly  is the m o st im p o rtan t 
factor in  d e te rm in in g  w h e th e r  occlusion of a n  in d iv id 
u a l vessel causes dam age. The d u a l su p p ly  of the lu n g  
by  the  p u lm o n ary  a n d  b ronch ia l a rte ries m eans th a t 
obstruc tion  of the  p u lm o n ary  arterio les does n o t cause 
lu n g  in farc tion  un less the b ronch ia l c ircu la tion  also  is 
com prom ised . S im ilarly, the liver, w h ich  receives b lood 
from  the  hepatic  a rte ry  a n d  the p o rta l vein, a n d  the 
h a n d  a n d  fo rearm , w ith  its para lle l rad ia l a n d  u ln a r 
a rte ria l supp ly , are resis tan t to  infarction . By contrast, 
the  k id n ey  a n d  the sp leen  bo th  have  end -arte ria l circula
tions, a n d  arte ria l o bstruc tion  generally  leads to  infarc
tion  in  these tissues.

• Rate o f occlusion. Slow ly d eve lop ing  occlusions a re  less 
likely to  cause in farc tion  because they  allow  tim e for the 
d ev e lo p m en t of collateral b lood  supp lies. For exam ple, 
sm all in te ra rte rio la r anastom oses, w h ich  no rm ally  carry  
m in im al b lood  flow , in te rconnect the th ree  m ajor coro
n a ry  arteries. If one co ronary  a rte ry  is slow ly  occluded  
(e.g., by  encroach ing  atherosclero tic  p laque), flow  in  th is 
co llateral circu la tion  m ay  increase sufficiently  to  p rev en t 
in fa rc t io n -e v e n  if the  o rig inal a rte ry  becom es com 
ple te ly  occluded .

• Tissue vulnerability to hypoxia. N eu ro n s  u n d e rg o  irre 
versib le  dam age w h e n  d ep riv ed  of the ir b lood  supp ly  
for on ly  3 to  4 m inu tes. M yocard ia l cells, a lth o u g h  
h a rd ie r  th a n  neu rons, still die after on ly  20 to  30 m in u tes  
o f ischem ia. By contrast, fib roblasts w ith in  m y o card iu m  
rem ain  v iable after m any  h o u rs  o f ischem ia.

^ S U M M A R Y

I N F A R C T I O N

• Infarcts a re  areas o f  ischem ic necrosis m o s t co m m o n ly  caused  

by a rte ria l occlusion (typ ically  resu lting  fro m  th ro m b o s is  o r  

e m b o liza tio n ); venous o u tflo w  o b s tru c tio n  is a less fre q u e n t  

cause.

• Infarcts caused by venous occlusion o r  o ccu rrin g  in spongy  

tissues typ ica lly  a re  h em o rrh ag ic  (re d ); th o s e  caused by a rte ria l 

occlusion in co m p act tissues typ ically  a re  pale (w h ite ).

• W h e th e r  o r  n o t  vascu lar occlusion causes tissue in farction  is 

in fluenced by co lla te ra l b lo o d  supplies, th e  ra te  a t w h ich  an 

o b s tru c tio n  develops, in trinsic tissue susceptib ility  to  ischem ic  

injury, and b lo o d  o xyg enation .

SHO CK

Shock is a state in  w h ich  d im in ished  cardiac output or 
reduced effective circulating b lood  volum e im pairs tissue  
perfusion  and leads to cellular hypoxia. A t the outset, the 
cellular in jury  is reversible; how ever, p ro longed  shock even
tually  leads to  irreversible tissue injury an d  is often  fatal.
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Table 4.3 T h ree  M ajo r Types of Shock

Type o f S hock C lin ica l E xam ples P rincipal Pathogenic M echanism s

Cardiogenic Myocardial infarction 
Ventricular rupture 
Arrhythmia 
Cardiac tamponade 
Pulmonary embolism

Failure of myocardial pump resulting from intrinsic myocardial 
damage, extrinsic pressure, or obstruction to outflow

Hypovolemic Hemorrhage \  
Fluid loss (e.g., vomiting, diarrhea, burns, trauma)

Inadequate blood or plasma volume

Septic Overwhelming microbial infections 
Gram-negative sepsis 
Gram-positive septicemia 
Fungal sepsis
Superantigens (e.g., toxic shock syndrome)

Peripheral vasodilation and pooling of blood; endothelial 
activation/injury; leukocyte-induced damage; disseminated 
intravascular coagulation; activation of cytokine cascades

Shock m ay  com plicate severe hem orrhage, extensive traum a 
o r burns, m yocard ial infarction, p u lm onary  em bolism , and  
m icrobial sepsis. Its causes fall in to  three general categories 
(Table 4.3):
• Cardiogenic shock re su lts  from  low  card iac o u tp u t 

as a re su lt of m yocard ia l p u m p  failure. It m ay  be 
caused  by  m yocard ia l dam age  (infarction), ven tricu lar 
a rrh y th m ias, extrinsic  com pression  (cardiac tam p o n 
ade) (C hap ter 12), o r ou tflow  ob stru c tio n  (e.g., p u lm o 
nary  em bolism ).

• Hypovolemic shock re su lts  from  low  card iac  o u tp u t du e  
to  loss o f b lood  or p lasm a  v o lum e (e.g., re su ltin g  from  
h em o rrh ag e  o r flu id  loss from  severe burns).

• Septic shock is triggered by microbial infections and is associ
ated w ith severe systemic inflammatory response syndrome 
(SIRS). In  ad d itio n  to  m icrobes, SIRS m ay  be triggered  
by  a varie ty  of in su lts , in c lu d in g  bu rns, traum a, a n d /o r  
pancreatitis. The com m on pa thogen ic  m echan ism  is a 
m assive  o u tp o u rin g  of in flam m atory  m ed ia to rs  from  
innate  a n d  ad ap tiv e  im m u n e  cells th a t p ro d u ce  arteria l 
vasod ila tion , vascu lar leakage, an d  v en o u s  b lood 
pooling . These card iovascu lar abno rm alities re su lt in 
tissue h y poperfu sion , cellu lar hypoxia, a n d  m etabolic 
d e ran g em en ts  th a t lead  to o rgan  dysfunction  and , if 
severe an d  persisten t, o rgan  failu re a n d  death . The 
pa thogenesis  of shock is d iscussed  in  de ta il below .

Less com m only , shock can  re su lt from  a loss of v ascu lar 
tone associa ted  w ith  anesthesia  o r secondary  to  a sp inal 
cord  in jury  (neurogenic shock). A naphy lactic  shock resu lts  
from  system ic vasod ila tion  an d  increased  vascu lar pe rm e 
ab ility  th a t is triggered  by  an  im m u n o g lo b u lin  E -m ed ia ted  
hypersensitiv ity  reaction  (C hap ter 5).

Pathogenesis of Septic Shock

Septic shock is responsib le  for 2% of all hosp ita l ad m is
sions in  the U n ited  States. O f these, 50% req u ire  trea tm en t 
in  in tensive  care un its . The n u m b er of cases in  the U nited  
S tates exceeds 750 ,000/year an d  the  incidence is rising , 
w h ich  is ironically  d u e  to im p ro v em en ts  in  life su p p o rt for 
critically ill p atien ts, a s  w ell a s  the g ro w in g  ran k s of im m u 
n ocom prom ised  hosts  (because of chem otherapy , im m u 
n o su p p ressio n , ad v an ced  age, o r h u m a n  im m unodefic iency  
v iru s  infection) a n d  the increasing  prevalence  of m u ltid ru g - 
res is tan t o rgan ism s in  the h o sp ita l setting . D esp ite

im p ro v em en ts  in  care, the  m orta lity  rem ain s a t a stagger
in g  20% to 30%.

Septic shock is m ost frequen tly  triggered  by g ram 
positive  bacterial infections, fo llow ed  by  gram -negative  
bacteria  a n d  fungi. H ence, a n  o ld e r synonym , "endo tox ic  
shock," is no  longer ap p ro p ria te .

The ab ility  of d iverse  m icroorgan ism s to  cause septic 
shock is consisten t w ith  the  id ea  th a t a varie ty  of m icrobial 
co n stitu en ts  can  trigger the process. A s m en tio n ed  in 
C h ap te r 3, m acrophages, neu tro p h ils , den d ritic  cells, endo 
thelial cells, a n d  soluble co m p o n en ts  of the  in n a te  im m u n e  
system  (e.g., com plem ent) recognize a n d  are  activa ted  by 
several substances de rived  from  m icroorgan ism s. A fter 
activation , these cells a n d  factors in itia te  a n u m b er of 
in flam m ato ry  responses th a t in te rac t in  a com plex, incom 
p le te ly  u n d e rs to o d  fash ion  to  p ro d u ce  septic shock an d  
m u ltio rg an  d y sfunction  (Fig. 4.19).

Factors b elieved  to  p lay  m ajor ro les in  the p a th o p h y sio l
ogy  of septic shock inc lude  the follow ing:
• Inflammatory and counterinflammatory responses. In  sepsis, 

v a rio u s m icrobial cell w a ll constituen ts  engage recep 
to rs on  cells o f the  in n a te  im m u n e  system , triggering  
p ro in flam m ato ry  responses. Likely in itia to rs of inflam 
m ation  in  sepsis are  signaling  p a th w a y s  th a t lie d o w n 
stream  of Toll-like recep to rs  (TLRs) (C hap ter 5), w h ich  
recognize a ho st o f m icrobe-derived  substances contain 
ing  so-called "p a thogen -assoc ia ted  m o lecu lar pa tte rn s"  
(PAM Ps), as w ell as G -p ro te in -co u p led  recep to rs th a t 
detect bacterial p ep tides , a n d  C -type lectin recep to rs 
such as D ectins. O n activation , inna te  im m u n e  cells 
p ro d u ce  n u m ero u s  cytokines, in c lu d in g  TNF, IL-1, IFN 
Y, IL-12, a n d  IL-18, as w ell as o th e r in flam m atory  m ed ia 
to rs such  as h igh-m obility  g ro u p  box 1 p ro te in  (HMGB1). 
M arkers of acu te  in flam m ation  such  as  C -reactive 
p ro te in  a n d  procalc iton in  are also  elevated . The la tte r is 
a  clinically u sefu l ind ica to r o f septic shock. Reactive 
oxygen  species a n d  lip id  m ed ia to rs  such as p ro stag lan 
d in s  an d  p la te le t-ac tiva ting  factor (PAF) are  also  elabo
ra ted . These effector m olecu les induce  endo the lia l cells 
(an d  o ther cell types) to  u p reg u la te  adhesion  m olecule 
expression  a n d  fu rth e r s tim ula te  cy tok ine a n d  chem o
k ine p roduc tion . The complement cascade is also  activated  
by m icrobial com ponen ts, bo th  d irectly  a n d  th ro u g h  the 
pro teo ly tic  activ ity  of p lasm in  (C hap ter 3), re su ltin g  in  
the p ro d u c tio n  of an aphy lo tox in s (C3a, C5a), chem otac- 
tic fragm en ts  (C5a), a n d  opso n in s (C3b), all of w h ich
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Fig. 4.19 Major pathogenic pathways in septic shock. Microbial products activate endothelial cells and cellular and humoral elements of the innate immune 
system, initiating a cascade of events that lead to end-stage multiorgan failure. Additional details are provided in the text. D IC ,  Disseminated intravascular 
coagulation; H M G B I ,  high-mobility group box 1 protein; N O , nitric oxide; PAF, platelet-activating factor; P A I-1 , plasminogen activator inhibitor-1; P A M P , pathogen- 
associated molecular pattern; S T N F R , soluble tumor necrosis factor receptor; TF, tissue factor; T F P I, tissue factor pathway inhibitor.

con tribu te  to  the  p ro in flam m ato ry  state. In  add ition , 
m icrobial co m ponen ts  can  activate coagu la tion  d irectly  
th ro u g h  factor XII a n d  ind irectly  th ro u g h  a lte red  endo 
thelial func tion  (d iscussed  later). The accom pany ing  
w id e sp re a d  ac tiva tion  of th ro m b in  m ay  fu rth e r au g m en t 
in flam m ation  by triggering  p ro tease  activa ted  recep to rs 
o n  in flam m atory  cells.

The hyperin flam m ato ry  state, in itia ted  by sepsis, 
triggers cou n te rreg u la to ry  im m u n o su p p ress iv e  m echa
n ism s, w h ich  m ay  involve bo th  inna te  an d  ad ap tiv e  
im m u n e  cells. A s a resu lt, septic p a tien ts  m ay  oscillate 
be tw een  hyperin flam m ato ry  an d  im m u n o su p p ressed  
sta tes d u rin g  their clinical course. P roposed  m echa
n ism s for the im m u n e  su p p ressio n  inc lude  a sh ift from  
p ro in flam m ato ry  (TH1) to  an ti-in flam m ato ry  (TH2) cyto
k ines (C hap ter 5), p ro d u c tio n  of an ti-in flam m atory  
m ed ia to rs  (e.g., so luble TNF recep tor, IL-1 recep to r 
an tagon ist, a n d  IL-10), lym phocy te  apop tosis , the 
im m u n o su p p ress iv e  effects o f apop to tic  cells, an d  the 
in d u c tio n  of cellu lar anergy . In  som e p a tien ts  the coun 
te rreg u la to ry  m echan ism s overshoo t the in flam m atory  
responses a n d  the re su lta n t im m u n e  su p p ressio n  
ren d e rs  such  p a tien ts  suscep tib le  to  superinfections.

• Endothelial activation and injury. The p ro in flam m ato ry  
state  an d  endo the lia l cell ac tivation  associa ted  w ith  
sepsis lead  to  w id e sp re a d  vascu lar leakage a n d  tissue

edem a, w h ich  have  dele te rious effects on  b o th  n u trie n t 
de livery  a n d  w aste  rem oval. O ne effect o f in flam m atory  
cy tok ines is to loosen  endo the lia l cell tigh t junctions, 
m ak in g  vessels leaky  a n d  re su ltin g  in  the accum ula tion  
of p ro te in -rich  ed em a flu id  th ro u g h o u t the body . This 
a lte ra tio n  im p ed es tissue p e rfu sio n  a n d  m ay  be exacer
ba ted  by a ttem p ts  to  su p p o rt the p a tien t w ith  in trave 
n o u s  fluids. A ctivated  en d o th e liu m  also  u p reg u la te s  
p ro d u c tio n  of n itric  oxide (NO) a n d  o th e r vasoactive 
in flam m ato ry  m ed ia to rs  (e.g., C3a, C5a, a n d  PAF), 
w h ich  m ay  con tribu te  to  vascu lar sm oo th  m uscle relax
a tion  a n d  system ic hypo tension .

• Induction o f a procoagulant state. The d e ran g em en t in  
coagu la tion  is sufficient to  p ro d u ce  the fo rm idab le  com 
p lica tion  o f disseminated intravascular coagulation in  u p  to 
h a lf of septic patien ts. Sepsis a lte rs the expression  of 
m any  factors so as to  favor coagulation . P ro in flam m a
tory  cy tok ines increase tissue factor p ro d u c tio n  by 
m onocytes a n d  possib ly  en d o th e lia l cells as w ell, and  
decrease the p ro d u c tio n  of en d o th e lia l an ti-coagu lan t 
factors, such  as tissue factor p a th w ay  inh ib ito r, th ro m 
b o m odu lin , a n d  p ro te in  C (see Fig. 4.11). They also 
d a m p e n  fib rinolysis by  increasing  p lasm in o g en  activa
to r inhibitor-1  expression  (see Fig. 4.10). The vascu lar 
leak  a n d  tissue ed em a decrease b lood  flow  a t the level 
of sm all vessels, p ro d u c in g  stasis a n d  d im in ish ing  the
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w a sh o u t of activa ted  coagu la tion  factors. A cting  in  
concert, these effects lead  to  system ic ac tiva tion  of 
th ro m b in  a n d  the  dep o sitio n  of fibrin-rich  th rom bi in  
sm all vessels, o ften  th ro u g h o u t the body, fu rth e r com 
p ro m isin g  tissue perfu sion . In  fu ll-b low n  d issem inated  
in travascu la r coagulation , the  co n su m p tio n  of coagula 
tion  factors a n d  p la te le ts  is so g rea t th a t deficiencies of 
these factors ap p ear, lead in g  to  concom itan t b leed ing  
an d  h em o rrh ag e  (C hap ter 12).

• Metabolic abnormalities. Septic p a tien ts  exhib it in su lin  
resistance an d  hyperg lycem ia. C ytokines such  as TNF 
a n d  IL-1, stress-induced  h o rm ones (such  as glucagon, 
g ro w th  horm one, a n d  glucocorticoids), a n d  catechol
am ines all d rive  g luconeogenesis. A t the sam e tim e, 
the  p ro in flam m ato ry  cy tok ines su p p ress  in su lin  release 
w h ile  s im u ltaneously  p ro m o tin g  in su lin  resistance 
in  the liver an d  o th er tissues, likely by  im p a irin g  the 
surface expression  of GLUT-4, a g lucose transpo rte r. 
H yperg lycem ia  decreases n eu tro p h il fu n c tio n —thereby  
su p p ress in g  bactericidal a c tiv ity —a n d  causes increased  
ad h esio n  m olecule exp ression  o n  endo the lia l cells. 
A lth o u g h  sepsis is in itia lly  associa ted  w ith  a n  acu te  
su rge  in  g lucocorticoid  p roduc tion , th is  p h ase  m ay 
be fo llow ed by ad ren a l insufficiency a n d  a functional 
deficit of g lucocorticoids. This m ay  stem  from  dep res 
sion of the  syn thetic  capacity  of in tac t ad ren a l g lands 
or fran k  ad ren a l necrosis resu ltin g  from  d issem inated  
in trav ascu la r d issem ination  (Waterhouse-Friderichsen 
syndrome) (C hap ter 20). F inally, cellu lar hypox ia  an d  
d im in ished  ox idative  p h o sp h o ry la tio n  lead  to increased  
lactate  p ro d u c tio n  a n d  lactic acidosis.

• Organ dysfunction. System ic hypo tension , in te rstitia l 
edem a, a n d  sm all vessel th rom bosis all decrease the 
delivery  of oxygen  a n d  n u trien ts  to the tissues that, 
because of cellu lar hypoxia, fail to  p ro p e rly  u se  those 
n u trien ts  th a t a re  delivered . M itochondria l dam age 
re su ltin g  from  oxidative  stress im pa irs  oxygen  use. 
H ig h  levels of cy tokines a n d  secondary  m ed ia to rs  
d im in ish  m yocard ia l con tractility  an d  card iac  o u tp u t, 
an d  increased  vascu lar perm eab ility  a n d  endo the lia l 
in ju ry  can  lead  to  the  acute respiratory distress syndrome 
(C hap ter 13). U ltim ately , these factors m ay  consp ire  to 
cause the fa ilu re  of m u ltip le  o rgans, p articu larly  the 
k idneys, liver, lungs, an d  heart, cu lm inating  in  death .

The severity  a n d  ou tcom e of septic shock are  likely 
d e p e n d e n t on  the  ex ten t a n d  v iru lence of the infection; the 
im m u n e  s ta tu s  o f the host; the p resence of o ther com orb id  
conditions; a n d  the p a tte rn  a n d  level of m ed ia to r p ro d u c 
tion. The m ultip lic ity  of factors an d  the com plex ity  of the 
in teractions th a t u n d e rlie  sepsis exp lain  w h y  m ost a ttem p ts  
to in te rvene  therapeu tica lly  w ith  an tagon ists  o f specific 
m ed ia to rs  have  n o t been  effective an d  m ay  ev en  hav e  h ad  
de le te rious effects in  som e cases. The s ta n d a rd  of care 
rem ains antib io tics to  trea t the  u n d e rly in g  in fection  an d  
in trav en o u s flu ids, p resso rs, a n d  su p p lem en ta l oxygen  to 
m a in ta in  b lood  p re ssu re  an d  lim it tissue hypoxia. Suffice 
it to  say  th a t even  in  the  b est of clinical centers, septic shock 
rem ains a n  obstinate  clinical challenge.

A n ad d itio n a l g ro u p  of secreted  bacterial p ro te in s  called 
superantigens a lso  cause a sy n d ro m e sim ilar to  septic shock 
(e.g., toxic shock syndrome). S uperan tigens are po lyclonal

T -lym phocyte activato rs th a t induce  the  release of h igh  
levels o f cy tokines th a t re su lt in  a  varie ty  of clinical m an i
festations, ran g in g  from  a d iffuse ra sh  to  vasod ila tion , 
hypo tension , shock, a n d  death .

Stages of Shock

Shock is a p rog ressive  d iso rd e r th a t leads to d e a th  if the 
u n d e rly in g  p rob lem s are n o t corrected . The exact m echa
n ism s of sepsis-re la ted  d e a th  a re  still unclear; aside  from  
increased  lym phocy te  a n d  en terocy te  apop tosis , cellu lar 
necrosis is m in im al. D eath  typically  fo llow s the  failu re of 
m u ltip le  organs, w h ich  u sua lly  offer no  m orpho log ical 
clues to  exp lain  the ir dysfunction . For hypovo lem ic an d  
card iogenic shock, how ever, the p a th w ay s  lead in g  to  a 
p a tie n t 's  dem ise  are reasonab ly  w ell u n d e rs to o d . U nless the 
in su lt is m assive  a n d  rap id ly  le thal (e.g., ex sangu ina tion  
from  a ru p tu re d  aortic  aneurysm ), shock ten d s to evolve 
th ro u g h  th ree  general (albeit som ew h at artificial) stages. 
These stages have  been  d o cu m en ted  m o st clearly  in  hy p o 
volem ic shock b u t a re  com m on to o ther fo rm s as w ell:
• A n  in itial n onp rog ressive  stage d u r in g  w h ich  reflex 

com pensa to ry  m echan ism s are  ac tivated  an d  v ita l o rgan  
p erfu sio n  is m ain ta ined ,

• A  p rog ressive  stage charac terized  by tissue hy p o 
p e rfu s io n  a n d  onse t of w o rsen in g  circu la to ry  a n d  m eta 
bolic de rangem en t, in c lu d in g  acidosis,

• A n  irreversib le  stage in  w h ich  cellu lar a n d  tissue in jury  
is so severe th a t even  if the h em odynam ic  defects are 
corrected , su rv iv a l is n o t possible.

In  the  early  n onp rog ressive  p h ase  of shock, various n eu 
ro h u m o ra l m echan ism s he lp  m a in ta in  card iac o u tp u t an d  
b lood  p ressu re . These m echan ism s inc lude  baro recep to r 
reflexes, release of catecholam ines a n d  an ti-d iu re tic  
ho rm one, ac tiva tion  of the ren in -ang io tensin -a lderste rone  
axis, a n d  generalized  sym pathe tic  stim ulation . The ne t 
effect is tachycard ia , p e rip h e ra l vasoconstriction , an d  renal 
flu id  conservation ; cu tan eo u s vasoconstric tion  causes the 
characteristic  "shocky" skin  coolness a n d  pa llo r (notably, 
septic shock can  in itially  cause cu taneous vasod ila tion , so 
the p a tien t m ay  p re sen t w ith  w arm , flu shed  skin). C oro 
nary  a n d  cerebral vessels are less sensitive to  sym pathe tic  
signals a n d  m a in ta in  re la tively  n o rm al caliber, b lood  flow, 
an d  oxygen  delivery . Thus, b lood  is sh u n te d  aw ay  from  
the sk in  to  the  v ita l o rgans such  as the  h ea rt a n d  the brain .

If the u n d e rly in g  causes a re  n o t corrected , shock passes 
im percep tib ly  to  the  p rog ressive  phase , w h ich  as n o ted  is 
charac terized  by w id esp read  tissue hypoxia. In  the se tting  
of p e rs is ten t oxygen  deficit, in trace llu la r aerob ic resp ira 
tion  is rep laced  by  anaerobic  glycolysis w ith  excessive p ro 
d uc tion  of lactic acid. The re su ltan t m etabolic  lactic acidosis 
low ers the  tissue pH , w h ich  b lu n ts  the v asom oto r response; 
arterio les d ilate , a n d  b lood  begins to  poo l in  the  m icrocir
culation . P erip h era l poo ling  n o t on ly  w o rsen s the card iac 
o u tp u t b u t also  p u ts  endo the lia l cells a t risk  for the  devel
o p m en t of anoxic in jury  w ith  su b seq u en t DIC. W ith  w id e 
sp read  tissue hypoxia, v ita l o rgans are  affected a n d  begin  
to fail.

In  the  absence of a p p ro p ria te  in te rven tion , o r in  severe 
cases, the  process even tua lly  en te rs  a n  irreversib le  stage. 
W id esp read  cell in ju ry  is reflected  in  lysosom al enzym e
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leakage, fu rth e r ag g rav a tin g  the shock state. M yocard ia l 
con tractile  function  w orsens, in  p a r t  because of increased  
N O  synthesis. The ischem ic bow el m ay  allow  in testinal 
flora to  en te r the circulation , a n d  th u s bacterem ic shock 
m ay  be sup erim p o sed . C om m only , fu rth e r p ro g ressio n  to 
ren a l failu re occurs as a consequence of ischem ic in jury  of 
the  k id n ey  (C hap ter 14), a n d  desp ite  the best the rapeu tic  
in te rven tions, the  d o w n w a rd  sp iral frequen tly  cu lm inates 
in  death .

^  M O R P H O L O G Y

T h e  ce llu lar and tissue effects o f  shock a re  essentia lly  th o s e  o f 

hypoxic  in ju ry  (C h a p te r  2 ) and a re  caused by a com bin a tio n  o f 

hypoperfusion and m icrovascu lar th rom bo sis . A ltho ug h  

any organ can be affected , th e  bra in , h e a rt, kidneys, adrenals, and  

gastro in testina l t ra c t  a re  m o s t c o m m o n ly  involved. Fibrin  

th ro m b i can fo rm  in any tissue b u t typ ically  a re  m o s t readily  

visualized in k idney g lo m e ru li. A d re n a l c o rtica l cell lipid  

d ep le tio n  is akin to  th a t  seen in all fo rm s  o f stress and reflects  

increased use o f  s to re d  lipids fo r  s te ro id  synthesis. W h e re a s  th e  

lungs a re  res istant to  hypoxic  in ju ry  in hypovo lem ic  shock o ccu r

ring a fte r  h em o rrh a g e , sepsis o r  tra u m a  can p re c ip ita te  diffuse 

a lv eo la r dam age (C h a p te r  13), leading to  so-called  “ shock  

lung.”  Except fo r  n eu ro na l and c ard io m yo cy te  loss, a ffected  

tissues can re c o v e r c o m p le te ly  if th e  p a tie n t survives.

Clinical Features

The clinical m an ifesta tions of shock d e p e n d  on  the p re 
c ip ita ting  insu lt. In  hypovo lem ic a n d  card iogenic  shock, 
p a tien ts  exhib it hypo tension , a w eak  ra p id  pu lse , tachy
pnea , an d  cool, c lam m y, cyanotic  skin. As a lread y  no ted , in 
septic shock, the skin may be warm and flushed owing to periph
eral vasodilation. The p rim ary  th rea t to  life is the u n d e rly in g  
in itia ting  even t (e.g., m yocard ia l infarction , severe hem or
rhage, bacterial infection). H ow ever, the  cardiac, cerebral, 
an d  p u lm o n ary  changes rap id ly  ag g rav a te  the  situation . If 
pa tien ts  su rv ive  the in itial period , w o rsen in g  rena l func
tion  can  p rovoke  a phase  d o m in a ted  by p rog ressive  o ligu 
ria, acidosis, a n d  electro ly te im balances.

P rognosis varies w ith  the o rig in  of shock a n d  its d u ra 
tion. Thus, m ore  th an  90% of you n g , o therw ise  healthy  
pa tien ts  w ith  h ypovo lem ic  shock su rv ive w ith  a p p ro p ria te  
m anagem en t; by  com parison , septic o r card iogenic  shock 
is associa ted  w ith  substan tia lly  w orse  ou tcom es, even  w ith  
sta te-of-the-art care.

Ä S U M M A R Y

S H O C K

• S hock is defined  as a s tate  o f  system ic tissue hypoperfusion  

resulting fro m  reduced  card iac o u tp u t a n d /o r  red uced  effective  

circu lating  b lo o d  vo lu m e .

• T h e  m a jo r  types  o f shock a re  card iogenic  (e.g., m yocardial 

in fa rc tion ), hypovo lem ic  (e.g., b lo o d  loss), and septic  (e.g., 

in fections).

• S hock o f  any fo rm  can lead to  hypoxic tissue in ju ry  if n o t  

c o rre c te d .

• Septic shock is caused by th e  host response to  bacteria l o r  

fungal infections; it is c h aracte rized  by end o th e lia l cell activa 

tio n , vasod ila tion , edem a, d issem inated  in travascular coagula

tio n , and m etabo lic  d erang em ents .
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Im m unity  refers to  p ro tec tio n  ag a in st infections. The 
im m u n e  system  is the collection of cells a n d  m olecu les th a t 
a re  responsib le  for d e fen d in g  the bo d y  ag a in st the  coun t
less p a th o g en s th a t in d iv id u a ls  encoun ter. D efects in  the 
im m u n e  system  re n d e r in d iv id u a ls  easy  p rey  to  infections 
a n d  are  the cause of immunodeficiency diseases. B ut the 
im m u n e  system  is itself capable of causing  tissue in ju ry  
a n d  disease, w h ich  are  often  re ferred  to  as hypersensitivity 
disorders.

This ch ap te r is d ev o ted  to  d iseases caused  by  too little 
im m u n ity  o r too m u ch  im m unolog ic  reactiv ity . W e also 
consider am ylo idosis, a d isease in  w h ich  an  abno rm al 
p ro te in , u sua lly  d e riv ed  from  fragm en ts o f an tibod ies o r 
p ro d u c e d  d u r in g  chronic in flam m atory  d iso rders , is d epos
ited  in  tissues. First, w e  rev iew  som e im p o rta n t fea tu res of 
n o rm al im m u n e  responses, to  p ro v id e  a fo u n d a tio n  for 
u n d e rs ta n d in g  the  abnorm alities th a t give rise  to  im m u n o 
logic diseases.

THE NO RM AL IMMUNE RESPONSE

D efense ag a in st p a th o g en s consists o f tw o  types of reac
tions (Fig. 5.1). Innate immunity (also called  natural, o r 
native, im m un ity ) is  m ediated  by cells and proteins that 
are alw ays present (hence the te rm  innate), p o ised  to react 
against in fectiou s p ath ogen s . These m echan ism s are  
called  in to  action  im m ed ia te ly  in  response  to  infection, an d  
th u s  p ro v id e  the  first line of defense. Som e of these m echa
n ism s also  a re  invo lved  in  clearing  d am ag ed  cells an d  
tissues. A  m ajor reaction  of in n a te  im m u n ity  is inflamma
tion (C hap ter 3).

M any  p a th o g en s have  evo lved  to  resist inna te  im m u 
nity , a n d  p ro tec tio n  ag a in st these in fections requ ires the 
m ore  specia lized  an d  p o w erfu l m echan ism s of adaptive 
im m unity  (also called  acquired, o r specific, im m unity ). A dap
tive  im m unity  is norm ally silen t and responds (or adapts)
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INNATE IMMUNITY ADAPTIVE IMMUNITY
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Fig. 5.l The principal components and kinetics of response of the innate and adaptive immune systems. N K  c e lls , Natural killer cells.

to the presence o f in fectiou s agents by generating potent 
m echanism s for neutralizing and elim in atin g  the patho
g e n s . By convention , the term s im m une system  a n d  immune 
response generally  refer to  ad ap tiv e  im m un ity .

Innate Immunity

The m ajor co m ponen ts  of inna te  im m u n ity  a re  ep ithelia l 
b a rrie rs  th a t block the  en try  of m icrobes, phagocytic  cells 
(m ainly  n eu tro p h ils  a n d  m acrophages), d en d ritic  cells 
(DCs), n a tu ra l k iller (NK) cells an d  o ther in n a te  ly m pho id  
cells, a n d  several p lasm a  p ro te ins, in c lu d in g  the p ro te in s  
of the com plem en t system . T he v ario u s cells are  d iscussed  
la te r in  th is chapter; the  co m plem en t system  w as  d iscussed  
in  C h ap te r 3.

Phagocytes, dendritic cells and m any other cells, such  
as ep ith elia l ce lls , express receptors that sense the pres
ence o f in fectiou s agents and substances released from  
dead cells. The m icrobial s tru c tu res  recogn ized  by  these 
recep to rs  a re  called  pathogen-associated molecular patterns; 
they  are  sh ared  am o n g  m icrobes o f the  sam e type, a n d  they 
are  essen tial for the su rv iva l an d  in fectiv ity  of the m icrobes 
(so the  m icrobes canno t ev ad e  in n a te  im m u n e  recogn ition  
by  m u ta tin g  these  m olecules). T he substances re leased  
from  in ju red  a n d  necrotic cells are called  damage-associated 
molecular patterns. The cellu lar recep to rs th a t recognize 
these m olecu les a re o ften  called  pattern recognition receptors. 
It is estim ated  th a t inna te  im m u n ity  u ses ab o u t 100 differ
en t recep to rs to  recognize  1 0 0 0  m o lecu lar pa tte rn s .

Receptors o f  In n ate  Im m unity

Pattern recogn ition  receptors are located in  all the cellu 
lar com partm ents w here pathogens m ay be present: 
plasm a m em brane receptors detect extracellular patho
gens, endosom al receptors detect in gested  m icrobes, and  
cytosolic receptors detect m icrobes in  the cytoplasm  
(Fig. 5.2). Several classes of these recep to rs have  been 
iden tified .

Bacterial
products

Microbial
polysaccharide

Plasma membrane

CYTOSOLIC

NOD-like receptor

Bacterial 
peptidoglycan; 
products of 
damaged cells

Viral RNA

RIG-like n  
receptor **■—

Fig. 5 . 2  Cellular receptors for microbes and products of cell injury. Phago
cytes, dendritic cells, and many types of epithelial cells express different 
classes of receptors that sense the presence of microbes and dead cells. 
Toll-like receptors (TLRs) located in different cellular compartments, as well 
as other cytoplasmic and plasma membrane receptors, recognize products 
of different classes of microbes. The major classes of innate immune recep
tors are TLRs, NOD-like receptors in the cytosol (NLRs), C-type lectin 
receptors, RIG-like receptors for viral RNA, named after the founding 
member RIG-I, and cytosolic DNA sensors.
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T o l l - L ik e  R e c e p t o r s

The b est k n o w n  of the p a tte rn  recogn ition  recep to rs a re  the 
Toll-like receptors (TLRs). T here are 10 TLRs in  m am m als 
th a t recognize a  w id e  range  of m icrobial m olecules. The 
p lasm a m em b ran e  TLRs recognize bacterial p ro d u c ts  such  
as lipopo lysaccharide  (LPS), a n d  endosom al TLRs recog
n ize  v ira l a n d  bacterial R N A  a n d  D N A  (see Fig. 5.2). Rec
ogn ition  of m icrobes by these recep to rs activates 
transc rip tion  factors th a t stim ula te  the  p ro d u c tio n  of 
several secreted  a n d  m em brane  p ro te ins, in c lu d in g  m ed ia 
to rs o f in flam m ation , an ti-v ira l cy tokines (in terferons), an d  
p ro te in s  th a t p ro m o te  lym phocy te  activa tion  an d  the even  
m ore p o ten t ad ap tiv e  im m u n e  responses.

N O D - L i k e  R e c e p t o r s  a n d  t h e  In f la m m a s o m e

NOD-like receptors (NLRs) a re  cytosolic recep to rs nam ed  
after the fo u n d in g  m em bers  N O D -1 a n d  N O D -2. They 
recognize a w id e  varie ty  of substances, in c lu d in g  p ro d 
ucts o f necrotic cells (e.g., u ric  acid  a n d  re leased  ATP), ion  
d is tu rb an ces (e.g., loss o f K+), a n d  som e m icrobial p ro d 
ucts. H ow  th is fam ily  of sensors detects so m an y  d iverse  
signs of d an g e r o r dam age is n o t know n . Several of the 
N LRs signal v ia  a  cytosolic m u ltip ro te in  com plex  called 
the  inflammasome, w h ich  activates a n  enzym e (caspase- 1 ) 
th a t cleaves a p recu rso r fo rm  of the cytokine in te rleuk in - 1  

(IL-1) to  genera te  the  biologically  active fo rm  (Fig. 5.3). As 
d iscussed  in  C h ap te r 3, IL-1 is a m ed ia to r o f in flam m a
tion  th a t recru its  leukocytes a n d  in d u ces fever. G ain-of- 
function  m u ta tio n s  in  one of the NLRs resu lt in  period ic  
fever syndrom es, called autoinflammatory syndromes, w h ich  
re sp o n d  very  w ell to  trea tm en t w ith  IL-1 an tagon ists . The 
N L R -inflam m asom e p a th w ay  also  m ay  p lay  a ro le  in  a 
n u m b er of chronic d iso rd ers  m ark ed  by  in flam m ation . For 
exam ple, recogn ition  of u ra te  crystals by  a class o f NLRs 
un d e rlie s  the  in flam m ation  associa ted  w ith  gout. These 
recep to rs  m ay  detect a n d  re sp o n d  to  lip id s  a n d  cholesterol 
crysta ls th a t are  d ep o sited  in  abno rm ally  large  am o u n ts  
in  tissues; the resu ltin g  in flam m ation  m ay  con tribu te  to 
obesity -associa ted  type 2  d iabe tes a n d  a therosclerosis, 
respectively .

O t h e r  R e c e p t o r s  f o r  M ic r o b ia l  P r o d u c t s

C -type lectin  recep to rs (CLRs) expressed  o n  the p lasm a 
m em brane  of m acrophages a n d  DCs detect fungal glycans 
an d  elicit in flam m atory  reactions to  fungi. Several cytosolic 
recep to rs de tec t the  nucleic acids of v iru ses th a t rep licate  
in  the  cy top lasm  of in fected  cells, an d  stim u la te  the p ro 
d u c tio n  of an ti-v ira l cytokines. G  p ro te in -c o u p le d  recep 
to rs on  neu troph ils , m acrophages, an d  m ost o th e r types of 
leukocytes recognize sh o rt bacterial p ep tid es  con ta in ing  
N -fo rm y lm eth iony l residues. Because all bacterial p ro te in s  
an d  few  m am m alian  p ro te in s  (only those syn thesized  
w ith in  m itochondria) a re  in itia ted  by N -fo rm ylm eth ion ine, 
th is recep to r enables n eu tro p h ils  to  de tec t bacterial p ro 
te ins a n d  s tim ula tes chem otactic  responses. M annose 
recep to rs recognize  m icrobial sugars  (w hich  o ften  con tain  
te rm inal m annose  residues, un like  m am m alian  g lycopro 
teins) an d  induce  phagocy tosis  o f the m icrobes. In  ad d i
tion, tw o  fam ilies of cytosolic recep tors, one n am ed  after 
the fo u n d in g  m em ber RIG-I a n d  the o ther called  cytosolic 
D N A  sensors, recognize m icrobial R N A  a n d  D N A , 
respectively.
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Fig. 5.3 The inflammasome. The inflammasome is a protein complex that 
recognizes products of dead cells and some microbes and induces the secre
tion of biologically active interleukin-1. It is a complex of multiple copies of 
a sensor protein (a leucine-rich protein called N L R P 3 ), an adapter, and the 
enzyme caspase-1 , which is converted from an inactive to an active form. 
The structure of the inflammasome as shown is simplified from known 
crystal structures. The formation of the inflammasome complex proceeds 
by a prion-like mechanism of propagation, in which one protein altered by 
activation induces conformational changes in other proteins of the same 
type. The net result is the activation and assembly of a large number of 
identical polypeptides, forming filament-like bundles of adapters and enzymes.

Reactions o f  In n a te  Im m unity

The in n a te  im m u n e  system  p ro v id es  h o st defense by the 
fo llow ing  tw o  m ain  reactions:
• Inflammation. C ytokines a n d  p ro d u c ts  of com plem en t 

activation , as w ell as o th e r m ed ia to rs, a re  p ro d u ced  
d u r in g  innate  im m u n e  reactions a n d  trigger the  vascu 
la r an d  cellu lar co m ponen ts  o f in flam m ation . The 
rec ru ited  leukocytes destroy  p a th o g en s a n d  ingest an d  
elim inate  d am ag ed  cells. This reaction  w as  described  in  
C h ap te r 3.

• Anti-viral defense. T ype I in te rferons p ro d u c e d  in  
response  to  v iru ses act o n  in fected  an d  un in fec ted  cells 
a n d  activate  enzym es th a t d eg rad e  v ira l nucleic acids 
an d  in h ib it v ira l replication .

In  a d d itio n  to  these defensive functions, the  inna te  
im m u n e  system  generates signals th a t stim u la te  the
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subsequen t, m ore  p o w erfu l ad ap tiv e  im m u n e  response. 
Som e of these signals a re  described  later.

Adaptive Immunity

The ad ap tiv e  im m u n e  system  consists o f lym phocy tes an d  
the ir p ro d u c ts , in c lu d in g  an tibod ies. In  con trast to the 
lim ited  rep erto ire  of the  inna te  im m u n e  system , the a d a p 
tive im m u n e  system  can  recognize a v as t a rray  of fo reign  
substances.

There are tw o types o f adaptive im m unity: hum oral 
im m unity , m ediated  by so lu b le  proteins called  antibod
ies  that are produced by B lym phocytes (also called B 
ce lls ), and cell-m ediated  (or cellular) im m unity , m edi
ated by T lym phocytes (also called T ce lls). A n tibod ies 
p ro v id e  p ro tec tion  ag a in st ex tracellu lar p a th o g en s  in  the 
blood, m ucosal surfaces, a n d  tissues. T lym phocy tes are  
im p o rta n t in  defense ag a in st in trace llu la r m icrobes. They 
w o rk  by e ithe r d irectly  k illing  in fected  cells (accom plished 
by cytotoxic T lym phocytes) o r by  activa ting  p hagocy tes to 
kill ing ested  m icrobes, v ia  the p ro d u c tio n  of so lub le p ro te in  
m ed ia to rs  called  cytokines (m ade by h e lper T cells). W e nex t 
tu rn  to  the m ain  p ro p ertie s  a n d  functions of the cells o f the 
im m u n e  system .
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CELLS A N D  TISSUES OF 
THE IMMUNE SYSTEM

The cells o f the im m une system  con sist o f lym phocytes, 
m ost o f w h ich  have specific receptors for antigens and  
m ount adaptive im m une responses; sp ecia lized  APCs, 
w h ich  capture and d isp lay  m icrobial and other antigens to 
the lym phocytes; and various effector cells, w h o se  func
tio n  is  to elim inate m icrobes and other antigens. Som e of 
the rem arkab le  featu res o f the  im m u n e  system  are  the 
exp ression  of h igh ly  d iverse  a n d  specific an tig en  recep to rs 
o n  B a n d  T cells, the  specia lization  of the cells th a t th a t 
enable th em  to p e rfo rm  m an y  d ifferen t functions, an d  the 
precise con tro l m echanism s th a t p e rm it u sefu l responses 
w h e n  n e ed ed  an d  p rev en t p o ten tia lly  h a rm fu l ones.

Lymphocytes

L ym phocy tes are  p re sen t in  the  c ircu la tion  a n d  in  various 
ly m p h o id  organs. A lth o u g h  all lym phocy tes a re  m o rp h o 
logically  sim ilar, they  actually  consist o f several function 
ally  a n d  pheno typ ica lly  d istinct p o p u la tio n s  (Fig. 5.4). 
L ym phocy tes develop  from  p recu rso rs  in  the  generative  
(prim ary) ly m p h o id  organs; T lymphocytes m a tu re  in  the 
thym us, w h ereas B lymphocytes m a tu re  in  the  bone m arrow . 
Each T or B lym phocy te  a n d  its p rogeny , w h ich  constitu te  a 
clone, express a sing le an tig en  recep to r, a n d  the to tal p o p u la 
tion  o f lym phocy tes (num bering  ab o u t 1 0 1 2  in  h u m an s) can 
recognize  tens or h u n d re d s  of m illions of an tigens. The 
eno rm ous d iversity  of an tig en  recep to rs is encoded  by 
v a ria n t D N A  sequences th a t are crea ted  d u rin g  lym phocy te  
m a tu ra tio n  by  the  jo in ing  a n d  d iversification  of d ifferen t 
gene segm ents to  fo rm  functional an tig en  recep to r genes, a 
p rocess th a t occurs on ly  in  B cells a n d  T cells. H ence the 
p resence of re a rran g ed  an tig en  recep to r genes is a  reliable 
m ark e r of these cells. A s a lread y  m en tioned , the  an tigen

recep to rs  th a t are exp ressed  in  B cells are called  antibodies, 
w h ile  the ir T-cell co u n te rp a rts  are  called T-cell receptors.

M atu re  T an d  B lym phocy tes recircu la te  th ro u g h  p e rip h 
era l (secondary) ly m p h o id  o rgans — the ly m p h  nodes, 
sp leen  a n d  m ucosal t is su e s—a n d  reside  in  these o rgans 
an d  in  m ost tissues. F oreign an tigens a re  concen tra ted  in  
these organs, w h ere  they  b in d  to  an d  activate  the clones of 
lym phocy tes th a t express recep to rs for those an tigens, a 
process k n o w n  as clonal selection. A ll m a tu re  lym phocy tes 
go  th ro u g h  d istinct p h ases d u rin g  the ir liv e s— naïve lym 
phocytes express an tig en  recep to rs b u t have  n o t re sp o n d ed  
to  an tig en s a n d  d o  n o t serve any  functions; effector lympho
cytes a re  in d u ced  by  lym phocy te  activa tion  a n d  perfo rm  
the functions th a t elim inate  m icrobes; a n d  memory lympho
cytes, in d u ced  d u rin g  activation , su rv ive  in  a functionally  
s ilen t s ta te  even  after the an tig en  is e lim inated  a n d  resp o n d  
rap id ly  u p o n  su b seq u en t encoun ters w ith  the an tigen .

T  Lym phocytes

T hym us-derived  T lym phocytes d evelop  into the effector 
cells o f cellular im m unity  and "help" B cells to produce 
antibod ies against protein  antigens. T cells constitu te  60% 
to 70% of the  lym phocy tes in  p e rip h e ra l b lood  a n d  are  the 
m ajor lym phocy te  p o p u la tio n  in  splenic p eria rte rio lar 
shea th s an d  ly m p h  n o d e  in terfo llicu lar zones. T cells 
canno t recognize free or c ircu la ting  antigens; in stead , the 
v as t m ajority  (>95%) of T cells sense on ly  p ep tid e  frag 
m ents of p ro te in s d isp layed  by m olecules of the  m ajor 
h is tocom patib ility  com plex (M HC), d iscussed  in  m ore 
deta il la ter. Because T cell an tig en  recep to rs hav e  evolved  
to see M H C -bound  p ep tid es  on  cell surfaces, T cells on ly  
recognize  an tigens p re sen ted  by  o ther cells. The ou tcom e 
of this in te rac tion  varies d ram atically  d e p e n d in g  o n  the 
type of T cell th a t is in vo lved  a n d  the id en tity  o f the o ther 
in te rac ting  cell, ran g in g  from  the k illing  of v irus-in fected  
cells to  the ac tiva tion  of phagocy tes o r B lym phocy tes tha t 
h av e  ingested  p ro te in  an tigens.

P ep tid e  an tig en s p re sen ted  by  M H C  m olecules a re  rec
o gn ized  by  the T-cell receptor (TCR), a  h e te ro d im er th a t 
in  m ost T cells is com posed  of d isu lfide-linked  a  a n d  P 
p ro te in  chains (Fig. 5.5). Each cha in  has a variab le  reg ion  
th a t partic ipa tes in  b in d in g  a p a rticu la r p e p tid e  an tigen  
a n d  a constan t reg ion  th a t in teracts w ith  associa ted  signal
in g  m olecules. TCRs are  noncovalen tly  linked  to  a c luster 
o f five in v a rian t p o ly p ep tid e  chains, the y, 8 , an d  e p ro te in s  
o f the CD3 m olecu lar com plex  an d  tw o  Ç chains (see Fig. 
5.5). The CD3 p ro te in s  a n d  Ç chains do  n o t b in d  antigens; 
in stead , they  are a ttach ed  to  the TCR an d  in itia te  in tracel
lu la r biochem ical signals after TCR recogn ition  of an tigen .

T cells also  express a n u m b er of o ther m olecules th a t 
serve im p o rta n t functions in  im m u n e  responses. CD4 an d  
C D 8  a re  expressed  o n  d istinc t T-cell subsets a n d  act as 
corecep tors d u rin g  T-cell activation . D u rin g  an tig en  recog
n ition , CD4 m olecules o n  T cells b in d  to  in v a rian t po rtions 
of class II M H C  m olecules (described  later) on  selected 
an tig en -p resen tin g  cells (APCs); in  a n  ana logous fashion, 
C D 8  b inds to  class I M H C  m olecules. CD4 is exp ressed  on  
50% to 60% of T cells, w h ereas C D 8  is expressed  o n  ab o u t 
40% of T cells. The CD4- an d  CD 8 -expressing  T cells — 
called  CD4+ a n d  CD8+ cells, respectively  — p e rfo rm  differ
en t b u t o v erlap p in g  functions. CD4+ T cells are called 
helper T  cells because they  secrete so lub le m olecules
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ANTIGEN RECOGNITION FUNCTION
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Fig. 5 . 4  The principal classes of lymphocytes and their functions. B lymphocytes and T lymphocytes are cells of adaptive immunity, and natural killer (NK) 
cells are cells of innate immunity. Several more classes of lymphocytes have been identified, including NK-T cells and so-called “innate lymphoid cells” ( IL C s ) ;  

the functions of these cells are not established.

(cytokines) th a t h e lp  B cells to  p ro d u ce  an tibod ies  a n d  also 
he lp  m acrophages to  destroy  p hagocy tosed  m icrobes. The 
cen tra l ro le  o f CD4+ h e lp er cells in  im m u n ity  is h igh ligh ted  
by  the severe com prom ise  th a t resu lts  from  d estru c tio n  of 
these cells by  h u m a n  im m unodefic iency  v iru s  (HIV) infec
tion  (described  later). CD 8 + T cells also  can  secrete cyto
k ines, b u t the ir m o st im p o rta n t ro le  is to  d irectly  kill 
v irus-in fected  cells an d  tu m o r cells; hence, they  are  called 
cytotoxic T  lymphocytes (CTLs). O ther im p o rtan t in v arian t 
p ro te in s  on  T cells inc lude  CD28, w h ich  functions as the 
recep to r for m olecu les called  costimulators th a t a re  in d u ced  
o n  A PC s by  m icrobes, a n d  v ario u s ad h esio n  m olecu les th a t 
s tren g th en  the  b o n d  be tw een  the  T  cells a n d  A PCs an d  
con tro l the m ig ra tio n  of the T  cells to  d iffe ren t tissues.

T cells th a t function  to su p p ress  im m u n e  responses are  
called  regulatory T  lymphocytes. This cell type  is described  
later, in  the contex t of to lerance of self an tigens.

W hile m ost T cells express TCRs com posed  of a  a n d  P 
chains, a m ino rity  of p e rip h e ra l b lood  T cells a n d  m an y  T 
cells associated  w ith  m ucosal surfaces (e.g., lung , gastro 
in testina l tract) express TCRs th a t are com posed  of y an d  
8  chains, w h ich  are  sim ilar b u t n o t iden tical to  a  a n d  P 
chains. Such yd T  cells, w h ich  d o  n o t express CD4 or C D 8 , 
recognize  n o n p ro te in  m olecu les (e.g., bacterial lipogly- 
cans), b u t their functional ro les are  n o t w ell u n d ers to o d . 
A n o th er sm all p o p u la tio n  of T cells expresses m arkers 
o f bo th  T cells a n d  N K  cells. These so-called N K T  cells 
recognize  m icrobial g lyco lip ids a n d  m ay  p lay  a ro le  in  
defense  aga in st som e infections. The an tig en  recep to rs of 
7 8  T cells a n d  N K T cells recognize an tigens in d ep en d en tly  
of M H C  m olecules, a n d  are  m u ch  less d iverse  th a n  the 
recep to rs o f the m ore a b u n d a n t CD4+ a n d  C D 8 + T cells. 
W e w ill n o t d iscuss these ra re  lym phocy te  p o p u la tio n s  
fu rther.
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ANTIGEN-PRESENTING CELL

Class II MHC molecule

Fig. 5 . 5  The T-cell receptor (TCR) complex and other molecules involved 
in T-cell activation. The TCR heterodimer, consisting of an a  chain and a p 
chain, recognizes antigen (in the form of peptide-MHC complexes expressed 
on antigen-presenting cells), and the linked CD3 complex and Z chains initi
ate activating signals. CD4 and CD28 are also involved in T-cell activation. 
(Note that some T cells express CD 8  and not CD4; these molecules serve 
analogous roles.) The sizes of the molecules are not drawn to scale. M H C ,  

Major histocompatibility complex.

M a jo r  H is tocom patib ility  C om plex M olecules:

The Peptide D isp lay System o f  A daptive  Im m unity

M H C  m olecules are  fu n d am en ta l to T-cell recogn ition  of 
an tigens, a n d  genetic varia tions in  M H C  m olecules are  
associa ted  w ith  m an y  im m unolog ic  diseases; hence, it is 
im p o rta n t to  rev iew  the  s tru c tu re  a n d  function  of these 
m olecules. The M H C  w as d iscovered  o n  the basis o f stud ies 
o f graft rejection a n d  acceptance (tissue, o r "histo,"  com pat
ibility). It is n o w  k n o w n  th a t the norm al fu nction  o f M HC  
m olecu les is to d isp lay  p eptides for recogn ition  b y  CD4+  
and CD8+ T lym phocytes. In  each  person , T cells recognize 
on ly  p ep tid es  d isp lay ed  by  th a t p e rso n 's  M H C  m olecules, 
w hich , o f course, a re  the on ly  M H C  m olecules th a t the T 
cells no rm ally  encoun ter. This p h en o m en o n  is called  M H C  
restriction.

The h u m a n  M H C , k n o w n  as the  h u m a n  leukocyte 
an tig en  (HLA) com plex, consists of a  c luster of genes on  
chrom osom e 6  (Fig. 5.6). O n  the basis o f their chem ical 
struc tu re , tissue d istribu tion , an d  function , M H C  gene 
p ro d u c ts  fall in to  tw o  m ain  categories:
• Class I  M H C  m olecules are exp ressed  on  all nuc lea ted  

cells a n d  are  encoded  by  th ree  closely linked  loci, des
ig n a ted  H LA-A, HLA-B, a n d  H LA -C (see Fig. 5.6). Each 
of these m olecu les consists o f a p o lym orph ic  a  chain  
noncovalen tly  associa ted  w ith  a n  in v a rian t p2- 
m icrog lobu lin  p o ly p ep tid e  (encoded  by a separa te  gene 
o n  ch rom osom e 15). The ex tracellu lar p o rtio n  of the a

chain  contains a cleft w h ere  the po ly m o rp h ic  residues 
are  located  a n d  w h ere  foreign  p ep tid es  b in d  to  M H C  
m olecules for p re sen ta tio n  to  T cells, a n d  a conserved  
reg ion  th a t b in d s  C D 8 , en su rin g  th a t on ly  C D 8 + T cells 
can  re sp o n d  to  p ep tid es  d isp layed  by class I m olecules. 
In  general, class I M H C  m olecules b in d  a n d  d isp lay  
p ep tid es  de rived  from  p ro te in  an tigens p re sen t in  the 
cytosol o f the cell (e.g., v ira l a n d  tu m o r antigens).

• Class II M H C  m olecu les a re  enco d ed  by  genes in  the 
H LA -D  region, w h ich  con tains th ree  subreg ions: DP, 
DQ, a n d  DR. C lass II m olecu les a re  he te ro d im ers  of 
noncovalen tly  linked  a  a n d  p su b u n its  (see Fig. 5.6). 
U nlike class I M H C  m olecules, w h ich  are  exp ressed  on  
all n uc lea ted  cells, exp ression  of class II M H C  m olecules 
is restric ted  to a few  cell types, m ain ly  A PC s (notably, 
dend ritic  cells), m acrophages, a n d  B cells. The extracel
lu la r p o rtio n  of class II M H C  m olecules con tains a  cleft 
for the  b in d in g  of an tigen ic  p ep tid es  a n d  a reg ion  th a t 
b in d s  CD4. In  general, class II M H C  m olecules b in d  to 
p ep tid es  deriv ed  from  extracellu lar p ro te in s  syn the
sized  o u ts id e  the cell, for exam ple, from  m icrobes th a t 
are  ingested  an d  th en  b roken  d o w n  inside  the  cell. This 
p ro p e rty  allow s CD4+ T cells to  recognize  the  presence 
of ex tracellu lar pa thogens.

• Several o th e r p ro te in s  a re  encoded  in  the M H C  locus, 
in c lu d in g  com plem en t com ponen ts (C2, C3, a n d  Factor 
B) an d  the cy tokines tu m o r necrosis factor (TNF) an d  
lym photoxin .

HLA gen es are h igh ly  polym orphic; th a t is, there  are  
a lte rna tive  fo rm s (alleles) o f each  gene a t each locus (esti
m a ted  to  n u m b er over 10,000 for all H LA  genes a n d  over 
3500 for HLA-B alleles alone). Each in d iv id u a l expresses 
on ly  one set o f H LA  genes. It is believed  th a t the p o lym or
p h ism  of M H C  genes evo lved  to  enable d isp lay  of an d  
response  to  any  conceivable m icrobial p e p tid e  encoun 
te red  in  the  env ironm en t. As a re su lt of the po lym orph ism , 
a v irtua lly  infin ite  n u m b er of com binations of H LA  m ol
ecules exists in  the p o p u la tion . The H LA  genes a re  closely 
linked  o n  ch rom osom e 6 , so they  are  p assed  from  p a re n t 
to o ffsp ring  en bloc a n d  behave like a single locus w ith  
respect to  their inheritance  p a tte rn s . Each set o f m aterna l 
an d  p a te rn a l H LA  genes is re ferred  to  as a n  H LA haplotype. 
Because of th is m ode of inheritance, the p robab ility  th a t 
sib lings w ill share  the sam e tw o H LA  h ap lo ty p es  is 25%. 
By contrast, in  m ost p o p u la tio n s  the p robab ility  th a t an  
u n re la ted  d o n o r w ill share  the  sam e tw o H LA  h ap lo ty p es 
is very  low . The im plications of H LA  p o ly m o rp h ism  for 
tran sp lan ta tio n  are  obvious; because each  p erso n  has H LA  
alleles th a t d iffer to  som e ex ten t from  those  of every  o ther 
u n re la ted  in d iv idua l, grafts from  u n re la ted  d o n o rs  w ill 
elicit im m u n e  responses in  the rec ip ien t a n d  be rejected. 
O n ly  iden tical tw ins can  accept g rafts from  one ano ther, 
w ith o u t fear o f rejection. E ven  grafts from  a d o n o r to  a 
sib ling  w ith  the  sam e H LA  h ap lo ty p e  m ay  be rejected 
because of d ifferences in  so-called "m in o r h istocom patib il
ity  loci", o th e r sets o f po ly m o rp h ic  genes th a t are likely to 
d iffer by  chance. (The on ly  exception  to  th is ru le , o f course, 
a re  iden tica l tw ins) In  fact, H LA  m olecu les w ere  d iscov
e red  in  the  course  of early  a ttem p ts  a t tissue tran sp lan ta 
tion, because H LA  m olecules o f the graft evoke im m une 
responses th a t even tua lly  lead  to  g raft d estruc tion
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Fig. 5 . 6  The human leukocyte antigen (HLA) complex and the structure of HLA molecules. (A) The location of genes in the HLA complex. The relative 
locations, sizes, and distances between genes are not to scale. Genes that encode several proteins involved in antigen processing (the TAP transporter, com
ponents of the proteasome, and HLA-DM) are located in the class II region ( n o t  s h o w n ) . (B) Schematic diagrams and crystal structures of class I and class II 
HLA molecules. ( C r y s ta l  s t r u c t u r e s  a r e  c o u r te s y  o f  D r .  P. B jo r k m a n ,  C a l i f o r n ia  I n s t i t u t e  o fT e c h n o lo g y ,  P a s a d e n a ,  C a li f o r n ia . )
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(d iscussed  later). This ab ility  o f M H C  m olecules to  trigger 
im m u n e  responses is the  reaso n  these  m olecu les a re  often  
called  antigens.

The inheritance  of p a rticu la r M H C  alleles influences 
b o th  p ro tective  a n d  h arm fu l im m u n e  responses. The ability  
o f any  given  M H C  allele to  b in d  the  p ep tid e  an tig en s gen
e ra ted  from  a p a rticu la r p a th o g en  w ill d e te rm in e  w h e th e r 
a  specific p e rso n 's  T cells can  recognize a n d  m o u n t a p ro 
tective response  to  th a t pa thogen . C onversely , if the an tigen  
is rag w eed  po llen  a n d  the response  is a n  allerg ic reaction, 
inheritance  of som e H LA  genes m ay  m ake  in d iv id u a ls  sus
cep tib le  to  hay  fever, the co lloquial nam e for ragw eed  
allergy.

Finally, m an y  au to im m u n e  d iseases are  associa ted  w ith  
p a rticu la r H LA  alleles. W e re tu rn  to  a d iscussion  of these 
associa tions w h e n  w e  consider au to im m u n ity .

B Lym phocytes

B (bone m arrow -derived) lym phocytes are the cells that 
produce an tib od ies, the m ediators o f hum oral im m u n ity .
B cells m ake  u p  10% to 20% of the c ircu la ting  p erip h era l 
lym phocy te  po p u la tio n . T hey a lso  a re  p resen t in  bone 
m arro w  a n d  in  the follicles o f p e rip h e ra l (secondary) lym 
p h o id  organs.

B cells recognize a n tig en  by m eans of m em bran e-b o u n d  
an tib o d y  of the im m u n o g lo b u lin  M  (IgM) class, expressed

on  the  surface toge ther w ith  signaling  m olecu les to  fo rm  
the  B-cell recep to r (BCR) com plex  (Fig. 5.7). W hereas T 
cells recognize on ly  M H C -associated  p ep tides , B cells rec
ognize a n d  re sp o n d  to  m an y  m ore chem ical s tructu res, 
in c lu d in g  soluble o r cell-associated p ro te ins, lip ids, po ly 
saccharides, nucleic acids, a n d  sm all chem icals, w ith o u t a  
req u irem en t fo r the  M H C . A s w ith  TCRs, each an tibody  
has a  u n iq u e  am in o  ac id  sequence. This sequence d iversity  
is a  consequence of the  rea rran g em en t a n d  assem bly  of a  
m u ltitu d e  of im m u n o g lo b u lin  (Ig) gene segm ents, a  p rocess 
tha t creates functional Ig genes. B cells express several 
in v arian t m olecu les th a t a re  responsib le  fo r signal trans
d u c tio n  a n d  B-cell ac tiva tion  (see Fig. 5.7). Som e are  signal
in g  m olecu les a ttach ed  to  the BCR; an o th e r exam ple  is 
CD21 (also k n o w n  as the type 2 complement receptor, o r 
CR2), w h ich  recognizes a  com plem ent b reak d o w n  p ro d u c t 
tha t frequen tly  is d ep o sited  o n  m icrobes a n d  p rom otes  
B-cell responses to  m icrobial an tigens. In teresting ly , the 
u b iq u ito u s  Epstein-B arr v iru s  has  cleverly  evo lved  to  use  
CD21 as  a  recep to r fo r b in d in g  to  B cells a n d  infecting  
them .

A fter stim ulation , B cells d ifferen tia te  in to  plasma cells, 
w h ich  secrete large  am o u n ts  of an tibod ies. T here a re  five 
classes, o r iso types, o f im m unoglobu lins: IgG, IgM , an d  
IgA  constitu te  m ore  th a n  95% of c ircu la ting  an tibod ies. IgA  
is the m ajor iso type in  m ucosal secretions; IgE is p re sen t in
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Antigen

Fig. 5 . 7  Structure of antibodies and the B-cell antigen receptor. (A) The 
B-cell antigen receptor complex is composed of membrane immunoglobulin 
M (IgM; or IgD, n o t  s h o w n ) ,  which recognizes antigens, and the associated 
signaling proteins Iga and Igp. CD2I is a receptor for a complement com
ponent that also promotes B-cell activation. (B) Crystal structure of a 
secreted IgG molecule, showing the arrangement of the variable (V) and 
constant (C) regions of the heavy (H) and light (L) chains. ( C o u r te s y  o f  D r .  

A le x  M c P h e r s o n ,  U n iv e r s i t y  o f  C a li f o r n ia ,  I r v in e ,  C a li fo r n ia . )

the  c ircu la tion  a t v ery  low  concen tra tions a n d  also  is found  
a ttach ed  to  the  surfaces of tissue m ast cells; a n d  IgD  is 
exp ressed  on  the surfaces of B cells b u t is secreted  a t very  
low  levels. These iso types d iffer in  their ab ility  to  activate 
com plem en t an d  rec ru it in flam m atory  cells, a n d  th u s  have 
d iffe ren t ro les in  host defense a n d  d isease states.

N a tu ra l K iller Cells and  In n ate  Lym phoid Cells

N K  cells a re  lym phocy tes th a t arise  from  the  sam e com m on 
ly m p h o id  p ro g en ito r th a t gives rise  to  T  lym phocy tes an d  
B lym phocytes. H ow ever, N K  cells are innate im m une  
cells , as they are functional w ith ou t prior activation and  
do not express h igh ly  variable and clonally  d istributed  
receptors for an tigen s . In stead , N K  cells have tw o  types of 
re c e p to rs—inh ib ito ry  a n d  activating . Inhibitory receptors 
recognize  self class I M H C  m olecules, w h ich  are expressed  
o n  all h ea lth y  cells, w h ereas activating receptors recognize 
m olecu les th a t a re expressed  or u p re g u la te d  on  stressed  or 
infected  cells. N orm ally , the effects o f inh ib ito ry  recep to rs 
d om ina te  over those of ac tiva ting  recep tors, p rev en tin g  
sp o n tan eo u s ac tiva tion  of the  N K  cells. Infections (espe
cially v ira l infections) a n d  stress a re  associa ted  w ith

re d u ced  expression  of class I M H C  m olecules a n d  increased  
exp ression  of p ro te in s  th a t engage ac tiva ting  recep tors. 
The n e t re su lt is th a t the  N K  cells are  activa ted  a n d  the 
in fected  o r s tressed  cells a re  k illed  a n d  e lim inated . N K  cells 
a lso  secrete cy tok ines such  as in terferon-y  (IFN-y), w h ich  
activates m acrophages to  destroy  ingested  m icrobes, an d  
th u s N K  cells p ro v id e  early  defense ag a in st in tracellu lar 
m icrobial infections.

Innate lymphoid cells (ILCs) a re  p o p u la tio n s  of ly m p h o 
cytes th a t lack TCRs b u t p ro d u ce  cy tok ines sim ilar to those 
th a t are m ad e  by T cells. They are  classified in to  three 
g roups, w h ich  p ro d u ce  IFN-y, IL-5, o r IL-17, cy tokines th a t 
a re  characteristic  of TH1, TH2, a n d  TH17 subsets of T cells, 
respectively  (described  later). N K  cells a re  re la ted  to  g roup  
1 ILCs based  o n  their p ro d u c tio n  of IFN-y, a cy tok ine also 
m ad e  by TH1 cells. Because ILCs m ostly  reside  in  tissues, 
they  a re  th o u g h t to  p ro v id e  early  defense aga in st infections 
in  the tissues, before T cells are  activa ted  a n d  can  m igrate  
in to  tissues. ILCs also  m ay  be early  p a rtic ip an ts  in  inflam 
m ato ry  diseases.

Antigen-Presenting Cells

The im m u n e  system  contains several cell types th a t are  
specia lized  to  cap tu re  an tigens a n d  d isp lay  these to  lym 
phocytes. F orem ost am o n g  these A PC s are den d ritic  cells, 
the  m ajor cells for d isp lay in g  p ro te in  an tigens to  naïve  T 
cells. Several o th e r cell types p re sen t an tig en s to  ly m p h o 
cytes a t v a rio u s stages of im m u n e  responses.

D en d ritic  Cells

D endritic cells (DCs) are the m ost im portant antigen- 
presenting  cells for in itia tin g  T -cell responses against 
protein  an tigen s . These cells have  n u m ero u s  fine cy top las
m ic p rocesses th a t resem ble  dend rites, from  w h ich  they 
derive  their nam e. Several fea tu res of D C s accoun t for their 
key ro le  in  an tig en  cap tu re  a n d  p resen ta tion .
• These cells are  located  a t the  rig h t p lace to  cap tu re  

a n tig e n s—u n d e r  ep ithelia , the com m on site o f en try  of 
m icrobes a n d  fo reign  an tigens, an d  in  the in te rs titia  of 
all tissues, w h ere  an tigens m ay  be p ro d u ced . DCs w ith in  
the  ep id erm is  a re  called  Langerhans cells.

• D C s express m an y  recep to rs for cap tu rin g  a n d  re sp o n d 
in g  to  m icrobes (and  o ther antigens), in c lu d in g  TLRs 
a n d  C -type lectin  recep tors.

• In  resp o n se  to m icrobes, D C s are rec ru ited  to  the T-cell 
zones of ly m p h o id  organs, w h ere  they  are ideally  posi
tioned  to p re sen t an tigens to  T cells.

• D C s express h ig h  levels o f M H C  an d  o ther m olecules 
n eed ed  for an tig en  p re sen ta tio n  a n d  activa tion  of T 
cells.

O ne  subse t of D C s is called  plasmacytoid DCs because of 
their resem blance to  p lasm a  cells. These cells are p re sen t 
in  the b lood  a n d  ly m p h o id  o rgans, a n d  are m ajor sources 
of the an ti-v ira l cytokine type  I in terferon , p ro d u c e d  in  
resp o n se  to  m an y  viruses.

A  second  type  of cell w ith  d en d ritic  m o rpho logy  is 
p re se n t in  the germ inal cen ters o f ly m p h o id  follicles in  the 
sp leen  a n d  ly m p h  n o d es a n d  is called  the  follicular dendritic 
cell (FDC). These cells bear Fc recep to rs for IgG  a n d  recep 
to rs for C3b a n d  can  trap  an tig en  b o u n d  to  an tibod ies  o r
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Table 5.1 D istribution of Lym phocytes in Tissues*

Tissue N u m b e r  o f L ym phocytes  x  109

Lymph nodes 190

Spleen 70

Bone marrow 50

Blood 1 0

Skin 2 0

Intestines 50

Liver 1 0

Lungs 30

*Approximate numbers of lymphocytes in different tissues in a healthy adult.

com plem en t p ro te in s. These cells d isp lay  an tig en s to  B 
lym phocy tes in  ly m p h o id  follicles a n d  p ro m o te  an tibody  
responses, b u t are  n o t invo lved  in  cap tu rin g  an tigens for 
d isp lay  to  T cells.

O th e r Antigen-Presenting Cells

M acrophages (C hap ter 3) ingest m icrobes a n d  o th e r p a r 
ticu late  an tigens a n d  d isp lay  p ep tid es  for recogn ition  by T 
lym phocytes. These T cells in  tu rn  activate  the m acro 
p h ag es to  kill the  m icrobes, the  cen tra l reaction  of cell- 
m ed ia ted  im m un ity . B cells p re se n t p ep tid es  to  he lper T 
cells an d  receive signals th a t stim ula te  an tib o d y  responses 
to p ro te in  an tigens, critical steps in  h u m o ra l im m u n e  
responses.

Lymphoid Tissues

The tissues of the  im m u n e  system  consist o f the  generative 
(also called  primary, o r central) lymphoid organs, in  w h ich  T 
lym phocy tes a n d  B lym phocy tes m a tu re  a n d  becom e com 
p e te n t to  re sp o n d  to  an tigens, an d  the  peripheral (or second
ary) lymphoid organs, in  w h ich  ad ap tiv e  im m u n e  responses 
to  m icrobes a re  in itia ted . The p rin c ip a l generative  lym 
p h o id  o rgans a re  the thym us, w h ere  T cells develop , an d  
the  bone m arrow , the site o f p ro d u c tio n  of all b lood  cells 
a n d  w h ere  B lym phocy tes m atu re . The m ajor p e rip h era l 
o rg an s a re  briefly  described  in  the fo llow ing  sections.

P eripheral Lym phoid Organs

The p erip h e ra l ly m p h o id  o rgans are o rg an ized  to  concen
tra te  an tigens, APCs, a n d  lym phocy tes in  a w ay  th a t o p ti
m izes in te rac tions am o n g  these cells an d  the d ev e lo p m en t 
o f ad ap tiv e  im m u n e  responses. M ost o f the  b o d y 's  lym 
phocy tes are located  in  these o rgans (Table 5.1).
• Lymph nodes a re  encapsu la ted , h igh ly  o rg an ized  collec

tions of ly m p h o id  cells a n d  innate  im m u n e  cells th a t are 
located  a long  lym phatic  channels th ro u g h o u t the body  
(Fig. 5.8A). A s ly m p h  passes th ro u g h  ly m p h  nodes, resi
d e n t A PCs a re  able to  sam ple  an tig en s th a t a re  carried  to 
the  n ode  in  ly m p h  d eriv ed  from  the in te rstitia l flu ids of 
tissues. In  add ition , DCs tra n sp o rt an tigens from  nearby  
ep ithelia l surfaces a n d  tissues by m ig ra tin g  th ro u g h  
lym phatic  vessels to  the ly m p h  nodes. Thus, an tigens 
(e.g., o f m icrobes th a t en te r th ro u g h  ep ithe lia  o r colonize 
tissues) becom e co ncen tra ted  in  d ra in in g  ly m p h  nodes.

• The spleen h as  a n  im p o rta n t role in  im m u n e  responses 
to  b loodborne  an tigens. B lood en te rin g  the sp leen  flow s 
th ro u g h  a n e tw o rk  of sinuso ids, w h ich  enables the

A

Follicles.

Cortex

Medulla

Naive 
T cell

Afferent 
Dendritic lymphatic 

cell vessel
Naive 
B cell

T-cell zone

Artery

T cell C a  B cell

B-cell zone

C  B cells T cells

Fig. 5.8 Morphology of a lymph node. (A) The histology of a lymph node, 
with an outer cortex containing follicles and an inner medulla. (B) The seg
regation of B cells and T cells in different regions of the lymph node, illus
trated schematically. (C) The location of B cells ( s ta in e d  g r e e n , using the 
immunofluorescence technique) and T cells ( s ta in e d  r e d )  in a lymph node. 
( C o u r te s y  o f  D r s .  K a th r y n  P a p e  a n d  J e n n i fe r  W a lte r ,  U n iv e r s i t y  o f  M in n e s o ta  S c h o o l  

o f  M e d ic in e ,  M in n e a p o l is ,  M in n e s o ta . )
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tra p p in g  of b loodborne  an tigens by  res id en t D C s an d  
m acrophages.

• The cutaneous and mucosal lymphoid systems are  located  
u n d e r  the ep ithe lia  o f the sk in  a n d  the gastro in testina l 
an d  resp ira to ry  tracts, respectively . They re sp o n d  to 
an tigens th a t en te r th ro u g h  breaches in  the ep ithelium . 
P haryngeal tonsils a n d  P eyer's  patches of the in testine  
are  tw o  anatom ically  defined  m ucosal ly m p h o id  tissues. 
The large  n u m b er of lym phocy tes in  m ucosal o rgans 
(second on ly  to  ly m p h  nodes) reflects the h u g e  surface 
area  of these organs.

W ith in  the p e rip h e ra l ly m p h o id  organs, T lym phocy tes 
an d  B lym phocy tes are  seg regated  in to  d ifferen t reg ions 
(Fig. 5.8B, C ). In  ly m p h  nodes, the B cells are concen tra ted  
in  d iscre te  struc tu res, called  follicles, located  a ro u n d  the 
p e riphery , o r cortex, of each  node. If the B cells in  a follicle 
have  recen tly  re sp o n d e d  to  a n  an tigen , the  follicle develops 
a cen tra l pa le-sta in ing  reg ion  called a  germinal center. The 
T lym phocy tes are  concen tra ted  in  the parafo llicu lar cortex. 
The follicles con ta in  the  FDCs th a t are invo lved  in  the 
activation  of B cells, a n d  the  paraco rtex  contains the DCs 
th a t p re se n t an tigens to  T lym phocytes. In  the spleen, T 
lym phocy tes a re  concen tra ted  in  pe ria rte rio la r ly m pho id  
sheaths su rro u n d in g  sm all arterio les, a n d  B cells reside  in  
the follicles.

Lym phocytes constantly travel b etw een  tissu es and  
hom e to particular sites. N aive  lym phocy tes circulate  
th ro u g h  p erip h e ra l ly m p h o id  o rgans w h ere  an tigens are 
concen tra ted  a n d  im m u n e  responses are in itia ted , an d  
effector lym phocy tes m ig ra te  to  sites of infection. The 
p rocess o f lymphocyte recirculation is m o st im p o rta n t for T 
cells, because na ïve  T cells have  to  "p a tro l"  w id e ly  d istrib 
u te d  p e rip h e ra l ly m p h o id  o rgans to  find  an tigens, an d  
effector T cells have  to  hom e to sites o f in fection  to  elim i
na te  m icrobes. In  contrast, p lasm a cells do  n o t need  to 
m igra te  to  sites o f infection  because they  secrete an tibod ies 
th a t are  tran sp o rted  via the  b lood  a n d  ly m p h  to  d is tan t 
tissues.

Cytokines: M essenger M olecules o f  the Im m u n e  System  

C ytokines are secreted proteins that m ediate im m une  
and inflam m atory reactions . M olecu larly  defined  cyto
k ines a re  called  interleukins, a  n am e im p ly ing  a ro le  in  
com m unica tion  be tw een  leukocytes. M ost cy tok ines have  
a w id e  sp ec tru m  of effects, a n d  som e are  p ro d u c e d  by 
several d iffe ren t cell types. The m ajority  of these cy tokines 
act o n  the cells th a t p ro d u ce  th em  o r on  n e ighbo ring  cells, 
b u t som e (like IL-1) have  system ic effects.

D ifferen t cy tok ines con tribu te  to  specific types of 
im m u n e  responses.
• In  inna te  im m u n e  responses, cy tok ines a re  p ro d u ced  

rap id ly  after m icrobes a n d  o th er stim uli a re  encoun 
tered , an d  function  to  induce  in flam m ation  an d  inh ib it 
v iru s  rep lication . These cy tokines inc lude  TNF, IL-1, 
IL-12, type  I IFNs, IFN-y, a n d  chem okines (C hap ter 3). 
T heir m ajor sources are m acrophages, DCs, ILCs, an d  
N K  cells, b u t endo the lia l a n d  ep ithelia l cells also  can 
p ro d u ce  them .

• In  ad ap tiv e  im m u n e  responses, cy tok ines a re  p ro d u ced  
p rinc ipa lly  by  CD4+ T lym phocy tes ac tiva ted  by an tigen  
an d  o ther signals, an d  function  to  p ro m o te  lym phocy te
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pro life ra tion  a n d  d iffe ren tia tion  a n d  to  activate  effector 
cells. The m a in  ones in  th is g ro u p  are  IL-2, IL-4, IL-5, 
IL-17, a n d  IFN-y; the ir ro les in  im m u n e  responses are  
described  later. Som e cy tok ines serve m ain ly  to  lim it 
a n d  te rm inate  im m u n e  responses; these include TGF-P 
a n d  IL-10.

• Som e cy tokines stim ula te  hem atopo iesis  an d  are  called 
colony-stimulating factors because they  s tim u la te  form a
tion  of b lood  cell colonies from  bone m arro w  p rogen i
to rs (C hap ter 12). T heir functions are to  increase 
leukocyte n u m b ers  d u r in g  im m u n e  a n d  in flam m atory  
responses, a n d  to  rep lace  leukocytes th a t a re  consum ed  
d u rin g  such  responses. They are  p ro d u c e d  by m arro w  
strom al cells, T lym phocytes, m acrophages, a n d  o ther 
cells. E xam ples inc lude  GM -CSF a n d  IL-7.

The k now ledge  ga ined  ab o u t cy tok ines has  n u m ero u s  
practical the rapeu tic  app lications. Inh ib iting  cytokine p ro 
d uc tion  o r actions can  contro l the h a rm fu l effects of inflam 
m ation  a n d  tissue-dam ag ing  im m u n e  reactions. P atien ts 
w ith  rh eu m ato id  a rth ritis  o ften  show  dram atic  responses 
to TNF an tagon ists , a n  e legan t exam ple  of ra tiona lly  
d esigned  a n d  m olecu larly  ta rge ted  therapy . M any o ther 
cytokine an tagon ists  a re  now  ap p ro v e d  for the trea tm en t 
of v a rio u s in flam m atory  d iso rders. C onversely , adm in is 
tra tio n  of cy tokines is u sed  to  boost reactions th a t are no r
m ally  d e p e n d e n t on  these p ro te ins, such  as hem atopo iesis  
an d  defense  ag a in st som e v iruses.

OVERVIEW OF LYMPHOCYTE 
ACTIVATIO N A N D  ADAPTIVE 
IMMUNE RESPONSES

A daptive im m une responses d evelop  in  steps, con sistin g  
of: antigen  recognition; activation, proliferation and d if
ferentiation  o f specific lym phocytes into effector and  
m em ory cells; elim in ation  o f the antigen; and decline of 
the response, w ith  m em ory  cells being  the long-lived  su r
v ivors. The m ajor even ts in  each step  are  su m m arized  next; 
these general p rinc ip les ap p ly  to  p ro tective  responses 
aga in st m icrobes as w ell as p a tho log ic  responses th a t in jure 
the host.

Capture and Display of Antigens

M icrobes a n d  o ther fo re ign  an tigens can  en te r the  body  
v irtua lly  anyw here , a n d  it is obv iously  im possib le  for lym 
phocy tes o f every  specificity to  p a tro l every  possib le p o rta l 
of an tig en  en try . To overcom e th is p rob lem , m icrobes an d  
their p ro te in  an tigens in  ep ithe lia  an d  o ther tissues a re  cap 
tu red  by res id en t d en d ritic  cells, w h ich  th en  carry  their 
an tigen ic cargo  to d ra in in g  ly m p h  n o d es th ro u g h  w h ich  T 
cells constan tly  recircu la te  (Fig. 5.9). H ere  the an tigens are  
p rocessed  a n d  d isp lay ed  com plexed  w ith  M H C  m olecules 
on  the  cell surface, w h ere  the an tigens a re  recogn ized  by T 
cells. Sim ilarly, so lub le an tig en s a re  ca p tu re d  a n d  concen
tra ted  in  follicles in  ly m p h  nodes a n d  the spleen, w h ere  they 
m ay  be recogn ized  by  B cells v ia  their an tig en  recep tors.

A t the sam e tim e as m icrobial an tigens are recog
n ized  by T lym phocy tes a n d  B lym phocytes, the m icrobe
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Fig. 5 . 9  Cell-mediated immunity. Dendritic cells (DCs) capture microbial antigens from epithelia and tissues and transport the antigens to lymph nodes. 
During this process, the DCs mature, and express high levels of MHC molecules and costimulators. Naïve T cells recognize MHC-associated peptide antigens 
displayed on DCs. The T cells are activated to proliferate and to differentiate into effector and memory cells, which migrate to sites of infection and serve 
various functions in cell-mediated immunity. CD4+ effector T cells of the TH1 subset recognize the antigens of microbes ingested by phagocytes, and activate 
the phagocytes to kill the microbes; other subsets of effector cells enhance leukocyte recruitment and stimulate different types of immune responses. CD 8 + 
cytotoxic T lymphocytes (CTLs) kill infected cells harboring microbes in the cytoplasm. Some activated T cells remain in the lymphoid organs and help B cells 
to produce antibodies, and some T cells differentiate into long-lived memory cells ( n o t  s h o w n ) .  A P C , Antigen-presenting cell.

activates inna te  im m u n e  cells expressing  p a tte rn  rec
ogn ition  recep tors. In  the  case of im m u n iza tio n  w ith  a 
p ro te in  an tigen , as in  a vaccine, a m icrobial m im ic called 
an  adjuvant th a t s tim ula tes inna te  im m u n e  responses is 
g iven  w ith  the  an tigen . D u rin g  the  inna te  response, the 
m icrobe o r ad ju v an t activates A PC s to  express m ol
ecules called  costimulators a n d  to  secrete cy tok ines th a t 
stim ula te  the p ro life ra tion  an d  d iffe ren tia tion  of T lym 
phocytes. The p rin c ip a l co stim ulato rs for T cells a re  the 
B7 p ro te in s  (CD80 a n d  C D 8 6 ), w h ich  are  expressed  on  
A PC s a n d  are  recogn ized  by the  CD28 recep to r o n  naïve 
T cells. A n tigen  ("signal 1") an d  costim u la to ry  m olecules

p ro d u ced  d u rin g  innate  im m u n e  responses to  m icrobes 
("signal 2 ") function  cooperatively  to  activate  an tigen -spe 
cific lym phocytes. The req u irem en t for m icrobe-triggered  
signal 2  en su res  th a t the ad ap tiv e  im m u n e  response  is 
in d u ced  by m icrobes a n d  n o t by  harm less substances. In 
im m u n e  responses to  tu m o rs a n d  transp lan ts , "s ignal 2 " 
m ay  be p ro v id e d  by  substances re leased  from  necrotic cells 
(the dam age-associa ted  m o lecu lar p a tte rn s  m en tioned  
earlier).

The reactions a n d  functions of T lym phocy tes a n d  B 
lym phocy tes d iffer in  im p o rta n t w ays a n d  are  best consid 
e red  separately .
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Cell-Mediated Immunity: Activation 
of T  Lymphocytes and Elimination of 
Intracellular Microbes

N aive  T lym phocy tes a re  activa ted  by an tig en  a n d  costim 
u la to rs  in  p e rip h e ra l ly m p h o id  organs, a n d  p ro life ra te  an d  
differen tia te  in to  effector cells th a t m ig ra te  to  any  site 
w h ere  the  an tig en  (m icrobe) is p re sen t (see Fig. 5.9). O ne 
of the earliest responses of CD4+ he lp er T cells is secretion 
of the cytokine IL-2 an d  expression  of h igh-affin ity  recep 
to rs for IL-2. IL-2 is a g ro w th  factor th a t acts o n  these T 
lym phocy tes a n d  s tim ula tes their p ro lifera tion , lead in g  to 
a n  increase in  the  n u m b er of an tigen-specific lym phocytes. 
The functions o f helper T cells are m ediated  by the com 
b in ed  actions o f C D 40-ligand (CD40L) and cytokines. 
CD40 is a m em ber of the  T N F-receptor fam ily, an d  CD40L 
is a m em brane  p ro te in  hom ologous to  TNF. W h en  CD4+ 
h e lp e r T cells recognize an tigens being  d isp lay ed  by m ac
ro p h ag es or B lym phocytes, the T cells express CD40L, 
w h ich  engages CD40 on  the  m acrophages o r B cells an d  
activates these cells.

Som e of the ac tivated  CD4+ T cells d ifferen tia te  in to  
effector cells th a t secrete d ifferen t sets of cy tok ines an d  
p erfo rm  d ifferen t functions (Fig. 5.10). Cells o f the TH1 
su b se t secrete the cy tok ine IFN-y, w h ich  is a  p o te n t m acro 
p h ag e  activator. The com bination  of CD40- a n d  IFN-y- 
m ed ia ted  ac tiva tion  resu lts  in  "classical" m acrophage  
activa tion  (C hap ter 3), lead in g  to  the in d u c tio n  of m icrobi
c idal substances in  m acrophages a n d  the  d estru c tio n  of 
in g ested  m icrobes. TH2 cells p ro d u ce  IL-4, w h ich  stim u 
lates B cells to  d ifferen tia te  in to  IgE-secreting p lasm a  cells; 
IL-5, w h ich  activates eosinophils; a n d  IL-13, w h ich  acti
vates m ucosal ep ithelia l cells to  secrete m ucus, an d  induces 
the "a lte rn a tiv e"  p a th w ay  of m acrophage  activation , w h ich  
is associa ted  w ith  tissue rep a ir  a n d  fibrosis (C hap ter 3). 
E osinophils b in d  to  a n d  kill IgE-coated p a th o g en s  such  as
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helm in th ic  parasites. TH17 cells, so called  because the  sig
n a tu re  cytokine of these cells is IL-17, rec ru it n eu tro p h ils  
an d  m onocytes, w h ich  destroy  som e extracellu lar bacteria  
a n d  fung i a n d  are  invo lved  in  certa in  in flam m atory  
diseases.

A ctivated  C D 8 + T lym phocy tes d ifferen tiate  in to  CTLs 
th a t kill cells h a rb o rin g  cy top lasm ic m icrobes, thereby  
e lim inating  o therw ise  h id d e n  reservo irs of infection. The 
p rinc ipa l m echan ism  of k illing  by CTLs d e p en d s  o n  the 
p e rfo rin -g ran zy m e  system . P erfo rin  a n d  g ranzym es are 
s to red  in  the  g ranu les  of CTLs a n d  are  rap id ly  re leased  
w h e n  CTLs engage their ta rge ts (cells bea ring  the  a p p ro 
p ria te  class I M H C -b o u n d  pep tides). Perfo rin  b in d s  to  the 
p lasm a m em b ran e  of the ta rge t cells a n d  p ro m o tes  the 
en try  of g ranzym es, p ro teases  th a t specifically cleave an d  
thereby  activate  cellu lar caspases (C hap ter 2), w h ich  induce  
the ap o p to sis  of ta rg e t cells.

The responses of T cells are  reg u la ted  by a balance 
be tw een  costim u la to ry  a n d  inh ib ito ry  recep tors. The m ajor 
costim ulato ry  recep to r is CD28, m en tio n ed  earlier as the 
m olecu le th a t recognizes B7 ligands o n  A PC s an d  p ro v id es 
second signals th a t w o rk  together w ith  an tig en  recogni
tion. O ther p ro te in s  of the CD28 fam ily  inc lude  tw o  "co in 
h ib ito ry" recep tors, CTLA-4 a n d  PD-1, w h ich  block signals 
from  the TCR a n d  from  CD28 a n d  th u s te rm inate  T cell 
responses. B locking these co inh ib ito rs has  p ro v ed  to  be a 
p o w erfu l ap p ro ach  for en h ancing  an ti- tu m o r im m u n e  
responses (C hap ter 6 ).

Humoral Immunity: Activation of B Lymphocytes 
and Elimination of Extracellular Microbes

U p on  activation, B lym phocytes proliferate and th en  d if
ferentiate in to p lasm a cells that secrete d ifferent classes  
o f antibod ies w ith  distinct functions (Fig. 5.11). T here are  
tw o  m ajor p a th w ay s  of B-cell activation .
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Fig. Subsets of helper T (Th) cells. In response to stimuli (mainly cytokines) present at the time of antigen recognition, naive CD4+ T cells may dif
ferentiate into populations of effector cells that produce distinct sets of cytokines that act on different cells (indicated as target cells) and mediate different 
functions. The roles of these subsets in host defense and immunologic diseases are summarized. These populations may be capable of converting from one 
to another. Some activated T cells produce multiple cytokines and do not fall into a distinct subset.
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Fig. M l  Humoral immunity. Naive B lymphocytes recognize antigens, and under the influence of Th cells and other stimuli ( n o t  s h o w n ) , the B cells are 
activated to proliferate and to differentiate into antibody-secreting plasma cells. Some of the activated B cells undergo heavy-chain class switching and affinity 
maturation, and some become long-lived memory cells. Antibodies of different heavy-chain classes (isotypes) perform different effector functions, s h o w n  o n  

t h e  r ig h t .  Note that the antibodies shown are IgG; these and IgM activate complement; and the specialized functions of IgA (mucosal immunity) and IgE (mast 
cell and eosinophil activation) are n o t  s h o w n .

• T cell-independent. M any po ly saccharide  a n d  lip id  an ti
gens have  m u ltip le  iden tical an tigen ic  d e te rm in an ts  
(epitopes) th a t a re  able to  sim u ltaneously  engage and  
cross-link  several an tib o d y  m olecu les on  each B cell an d  
in itia te  the process of B-cell activation .

• T cell-dependent. Typical g lobu lar p ro te in  an tigens are  
n o t able to  b in d  to  m u ltip le  an tig en  recep tors, a n d  the 
fu ll response  of B cells to  p ro te in  an tigens requ ires  help  
from  CD4+ T cells. B cells a lso  act as A PC s — they  ingest 
p ro te in  an tigens, d eg rad e  them , a n d  d isp lay  p ep tid es  
b o u n d  to  class II M H C  m olecules for recogn ition  by 
h e lp e r T cells. The he lp er T cells express CD40L an d  
secrete cytokines, w h ich  w o rk  together to  activate  the B 
cells.

Som e of the p ro g en y  of the  ex p an d ed  B-cell clones dif
feren tia te  in to  an tibody -secre ting  p lasm a  cells. Each p lasm a 
cell secretes an tibod ies  w ith  the sam e specificity as the cell 
surface an tibod ies  (B-cell an tig en  recep tors) th a t first rec
ogn ized  the  an tigen . P o lysaccharides a n d  lip id s  stim ula te  
secretion  m ain ly  of IgM  an tibody . P ro te in  an tigens, by 
v irtu e  of CD40L- a n d  cy tok ine-m ed ia ted  h e lp e r T-cell 
actions, induce  the p ro d u c tio n  of an tibod ies o f d ifferen t 
classes (IgG, IgA, IgE). Production o f functionally  d iffer
ent an tib od ies, all w ith  the sam e specificity, relies on  
heavy-chain class (isotype) switching, w h ich  increases 
the range o f functions that antibod ies serve. Som e of the 
iso type-specific functions of an tibod ies inc lude  opson iza 
tion  a n d  transp lacen ta l transfer o f IgG, IgA  secretion  in to  
m ucosal lum ens, a n d  b in d in g  of IgE to  m ast cells. H elper 
T cells also  stim ula te  the p ro d u c tio n  of an tibod ies w ith

h ig h er affin ity  for the  an tigen . This process, called affinity 
maturation, im proves the q ua lity  of the h u m o ra l im m u n e  
response. Som e activa ted  B cells m ig ra te  in to  follicles an d  
fo rm  germ inal centers, w h ich  are  the  m ajor sites o f iso type 
sw itch ing  a n d  affinity  m a tu ra tio n . The h e lp er T cells th a t 
stim ula te  these p rocesses in  B lym phocy tes a lso  m ig ra te  to 
an d  reside  in  the germ inal cen ters a n d  are called  follicular 
helper T  (Tfh) cells.

The h u m o ra l im m u n e  response  com bats m icrobes in  
n u m ero u s  w ay s  (see Fig. 5.11).
• A n tibod ies b in d  to  m icrobes a n d  p re v e n t th em  from  

infecting  cells, thereby  neu tra liz in g  the  m icrobes.
• IgG  an tibod ies coat (opsonize) m icrobes a n d  ta rge t 

them  for phagocytosis, since phagocy tes (neu troph ils  
an d  m acrophages) express recep to rs for the  Fc tails of 
IgG  m olecules.

• IgG  a n d  IgM  activate  the com plem en t system  by the 
classical p a th w ay , a n d  com plem en t p ro d u c ts  p ro m o te  
phagocy tosis  a n d  d estru c tio n  of m icrobes.

• IgA  is secreted  in  m ucosal tissues a n d  neu tra lizes 
m icrobes in  the  lum ens of the re sp ira to ry  a n d  gastro 
in testina l tracts (an d  o ther m ucosal tissues).

• IgG  is actively  tra n sp o rted  across the  p lacen ta  a n d  p ro 
tects the n e w b o rn  u n til the im m u n e  system  becom es 
m atu re . This is a fo rm  of passive immunity.

• IgE coats helm in th ic  p arasites  an d  functions w ith  m ast 
cells a n d  eosinoph ils  to  kill them .

C ircu la ting  IgG  an tibod ies  have  half-lives of ab o u t 3 
w eeks, w h ich  is m u ch  longer th an  the half-lives of m ost 
b lood  p ro te ins, as a consequence o f special m echan ism s for
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recycling  IgG  a n d  red u c in g  its catabolism . Som e an tibody- 
secreting  p lasm a  cells m ig ra te  to  the bone m arro w  a n d  live 
for years, con tin u in g  to  p ro d u ce  low  levels of an tibod ies.

Decline of Immune Responses and 
Immunologic Memory

The m ajority  o f effector lym phocy tes in d u ced  by a n  infec
tious p a th o g en  d ie  by  ap o p to sis  after the  p a th o g en  is e lim i
na ted , th u s  re tu rn in g  the im m u n e  system  to its basal 
restin g  state. The in itial ac tiva tion  of lym phocy tes gener
a tes long-lived  memory cells, w h ich  m ay  su rv ive  for years 
after the  infection. M em ory  cells a re  a n  ex p an d ed  poo l of 
an tigen-specific  lym phocy tes (m ore n u m ero u s  th a n  the 
na ïve  cells specific for any  an tig en  th a t are  p re sen t before 
encoun te r w ith  th a t an tigen), a n d  they  re sp o n d  faster an d  
m ore effectively w h e n  reexposed  to  the an tig en  th an  do  
naïve  cells. This is w h y  the  genera tion  of m em ory  cells is 
an  im p o rta n t goal of vaccination.

^ S U M M A R Y

T H E  N O R M A L  I M M U N E  R E S P O N S E :  O V E R V I E W  O F  

C E L L S , T IS S U E S , R E C E P T O R S ,  A N D  M E D I A T O R S

• T h e  innate  im m un e system  uses several fam ilies o f re c e p to rs , 

such as th e  T o ll-like  re c e p to rs , to  recogn ize  m olecu les  p resen t 

in various  types  o f m icrob es  and p ro d u ced  by dam aged cells.

• Lym phocytes a re  th e  m e d ia to rs  o f adaptive  im m u n ity  and th e  

only cells th a t  p ro d u ce  specific and d iverse re c e p to rs  fo r  

antigens.

• T  (th ym u s-d erived ) lym phocytes express antigen re c e p to rs  

called T-cell receptors (TCRs) th a t  recogn ize  p ep tid e  fragm ents  

o f p ro te in  antigens th a t  a re  displayed by M H C  m olecu les on  

th e  surface o f an tigen -p resen tin g  cells.

• B (b o n e  m a r ro w -d e r iv e d )  lym phocytes express m e m b ra n e -  

bound  antibod ies  th a t  recogn ize  a w id e  v a rie ty  o f  antigens. B 

cells a re  ac tiva ted  to  b ec o m e  plasm a cells, w h ich  secre te  

antibod ies.

• N a tu ra l k ille r  (N K )  cells kill cells th a t  a re  in fected  by som e  

m icrob es, o r  a re  stressed and dam aged beyond repair. N K  cells 

express in h ib ito ry  re c e p to rs  th a t  recogn ize  M H C  m olecules  

th a t  a re  n o rm a lly  expressed  on healthy cells, and a re  thus  

p reven ted  fro m  killing n o rm a l cells.

• A n tig e n -p re se n tin g  cells (A P C s ) c ap tu re  m icrob es  and o th e r  

antigens, t ra n s p o r t  th e m  to  lym phoid  organs, and display th e m  

fo r  recogn ition  by lym phocytes. T h e  m o s t e ffic ien t A P C s  are  

D C s , w h ich  live in ep ithe lia  and m o s t tissues.

• T h e  cells o f th e  im m un e system  a re  o rgan ized  in tissues, som e  

o f w h ich  a re  th e  sites o f  p ro d u c tio n  o f m a tu re  lym phocytes  

(th e  g en era tive  lym phoid  organs, th e  b o n e  m a rro w , and 

thym u s), and o th e rs  a re  th e  sites o f  im m un e responses (th e  

p erip h era l lym phoid  organs, including lym ph nodes, spleen, and 

m ucosal lym phoid  tissues).

• T h e  early  reaction  to  m icrobes  is m ed ia ted  by th e  innate  

im m un e system , w hich  is ready to  respond  to  m icrob es. C o m 

ponents  o f th e  innate  im m un e  system  include ep ithelia l b a rr i

ers, phagocytes, N K  cells, and plasm a p ro te ins , fo r  ex a m p le , o f  

th e  c o m p le m e n t system . Inn a te  im m un e reactions  a re  o ften  

m anifested  as in flam m atio n . Innate  im m unity, unlike  adaptive  

im m unity, does n o t have fine  antigen specificity  o r  m e m o ry .

• T h e  defense reactions  o f adaptive  im m un ity  develop  slowly, but 

are  m o re  p o te n t  and specialized.

• M icrob es  and o th e r  foreign  antigens a re  cap tu red  by D C s  and 

tra n s p o rte d  to  lym ph nodes, w h e re  th e  antigens a re  reco g 

n ized by naïve lym phocytes . T h e  lym phocytes a re  ac tiva ted  to  

p ro life ra te  and d iffe re n tia te  in to  e ffe c to r  and m e m o ry  cells.

• C e ll-m e d ia te d  im m un ity  is th e  reaction  o f T  lym phocytes, 

designed to  co m b a t ce ll-associated m icrob es  (e.g., phagocy- 

tosed  m icrob es  and m icrob es  in th e  cytoplasm  o f  in fected  

cells). H u m o ra l im m un ity  is m ed ia ted  by antibod ies  and is 

effective  against e x tra c e llu la r m icrob es  (in th e  c ircu lation  and 

m ucosal lum ens).

• C D 4 +  h e lp e r T  cells help B cells to  m ake antibo d ies , ac tiva te  

m acrophages to  d es tro y  ingested m icrob es, s tim u la te  re c ru it 

m e n t o f  leukocytes, and regu la te  all im m un e  responses to  

p ro te in  antigens. T h e  functions o f  C D 4 +  T  cells a re  m ed ia ted  

by secre ted  p ro te in s  called cytokines.

• C D 8 +  c y to to x ic  T  lym phocytes kill cells th a t  express antigens  

in th e  cytoplasm  th a t  a re  seen as foreign  (e.g., v iru s-in fected  

and tu m o r  cells) and can also p ro d u ce  cytokines.

• A n tib o d ie s  secre ted  by plasm a cells n eu tra lize  m icrob es  and 

b lo ck  th e ir  infectivity, and p ro m o te  th e  phagocytosis and  

d es tru c tio n  o f pathogens. A n tib o d ie s  also c o n fe r passive 

im m un ity  to  neonates.

The brief ou tline  of basic im m uno logy  p re sen ted  here 
p ro v id es  a fo u n d a tio n  for considering  the d iseases of the 
im m u n e  system . W e first d iscuss the im m u n e  reactions 
th a t cause in jury , called hypersensitivity reactions, a n d  then  
d iso rd ers  caused  by the fa ilu re  o f to lerance to  self an tigens, 
called  autoimmune disorders, a n d  the rejection of transp lan ts. 
This is fo llow ed by d iseases caused  by a defective im m u n e  
system , called  immunodeficiency diseases. W e close w ith  a 
consid era tio n  of am ylo idosis, a d iso rd e r th a t is o ften  asso 
c ia ted  w ith  im m u n e  a n d  in flam m atory  diseases.

HYPERSENSITIVITY: 
IM M UNO LO G ICALLY MEDIATED 
TISSUE INJURY

Im m u n e  responses th a t no rm ally  a re  p ro tective  also  are  
capab le  of causing  tissue in jury . In ju rious im m u n e  reac
tions a re  g ro u p ed  u n d e r  hypersensitivity, a n d  the resu ltin g  
d iseases a re  called  hypersensitivity diseases. This te rm  orig i
n a ted  from  the id ea  th a t p e rso n s w h o  m o u n t im m u n e  
responses ag a in st an  an tig en  are sensitized  to  th a t an tigen , 
so pa tho log ic  or excessive reactions re p re se n t m an ifesta 
tions of a hypersensitive  state. N orm ally , a n  exquisite  
system  of checks an d  balances op tim izes the  erad ica tion  of 
in fecting  o rgan ism s w ith o u t serious in jury  to  ho st tissues. 
H ow ever, im m u n e  responses m ay  be in ad eq u a te ly  con
tro lled  or d irec ted  ag a in st no rm ally  harm less an tigens or 
in ap p ro p ria te ly  ta rge ted  to  h o st tissues, a n d  in  such  situa 
tions, the norm ally  beneficial response  is the  cause of 
d isease. In  th is  section, w e  describe the  causes a n d  general 
m echan ism s of h y persensitiv ity  d iseases a n d  th en  d iscuss 
specific s itua tions in  w h ich  the  im m u n e  resp o n se  is resp o n 
sible for the  d isease.
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Causes of Hypersensitivity Reactions

Pathologic im m u n e  responses m ay  be d irected  aga in st dif
fe ren t types of an tigens a n d  m ay  resu lt from  various 
u n d e rly in g  abnorm alities.
• Autoim m unity: reactions against self antigens. N orm ally , 

the  im m u n e  system  does n o t react ag a in st o n e 's  o w n  
an tigens. This p h en o m en o n  is called  self tolerance, im ply 
in g  th a t the body  " to lera tes"  its o w n  an tigens. O n  occa
sion, self-tolerance fails, re su ltin g  in  reactions aga in st 
o n e 's  o w n  cells a n d  tissues. Collectively, such  reactions 
constitu te  autoimmunity, an d  d iseases caused  by  au to im 
m u n ity  a re  re ferred  to  as autoimmune diseases. W e w ill 
re tu rn  to  the  m echan ism s of self-tolerance a n d  au to im 
m u n ity  la te r in  th is chapter.

• Reactions against microbes. T here are  m any  types of reac
tions ag a in st m icrobial an tig en s th a t m ay  cause d isease. 
In  som e cases, the  reaction  a p p ea rs  to  be excessive or 
the m icrobial an tig en  is u n u su a lly  persisten t. If an tib o d 
ies a re  p ro d u c e d  ag a in st such  an tigens, the  an tibod ies 
m ay  b in d  to the  m icrobial an tigens to  p ro d u ce  im m u n e  
com plexes, w h ich  d ep o sit in  tissues a n d  trigger inflam 
m ation ; th is  is the u n d e rly in g  m echan ism  of po st
streptococcal g lom eru loneph ritis  (C hap ter 14). T-cell 
responses ag a in st p e rsis ten t m icrobes m ay  give rise to 
severe in flam m ation , som etim es w ith  the fo rm ation  of 
g ran u lo m as (C hap ter 3); th is  is the cause of tissue in jury  
in  tubercu losis  a n d  o ther infections. R arely, an tibod ies 
o r T  cells reactive w ith  a  m icrobe cross-react w ith  a host 
tissue; such  cross-reactiv ity  is believed  to  be the basis 
for rh eu m atic  h ea rt d isease (C hap ter 11). In  som e 
instances, the  d isease-causing  im m u n e  response  m ay  be 
en tire ly  norm al, b u t in  the  p rocess of e rad ica ting  the 
infection, ho st tissues are in jured . In  v ira l hepatitis , the 
v iru s  th a t infects liver cells is n o t cytopathic, b u t it is 
recogn ized  as fo reign  by the im m u n e  system . C ytotoxic

T cells try  to  e lim inate  infected  cells, a n d  th is no rm al 
im m u n e  response  d am ages liver cells.

• Reactions against environmental antigens. A lm ost 20% of 
the p o p u la tio n  is allergic to  com m on env ironm en ta l 
substances (e.g., pollens, an im al d an d ers , a n d  d u st 
m ites), as w ell as som e m eta l ions a n d  the rapeu tic  
d ru g s. Such in d iv id u a ls  are  genetically  p red isp o sed  to 
m ake  u n u su a l im m u n e  responses to  noninfectious, typ i
cally h arm less an tigens to  w h ich  all p e rso n s a re  exposed  
b u t ag a in st w h ich  on ly  som e react.

In  all of these conditions, tissue in ju ry  is m ed ia ted  by 
the sam e m echan ism s th a t no rm ally  function  to  elim inate  
in fectious p a th o g e n s—nam ely , an tibod ies, effector T lym 
phocytes, a n d  various o th e r effector cells. The fu n d am en ta l 
p ro b lem  in  these d iseases is th a t the im m u n e  response  is 
triggered  an d  m a in ta in ed  in ap p ro p ria te ly . Because the 
stim uli for these ab n o rm al im m u n e  responses are  difficult 
o r im possib le  to  elim inate  (e.g., self an tigens, p e rsis ten t 
m icrobes, o r en v iro n m en ta l antigens), a n d  the im m u n e  
system  has m an y  in trinsic  positive  feedback  loops (w hich 
no rm ally  p ro m o te  p ro tective  im m unity ), once a  h y p ersen 
sitiv ity  reaction  starts, it is d ifficult to  contro l o r term inate  
it. Therefore, these d iseases ten d  to be chronic a n d  debili
ta ting , a n d  are th e rap eu tic  challenges. Since in flam m ation  
is a m ajor co m p o n en t o f the p a tho logy  of these d iso rders, 
they are  som etim es g ro u p ed  u n d e r  the  te rm  immune- 
mediated inflammatory diseases.

Classification of Hypersensitivity Reactions

H ypersensitiv ity  reactions can be su b d iv id ed  into four 
typ es based  on  the principal im m une m echanism  respon
sib le  for injury ; th ree  are varia tions o n  an tib o d y -m ed ia ted  
in jury , a n d  the fo u rth  is T-cell m ed ia ted  (Table 5.2). The 
ra tionale  for th is classification is th a t the  m echan ism  of

Table 5.2 Mechanisms of Hypersensitivity Reactions

Type Im m u n e  M echanism s H is to p ath o lo g ic  Lesions P ro to ty p ic a l D isorders

Immediate (type I) 
hypersensitivity

Production of IgE antibody ^  
immediate release of vasoactive 
amines and other mediators from 
mast cells; later recruitment of 
inflammatory cells

Vascular dilation, edema, smooth 
muscle contraction, mucus 
production, tissue injury, 
inflammation

Anaphylaxis; allergies; bronchial 
asthma (atopic forms)

Antibody-mediated (type II) 
hypersensitivity

Production of IgG, IgM ^  binds to 
antigen on target cell or tissue ^  
phagocytosis or lysis of target cell 
by activated complement or Fc 
receptors; recruitment of 
leukocytes

Phagocytosis and lysis of cells; 
inflammation; in some diseases, 
functional derangements 
without cell or tissue injury

Autoimmune hemolytic anemia; 
Goodpasture syndrome

Immune complex-mediated 
(type III) hypersensitivity

Deposition of antigen-antibody 
complexes ^  complement 
activation ^  recruitment of 
leukocytes by complement 
products and Fc receptors ^  
release of enzymes and other toxic 
molecules

Inflammation, necrotizing vasculitis 
(fibrinoid necrosis)

Systemic lupus erythematosus; some 
forms of glomerulonephritis; 
serum sickness; Arthus reaction

Cell-mediated (type IV) 
hypersensitivity

Activated T lymphocytes ^  (1) 
release of cytokines, inflammation 
and macrophage activation; (2) T 
cell-mediated cytotoxicity

Perivascular cellular infiltrates; 
edema; granuloma formation; 
cell destruction

Contact dermatitis; multiple sclerosis; 
type 1 diabetes; tuberculosis

Ig Immunoglobulin.
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im m u n e  in jury  is o ften  a good  p red ic to r of the clinical 
m an ifesta tions a n d  m ay  help  to  gu ide  the  therapy . 
H ow ever, th is classification of im m u n e-m ed ia ted  d iseases 
is n o t perfect, because several im m u n e  reactions m ay  
coexist in  any  one d isease.

The m a in  types of h ypersensitiv ity  reactions are as 
follow s:
• In  immediate (type I) hypersensitivity, o ften  called  allergy, 

the in ju ry  is caused  by TH2 cells, IgE an tibod ies, and  
m ast cells a n d  o th e r leukocytes. M ast cells release m ed i
a to rs th a t act o n  b lood  vessels an d  sm oo th  m uscle  as 
w ell as cy tokines th a t rec ru it a n d  activate in flam m atory  
cells.

• Antibody-mediated disorders (type II hypersensitivity) are  
caused  by secreted  IgG  a n d  IgM  an tibod ies th a t b in d  to 
fixed tissue o r cell surface an tigens. A n tibod ies in jure 
cells by  p ro m o tin g  the ir phagocy tosis  or lysis a n d  in jure 
tissues by  in d u c in g  in flam m ation . A n tibod ies also  m ay  
in terfere  w ith  cellu lar functions a n d  cause d isease 
w ith o u t cell o r tissue in jury .

• In  im m une complex-mediated disorders (type III hypersensi
tivity) , IgG  an d  IgM  an tibod ies b in d  an tigens, u su a lly  in  
the  c irculation , a n d  fo rm  an tig en -an tib o d y  com plexes 
th a t d eposit in  vascu lar beds an d  induce  in flam m ation . 
The leukocytes th a t a re  rec ru ited  (n eu tro p h ils  and  
m onocytes) p ro d u ce  tissue dam age  by release of lyso
som al enzym es a n d  g enera tion  of toxic free radicals.

• T cell-mediated (type IV) hypersensitivity disorders are  
caused  m ain ly  by im m u n e  responses in  w h ich  T lym 
phocy tes o f the  TH1 a n d  TH17 subsets p ro d u ce  cy tokines 
th a t induce  in flam m ation  a n d  activate  n eu tro p h ils  an d  
m acrophages, w h ich  are  responsib le  for tissue in jury . 
C D 8 + CTLs also  m ay  con tribu te  to  in jury  by  d irectly  
k illing  h o st cells.

Immediate (Type I) Hypersensitivity

Im m ediate hyp ersen sitiv ity  is  a tissu e  reaction that 
occurs rapidly (typically  w ith in  m inutes) after the  
interaction o f antigen  w ith  IgE antibody b ou n d  to the  
surface o f m ast cells. The reaction  is in itia ted  by en try  of 
an  an tigen , w h ich  is called  a n  allergen because it triggers 
allergy. M any allergens are  env ironm en ta l substances th a t 
certa in  in d iv id u a ls  are  p red isp o sed  to  d eve lop ing  allergic 
reactions against. TH2 cells a n d  IgE are  responsib le  for 
the clinical a n d  pa tho log ic  m an ifesta tions of the reaction. 
Im m ed ia te  h y persensitiv ity  m ay  occur as a local reaction  
th a t is m erely  an n o y in g  (e.g., seasonal rh in itis, hay  fever), 
severely  deb ilita ting  (asthm a), o r even  fatal (anaphylaxis).

Sequence o f  Events in Im m e d ia te  

H ypersensitivity Reactions

M ost h y persensitiv ity  reactions follow  a stereo typ ic 
sequence of cellu lar responses (Fig. 5.12):
• Activation o f TH2 cells and production o f IgE antibody. A ller

gens m ay  be in tro d u ced  by inhala tion , ingestion , o r 
injection. V ariables th a t p ro b ab ly  con tribu te  to  the 
stro n g  TH2 responses to  allergens inc lude  the ro u te  of 
en try , dose, a n d  chronicity  of an tig en  exposure , an d  the 
genetic  m ak eu p  of the host. It is n o t clear if a llergenic 
substances also  hav e  u n iq u e  s tru c tu ra l o r chem ical 
p ro p e rtie s  th a t en d o w  them  w ith  the ab ility  to  elicit TH2
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Fig. 5.12 Sequence of events in immediate (type I) hypersensitivity. Immedi
ate hypersensitivity reactions are initiated by the introduction of an allergen, 
which stimulates TH2 responses and IgE production in genetically susceptible 
individuals. IgE binds to Fc receptors (FceRI) on mast cells, and subsequent 
exposure to the allergen activates the mast cells to secrete the mediators 
that are responsible for the pathologic manifestations of immediate hyper
sensitivity. See text for abbreviations.

responses. Im m ed ia te  h ypersensitiv ity  is the  p ro to ty p i
cal TH2-m ediated  reaction . The TH2 cells th a t a re  in d u ced  
secrete several cytokines, in c lu d in g  IL-4, IL-5, a n d  IL-13, 
w h ich  are  responsib le  for essentially  all the reactions of 
im m ed ia te  hypersensitiv ity . IL-4 stim u la tes B cells spe
cific for the a lle rgen  to  u n d e rg o  heavy -chain  class

http://ebooksmedicine.net

http://ebooksmedicine.net


Hypersensitivity: Immunologically Mediated Tissue Injury 137

sw itch ing  to  IgE a n d  to  secrete th is im m un o g lo b u lin  
iso type. IL-5 activates eosinoph ils  th a t are  rec ru ited  to 
the reaction , a n d  IL-13 acts o n  ep ithelia l cells a n d  stim u 
lates m ucus secretion. TH2 cells o ften  are  rec ru ited  to  the 
site o f allergic reactions in  response  to  chem okines th a t 
are  p ro d u c e d  locally; one of these chem okines, eotaxin, 
also  recru its  eosinoph ils  to  the  sam e site.

• Sensitization o f mast cells by IgE antibody. M ast cells are  
de rived  from  p recu rso rs  in  the  bone m arro w  a n d  w idely  
d is tr ib u ted  in  tissues, o ften  res id in g  n ear b lood  vessels 
an d  nerves a n d  in  subep ithe lia l locations. M ast cells 
express a h igh-affin ity  recep to r for the  Fc p o rtio n  of the 
e heavy  cha in  of IgE, called  FceRI. Even th o u g h  the 
se ru m  concen tra tion  of IgE is very  low  (in the ran g e  of 
1 to  100 |tg /m L ), the  affinity  of the m ast cell FceRI 
recep to r is so h ig h  th a t the recep to rs a re  a lw ays occu
p ied  by  IgE. These an tibody -bearing  m ast cells are sen
sitized  to  react if the  specific an tig en  (the allergen) b inds 
to the an tib o d y  m olecules. B asophils are c ircu la ting  cells 
th a t resem ble m ast cells. They also  express FceRI, b u t 
their ro le  in  m o st im m ed ia te  h ypersensitiv ity  reactions 
is n o t estab lished  (since these reactions occur in  tissues 
an d  m o st b asoph ils  are  in  the circulation). The th ird  cell 
type th a t expresses FceRI is eosinophils, w h ich  o ften  are  
p re sen t in  these  reactions.

• Activation o f mast cells and release o f mediators. W hen  a 
p e rso n  w h o  w as sensitized  by exposu re  to  a n  allergen  
is reexposed  to  the allergen, the a llergen  b inds to 
an tigen-specific IgE m olecu les o n  m ast cells, u sua lly  a t 
o r n ear the site of a llergen  en try . C ross-link ing  of these 
IgE m olecu les triggers a series o f biochem ical signals 
th a t cu lm inate  in  the  secretion  of v a rio u s m ed ia to rs  
from  the m ast cells.

T hree g ro u p s  of m ed ia to rs  are im p o rta n t in  d ifferen t 
im m ed ia te  h ypersensitiv ity  reactions:
• Vasoactive amines re leased  from  granu le  stores. The 

g ranu les of m ast cells con ta in  h istam ine, w h ich  is 
re leased  w ith in  seconds or m in u tes  o f activation . 
H istam ine  causes vasod ila tion , increased  vascu lar 
perm eab ility , sm ooth  m uscle  contraction , an d  
increased  secretion  of m ucus. O ther rap id ly  re leased  
m ed ia to rs  inc lude  chem otactic  factors for n eu tro 
ph ils  a n d  eosinoph ils  as w ell as n eu tra l p ro teases 
(e.g., tryp tase), w h ich  m ay  dam ag e  tissues a n d  also 
generate  k in in s a n d  cleave co m plem en t com ponen ts 
to  p ro d u ce  ad d itio n a l chem otactic  a n d  in flam m atory  
factors (e.g., C5a) (C hap ter 3). The g ranu les  also 
con tain  acid ic p ro teog lycans (heparin , ch ond ro itin  
sulfate), the m ain  function  of w h ich  seem s to  be as a 
sto rage m atrix  for the  am ines.

• N ew ly  syn thesized  lipid mediators. M ast cells syn the
size a n d  secrete p ro s tag lan d in s  a n d  leuko trienes by 
the sam e p a th w a y s  as d o  o th e r leukocytes (C hap ter 
3). These lip id  m ed ia to rs  have  several ac tions th a t 
are  im p o rta n t in  im m ed ia te  h ypersensitiv ity  reac
tions. P ro stag lan d in  D2 (PGD2) is the  m o st a b u n d a n t 
m ed ia to r g enera ted  by  the cyclooxygenase p a th w ay  
in  m ast cells. It causes in tense  b ro n ch o sp asm  as 
w ell as increased  m ucus secretion. The leuko trienes 
LTC 4  a n d  LTD 4  a re  the m ost p o ten t vasoactive  and  
spasm ogen ic  agen ts know n; on  a m o lar basis, they

are  several th o u san d  tim es m ore active th a n  h is
tam ine in  increasing  vascu lar perm eab ility  a n d  in  
causing  b ronch ia l sm oo th  m uscle contraction . LTB4  is 
h igh ly  chem otactic  for neu troph ils , eosinophils, an d  
m onocytes.

• Cytokines. A ctivation  of m ast cells resu lts  in  the  syn
thesis a n d  secretion  of several cy tok ines th a t are 
im p o rta n t for the  la te-phase  reaction . These inc lude  
TNF a n d  chem okines, w h ich  rec ru it a n d  activate  leu 
kocytes (C hap ter 3), a n d  IL-4 a n d  IL-5, w h ich  am plify  
the TH2-initiated im m u n e  reaction.

The reactions of im m ed ia te  h y persensitiv ity  clearly  d id  
n o t evolve to  cause h u m a n  d iscom fort an d  disease. The 
TH2 response  p lays a n  im p o rta n t p ro tective  ro le  in  com bat
ing  parasitic  infections. IgE an tibod ies  ta rg e t h e lm in th s for 
d estruc tion  by eosinoph ils  a n d  m ast cells. M ast cells also 
are  invo lved  in  defense  ag a in st bacterial infections. A nd  
snake aficionados w ill be re lieved  to  hear th a t their m ast 
cells m ay  p ro tec t th em  from  som e snake venom s by releas
ing  g ranu le  p ro teases  th a t d eg rad e  the toxins. W hy  these 
beneficial responses a re  in ap p ro p ria te ly  ac tiva ted  by h arm 
less en v iro n m en ta l an tigens, g iv ing  rise to  allergies, 
rem ains a puzzle .

D eve lo pm ent o f  Allergies

Suscep tib ility  to im m ediate hyp ersen sitiv ity  reactions is  
genetica lly  determ ined. A n increased  p ro p en sity  to 
develop  im m ed ia te  hypersensitiv ity  reactions is called 
atopy. A topic in d iv id u a ls  ten d  to  have  h igher se ru m  IgE 
levels a n d  m ore IL -4 -p ro d u c in g  TH2 cells th a n  does the 
general pop u la tio n . A  positive  fam ily  h isto ry  of allergy  is 
fo u n d  in  50% of atop ic  in d iv id u a ls . The basis of fam ilial 
p red isp o sitio n  is n o t clear, b u t genes th a t are  im p lica ted  in  
suscep tib ility  to  asth m a a n d  o th e r a top ic  d iso rd ers  include 
those  encod ing  H LA  m olecules (w hich  m ay  confer im m une 
responsiveness to  p a rticu la r allergens), cy tokines (w hich 
m ay  contro l TH2 responses), a co m p o n en t o f the FceRI, an d  
ADAM 33, a m eta llop ro te inase  th a t m ay  be invo lved  in  
tissue rem o d e lin g  in  the  airw ays.

Environmental factors a re  a lso  im p o rta n t in  the  develop 
m en t o f allerg ic diseases. E xposure  to  en v iro n m en ta l po l
lu tan ts , all too com m on  in  in d u stria lized  societies, is an  
im p o rta n t p red isp o sin g  factor for allergy. It is no tab le  th a t 
dogs a n d  cats liv ing  in  the sam e en v iro n m en t as h u m an s 
develop  allergies, w h ereas ch im ps liv ing  in  the w ild  d o  n o t 
d esp ite  their m u ch  closer genetic  sim ilarity  to  h um ans. 
This sim ple  o bserva tion  suggests th a t env ironm en ta l 
factors m ay  be m ore im p o rta n t in  the d ev e lo p m en t of aller
gic d isease th an  genetics. V iral infections o f the a irw ays are 
im p o rta n t triggers for b ronch ial asthm a, a n  allerg ic disease 
affecting  the lu n g s (C hap ter 13). Bacterial sk in  infections 
a re  strong ly  associa ted  w ith  a top ic  derm atitis.

I t is es tim ated  th a t 20% to 30% of im m ed ia te  h y p ersen 
sitiv ity  reactions are  triggered  by  nonan tigen ic  stim uli 
such  as tem p era tu re  ex trem es a n d  exercise, a n d  do  n o t 
invo lve TH2 cells o r IgE. It is believed  th a t in  these cases 
m ast cells a re  abnorm ally  sensitive to  ac tiva tion  by  various 
n o n im m u n e  stim uli.

The incidence o f m any allergic d iseases is increasing in  
d evelop ed  countries and seem s to be related to a decrease 
in  in fection s during early life . These observa tions have
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F ig .5.13 Phases of immediate hypersensitivity reactions. (A) Kinetics of the immediate and late-phase reactions. The immediate vascular and smooth muscle 
reaction to allergen develops within minutes after challenge (allergen exposure in a previously sensitized individual), and the late-phase reaction develops 2  

to 24 hours later. The immediate reaction (B) is characterized by vasodilation, congestion, and edema, and the late-phase reaction (C) is characterized by an 
inflammatory infiltrate rich in eosinophils, neutrophils, and T cells. ( C o u r te s y  o f  D r .  D a n ie l  F r ie n d ,  D e p a r t m e n t  o f  P a th o lo g y ,  B r ig h a m  a n d  W o m e n ’s  H o s p i t a l ,  B o s to n ,  

M a s s a c h u s e t t s . )

led  to an  idea, som etim es called  the  hygiene hypothesis, th a t 
early  ch ildhood  a n d  even  p ren a ta l exposu re  to  m icrobial 
an tigens educates the im m u n e  system  in  such  a w ay  th a t 
su b seq u en t patho log ic  responses ag a in st com m on env iron 
m en ta l a llergens a re  p rev en ted . T hus, too  m u ch  hygiene 
in  ch ildhood  m ay  increase a llerg ies la te r in  life. The idea  
th a t early  ch ild h o o d  exposu re  to  an tigens m ay  reduce  
la te r a llerg ies ag a in st those an tig en s has received  su p p o rt 
fro m  clinical tria ls d em o n stra tin g  th a t exposing  in fan ts to 
p e a n u ts  reduces the incidence of p e a n u t allergy  la te r in  life.

Clinical and  Pathologic M an ifestations

O ften, the IgE -triggered  reaction  has tw o  w ell-defined  
p h ases (Fig. 5.13): (1) the immediate response, w h ich  is stim u 
la ted  by  m ast cell g ran u le  con ten ts an d  lip id  m ed ia to rs  an d  
is charac terized  by vasod ila tion , vascu lar leakage, an d  
sm oo th  m uscle spasm , u sua lly  ev id en t w ith in  5 to  30 
m in u te s  after exposu re  to  an  a llergen  an d  su bsid ing  by  60 
m inu tes; a n d  (2 ) a second, late-phase reaction s tim u la ted  
m ain ly  by  cytokines, w h ich  u su a lly  sets in  2  to  8  h o u rs  
later, m ay  last for several days, an d  is charac terized  by 
in flam m ation  as w ell as tissue destruc tion , such  as m ucosal 
ep ithe lia l cell dam age. The d o m in an t in flam m atory  cells in  
the la te -phase  reaction  are  neu tro p h ils , eosinophils, and  
lym phocy tes, especially  TH2 cells. N eu tro p h ils  are  recru ited  
by  various chem okines; their ro les in  in flam m ation  w ere  
described  in  C h ap te r 3. E osinophils are rec ru ited  by  eotax in  
a n d  o ther chem okines re leased  fro m  e p ith e liu m  a n d  are  
im p o rta n t effectors o f tissue in ju ry  in  the  la te-phase  
response. E osinophils p ro d u ce  m ajor basic p ro te in  an d  
eosinoph il cationic p ro te in , w h ich  are  toxic to  ep ithelia l 
cells, a n d  LTC 4  a n d  p la te le t-activating  factor, w h ich  
p ro m o te  in flam m ation . The TH2 cells p ro d u ce  cy tokines 
th a t have m u ltip le  actions, as described  earlier. These 
rec ru ited  leukocytes can  am plify  an d  su sta in  the inflam 
m ato ry  response, ev en  in  the absence of con tin u o u s aller
gen exposure . In  ad d itio n , in flam m ato ry  leukocytes are  
responsib le  for m u ch  of the ep ithelia l cell in jury  in

im m ed ia te  hypersensitiv ity . Because in flam m ation  is a 
m ajor com ponen t o f m an y  allergic d iseases, no tab ly  asth m a 
a n d  a top ic  derm atitis , th e rap y  inc ludes an ti-in flam m atory  
d ru g s  such  as corticosteroids.

A n im m ediate hyp ersen sitiv ity  reaction m ay occur as 
a system ic disorder or as a local reaction (Table 5.3). The 
ro u te  of an tig en  exposu re  often  d e term ines the n a tu re  of 
the  reaction . System ic exposu re  to  p ro te in  an tigens (e.g., in  
bee venom ) or d ru g s  (e.g., penicillin) m ay  re su lt in  sys
tem ic anaphylaxis. W ith in  m in u tes  o f the  exposu re  in  a sen
sitized  host, itching, u rticaria  (hives), a n d  sk in  e ry them a 
ap p ear, fo llow ed  in  sh o rt o rd e r  by  p ro fo u n d  re sp ira to ry  
d ifficulty  caused  by p u lm o n ary  b ronchoconstric tion  an d  
accen tua ted  by hypersec re tion  o f m ucus. L aryngeal edem a 
m ay  exacerbate m a tte rs  by  causing  u p p e r  a irw ay  obstruc 
tion. In  ad d itio n , the m u scu la tu re  of the en tire  gastro 
in testina l tract m ay  be affected, w ith  re su lta n t vom iting , 
abdom ina l cram ps, a n d  d iarrhea . W ith o u t im m ed ia te  
in te rven tion , there  m ay  be system ic v aso d ila tio n  w ith  a fall

Table 5.3 Examples of Disorders Caused by Im m ed ia te  
Hypersensitivity

C lin ica l
S y n d ro m e

C lin ica l and Pathologic  
M anifes ta tions

Anaphylaxis (may be 
caused by drugs, 
bee sting, food)

Fall in blood pressure (shock) caused by 
vascular dilation; airway obstruction due 
to laryngeal edema

Bronchial asthma Airway obstruction caused by bronchial 
smooth muscle hyperactivity; inflammation 
and tissue injury caused by late-phase 
reaction

Allergic rhinitis, 
sinusitis (hay fever)

Increased mucus secretion; inflammation of 
upper airways and sinuses

Food allergies Increased peristalsis due to contraction of 
intestinal muscles, resulting in vomiting and 
diarrhea
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in  b lood  p re ssu re  (anaphylactic  shock), a n d  the p a tien t 
m ay  p rog ress  to  circu la to ry  collapse an d  d e a th  w ith in  
m inu tes.

Local reactions generally  occur w h e n  the an tig en  is 
confined  to  a  p a rticu la r site, such  as the skin  (follow 
in g  contact), the gastro in testina l trac t (fo llow ing  inges
tion), o r the lu n g  (fo llow ing  inhala tion). Atopic dermatitis, 
food allergies, hay fever, a n d  certa in  fo rm s of asthma are 
exam ples of localized  allergic reactions. H ow ever, inges
tion  o r inha la tion  of a llergens also  can  trigger system ic 
reactions.

Ä s U M M A R Y

I M M E D I A T E  ( T Y P E  I)  H Y P E R S E N S IT IV IT Y

• Im m e d ia te  (typ e  I) sensitivity  is also called an allergic reaction, 

o r  allergy.

• Type I hypersens itiv ity  is induced by en v iro n m en ta l antigens  

(allergens) th a t  s tim u la te  strong  T H2 responses and IgE p ro d u c 

tio n  in genetica lly  susceptib le individuals.

• IgE coats m ast cells by b inding to  th e  FceRI re c e p to r; re e x p o 

sure to  th e  a llergen leads to  cross-linking  o f  th e  IgE and FceRI, 

activa tion  o f  m ast cells, and release o f m ed ia to rs .

• Principal m e d ia to rs  a re  h istam ine, p ro teases, and o th e r  g ranu le  

conten ts; prostaglandins and leuko trienes; and cytokines.

• M e d ia to rs  a re  responsib le fo r  th e  im m e d ia te  vascu lar and 

sm o oth  m uscle reactions and th e  la te-phase reaction  

( in flam m a tio n ).

• T h e  clinical m anifestations may be local o r  system ic, and range  

fro m  m ild ly annoying rh initis  to  fatal anaphylaxis.

Antibody-Mediated Diseases 
(Type II Hypersensitivity)

A ntibody-m ediated  (type II) hyp ersen sitiv ity  disorders 
are caused  by antibod ies directed against target antigens  
on  the surface o f cells or other tissu e  com ponents. The
an tig en s m ay  be n o rm al m olecu les in trinsic  to  cell m em 
b ran es or in  the ex tracellu lar m atrix , o r they  m ay  be 
ad so rb ed  exogenous an tigens (e.g., a d ru g  m etabolite). 
These reactions a re  the  cause of several im p o rta n t d iseases 
(Table 5.4).

M ech an ism s o f  A n tib o dy-M ed ia ted  Diseases 

A n tib od ies cause d isease by targeting cells for phagocy
tosis , activating the com plem ent system , or interfering  
w ith  norm al cellular functions (Fig. 5.14). The an tibod ies 
th a t are  responsib le  typically  are h igh-affin ity  an tibod ies 
capable of ac tiva ting  com plem en t a n d  b in d in g  to  the Fc 
recep to rs  of phagocytes.
• Opsonization and phagocytosis. W hen  c ircu la ting  cells, 

such  as  re d  b lood  cells o r p latelets, a re  coated  (opso
n ized) w ith  au toan tibod ies , w ith  o r w ith o u t com ple
m en t p ro te ins, the  cells becom e ta rge ts for phagocy tosis  
by  n eu tro p h ils  a n d  m acrophages (Fig. 5.14A). These 
phagocy tes express recep to rs for the  Fc tails of IgG  an ti
bod ies a n d  for b reak d o w n  p ro d u c ts  o f the  C3 com ple
m en t p ro te in , a n d  use  these recep to rs to  b in d  a n d  ingest 
o p so n ized  particles. O pson ized  cells a re  u sua lly  elim i
n a te d  in  the spleen, a n d  th is  is w h y  sp lenectom y is of 
clinical benefit in  som e an tib o d y -m ed ia ted  diseases.

A n tib o d y -m ed ia ted  cell d e stru c tio n  a n d  phagocy to 
sis occur in  the  fo llow ing  clinical situations: (1 ) transfu 
sion  reactions, in  w h ich  cells from  a n  incom patib le

Table 5.4 Examples of A n tibody-M ediated  Diseases (Type II Hypersensitivity)

D isease T arg e t A n tig e n M echanism s o f D isease
C lin ico patho log ic
M an ifes ta tions

Autoimmune hemolytic anemia Red blood cell membrane proteins Opsonization and phagocytosis of red 
blood cells

Hemolysis, anemia

Autoimmune thrombocytopenic 
purpura

Platelet membrane proteins 
(Gpllb : Illa integrin)

Opsonization and phagocytosis of 
platelets

Bleeding

Pemphigus vulgaris Proteins in intercellular junctions of 
epidermal cells (desmogleins)

Antibody-mediated activation of
proteases, disruption of intercellular 
adhesions

Skin vesicles (bullae)

Vasculitis caused by ANCA Neutrophil granule proteins, 
presumably released from 
activated neutrophils

Neutrophil degranulation and 
inflammation

Vasculitis

Goodpasture syndrome Protein in basement membranes of 
kidney glomeruli and lung alveoli

Complement- and Fc receptor- 
mediated inflammation

Nephritis, lung hemorrhage

Acute rheumatic fever Streptococcal cell wall antigen; 
antibody cross-reacts with 
myocardial antigen

Inflammation, macrophage activation Myocarditis, arthritis

Myasthenia gravis Acetylcholine receptor Antibody inhibits acetylcholine binding, 
down-modulates receptors

Muscle weakness, paralysis

Graves disease (hyperthyroidism) TSH receptor Antibody-mediated stimulation of TSH 
receptors

Hyperthyroidism

Pernicious anemia Intrinsic factor of gastric parietal 
cells

Neutralization of intrinsic factor, 
decreased absorption of vitamin B12

Abnormal erythropoiesis, 
anemia

ANCA, Anti-neutrophil cytoplasmic antibodies; TSH, thyroid-stimulating hormone.
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Fig. 5.14 Mechanisms of antibody-mediated injury. (A) Opsonization of cells by antibodies and complement components and ingestion by phagocytes. (B) 
Inflammation induced by antibody binding to Fc receptors of leukocytes and by complement breakdown products. (C) Anti-receptor antibodies disturb the 
normal function of receptors. In these examples, antibodies to the acetylcholine (ACh) receptor impair neuromuscular transmission in myasthenia gravis, and 
antibodies against the thyroid-stimulating hormone (TSH) receptor activate thyroid cells in Graves disease.

d o n o r react w ith  p re fo rm ed  an tib o d y  in  the ho st 
(C hap ter 12); (2) hem oly tic  d isease of the  n ew b o rn  
(ery throblastosis fetalis), in  w h ich  IgG  a n ti- re d  b lood 
cell an tibod ies from  the m o th er cross the  p lacen ta  an d  
cause d estru c tio n  of fetal red  b lood  cells (C hap ter 7); (3) 
au to im m u n e  hem oly tic  anem ia, ag ranu locy tosis, an d  
th rom bocy topen ia , in  w h ich  in d iv id u a ls  p ro d u ce  an ti
bod ies to  their o w n  b lood  cells (C hap ter 12); a n d  (4) 
certa in  d ru g  reactions, in  w h ich  a d ru g  a ttaches to 
p lasm a m em b ran e  p ro te in s  o f re d  b lood  cells a n d  an ti
bod ies a re  p ro d u c e d  ag a in st the d ru g -p ro te in  com plex.

• Inflammation. A n tibod ies b o u n d  to  cellu lar o r tissue an ti
gens activate the com plem en t system  by the  classical 
p a th w a y  (Fig. 5.14B). P ro d u c ts  o f com plem en t activa
tion  serve several functions (see Fig. 3.11, C h ap te r 3), 
one of w h ich  is to rec ru it n eu tro p h ils  a n d  m onocytes, 
tr iggering  in flam m ation  in  tissues. Leukocytes also  m ay 
be activa ted  by  en g ag em en t of Fc recep tors, w h ich  rec
ognize  the  b o u n d  an tibod ies. A n tibody -m ed ia ted  
in flam m ation  is responsib le  for tissue in ju ry  in  som e 
fo rm s of g lom eru loneph ritis , vascu lar rejection in  o rgan  
grafts, an d  o th e r d iso rders.

• Antibody-mediated cellular dysfunction. In  som e cases, 
an tibod ies d irected  ag a in st a  ho st p ro te in  im p a ir  o r dys- 
regu la te  im p o rta n t functions w ith o u t d irectly  causing  
cell in jury  o r in flam m ation  (Fig. 5.14C). In  m yasthen ia  
gravis, an tibod ies ag a in st acety lcholine recep to rs in  
the m o to r en d  p la tes  of skeletal m uscles in h ib it n eu 
ro m u scu la r transm ission , w ith  re su lta n t m uscle  w eak 
ness. A n tibod ies also  can  stim ula te  cellu lar responses 
excessively. In  G raves disease, an tibod ies aga in st 
the th y ro id -stim u la tin g  ho rm o n e  recep to r stim ula te  
thy ro id  ep ithelia l cells to  secrete th y ro id  horm ones, 
re su ltin g  in  h y p erth y ro id ism . A ntibod ies ag a in st ho r
m ones a n d  o th e r essen tia l p ro te in s  can  neu tra lize  an d  
block the actions of these m olecules, causing  functional 
derangem ents.

Immune Complex-Mediated Diseases 
(Type III Hypersensitivity)

A n tigen -an tib od y  (im m une) com plexes that are form ed  
in  the circulation m ay d ep osit in  b lood  v esse ls , lead in g  
to com plem ent activation and acute inflam m ation. Less
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Table 5.5 Examples of Im m une C o m p lex-M ed ia ted  Diseases

Disease A n tig e n  Involved
C lin ico patho log ic
M an ifestations

Systemic lupus erythematosus Nuclear antigens (circulating or “planted” in kidney) Nephritis, skin lesions, arthritis, others

Poststreptococcal glomerulonephritis Streptococcal cell wall antigen(s); may be “planted” in 
glomerular basement membrane

Nephritis

Polyarteritis nodosa Hepatitis B virus antigens in some cases Systemic vasculitis

Reactive arthritis Bacterial antigens (e.g., Y e rs in ia ) Acute arthritis

Serum sickness Various proteins (e.g., foreign serum protein) (horse 
anti-thymocyte globulin)

Arthritis, vasculitis, nephritis

Arthus reaction (experimental) Various foreign proteins Cutaneous vasculitis

frequen tly , the  com plexes m ay  be fo rm ed  a t sites w h ere  
an tig en  has been  "p la n te d "  p rev iously  (called in situ  
im m une complexes). The an tig en s th a t fo rm  im m u n e  com 
plexes m ay  be exogenous, such  as a fo re ign  p ro te in  th a t is 
in jected  or p ro d u c e d  by  an  in fectious m icrobe, o r en d o g 
enous, if the  in d iv id u a l p ro d u ces  an tib o d y  ag a in st self 
an tig en s (au to im m unity ). E xam ples of im m u n e  com plex 
d iso rd ers  a n d  the  an tigens in vo lved  are  lis ted  in  Table 5.5. 
Im m u n e  co m p lex -m ed ia ted  d iseases ten d  be system ic, b u t 
o ften  p referen tia lly  involve the k idney  (g lom eru loneph ri
tis), jo in ts  (arthritis), an d  sm all b lood  vessels (vasculitis), 
all o f w h ich  are  com m on  sites of im m u n e  com plex 
deposition .

Systemic Im m u n e  C om plex  D isease

Acute serum sickness is the p ro to ty p e  of a system ic im m u n e  
com plex  disease; it w as once a freq u en t sequela  to  the 
ad m in is tra tio n  of large  a m o u n ts  of fo re ign  se ru m  (e.g., 
se ru m  from  im m u n ized  horses u sed  for p ro tec tion  aga in st 
d iph theria ). In  m o d ern  tim es, the d isease is in freq u en t an d  
u sua lly  seen  in  in d iv id u a ls  w h o  receive an tibod ies from  
o th e r in d iv id u a ls  or species, e.g. ho rse  o r rabb it an ti
thym ocy te  g lobu lin  ad m in is te red  to  dep le te  T  cells in  
recip ien ts of o rg an  grafts. N evertheless, it is an  in fo rm ative  
m odel th a t has ta u g h t u s  a g rea t dea l ab o u t im m u n e  
com plex d iso rders.

The pa thogenesis  o f system ic im m u n e  com plex disease 
can  be d iv id ed  in to  th ree  phases (Fig. 5.15).

F o rm a tio n  o f  Im m u n e  C o m p lexes. The in tro d u c tio n  of a 
p ro te in  an tig en  triggers an  im m u n e  response  th a t resu lts  
in  the  fo rm ation  of an tibod ies, typically  ab o u t 1  w eek  after 
the  in jection  of the p ro te in . These an tibod ies  a re  secreted  
in to  the  b lood, w h ere  they  react w ith  the an tig en  still 
p re se n t in  the  c ircu la tion  an d  fo rm  an tigen -an tibody  
com plexes.

D e p o s it io n  o f  Im m u n e  C om plexes. In  the  nex t p hase , the 
c ircu la ting  an tig en -an tib o d y  com plexes are d ep o sited  in  
v a rio u s tissues. The factors th a t d e term ine  w h e th e r  im m u n e  
com plex  fo rm ation  w ill lead  to  tissue dep o sitio n  an d  
d isease  are  n o t fu lly  u n d e rs to o d , b u t the m ajor influences 
seem  to  be the  characteristics of the com plexes an d  local 
vascu lar a ltera tions. In  general, com plexes of m ed iu m  size 
th a t are  fo rm ed  w h e n  an tig en  is in  sligh t excess are  the 
m o st pa thogenic . O rgans w h ere  b lood  is filtered  a t h igh

Free
antibody

Antigen in 
circulation

Immune Complex Formation

B cell

Plasma
ll

Antigen
antibody
complex

Endothelium

Immune Complex 
Deposition

Antigen-
antibody
complex

Vasculitis

Complement

Immune Com plex-Mediated  
Inflammation and 
Tissue Injury

Neutrophil lysosomal enzymes

Fig. M 5  Immune complex disease. The sequential phases in the induction 
of systemic immune complex-mediated diseases (type III hypersensitivity).
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p ressu re  to  fo rm  o ther flu ids, like u rin e  a n d  synovial fluid, 
are  sites w h ere  im m u n e  com plexes becom e concen tra ted  
an d  deposit; hence, im m u n e  com plex d isease often  affects 
g lom eru li a n d  joints.

In f la m m a tio n  a n d  T issu e  In ju ry .  O nce d ep o sited  in  
tissues, im m u n e  com plexes in itia te  a n  acu te  in flam m atory  
reaction  v ia com plem en t activa tion  a n d  en g agem en t of 
leukocyte Fc recep tors. Typically, the an tibod ies a re  IgG  or 
IgM . D eposition  of co m plem en t p ro te in s  can  be detected  
a t the site of in jury . C o n su m p tio n  of com plem en t d u rin g  
the active p hase  of the d isease decreases se ru m  levels of 
C3, w h ich  can  be u sed  as a m ark er for d isease activity. 
D u rin g  th is  phase  (approx im ately  10 days after an tigen  
adm in istra tion ), clinical fea tu res  such  as fever, u rticaria , 
jo in t p a in  (arth ralg ia), ly m p h  n o d e  en largem ent, a n d  p ro 
te inu ria  ap p ear. W herever com plexes deposit, the tissue 
dam age is sim ilar. The re su ltan t in flam m atory  lesion  is 
te rm ed  vasculitis if it occurs in  b lood  vessels, glomerulone
phritis if it occurs in  rena l g lom eru li, arthritis if it occurs in  
the  jo in ts, a n d  so on.

M O R P H O L O G Y

T h e  principal m o rp h o lo g ic  m an ifesta tion  o f  im m un e c o m p le x  

in ju ry  is a c u te  vasculitis , associated w ith  fib rin o id  necrosis o f  

th e  vessel w a ll and intense n eu tro p h ilic  in filtra tio n  (Fig. 3 .12 , 

C h a p te r  3 ). W h e n  dep os ited  in th e  kidney, th e  com plexes  can be 

seen on im m u n o flu o rescen ce  m icroscopy as g ranu la r deposits o f  

im m unoglobu lin  and c o m p le m e n t and on e le c tro n  m icroscopy as 

e le c tro n -d e n s e  deposits  a long th e  g lo m e ru la r  b asem en t m e m 

b ra n e  (see Fig. 5 .2 4 ).

In  acu te  se ru m  sickness in d u ced  by ad m in is tra tio n  of a 
single large  dose  of an tigen , the lesions ten d  to  resolve as 
a  re su lt o f phagocy tosis  a n d  d e g rad a tio n  of the im m u n e  
com plexes. A  fo rm  of chronic serum sickness re su lts  from  
re p ea ted  o r p ro lo n g ed  exposu re  to  a n  an tigen . This occurs 
in  several d iseases, such  as system ic lu p u s  e ry th em ato su s 
(SLE), w h ich  is associated  w ith  p e rsis ten t an tibody  
responses to  au toan tigens. In  m any  d iseases, the  m o rp h o 
logic changes a n d  o th e r find ings suggest im m u n e  com plex 
deposition , b u t the inciting  an tigens a re  u n k n o w n . In c luded  
in  th is category  are m em b ran o u s g lo m eru loneph ritis  an d  
several vascu litides.

Local Im m u n e  C om plex  D isease (Arthus Reaction)

A m odel o f local im m u n e  com plex d iseases is the A rthus  
reaction, in  w h ich  an  area  of tissue necrosis a p p ea rs  as 
a resu lt of acu te  im m u n e  com plex  vasculitis. The reac
tion  is p ro d u ced  experim en tally  by injecting a n  an tigen  
in to  the sk in  of a p rev iously  im m u n ized  an im al w ith  
p re fo rm ed  an tibody . Im m u n e  com plexes fo rm  as the 
an tig en  d iffuses in to  the  vascu lar w all a t the site of injec
tion, triggering  the  sam e in flam m atory  reaction  an d  
histo logic app earan ce  as in  system ic im m u n e  com plex 
disease. A rth u s  lesions evolve over a few  h o u rs  a n d  reach  
a peak  4 to  10 h o u rs  after injection, w h e n  the  injection site 
develops ed em a a n d  hem orrhage , occasionally  fo llow ed 
by u lceration .

Ä S U M M A R Y

P A T H O G E N E S IS  O F  D IS E A S E S  C A U S E D  B Y  

A N T I B O D I E S  A N D  I M M U N E  C O M P L E X E S

• A n tib o d ie s  can co a t (op son ize) cells, w ith  o r  w ith o u t  c o m p le 

m e n t p ro te ins , and ta rg e t th e s e  cells fo r  phagocytosis by 

phagocytes (m acrophages), w h ich  express re c e p to rs  fo r  th e  Fc 

tails o f lgG and fo r  c o m p le m e n t p ro te ins . T h e  resu lt is d ep le 

tio n  o f  th e  opson ized  cells.

• A n tib o d ie s  and im m un e com plexes  m ay d ep os it in tissues o r  

b lo o d  vessels, and e lic it an acute  in fla m m a to ry  reaction  by 

activating  c o m p le m en t, w ith  release o f  b re a k d o w n  products , 

o r  by engaging Fc re c e p to rs  o f leukocytes. T h e  in fla m m a to ry  

reaction  causes tissue injury.

• A n tib o d ie s  can bind to  cell surface re c e p to rs  o r  o th e r  essen

tial m olecu les  and cause functiona l derang em ents  (e ith e r  inhi

b ition  o r  unregu la ted  ac tiva tio n ) w ith o u t  cell injury.

T Cell-Mediated Diseases 
(Type IV Hypersensitivity)

Several autoim m une disorders, as w e ll as pathologic  
reactions to environm ental chem icals and persistent 
m icrobes, are n ow  k n ow n  to be caused  by T cells (Table 
5.6). Tw o types of T cell reactions are  capable of causing  
tissue in ju ry  an d  disease: (1 ) cy tok ine-m ed ia ted  inflam 
m ation , in  w h ich  the cy tok ines a re  p ro d u ced  m ain ly  by 
CD4+ T cells, a n d  (2) d irec t cell cytotoxicity, m ed ia ted  by 
C D 8 + T cells (Fig. 5.16). This g ro u p  of d iseases is of g rea t 
clinical in te rest because T cells a re  increasing ly  recog
n ized  as the  basis o f chronic in flam m atory  d iseases, an d  
m any  of the new  ra tiona lly  d esigned  therap ies for these 
d iseases hav e  been  d ev eloped  to ta rg e t the ab n o rm al T 
cell reactions.

C D 4 +  T  C e ll-M e d ia te d  In flam m atio n

In  CD4+ T ce ll-m ed ia ted  hyp ersen sitiv ity  reactions, 
cytok ines produced by the T cells induce inflam m ation  
that m ay be chronic and destructive. The p ro to ty p e  of 
T ce ll-m ed ia ted  in flam m ation  is delayed-type hypersensitiv
ity  (DTH), a  tissue reaction  to  an tigens g iven  to  im m une 
in d iv id u a ls . In  th is  reaction , a n  an tig en  ad m in iste red  
in to  the sk in  of a p rev iously  im m u n ized  in d iv id u a l 
resu lts  in  a detectab le  cu tan eo u s reaction  w ith in  24 to 
48 h o u rs  (hence the  te rm  delayed, in  con trast to  immediate 
hypersensitiv ity ).

A s described  earlier, na ïve  T cells are activa ted  in  second 
ary  ly m p h o id  o rgans by recogn ition  of p e p tid e  an tigens 
d isp layed  by d en d ritic  cells. The T cells d ifferen tiate  in to  
effector cells u n d e r  the  influence of v a rio u s cy tok ines (see 
Figs. 5.9 an d  5.10). C lassical T ce ll-m ed ia ted  h ypersensitiv 
ity  is a reaction  of TH1 effector cells, b u t TH17 cells also  m ay 
con tribu te  to  the reaction , especially  w h e n  n eu tro p h ils  are  
p ro m in en t in  the in flam m atory  infiltrate. TH1 cells secrete 
cytokines, m ain ly  IFN-y, w h ich  are  responsib le  for m an y  of 
the m an ifesta tions of de layed -type  hypersensitiv ity . IFN- 
y-activated (classically activated) m acrophages p ro d u ce  
substances th a t destroy  m icrobes a n d  dam age tissues, an d  
m ed ia to rs  th a t p ro m o te  in flam m ation  (C hap ter 3).
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Table 5.6 T  C e ll-M ed ia ted  Diseases

Disease
S p ec ific ity  o f Pathogenic T  
Cells

Princ ipal M echanism s of 
Tissue In ju ry

C lin ico patho log ic
M an ifes ta tions

Rheumatoid arthritis Collagen?
Citrullinated self proteins?

Inflammation mediated by Th I7 (and 
Th I?) cytokines; role of antibodies 
and immune complexes?

Chronic arthritis with
inflammation, destruction of 
articular cartilage

Multiple sclerosis Protein antigens in myelin (e.g., 
myelin basic protein)

Inflammation mediated by Th I and 
Th I7 cytokines, myelin destruction 
by activated macrophages

Demyelination in CNS with 
perivascular inflammation; 
paralysis

Type 1 diabetes mellitus Antigens of pancreatic islet p cells 
(insulin, glutamic acid 
decarboxylase, others)

T cell-mediated inflammation, 
destruction of islet cells by CTLs

Insulitis (chronic inflammation in 
islets), destruction of p cells; 
diabetes

Inflammatory bowel disease Enteric bacteria; self antigens? Inflammation mediated by Th I and 
Th I7 cytokines

Chronic intestinal inflammation, 
obstruction

Psoriasis Unknown Inflammation mediated mainly by 
Th I7 cytokines

Destructive plaques in the skin

Contact sensitivity Various environmental chemicals 
(e.g., urushiol from poison ivy or 
poison oak, therapeutic drugs)

Inflammation mediated by Th I (and 
Th I7?) cytokines

Epidermal necrosis, dermal 
inflammation, causing skin rash 
and blisters

Examples of human T cell-mediated diseases are listed. In many cases, the specificity of the T cells and the mechanisms of tissue injury are inferred based on the similarity with 
experimental animal models of the diseases.

A ctivated  TH17 cells secrete cy tok ines th a t rec ru it n eu tro 
ph ils  a n d  m onocytes.

C lin ic a l  E x a m p le s  o f  C D 4 +  T  C e l l - M e d i a t e d  

In f l a m m a t o r y  R e a c t io n s

The classic exam ple  of D TH  is the  tuberculin reaction (know n 
in  clinical m edicine as the  PPD skin test), w h ich  is p ro d u ced

by  the in tracu tan eo u s in jection  of p u rified  p ro te in  deriva 
tive (PPD, also  called  tuberculin), a  p ro te in -con ta in ing  
an tig en  of the  Mycobacterium tuberculosis bacillus. In  a p re 
v iously  exposed  in d iv idua l, red d e n in g  an d  in d u ra tio n  of 
the  site ap p e a r in  8  to 12 hou rs, reach  a p eak  in  24 to  72 
hou rs, a n d  thereafte r slow ly  subside . M orphologically , 
de layed -type  hypersensitiv ity  is charac terized  by the

A

Cytokine-mediated inflammation

CD4+ 
T cell

APC presenting 
tissue antigen

Normal
tissue

Cytokines Inflammation

B

T cell-mediated cytolysis

CD8+ 
T cell

APC presenting 
tissue antigen

Cell killing and 
tissue injury

Fig. 5 . I 6  Mechanisms of T-cell-mediated (type IV) hypersensitivity reactions. (A) CD4+ Th I cells (and sometimes CD 8 + T cells, n o t  s h o w n )  respond to tissue 
antigens by secreting cytokines that stimulate inflammation and activate phagocytes, leading to tissue injury. CD4+ Th I7 cells contribute to inflammation by 
recruiting neutrophils (and, to a lesser extent, monocytes). (B) In some diseases, CD 8 + cytotoxic T lymphocytes (CTLs) directly kill tissue cells expressing 
intracellular antigens (shown as orange bars inside cells). A P C , Antigen-presenting cell.
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Fig. 5.17 Delayed hypersensitivity reaction in the skin. (A) Perivascular 
accumulation (“cuffing”) of mononuclear inflammatory cells (lymphocytes 
and macrophages), with associated dermal edema and fibrin deposition. (B) 
Immunoperoxidase staining reveals a predominantly perivascular cellular 
infiltrate that marks positively with anti-CD4 antibodies. ( C o u r te s y  o f  D r .  L o u is  

P ic k e r ,  D e p a r t m e n t  o f  P a th o lo g y ,  O re g o n  H e a l t h  S c ie n c e s  U n iv e r s it y ,  P o r t la n d ,  

O re g o n .)

accum ula tion  of m o nonuclear cells, m ain ly  CD4+ T cells 
an d  m acrophages, a ro u n d  venules, p ro d u c in g  p erivascu lar 
"cuffing" (Fig. 5.17).

P ro longed  D TH  reactions ag a in st p e rs is ten t m icrobes o r 
o ther stim uli m ay  resu lt in  a special p a tte rn  of reaction  
called  granulomatous inflammation. The in itial p erivascu lar 
CD4+ T cell in filtrate  is p rog ressive ly  rep laced  by  m acro 
phages over a  p e rio d  of 2 to  3 w eeks. These accum ula ted  
m acrophages typically  exh ib it m orpho log ic  evidence of 
activation; th a t is, they  becom e large, flat, a n d  eosinophilic, 
an d  are  called  epithelioid cells. The ep ithe lio id  cells occa
sionally  fuse u n d e r  the influence of cy tok ines (e.g., IFN-y) 
to fo rm  m u ltinuc lea te  giant cells. A n  agg regate  of ep itheli
o id  cells, typically  su rro u n d e d  by a collar of lym phocytes, 
is called a granuloma (Fig. 5.18A). The p rocess is essen tially  
a chronic fo rm  of TH1-m ediated  in flam m ation  an d  m acro 
p h ag e  ac tiva tion  (see Fig. 5.18B). O lder g ran u lo m as develop  
a n  enclosing  rim  of fib roblasts a n d  connective tissue. In  
certa in  situations, such  as in fection  by h e lm in th s k n o w n  as 
schistosom es, TH2 cells also  are involved , a n d  as a resu lt 
eosinoph ils  are p ro m in en t in  the  lesions. R ecognition  of 
g ran u lo m as is o f d iagnostic  im portance  because they  are  
seen  on ly  in  a lim ited  n u m b er of cond itions (C hap ter 3).

Contact dermatitis is a com m on  exam ple  of tissue in jury  
resu ltin g  from  D TH  reactions. It m ay  be evoked  by contact 
w ith  u ru sh io l, the an tigen ic  com ponen t o f po ison  ivy  or 
p o iso n  oak, a n d  p resen ts  as a vesicu lar derm atitis . It is 
th o u g h t th a t in  these reactions, the en v iro n m en ta l chem ical 
b in d s  to  an d  s truc tu ra lly  m odifies self p ro te in s, a n d  p ep 
tides d e riv ed  from  these  m odified  p ro te in s  are recognized  
by  T cells a n d  elicit the  reaction . The sam e m echan ism  is 
responsib le  for m an y  drug reactions, am o n g  the m ost 
com m on hypersensitiv ity  reactions of h u m an s. The resp o n 
sible d ru g  (often a  reactive chem ical) a lte rs self p ro te ins, 
in c lu d in g  M H C  m olecules, a n d  these n eoan tigens are rec
ogn ized  as fo reign  by  T cells, lead in g  to  cytokine p roduc-

tion  a n d  in flam m ation . D ru g  reactions o ften  m an ifest as 
sk in  rashes.

CD4+ T ce ll-m ed ia ted  in flam m ation  is the  basis o f tissue 
in ju ry  in  m an y  organ-specific an d  system ic au to im m u n e  
diseases, such  as rh eu m ato id  a rth ritis  a n d  m u ltip le  sclero
sis, as w ell as d iseases p robab ly  caused  by  uncon tro lled  
reactions to  bacterial com m ensals, such  as in flam m atory  
bow el d isease (see Table 5.6).

Fig. M 8  Granulomatous inflammation. (A) A section of a lymph node 
shows several granulomas, each made up of an aggregate of epithelioid cells 
and surrounded by lymphocytes. The granuloma in the center shows several 
multinucleate giant cells. (B) The events that give rise to the formation of 
granulomas in type IV hypersensitivity reactions, illustrating the role of T hI 
cytokines. In some granulomatous disorders (e.g., schistosomiasis), T h2 cells 
also contribute to the lesions. The role of T h 17 cells in granuloma formation 
is not proven. (A, C o u r te s y  o f  D r .  T ra c e  W o r r e l l ,  D e p a r t m e n t  o f  P a th o lo g y ,  U n iv e r 

s i t y  o f  T e x a s  S o u th w e s te rn  M e d ic a l  S c h o o l,  D a lla s ,  T e x a s .)
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C D 8 +  T  C e ll-M e d ia te d  Cytotoxicity

In  th is type o f T ce ll-m ed ia ted  reaction, CD8+ CTLs k ill 
antigen-expressing target cells. T issue d estru c tio n  by 
CTLs m ay  be a n  im p o rta n t co m p o n en t of som e T cell- 
m ed ia ted  d iseases, such  as type 1 d iabetes. CTLs directed  
ag a in st cell surface h istocom patib ility  an tig en s p lay  an  
im p o rta n t ro le  in  g raft rejection, w h ich  is d iscussed  later. 
T hey also  p lay  a  role in  reactions ag a in st v iruses. In  a v irus- 
in fected  cell, v ira l p ep tid es  are  d isp lay ed  by class I M H C  
m olecules a n d  the  com plex  is recogn ized  by  the  TCR of 
C D 8 + T lym phocytes. The k illing  of infected  cells leads to 
e lim ination  of the infection, b u t in  som e cases, it is resp o n 
sible for cell dam age  th a t accom pan ies the in fection  (e.g., 
in  v ira l hepatitis). CD 8 + T cells also  p ro d u ce  cytokines, 
no tab ly  IFN-y, a n d  are  in vo lved  in  in flam m atory  reactions 
resem bling  D TH, especially  fo llow ing  v iru s  infections an d  
exposu re  to  som e contact sensitiz ing  agents.

• S U M M A R Y

M E C H A N I S M S  O F  T  C E L L - M E D I A T E D  

H Y P E R S E N S IT I V I T Y  R E A C T I O N S

• Cytokine-m ediated inflammation: C D 4 +  T  cells a re  ac tiva ted  by 

exp o s u re  to  a p ro te in  antigen and d iffe re n tia te  in to  T H I and 

T H I7  e ffe c to r  cells. Subsequent e x p o s u re  to  th e  antigen results  

in th e  secre tio n  o f cy tok ines . IF N -y  activates m acrophages to  

p ro d u ce  substances th a t  cause tissue dam age and p ro m o te  

fibrosis, and IL -1 7  and o th e r  cy tok ines  re c ru it  leukocytes, thus  

p ro m o tin g  in flam m ation .

• T h e  classical T  c e ll-m e d ia te d  in fla m m a to ry  reaction  is 

delayed-typ e  hypersensitiv ity . C h ro n ic  T H I reactions  asso

c iated  w ith  m acrophage activa tion  o ften  lead to  granu lom a  

fo rm a tio n .

• T cell-m edia ted  cytotoxicity: C D 8 +  c y to to x ic  T  lym phocytes  

(C T L s ) specific fo r  an antigen recogn ize  cells expressing th e  

ta rg e t antigen and kill these  cells. C D 8 +  T  cells also s e cre te  

IF N -y .

N ow  th a t w e  have  described  how  the im m u n e  system  
can  cause tissue dam age, w e  tu rn  to  d iseases in  w h ich  
n o rm al contro l m echan ism s fail. The p ro to ty p es  of such  
d iseases are au to im m u n e  d iso rders, w h ich  a re the re su lt of 
failu re of to lerance to  self an tigens.

A U TO IM M U N E DISEASES

A uto im m unity  refers to  im m u n e  reactions ag a in st self 
("au to") an tigens. A u to im m u n e  d iseases are estim ated  to 
affect a t least 1% to 2% of the U.S. p o p u la tion . The evidence 
th a t these d iseases are in d eed  the resu lt of au to im m u n e  
reactions is m ore  p e rsu asiv e  for som e th a n  for o thers. For 
instance, in  m an y  of these d iso rders, h igh-affin ity  au to an 
tibod ies have  been  iden tified , a n d  in  som e cases these an ti
bod ies are  k n o w n  to cause pa tho log ic  abnorm alities. There 
is also  g ro w in g  ev idence for the  activa tion  of pathogen ic  
self-reactive T cells in  som e of these  d iseases. In  add ition , 
experim en ta l m odels have  p ro v ed  very  in form ative , p ro 
v id in g  c ircum stan tia l ev idence su p p o rtin g  a n  au to im m u n e  
etio logy. N evertheless, it is fair to  say th a t for m any

Table 5.7 A u to im m u n e  Diseases

O rg an -S p ec ific S ystem ic

Diseases M ed ia ted  by A ntibod ies

Autoimmune hemolytic anemia Systemic lupus erythematosus

Autoimmune thrombocytopenia

Autoimmune atrophic gastritis of 
pernicious anemia

Myasthenia gravis

Graves disease

Goodpasture syndrome

Diseases M ed ia ted  by T  Cells*

Type 1 diabetes mellitus Rheumatoid arthritis

Multiple sclerosis Systemic sclerosis (scleroderma)* 
Sjögren syndrome*

Diseases Postulated to  Be A u to im m u n e

Inflammatory bowel diseases 
(Crohn disease, ulcerative 
colitis)*

Primary biliary cirrhosis* Polyarteritis nodosa*

Autoimmune (chronic active) 
hepatitis

Inflammatory myopathies*

*A role for T cells has been demonstrated in these disorders, but antibodies may 
also be involved in tissue injury.
*An autoimmune basis of these disorders is suspected, but the supporting evidence is 
not strong.
*These disorders may result from excessive immune responses to commensal enteric 
microbes, autoimmunity, or a combination of the two.

d iso rd ers  trad itiona lly  classified as au to im m une , th is etiol
ogy is su spec ted  b u t n o t p roved .

A u to im m u n e  d iseases m ay  be organ-specific, in  w h ich  
the im m u n e  responses are d irec ted  ag a in st one p a rticu la r 
o rg a n  or cell type  a n d  resu lt in  localized  tissue dam age, o r 
systemic, charac terized  by  lesions in  m an y  o rg an s (Table 
5.7). In  system ic d iseases th a t are caused  by  im m u n e  com 
plexes a n d  au toan tibod ies, the  lesions p rinc ipa lly  affect the 
connective tissues a n d  b lood  vessels of in vo lved  organs. 
T herefore, these d iseases a re  o ften  re ferred  to  as collagen 
vascular diseases o r connective tissue diseases, even  th o u g h  the 
im m unolog ic  reactions a re  n o t specifically d irec ted  aga in st 
constituen ts of connective tissue o r b lood  vessels.

N orm al pe rso n s a re  u n resp o n siv e  (to leran t) to  their 
o w n  (self) an tigens, a n d  au to im m u n ity  resu lts  from  a 
failu re of self-tolerance. Therefore, u n d e rs ta n d in g  the 
p a thogenesis of au to im m u n ity  requ ires  fam iliarity  w ith  
the m echan ism s of n o rm al im m unolog ic  tolerance.

Immunologic Tolerance

Im m unologic tolerance is a state o f un resp on siven ess to 
an antigen  that is  ind u ced  by exposure o f specific lym 
phocytes to that antigen. Self-tolerance refers to  lack of 
im m u n e  responsiveness to  o n e 's  o w n  tissue an tigens. Bil
lions o f d ifferen t an tig en  recep to rs are ran d o m ly  genera ted  
in  d eve lop ing  T lym phocy tes an d  B lym phocy tes, a n d  it is 
n o t su rp ris in g  th a t d u rin g  th is process, recep to rs a re  p ro 
duced  th a t can  recognize self an tigens. Since these an tigens 
canno t all be concealed  from  the  im m u n e  system , there  
m u s t be a m eans of e lim inating  or con tro lling  self
recogn izing  lym phocy tes. Several m echan ism s w o rk  in
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B cells

Anergy 
(failure to 

~ ^  respond)

Deletion

Suppression by Treg cells APC-presenting 
self antigen

Fig. 5 . l 9  Mechanisms of immunologic tolerance to self antigens. The principal mechanisms of central and peripheral self-tolerance in T cells and B cells are 
illustrated. A P C , Antigen-presenting cell; T re g  c e l ls , regulatory T cells.

concert to  select ag a in st self-reactivity  an d  to  th u s  p rev en t 
im m u n e  reactions ag a in st the b o d y 's  o w n  an tigens. Tw o 
b ro ad  m echan ism s are recognized: central tolerance an d  
peripheral tolerance (Fig. 5.19).

C entra l Tolerance

The principal m echanism  o f central tolerance is  the  
antigen-induced  d eletion  (death) o f self-reactive T lym 
phocytes and B lym phocytes during their m aturation in  
central (generative) lym p h oid  organs (i.e., in  the thym us  
for T cells and in  the bone marrow for B cells). In  the 
thym us, m any  au to lo g o u s (self) p ro te in  an tigens a re  p ro 
cessed  a n d  p re sen ted  by  thym ic A PCs. A ny  im m atu re  T 
cell th a t encoun te rs  such  a self an tig en  u n d erg o es  a p o p to 
sis (a p rocess called  deletion, o r negative selection), a n d  the 
T cells th a t com plete  their m a tu ra tio n  a re  thereby  d ep le ted  
of self-reactive cells. A n  exciting  ad vance  has been  the 
iden tification  of a p ro te in  called  AIRE (au to im m une reg u 
lator), w h ich  s tim ula tes expression  of som e p erip h era l 
tissue-restric ted  self an tigens in  the  th y m u s a n d  is th u s 
critical for de le tion  of im m atu re  T cells specific for these 
an tigens. M u ta tions in  the  AIRE  gene are  the  cause of an  
au to im m u n e  po ly en d o crin o p a th y  (C hap ter 20). N o t all 
im m atu re  T cells th a t see self an tigens in  the  th y m u s are 
dele ted . Som e CD4+ T cells su rv ive  a n d  develop  in to  reg u 
la to ry  T cells (described  later).

Im m atu re  B cells th a t recognize self an tigens w ith  h igh  
affinity  in  the bone m arro w  also  m ay  d ie by  apop tosis . 
O th e r self-reactive B cells are  n o t dele ted  b u t in stead  
u n d e rg o  a second  ro u n d  of rea rran g em en t of an tigen  
recep to r genes a n d  th en  express new  recep to rs th a t a re  no  
longer self-reactive (a p rocess called  receptor editing).

C en tra l tolerance, how ever, is im perfect. N o t all self 
an tigens are p re sen t in  the  th y m u s o r bone m arrow , and  
hence lym phocy tes bearin g  recep to rs for such  au to an ti
gens escape in to  the p e riphery . Self-reactive lym phocy tes 
th a t escape negative  selection  can  inflict tissue in jury  un less 
they are  e lim inated  or m u zz led  in  the  p e rip h e ra l tissues.

P eripheral Tolerance

Several m echan ism s silence po ten tia lly  au to reac tive  T cells 
a n d  B cells in  p e rip h e ra l tissues; these are best defined  for 
T cells. These m echan ism s inc lude  the  follow ing:
• Anergy. This te rm  refers to  functional inactivation  

(ra ther th a n  death ) of lym phocy tes th a t is in d u ced  by 
encoun ter w ith  an tig en s u n d e r  certa in  conditions. As 
described  p rev iously , ac tiva tion  of T cells requ ires  tw o 
signals: recogn ition  of p e p tid e  an tig en  in  association  
w ith  M H C  m olecules o n  A PCs, a n d  a set of second 
costim u la to ry  signals (e.g., th ro u g h  B7 m olecules) p ro 
v id ed  by the  A PCs. If the costim u la to ry  signals a re  no t 
delivered , o r if a n  inh ib ito ry  recep to r on  the  T cell 
(ra ther th an  the costim u la to ry  recep tor) is engaged  
w h e n  the cell en coun ters  self an tigen , the  T cell becom es 
anerg ic a n d  canno t re sp o n d  to  the an tigen . Because 
costim ulato ry  m olecu les are  expressed  a t low  levels o r 
n o t a t a ll on  A PC s p re sen tin g  self an tigens, the  encoun 
ter be tw een  au to reac tive  T cells a n d  self an tigens in  
tissues m ay  resu lt in  anergy.

It is believed  th a t if m a tu re  B cells encoun ter 
self an tig en  in  p e rip h e ra l tissues, especially  in  the 
absence of specific h e lp er T cells, these B cells becom e 
unab le  to re sp o n d  to  the an tigen . B lym phocy tes also 
express inh ib ito ry  recep to rs th a t m ay  p lay  a ro le  in
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lim iting  their ac tiva tion  a n d  p rev en tin g  responses to 
self an tigens.

• Suppression by regulatory T  cells. A  p o p u la tio n  of T cells 
called  regulatory T  cells functions to  p re v e n t im m u n e  
reactions ag a in st self an tigens. R egu lato ry  T cells 
develop  m ain ly  in  the thym us, b u t they  also  m ay  be 
in d u ced  in  p e rip h e ra l ly m p h o id  tissues. The best- 
defined  regu la to ry  T cells a re  CD4+ cells th a t express 
h ig h  levels of CD25, the a  cha in  of the IL-2 recep tor, and  
a tran sc rip tio n  factor of the  fo rkhead  fam ily, called 
FOXP3. B oth IL-2 a n d  FOXP3 are  req u ired  for the devel
o p m en t a n d  m ain tenance  o f functional CD4+ regu la to ry  
T cells. M u ta tions in  the FOXP3 gene re su lt in  severe 
au to im m u n ity  in  h u m a n s  a n d  mice; in  h um ans, these 
m u ta tio n s are  the cause of a system ic au to im m u n e  
d isease  called  IPEX  (an  ac ronym  for im m u n e  dysregu la 
tion, p o ly endocrinopa thy , en teropathy , X-linked).

The m echan ism s by  w h ich  reg u la to ry  T cells su p 
p re ss  im m u n e  responses a re  n o t fu lly  defined, b u t their 
inh ib ito ry  activ ity  m ay  be m ed ia ted  in  p a r t  by  the secre
tion  of im m u n o su p p ress iv e  cy tokines such  as IL-10 an d  
TGF-P, w h ich  inh ib it lym phocy te  ac tiva tion  a n d  effector 
functions. R egu lato ry  T cells also  express CTLA-4, 
w h ich  m ay  b in d  to  B7 m olecu les o n  A PC s a n d  reduce  
the ir ab ility  to  activate  T cells v ia  CD28.

• Deletion by apoptosis. T cells th a t recognize self an tigens 
m ay  receive signals th a t p ro m o te  their d ea th  by  ap o p 
tosis. Tw o m echan ism s of de le tion  of m a tu re  T cells 
have  been  p ro p o sed , based  m ain ly  o n  s tud ies  in  m ice. 
It is p o s tu la ted  th a t if T cells recognize self an tigens, 
they u p re g u la te  a  p ro -apop to tic  m em ber of the Bcl-2 
fam ily called Bim, w h ich  triggers apop tosis  by  the m ito 
ch o n d ria l p a th w ay  (C hap ter 2). A no ther m echan ism  of 
apop tosis  involves the  d e a th  recep to r Fas (a m em ber of 
the  TN F recep to r fam ily), w h ich  can  be engaged  by its 
lig an d  coexpressed  o n  the sam e o r n e ighbo ring  cells. 
The im portance  of th is p a th w ay  of self-tolerance is illus
tra te d  by the d iscovery  th a t FAS  m u ta tio n s  a re  resp o n 
sible for an  au to im m u n e  d isease called  the autoimmune 
lymphoproliferative syndrome (ALPS), charac terized  by 
ly m p h ad en o p a th y  a n d  p ro d u c tio n  of au toan tibod ies.

• Som e self an tig en s are  h id d e n  (sequestered) fro m  the 
im m u n e  system , because the  tissues in  w h ich  these an ti
gens a re  located  do  n o t com m unicate  w ith  the b lood 
an d  lym ph . A s a resu lt, un less re leased  in to  the  circula
tion, these an tigens fail to  elicit im m u n e  responses an d  
are  essen tially  ig n o red  by  the im m u n e  system . This is 
believed  to  be the  case for an tigens th a t a re  on ly  found  
in  the  testis, eye, a n d  brain , all of w h ich  are  called 
immune-privileged sites because an tigens located  in  these 
sites ten d  to  be sh ie lded  fro m  the im m u n e  system . If the 
an tigens a re  re leased  fro m  these tissues, for exam ple, as 
a consequence of tra u m a  o r infection, the re su lt m ay  be 
an  im m u n e  response  th a t leads to  p ro lo n g ed  tissue 
in flam m ation  an d  in jury . This is the p o stu la ted  m echa
n ism  for p o st-trau m atic  o rch itis an d  uveitis.

Mechanisms of Autoimmunity: General Principles

N ow  th a t w e  have  su m m arized  the p rinc ipa l m echan ism s
of self-tolerance, w e  can  ask  h o w  these m echan ism s m igh t
b reak  d o w n  to give rise  to  pa tho log ic  au to im m un ity .

Genetic Environmental triggers
susceptibility

T issue injury: 
auto im m une d isease

Fig. 5.20 Pathogenesis of autoimmunity. Autoimmunity results from mul
tiple factors, including susceptibility genes that may interfere with self
tolerance and environmental triggers (such as infections, tissue injury, and 
inflammation) that promote lymphocyte entry into tissues, activation of 
self-reactive lymphocytes, and tissue damage.

U nfo rtunate ly , there  are  no  sim ple  answ ers  to  th is ques
tion, a n d  the u n d e rly in g  causes of m ost h u m a n  au to 
im m u n e  d iseases rem ain  to  be d e term ined . The best guess 
is th a t breakdow n o f self-tolerance and d evelop m en t of 
autoim m unity  resu lt from  the com bined  effects o f sus
cep tib ility  genes, w h ich  influence lym phocyte tolerance, 
and environm ental factors, such  as in fection s or tissu e  
injury, that alter the d isp lay  o f and resp on ses to se lf  
antigens (Fig. 5.20).

G enetic Factors in A uto im m unity

M ost autoim m une d iseases are com plex m u ltigen ic d is
orders. T here is a b u n d a n t ev idence th a t in h erited  genes 
p lay  a ro le  in  the d ev e lo p m en t o f au to im m u n e  diseases.
• A u to im m u n e  d iseases have  a tendency  to ru n  in  fam i

lies, an d  there  is a g rea ter incidence of the sam e d isease 
in  m onozygo tic  th a n  in  d izygotic  tw ins.

• Several au to im m u n e  d iseases a re  linked  to the H LA  
locus, especially  class II alleles (HLA-DR, HLA-DQ). 
The frequency  of a  d isease in  in d iv id u a ls  w ith  a p a r 
ticu lar H LA  allele com pared  w ith  those w h o  do  n o t 
in h e rit th a t allele, is called  the  odds ratio o r relative risk 
(Table 5.8). The re la tive  risk  ranges from  3 o r 4 for
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Table 5.8 Association of H L A  Alleles and In flam m ato ry  
Diseases

Disease H L A  A lle le
O dds
R atio *

Rheumatoid arthritis DRBI, 1 SE allele1 4

(anti-CCP Ab 
positive)*

DRBI, 2 SE alleles 1 2

Type 1 diabetes DRBI*030I-DQAI*050I- 4
mellitus DQBI*020I haplotype

DRBI*040I-DQAI*030I- 
DQBI*0302 haplotype

8

DRBI*030I/040I 
haplotype heterozygotes

35

Multiple sclerosis DRBI*I50I 3

Systemic lupus DRBI*030I 2

erythematosus DRBI*I50I 1.3

Ankylosing spondylitis B*27 (mainly B*2705 and 
B*2702)

1 0 0 - 2 0 0

Celiac disease DQ AI*050I-DQBI*020I
haplotype

7

+The odds ratio reflects approximate values of increased risk for the disease 
associated with the inheritance of particular HLA alleles. The data are from 
European-derived populations.
*Anti-CCP Ab refers to antibodies directed against cyclic citrullinated peptides. Data 
are from patients who test positive for these antibodies in the serum.
ŜE refers to shared epitope, so called because the susceptibility alleles map to one 
region of the DRBI protein (positions 70-74). The DRBI protein is the product of 
the P chain of the HLA DR molecule.
Courtesy of Dr. Michelle Fernando, Imperial College London.

rh eu m ato id  a rth ritis  (RA) an d  HLA-DR4 to 100 o r m ore  
for anky losing  spondy litis  a n d  HLA-B27. H ow ever, 
how  M H C  genes influence the d ev e lo p m en t of au to 
im m u n ity  is still n o t clear. N otab ly , m o st in d iv id u a ls  
w ith  a su scep tib ility -re la ted  M H C  allele never develop  
disease, and , conversely , in d iv id u a ls  w ith o u t the rel
ev a n t M H C  gene m ay  get it. E xpression  of a p a rticu la r 
M H C  gene is therefore  b u t one variab le  th a t con tribu tes 
to  au to im m un ity .

• G enom e-w ide associa tion  (GW AS) s tud ies  an d  linkage 
s tud ies  in  fam ilies a re  revealing  m an y  genetic  p o lym or
p h ism s th a t a re  associa ted  w ith  d ifferen t au to im m u n e  
d iseases (Table 5.9). Som e of these  genetic v a rian ts  are  
disease-specific, b u t m an y  of the  associations a re  seen 
in  m u ltip le  d iso rders, suggesting  th a t they  affect general 
m echan ism s of im m u n e  reg u la tio n  a n d  self-tolerance. 
H ow ever, the m echan ism  by  w h ich  m o st of these genetic 
v a rian ts  con tribu te  to  p a rticu la r au to im m u n e  d iseases 
is n o t estab lished .

Role o f  Infections, Tissue Injury, and  O th er  

E nvironm ental Factors

A varie ty  of m icrobes, in c lu d in g  bacteria, m ycoplasm as, 
an d  v iruses, h av e  been  im p lica ted  as triggers for au to im 
m u n ity . M icrobes m ay  induce  au to im m u n e  reactions by 
several m echan ism s (Fig. 5.21):
• M icrobial infections w ith  re su ltan t tissue necrosis an d  

in flam m ation  can  s tim ula te  expression  of costim ulato ry  
m olecu les o n  A PCs in  the tissue, th u s  favo ring  a b reak 
d o w n  of T cell to lerance a n d  su b seq u en t T cell 
activation .

• V iruses a n d  o ther m icrobes m ay  share  cross-reacting  
ep itopes w ith  self an tigens, a n d  as a re su lt responses 
in d u ced  by  the m icrobe m ay  ex tend  to  self tissues, a 
p h e n o m en o n  called  molecular mimicry. The best exam ple  
of a p a thogen ic  im m unolog ic  cross-reaction  is rh eu 
m atic  h e a rt disease, in  w h ich  a n  an tib o d y  response  
ag a in st streptococci cross-targets card iac  an tigens. It is 
n o t k n o w n  if m im icry  has a  ro le  in  m ore com m on  au to 
im m u n e  diseases.

Recently, there  has  been  g rea t in te rest in  the  id ea  th a t 
the d ev e lo p m en t o f au to im m u n ity  is in fluenced  by the 
n o rm al g u t a n d  sk in  microbiome (the d iverse  collection of 
com m ensal m icrobes th a t live w ith  u s  in  a sym biotic rela 
tionship). It is possib le  th a t d iffe ren t com m ensal m icrobes

Table 5.9 Selected N o n -H L A  G ene Variants Associated W ith  A u to im m u n e  Diseases

P u ta tiv e  G en e  
Involved Diseases

Postu lated  Function  o f Encoded P ro te in  and Role o f M u ta tio n /P o ly m o rp h is m  in 
Disease

G enes Involved in Im m u n e  Regulation

P T P N 2 2 RA, TID , IBD Protein tyrosine phosphatase; may affect signaling in lymphocytes and may alter negative selection or activation 
of self-reactive T cells

I L 2 3 R IBD, PS, AS Receptor for the THl7-inducing cytokine IL-23; may alter differentiation of CD4+ T cells into pathogenic T h 17 
effector cells

C T L A 4 TID , RA Inhibits T-cell responses by terminating activation and promoting activity of regulatory T cells; may interfere with 
self-tolerance

IL 2 R A MS, T ID a  chain of the receptor for IL-2, which is a growth and survival factor for activated and regulatory T cells; may 
affect development of effector cells and/or regulation of immune responses

G enes Involved in Im m u n e  Responses to  M icrobes

N O D 2 IBD Cytoplasmic sensor of bacteria expressed in Paneth and other intestinal epithelial cells; may control resistance 
to gut commensal bacteria

A T G I 6 IBD Involved in autophagy; possible role in defense against microbes and maintenance of epithelial barrier function

IR F 5 , I F I H I SLE Role in type I interferon production; type I IFN is involved in the pathogenesis of SLE (see text)

AS, Ankylosing spondylitis; IBD, inflammatory bowel disease; IFN, interferon; MS, multiple sclerosis; PS, psoriasis; RA, rheumatoid arthritis; SLE, systemic lupus erythematosus; TID, 
type I diabetes.
The probable linkage of these genes with various autoimmune diseases has been defined by genome-wide association studies (GWAS) and other methods for studying 
disease-associated polymorphisms.
Adapted from Zenewicz LA, Abraham C, Flavell RA, et al: Unraveling the genetics of autoimmunity, Cell 140:791,2010.
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B  Molecular mimicry

Microbe Production of 
cross-reacting antibody

B cell Self
tissue

Autoimmunity

Fig. 5 .2 I Postulated role of infections in autoimmunity. Infections may promote activation of self-reactive lymphocytes by inducing the expression of costimu
lators (A), or microbial antigens may mimic self antigens and activate self-reactive lymphocytes as a cross-reaction (B).

affect the re la tive  p ro p o rtio n s  of effector a n d  reg u la to ry  T 
cells, a n d  shape  the h o st response  to w ard  o r aw ay  from  
a b e rran t activation . H ow ever, it is still n o t clear w h ich  
m icrobes con tribu te  to  specific d iseases in  h u m an s, o r if the 
m icrobiom e can  be m a n ip u la ted  to  p re v e n t o r trea t these 
d iso rders.

A d d in g  to  the com plex ity  of the link  be tw een  m icrobes 
a n d  a u to im m u n ity  a re  recen t observa tions suggesting  th a t 
infections paradox ically  p ro tec t in d iv id u a ls  from  som e 
au to im m u n e  diseases, no tab ly  type  1  d iabetes, m u ltip le  
sclerosis, an d  C ro h n  disease. The possib le m echan ism s 
u n d e rly in g  th is effect a re  n o t u n d ersto o d .

In  a d d itio n  to  infections, the  d isp lay  of tissue an tigens 
a lso  m ay  be a lte red  by a varie ty  of env ironm en ta l insu lts. 
A s d iscussed  later, ultraviolet (UV) radiation causes cell 
d ea th  a n d  m ay  lead  to  the exposu re  of nuc lear an tigens, 
w h ich  elicit pa tho log ic  im m u n e  responses in  lupus; th is 
m echan ism  is the  p ro p o sed  exp lanation  for the association  
of lu p u s  flares w ith  exposu re  to  sun ligh t. Smoking is a risk  
factor for RA, p e rh a p s  because it leads to  chem ical m od i
fication  of self an tigens. Local tissue in jury  for any  reason  
m ay  lead  to  the  release of self an tig en s  a n d  au to im m u n e  
responses.

F inally, there  is a s trong  gender bias o f au to im m un ity , 
w ith  m an y  of these d iseases be ing  m ore com m on in  w o m en  
th a n  in  m en. The u n d e rly in g  m echan ism s are  n o t w ell 
u n d e rs to o d , b u t m ay  involve the effects of h o rm ones a n d  
o th e r factors.

A n au to im m u n e  response  m ay  itself p ro m o te  fu rth e r 
au to im m u n e  attack . T issue in ju ry  caused  by a n  au to 
im m u n e  response  o r an y  o th er cause m ay  lead  to  exposu re  
of self an tig en  ep ito p es th a t w ere  p rev iously  concealed  b u t 
a re  n o w  p resen ted  to T cells in  a n  im m unogen ic  form . The 
activation  of such  au to reac tive  T cells is called epitope 
spreading, because the im m u n e  response  sp read s  to  ep it
opes th a t w ere  n o t recogn ized  in itially . This is one of the 
m echan ism s th a t m ay  con tribu te  to  the  chronicity  of au to 
im m u n e  diseases.

f l ü  S U M M A R Y

I M M U N O L O G I C  T O L E R A N C E  A N D  

A U T O I M M U N I T Y

• T o le ran ce  (unresponsiveness) to  self antigens is a fundam ental 

p ro p e rty  o f  th e  im m un e  system , and b re a k d o w n  o f  to le ra n c e  

is th e  basis o f  a u to im m u n e  diseases.

• Central tolerance: im m a tu re  T  and B lym phocytes th a t  reco g 

n ize self antigens in th e  cen tra l (gen era tive ) lym phoid  organs  

a re  killed  by apoptosis; in th e  B-cell lineage, som e o f  th e  

se lf-reactive  lym phocytes sw itch to  n e w  antigen re c e p to rs  

th a t  a re  n o t se lf-reactive .

• Peripheral tolerance: m a tu re  lym phocytes th a t  recogn ize  self 

antigens in p erip h era l tissues b ec o m e  functiona lly  inactive
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(anerg ic), a re  suppressed by re g u la to ry  T  lym phocytes, o r  die  

by apoptosis.

• T h e  fac to rs  th a t  lead to  a fa ilu re  o f se lf-to le ra n ce  and th e  

d ev e lo p m en t o f a u to im m u n ity  include (1 ) inh eritance  o f  sus

cep tib ility  genes th a t  d is rup t d iffe re n t to le ra n c e  pathways, and

(2) in fections and tissue in ju ry  th a t  expo se  self antigens and 

ac tiva te  A P C s  and lym phocytes in th e  tissues.

H av in g  d iscussed  the general p rinc ip les of to lerance 
an d  au to im m u n ity , w e  p roceed  to  a  d iscussion  of som e of 
the m o st com m on a n d  im p o rta n t au to im m u n e  diseases. 
A lth o u g h  each d isease is d iscussed  separate ly , consider
able overlap  is a p p a re n t in  their clinical a n d  m orpho log ic  
fea tu res a n d  u n d e rly in g  pa thogenesis. H ere  w e  cover the 
system ic au to im m u n e  diseases; au to im m u n e  d iseases th a t 
affect single o rg an  system s are  d iscussed  in  ch ap te rs  th a t 
deal w ith  the  re lev an t organs.

Systemic Lupus Erythematosus

SLE is an autoim m une d isease in v o lv in g  m ultip le  
organs, characterized by a vast array o f autoantibodies, 
particularly antinuclear antibod ies (A N A s), in  w h ich  
injury is caused  m ain ly  by d ep osition  o f im m une

com plexes and b in d in g  o f antibod ies to various cells  
and tissu es. In jury  to the skin, jo in ts, k idney , a n d  serosal 
m em b ran es is p rom inen t, b u t v irtua lly  every  o rg an  in  the 
b o d y  m ay  be affected. The p re sen ta tio n  of SLE is so vari
ab le th a t a com plex set of criteria  for th is d iso rd e r have 
been  p ro p o sed , to  help  clinicians a n d  for the design  an d  
assessm en t o f clinical tria ls (Table 5.10). H ow ever, the 
d isease is very  he terogeneous, a n d  any  p a tien t m ay  
p re sen t w ith  any  n u m b er of these features. SLE is a  fairly  
com m on disease, w ith  a p revalence  th a t m ay  be as h igh  
as 400 p e r  100,000 in  certa in  p o p u la tions. A lth o u g h  SLE 
often  p resen ts  w h e n  a p e rso n  is in  the tw en ties or thirties, 
it m ay  m an ifest a t any  age, ev en  in  early  ch ildhood . 
Sim ilar to  m an y  au to im m u n e  diseases, SLE p red o m i
n an tly  affects w om en , w ith  a fem ale-to-m ale ra tio  o f 9 : 1 
for the  rep ro d u c tiv e  age g ro u p  of 17 to  55 years. By com 
parison , the  fem ale-to-m ale ra tio  is on ly  2  : 1  for d isease 
d eve lop ing  d u rin g  ch ildhood  o r after 65 y ears  o f age. The 
prevalence  of the d isease is 2- to  3-fold h ig h er in  blacks 
an d  H ispan ics th a n  in  w hites.

Spectrum  o f  A utoantibodies in SLE

The hallm ark o f SLE is the production o f autoantibodies.
Som e an tibod ies recognize nuclear an d  cy top lasm ic com 
ponen ts, w h ile  o thers are d irec ted  aga in st cell surface an ti
gens of b lood  cells. A p a rt from  their va lue  in  the d iagnosis

Table 5.10 Revised C r ite ria  fo r Classification of Systemic Lupus Erythem atosus*

C r ite r io n D e fin itio n

Clinical C r ite r ia

Acute cutaneous lupus Malar rash (fixed erythema, flat or raised, over the malar eminences), photosensitivity

Chronic cutaneous 
lupus

Discoid rash: erythematous raised patches with adherent keratotic scaling and follicular plugging

Nonscarring alopecia Diffuse thinning or hair fragility in the absence of other causes

Oral or nasal ulcers Oral or nasopharyngeal ulceration, usually painless

Joint disease Nonerosive synovitis involving two or more peripheral joints, characterized by tenderness, swelling, or effusion

Serositis Pleuritis (pleuritic pain or rub or evidence of pleural effusion), pericarditis

Renal disorder Persistent proteinuria >0.5 g/24 hours, or red cell casts

Neurologic disorder Seizures, psychosis, myelitis, or neuropathy, in the absence of offending drugs or other known causes

Hemolytic anemia Hemolytic anemia

Leukopenia or 
lymphopenia

Leukopenia— <4.0 x I0 9 cells/L (4000 cells/mm3) total on two or more occasions, o r  

Lymphopenia— <1.5 x I0 9 cells/L (1500 cells/mm3) on two or more occasions

Thrombocytopenia Thrombocytopenia— <100 x I0 9 cells/L (100 x I03 cells/mm3) in the absence of offending drugs and other conditions

Im m unolog ic  C r ite r ia

Antinuclear antibody 
(ANA)

Abnormal titer of antinuclear antibody by immunofluorescence

Anti-dsDNA antibody Abnormal titer

Anti-Sm antibody Presence of antibody to Sm nuclear antigen

Antiphospholipid
antibody

Positive finding of antiphospholipid antibodies based on (1) an abnormal serum level of IgG or IgM anti-cardiolipin
antibodies, (2) a positive test for lupus anticoagulant using a standard test, or (3) a false-positive serologic test for syphilis 
known to be positive for at least 6  months and confirmed by negative T r e p o n e m a  p a l l id u m  immobilization or fluorescent 
treponemal antibody absorption test

Low complement Low C3, C4 or CH50

Direct Coombs test Assay for anti-red cell antibody, in the absence of clinically evident hemolytic anemia

*This classification was initially proposed in 1997 by the American College of Rheumatology for the purpose of identifying patients in clinical studies. It has been updated in 2012 
by the Systemic Lupus International Collaborating Clinics. A patient is classified as having SLE if four of the clinical and immunologic criteria are present at any time (not 
necessarily concurrently), including at least one clinical and one immunologic criterion. Some details have been omitted from the table.
Modified from Petri M, Orbai AM, Alarcon GS, et al: Derivation and validation of the Systemic Lupus International Collaborating Clinics classification criteria for systemic lupus 
erythematosus. Arthritis Rheum 64:2677, 2012.
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Table 5.11 Autoantibodies in Systemic A u to im m u n e  Diseases

Disease S p ec ific ity  o f A u to a n tib o d y % Positive Disease Associations

Systemic lupus
erythematosus (SLE)

Double-stranded DNA 
UI-RNP
Smith (Sm) antigen (core protein of small 

RNP particles)
Ro (SS-A) nucleoprotein 
Phospholipid-protein complexes (anti-PL) 

Multiple nuclear antigens (“generic ANAs”)

40-60
30-40
20-30

30-50
30-40

95-100

Nephritis; specific for SLE 

Specific for SLE

Congenital heart block; neonatal lupus 
Anti-phospholipid syndrome (in ~I0% of SLE patients) 

Found in other autoimmune diseases, not specific

Systemic sclerosis DNA topoisomerase I 30-70 Diffuse skin disease, lung disease; specific for systemic
sclerosis

Centromeric proteins (CENPs) A, B, C 20-40 Limited skin disease, ischemic digital loss, pulmonary
hypertension

RNA polymerase III 15-20 Acute onset, scleroderma renal crisis, cancer

Sjögren syndrome Ro/SS-A 75 More sensitive
La/SS-B 50 More specific

Autoimmune myositis Histidyl aminoacyl-tRNA synthetase, Jol 25 Interstitial lung disease, Raynaud phenomenon
Mi-2 nuclear antigen 5-10 Dermatomyositis, skin rash
MDA5 (cytoplasmic receptor for viral RNA) 20-35 (Japanese) Vascular skin lesions, interstitial lung disease
TIFI y nuclear protein 15-20 Dermatomyositis, cancer

Rheumatoid arthritis CCP (cyclic citrullinated peptides); various 60-80 Specific for rheumatoid arthritis
citrullinated proteins

Rheumatoid factor 60-70 Not specific

“Generic” anti-nuclear antibodies (ANAs), which may react against many nuclear antigens, are positive in a large fraction of patients with SLE but also are positive in other 
autoimmune diseases. % positive refers to the approximate % of patients who test positive for each antibody.
Table compiled with the assistance of Dr. Antony Rosen, Johns Hopkins University, and Dr. Andrew Gross, University of California San Francisco.

an d  m an ag em en t o f p a tien ts  w ith  SLE, these au to an tib o d 
ies are of m ajor p a thogen ic  significance, as, for exam ple, in  
the im m u n e  co m p lex -m ed ia ted  g lo m eru loneph ritis  so 
typical of th is disease. A u toan tibod ies  a lso  a re  found  
in  o th e r au to im m u n e  diseases, m an y  of w h ich  tend  to 
be associa ted  w ith  specific types of au to an tib o d ies  
(Table 5.11).

A n t i - N u c l e a r  A n t ib o d ie s

A N A s can  be g ro u p ed  in to  fo u r categories: (1) an tib o d 
ies to  D N A , (2) an tibod ies  to  h istones, (3) an tibod ies  to 
non h isto n e  p ro te in s  b o u n d  to  RNA, a n d  (4) an tib o d 
ies to  nucleo lar an tigens. The m ost w id e ly  u se d  m eth o d  
for de tec ting  A N A s is in d irec t im m unofluorescence, 
w h ich  can  iden tify  an tibod ies th a t b in d  to  a varie ty  of 
nuclear an tigens, in c lu d in g  D N A , RNA, a n d  p ro te in s  
(collectively called  generic A N A s). The p a tte rn  of nuc lear 
fluorescence suggests the type  of an tib o d y  p re sen t in  the 
p a tie n t 's  serum . Several basic p a tte rn s  a re  recognized  
(Fig. 5.22):
• A  homogeneous or diffuse s ta in ing  p a tte rn  u sua lly  reflects 

the p resence of an tibod ies to ch rom atin , h istones, and , 
occasionally , d o u b le -s tran d ed  DN A .

• A  rim  o r peripheral s ta in ing  p a tte rn  is m o st o ften  ind ica 
tive of an tibod ies to  d o u b le -s tran d ed  D N A  a n d  som e
tim es to nuclear envelope p ro te ins.

• A  centromeric p a tte rn  is ind icative  of an tibod ies specific 
for cen trom eres. This p a tte rn  is o ften  observed  in  
pa tien ts  w ith  system ic sclerosis.

• A  speckled pattern refers to  the  presence of u n ifo rm  or 
variab le-sized  speckles. This is one of the m o st com 
m only  observed  p a tte rn s  of fluorescence a n d  therefore 
the least specific. It reflects the presence of an tibod ies to 
non-D N A  n uclear constituen ts such  as Sm  an tigen , ribo- 
nucleopro te in , a n d  SS-A an d  SS-B reactive an tigens.

• A  nucleolar p a tte rn  refers to  the p resence of a few  dis
crete  spo ts o f fluorescence w ith in  the nucleus a n d  rep 
resen ts  an tibod ies to  RNA. This p a tte rn  is re p o rte d  m ost 
o ften  in  p a tien ts  w ith  system ic sclerosis.

The fluorescence p a tte rn s  are  n o t abso lu te ly  specific for 
the  type  of an tibody , an d  because m an y  au to an tib o d ies  
m ay  be p resen t, com binations of p a tte rn s  are frequen t. 
A ttem p ts  are o ngo ing  to  rep lace  m icroscopic assays w ith  
q u an tita tiv e  assays for an tibod ies ag a in st specific nuclear 
a n d  o ther an tigens. Indeed , an tibod ies  to  d o u b le -s tran d ed  
D N A  a n d  the so-called "S m ith  (Sm) an tigen" can  be 
de tec ted  by  m ore  q u an tita tiv e  assays an d  are  v irtua lly  
d iagnostic  o f SLE. N evertheless, the sta in ing  p a tte rn  has 
d iagnostic  value , an d  the  test rem ains in  use.

O t h e r  A u t o a n t ib o d ie s

In  ad d itio n  to  A N A s, lu p u s  p a tien ts  hav e  a h o st of o ther 
au toan tibod ies. Som e are  d irected  ag a in st b lood  cells, such  
as red  cells, p latelets, a n d  lym phocytes. Anti-phospholipid 
antibodies are  p re sen t in  30% to 40% of lu p u s  patien ts. They 
are  actually  d irec ted  ag a in st ep ito p es of v a rio u s p lasm a 
p ro te in s  th a t a re  revea led  w h e n  the p ro te in s  are in  com plex 
w ith  p h o sp h o lip id s . A n tibod ies ag a in st the  p h o sp h o lip id -  
P2-g lycopro te in  com plex  also  b in d  to  card io lip in  an tigen , 
u sed  in  syphilis serology, an d  therefore  lu p u s  p a tien ts  m ay 
h av e  a fa lse-positive test re su lt for syphilis. Because these 
an tibod ies b in d  to  p h o sp h o lip id s , they m ay  p ro lo n g  the 
p a rtia l th ro m b o p lastin  tim e, a n  in  v itro  clo tting  test tha t 
requ ires p h o sp h o lip id s . T herefore, these an tibod ies are  
som etim es re ferred  to  as lupus anti-coagulant. D esp ite  the 
observed  c lo tting  delays in  v itro , p a tien ts  w ith  an ti
p h o sp h o lip id  an tibod ies have  com plications re la ted  to 
excessive c lo tting  (a hypercoagu lab le  state), such  as th ro m 
bosis (C hap ter 4).
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Fig. 5.22 Staining patterns of anti-nuclear antibodies. (A) Homogeneous or diffuse staining of nuclei is typical of antibodies reactive with dsDNA, nucleosomes, 
and histones, and is common in SLE. (B) A speckled pattern is seen with antibodies against various nuclear antigens, including Sm and RNPs. (C) The pattern 
of staining of anti-centromere antibodies is seen in some cases of systemic sclerosis, Sjogren syndrome, and other diseases. (D) A nucleolar pattern is typical 
of antibodies against nucleolar proteins. (F ro m  W i i k  A S , H 0 ie r - M a d s e n  M ,  F o r s l id  J , e t  a l :  A n t in u c le a r  a n t ib o d ie s :  a  c o n t e m p o r a r y  n o m e n c la tu r e  u s in g  H E p - 2  c e lls . J 
Autoimm 3 5 : 2 7 6 ,  2 0 1 0 . )

P a th o g e n e s is

The fundam ental defect in  SLE is a failure o f the m echa
n ism s that m aintain  self-tolerance. A lth o u g h  w h a t causes 
th is  fa ilu re  of self-tolerance rem ains u n k n o w n , as is true  of 
m o st au to im m u n e  diseases, bo th  genetic a n d  env ironm en 
tal factors p lay  a  role.

G e n e t ic  F a c to r s

M any lines of ev idence su p p o rt a genetic p red isp o sitio n  to 
SLE.
• Familial association. Fam ily m em bers have  an  increased  

risk  for the d ev e lo p m en t of SLE, a n d  u p  to  20% of u n af
fected  first-degree  re la tives hav e  au toan tibod ies . There 
is a  h ig h er ra te  of concordance in  m onozygo tic  tw ins 
(25%) th an  in  d izygotic  tw ins (1%-3%).

• H LA association. The o d d s  ra tio  (relative risk) for p ersons 
w ith  HLA-DR2 o r HLA-DR3 is 2 to 3, a n d  if bo th  h ap 
lo types are  p resen t, the risk  is ab o u t 5.

• Other genes. G enetic deficiencies o f classical p a th w ay  
com plem en t p ro te ins, especially  C1q, C2, or C4, a re  seen 
in  ab o u t 10% of p a tien ts  w ith  SLE. The com plem en t 
deficiencies m ay  resu lt in  defective c learance o f im m u n e  
com plexes a n d  apop to tic  cells, a n d  fa ilu re  of B-cell toler
ance. A  p o ly m o rp h ism  in  the inh ib ito ry  Fc recep tor, 
FcyRIIb, has  been  described  in  som e patien ts; th is m ay 
con tribu te  to in ad eq u a te  contro l of B-cell activation . 
A d d itio n a l genes have  been  im p licated  by genom e
w id e  associa tion  stud ies, b u t their con trib u tio n  to  the 
d ev e lo p m en t of the  d isease rem ains unclear.

E n v ir o n m e n t a l  F a c to r s

There a re  m an y  ind ications th a t en v iro n m en ta l factors also
are  invo lved  in  the pa thogenesis  o f SLE.
• E xposure  to  UV lig h t exacerbates the  d isease in  m any  

in d iv idua ls . UV irrad ia tio n  m ay  induce  ap o p to sis  and  
a lso  m ay  alte r D N A  a n d  m ake  it im m unogen ic , p e rh ap s
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by en hancing  its recogn ition  by  TLRs. In  ad d itio n , UV 
ligh t m ay  m o d u la te  the im m u n e  response, for exam ple, 
by s tim u la tin g  k eratinocy tes to p ro d u ce  IL-1, a cytokine 
th a t p rom otes  inflam m ation .

• The gen d er b ias o f SLE is p a rtly  a ttrib u tab le  to  actions 
of sex h o rm ones a n d  p artly  re la ted  to  genes on  the  X 
chrom osom e, in d e p e n d e n t o f ho rm o n e  effects.

• D ru g s such  as hyd ra laz ine , p roca inam ide , an d  
D -penicillam ine can  induce  a n  SLE-like d iso rder.

Im m u n o lo g ic  F a c t o r s

R ecent s tud ies  in  an im al m odels  an d  p a tien ts  have  revealed  
several im m unolog ic  aberra tions th a t collectively m ay  
resu lt in  the p e rsis ten t a n d  u n con tro lled  activa tion  of self
reactive lym phocytes.
• Failu re  of self-tolerance in  B cells resu lts  from  defective 

e lim ination  of self-reactive B cells in  the bone m arro w  
or defects in  p e rip h e ra l to lerance m echanism s.

• CD4+ he lp er T cells specific for nucleosom al an tigens 
a lso  escape to lerance a n d  con tribu te  to  the p ro d u c tio n  
of h igh-affin ity  p a thogen ic  au toan tibod ies . The au to an 
tibod ies in  SLE show  characteristics o f T ce ll-d e p e n d e n t 
an tibod ies  p ro d u c e d  in  germ inal centers, a n d  increased  
n u m b ers  o f fo llicular h e lp e r T  cells have  been  detected  
in  the b lood  of SLE patien ts.

• T ype I in terferons. B lood cells show  a strik ing  m olecu lar 
s ig n a tu re  th a t ind icates exposu re  to  in te rfe ro n -a  (IFN- 
a ), a type  I in te rferon  th a t is p ro d u c e d  m ain ly  by p las- 
m acy to id  DCs. Som e stud ies  have  sh o w n  th a t such  cells 
from  SLE p a tien ts  p ro d u ce  abno rm ally  large  am o u n ts  
of IFN -a.

• TLR signals. S tud ies in  an im al m odels have  sh o w n  th a t 
TLRs th a t recognize D N A  a n d  RNA, no tab ly  the D N A - 
recogn iz ing  TLR9 a n d  the R N A -recognizing  TLR7, 
p ro d u ce  signals th a t activate  B cells specific for self 
nuclear an tigens.

• O th e r cy tokines th a t m ay  p lay  a role in  u n reg u la ted  
B-cell ac tiva tion  inc lude  the TNF fam ily  m em ber BAFF, 
w h ich  p ro m o tes  su rv iva l o f B cells. In  som e p a tien ts  and  
an im al m odels, increased  p ro d u c tio n  of BAFF has been 
repo rted , a n d  th is has led  to  m o d est success of a n  an ti
body  th a t blocks BAFF as a  th e rap y  for SLE.

A  M o d e l  f o r  t h e  P a th o g e n e s is  o f  S L E

It is clear from  th is d iscussion  th a t the im m unolog ic  abno r
m alities in  SLE—b o th  d o cu m en ted  a n d  p o s tu la te d —are 
varied  a n d  com plex. N evertheless, a n  a tte m p t can  be m ade  
to syn thesize  resu lts  from  h u m a n  stud ies  a n d  an im al 
m odels in to  a hypo the tica l m o d e l o f the  p a thogenesis of 
SLE (Fig. 5.23). UV irrad ia tio n  a n d  o ther env ironm en ta l 
in su lts  lead  to  the ap o p to sis  of cells. In ad eq u a te  clearance 
of the  nucle i of these cells resu lts  in  a large  b u rd e n  of 
nuclear an tigens. U n d erly in g  abnorm alities in  B ly m p h o 
cytes a n d  T lym phocy tes are responsib le  for defective tol
erance, because of w h ich  self-reactive lym phocy tes su rv ive  
an d  rem ain  functional. These lym phocy tes are  stim u la ted  
by nuclear self an tigens, a n d  an tibod ies are p ro d u ced  
aga in st the  an tigens. C om plexes of the  an tigens a n d  an ti
bod ies b in d  to  Fc recep to rs on  B cells an d  den d ritic  cells, 
an d  m ay  be in te rna lized . The nucleic acid  com ponen ts 
engage TLRs an d  stim u la te  B cells to  p ro d u ce  m ore au to 
an tibod ies. TLR stim uli also  activate  d en d ritic  cells to
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Fig. 5.23 Model for the pathogenesis of systemic lupus erythematosus. In 
this hypothetical model, susceptibility genes interfere with the maintenance 
of self-tolerance, and external triggers lead to persistence of nuclear antigens. 
The result is an antibody response against self nuclear antigens, which is 
amplified by the action of nucleic acids on dendritic cells (DCs) and B cells, 
and the production of type I interferons. T L R s , Toll-like receptors.

p ro d u ce  in te rferons a n d  o ther cytokines, w h ich  fu rth e r 
enhance the im m u n e  response  an d  cause m ore apop tosis . 
The n e t re su lt is a cycle of an tig en  release a n d  im m u n e  
activation  re su ltin g  in  the p ro d u c tio n  of h igh-affin ity  
au toan tibod ies.

M e c h a n is m s  o f  T is s u e  In ju r y

D ifferen t au to an tib o d ies  a re  the cause of m o st o f the lesions 
of SLE.
• M ost o f the system ic lesio n s are caused by im m une  

com plexes (type III hypersensitiv ity). D N A -anti-D N A  
com plexes can  be de tected  in  the g lom eru li a n d  sm all 
b lood  vessels. Low  levels o f se ru m  com plem en t (sec
o n d a ry  to  co n su m p tio n  of co m plem en t p ro te ins) and  
g ran u la r deposits  of com plem en t a n d  im m unog lobu lin s  
in  the g lom eru li fu rth e r su p p o rt the im m u n e  com plex 
n a tu re  o f the disease. T  cell in filtra tes are also  frequen tly
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seen  in  the k idneys, b u t the  role o f these cells in  tissue 
dam ag e  is n o t estab lished .

• A u toantibod ies o f d ifferent specificities contribute to  
the pathology and clin ical m anifestations o f SLE (type 
II hypersensitiv ity). A u toan tibod ies  specific for red  
b lood  cells, w h ite  b lood  cells, a n d  p la te le ts  opson ize  
these cells a n d  p ro m o te  the ir phagocytosis, re su ltin g  in  
cy topenias. T here is no  evidence th a t A N A s, w h ich  are  
in vo lved  in  im m u n e  com plex form ation , can  p en e tra te  
in tac t cells. If cell nucle i are exposed, how ever, the 
A N A s can  b in d  to them . In  tissues, nuclei of dam aged  
cells react w ith  A N A s, lose the ir ch ro m atin  p a tte rn , and  
becom e hom ogeneous, p ro d u c in g  so-called "LE bodies" 
o r hem atoxy lin  bodies. R elated  to  th is p h en o m en o n  are 
LE cells, w h ich  are read ily  seen w h e n  b lood  is ag ita ted  
in  v itro . A n LE cell is a phagocy te  (n eu tro p h il o r m ac
rophage) th a t has  en gu lfed  the  d e n a tu re d  n ucleus of an  
in ju red  cell. The d em o n stra tio n  of LE cells in  v itro  w as 
u se d  in  the p a s t as a test for SLE. W ith  n ew  techniques 
for detection  of A N A s, how ever, th is test is n o w  only  of 
h isto ric  in terest. Som etim es, LE cells a re  fo u n d  in  pe ri
card ia l o r p leu ra l effusions in  patien ts.

• Anti-phospholipid antibody syndrome. P atien ts w ith  an ti
p h o sp h o lip id  an tibod ies m ay  develop  venous a n d  arte 
rial th rom boses, w h ich  m ay  be associa ted  w ith  recu rren t 
sp o n tan eo u s m iscarriages a n d  focal cerebral o r ocu lar 
ischem ia. This conste lla tion  of clinical features, in  asso 
c iation  w ith  lu p u s, is re ferred  to  as the  secondary anti
phospholipid antibody syndrome. The m echan ism s of 
th rom bosis a re  n o t defined, a n d  an tibod ies ag a in st clot
ting  factors, p latelets, a n d  endo the lia l cells have  all been 
p ro p o se d  as be ing  responsib le  for th rom bosis (C hap ter 
4). Som e p a tien ts  develop  these au to an tib o d ies  a n d  the 
clinical sy n d ro m e w ith o u t associated  SLE. They are  sa id  
to have  the primary anti-phospholipid antibody syndrome 
(C hap ter 4).

• The neuropsychiatric manifestations o f SLE have  been 
a ttr ib u ted  to  an tibod ies th a t cross the b lood-b rain  
ba rrie r a n d  react w ith  n eu ro n s o r recep to rs for various 
neu ro tran sm itte rs . H ow ever, th is is n o t estab lished  in  
all cases, an d  m echan ism s invo lv ing  o ther im m u n e  
factors, such  as cytokines, a lso  m ay  u n d e rlie  the  cogni
tive d ysfunction  a n d  o ther CNS abnorm alities th a t are 
associated  w ith  SLE.
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M O R P H O L O G Y

T h e  m o rp h o lo g ic  changes in SLE a re  e x tre m e ly  va riab le . T h e  

freq u en cy  o f individual organ in vo lvem ent is show n in Table 5 .1 2 . 

T h e  m o s t characte ris tic  lesions resu lt fro m  im m un e c o m p le x  

d ep os ition  in b lo o d  vessels, kidneys, c on nec tive  tissue, and skin.

Blood Vessels. A n  acute  n ecro tiz in g  vasculitis involving capil

laries, small a rte rie s , and a rte r io le s  m ay be p re s e n t in any tissue. 

T h e  a rte r it is  leads to  fib rin o id  necrosis o f  th e  vessel w alls . In 

chron ic  stages, vessels und ergo  fib rous  th icken in g  w ith  lum inal 

n arro w ing .

K idney. U p  to  50%  o f SLE patien ts  have clinically significant 

renal invo lvem ent, and th e  k idney v irtu a lly  always show s evidence  

o f a b n o rm a lity  if exam ined  by e le c tro n  m icroscopy and im m u 

n o flu o rescen ce . Renal invo lvem ent takes a n u m b e r o f  fo rm s, all

Table 5.12 Clinical and Pathologic Manifestations of Systemic 
Lupus Erythem atosus

C lin ica l M an ifes ta tio n P revalence in P atien ts  (% )* *

Hematologic 1 0 0

Arthritis, arthralgia, or myalgia 80-90

Skin 85

Fever 55-85

Fatigue

ooToC
O

Weight loss 60

Renal 50-70

Neuropsychiatric 25-35

Pleuritis 45

Pericarditis 25

Gastrointestinal 2 0

Raynaud phenomenon 15-40

Ocular 5-15

Peripheral neuropathy 15

^Percentages are approximate and may vary with age, ethnicity, and other factors. 
Table compiled with the assistance of Dr. Meenakshi Jolly, Rush Medical Center, 
Chicago.

o f w h ich  a re  associated w ith  th e  d ep os ition  o f im m un e c o m 

plexes w ith in  th e  g lo m e ru li. A c c o rd in g  to  th e  c u rre n tly  accep ted  

classification, six p a tte rn s  o f g lo m e ru la r disease a re  recogn ized . 

It  should be n o te d  th a t  th e re  is o verlap  w ith in  th e s e  classes and 

th a t  lesions m ay evolve fro m  o ne  class to  a n o th e r o v e r tim e . 

T hu s, th e  e x a c t percen tage  o f  p atien ts  w ith  each o f  th e  six  

classes o f  lesions is d ifficu lt to  d e te rm in e . Suffice it to  say th a t  

class I is th e  least co m m o n  and class IV  is th e  m o s t co m m o n  

p a tte rn .

• M in im a l m esangial lupus n ep h ritis  (class I) is v e ry  u n c o m 

m o n , and is c h aracte rized  by im m un e c o m p le x  d eposition  in 

th e  m esangium , iden tified  by im m u n o flu o rescen ce  and by e lec 

tro n  m icroscopy, bu t w ith o u t  s tru c tu ra l changes by light 

m icroscopy.

• M esangial p ro life ra tiv e  lupus n ep h ritis  (class II) is char

a c te rized  by mesangial cell p ro life ra tio n , o ften  accom panied  by 

accum ulation  o f  mesangial m a tr ix , and g ranu la r mesangial 

deposits o f  im m unog lobu lin  and c o m p le m e n t w ith o u t  involve

m e n t o f  g lo m e ru la r capillaries.

• Focal lupus n ep h ritis  (class III) is defined  by in vo lvem ent o f  

fe w e r than  50%  o f all g lo m e ru li. T h e  lesions m ay be segm ental 

(affecting only  a p o rtio n  o f th e  g lo m eru lu s ) o r  g lobal (involving  

th e  e n tire  g lo m eru lu s ). A ffe c ted  g lo m e ru li m ay e x h ib it swelling  

and p ro life ra tio n  o f end o th elia l and mesangial cells associated  

w ith  leuko cyte  accum ulation , capillary necrosis, and hyaline  

th ro m b i. O fte n , th e re  also is ex tra ca p illa ry  p ro life ra tio n  associ

a ted  w ith  focal necrosis and c rescen t fo rm a tio n  ( Fig. 5 .2 4 A ). 

T h e  clinical p resen ta tio n  ranges fro m  m ild h em a tu ria  and p ro 

te in u ria  to  acu te  renal insufficiency. Red b lo o d  cell casts in th e  

u rine  a re  co m m o n  w h e n  th e  disease is active . S om e patients  

progress to  diffuse g lo m e ru lo n e p h ritis .T h e  active (o r  p ro life ra 

tive ) in fla m m a to ry  lesions can heal c o m p le te ly  o r  lead to  

chron ic  global o r  segm ental g lo m e ru la r scarring.

• D iffuse lupus n ep h ritis  (class IV ) is th e  m o s t co m m o n  

and severe  fo rm  o f  lupus n ephritis . T h e  lesions a re  id en ti

cal to  th o s e  in class III, b u t d iffe r in e x te n t;  in diffuse lupus
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Fig. 5.24 Lupus nephritis. (A) Focal proliferative glomerulonephritis, with two focal necrotizing lesions at the 11 o’clock and 2 o’clock positions (H&E stain). 
Extracapillary proliferation is not prominent in this case. (B) Diffuse proliferative glomerulonephritis. Note the marked increase in cellularity throughout the 
glomerulus (H&E stain). (C) Lupus nephritis showing a glomerulus with several “wire-loop” lesions representing extensive subendothelial deposits of immune 
complexes (periodic acid-Schiff stain). (D) Electron micrograph of a renal glomerular capillary loop from a patient with SLE nephritis. Subendothelial dense 
deposits ( a r r o w h e a d s )  on basement membrane (arrow) correspond to “wire loops” seen by light microscopy. (E) Deposition of IgG antibody in a granular 
pattern, detected by immunofluorescence. (A to C, C o u r te s y  o f  D r .  H e lm u t  R e n n k e ,  D e p a r t m e n t  o f  P a th o lo g y ,  B r ig h a m  a n d  W o m e n ’s  H o s p i t a l ,  B o s to n ,  M a s s a c h u s e t t s .  

D, C o u r te s y  o f  D r .  E d w in  E ig e n b r o d t ,  D e p a r t m e n t  o f  P a th o lo g y ,  U n iv e r s i t y  o f  T e x a s , S o u th w e s te rn  M e d ic a l  S c h o o l,  D a l la s ,  T e x a s . E, C o u r te s y  o f  D r .  J e a n  O ls o n ,  D e p a r t m e n t  

o f  P a th o lo g y ,  U n iv e r s i t y  o f  C a li f o r n ia ,  S a n  F ra n c is c o ,  C a li f o r n ia . )
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n ephritis , half o r  m o re  o f  th e  g lo m e ru li a re  a ffec ted . Involved  

g lo m eru li sho w  p ro life ra tio n  o f e n d o th e lia l, mesangial, and ep i

thelia l cells (see Fig. 5 .2 4B ), w ith  th e  la tte r  p roducing  cellu lar  

crescents th a t  fill B o w m a n ’s space. Subendothelia l im m un e  

c o m p le x  deposits  may c re a te  a c ircu m feren tia l th icken ing  

o f th e  capillary  w a ll, fo rm in g  “w ire - lo o p ” s tru c tu re s  on light 

m icroscopy (see Fig. 5 .2 4 C ). Im m un e  com plexes  can be readily  

d ete c te d  by e le c tro n  m icroscopy (see Fig. 5 .2 4 D ) and im m u 

n o fluo rescence  (see Fig. 5 .2 4E ). Lesions m ay progress to  scar

ring o f g lo m e ru li. Patients w ith  diffuse g lo m e ru lo n e p h ritis  a re  

usually s ym p to m atic , show ing  h em a tu ria  as w e ll as p ro te in 

uria . H y p e rte n s io n  and m ild  to  severe renal insufficiency also  

are  c o m m o n .

• M em b ra n o u s  lupus n ep h ritis  (class V ) is ch aracte rized  by 

diffuse th icken in g  o f th e  capillary w alls  due to  d eposition  o f  

subepithelia l im m un e com plexes , s im ilar to  id iopath ic  m e m b ra 

nous nephropathy, described  in C h a p te r  14. T h e  im m un e c o m 

plexes a re  usually accom panied  by increased p ro d u ctio n  o f  

basem ent m e m b ra n e -lik e  m ate ria l, resu lting  in “ holes” and 

“ spikes” on s ilver stain. T h is  lesion is usually accom panied  by 

severe p ro te in u ria  o r  n ep h ro tic  syn d ro m e, and may o cc u r  

c o n c u rre n tly  w ith  focal o r  diffuse lupus n ep hritis .

• A dvanced  sclerosing lupus n ep hritis  (class V I)  is charac

te r iz e d  by sclerosis o f m o re  than  90%  o f  th e  g lo m e ru li, and 

rep resen ts  end-stage renal disease.

C hanges in th e  in te rs tit iu m  and tubu les  are  fre q u e n tly  

p resen t. Rarely, tu b u lo in te rs titia l lesions m ay be th e  d o m in a n t  

a bn orm a lity . D is c re te  im m un e com plexes  s im ilar to  th o s e  in 

g lo m e ru li a re  p re s e n t in th e  tu b u la r  o r  p e r itu b u la r capillary  base

m e n t m em branes  in m any lupus n ep hritis  patien ts . S om etim es, 

th e re  a re  w e ll-o rg a n ize d  B-cell follicles in th e  in te rs titiu m , associ

a ted  w ith  plasm a cells th a t  m ay be sources o f au to an tib o d ies .

S kin . C h ara c te r is tic  e ry th e m a  affects th e  face along th e  

bridge o f  th e  nose and cheeks (th e  b u tte r fly  rash ) in a p p ro x i

m ate ly  50%  o f p atien ts , bu t a s im ilar rash also may be seen on  

th e  e x tre m itie s  and tru n k . U rtic a ria , bullae, m acu lopapu lar  

lesions, and u lceratio ns  also occur. Exposure  to  sunlight incites  

o r  accen tuates th e  e ry th e m a . H is to log ica lly  th e  involved areas  

sho w  vacu o lar d eg eneratio n  o f  th e  basal layer o f  th e  ep iderm is  

( Fig. 5 .2 5 A ). In th e  d erm is , th e re  is variab le  edem a and perivas

c u la r in flam m atio n . Vasculitis w ith  fib rin o id  necrosis m ay be  

p ro m in e n t. Im m u n o flu o res c e n c e  m icroscopy show s deposits  o f  

im m unoglobu lin  and c o m p le m e n t a long th e  d e rm o e p id e rm a l 

jun c tio n  ( Fig. 5 .2 5B ); these  also m ay be p resen t in uninvolved skin. 

This  finding is n o t d iagnostic o f  SLE and is som etim es  seen in 

s c le ro d e rm a  and d erm atom yos itis .

Joints. Joint in vo lvem ent is typ ically  a n on eros ive  synovitis  

w ith  litt le  d e fo rm ity , w h ich  con trasts  w ith  rh e u m a to id  a rth r itis .

C e n tra l N ervo u s  S ys tem . A ltho ug h  it w as suggested in 

th e  past th a t  th e  n eu ro psych ia tric  m anifestations o f  SLE m ay be 

due to  acu te  vasculitis, in h isto logic studies o f  th e  n ervou s system  

in such patien ts , significant vasculitis is rare ly  p resen t. Instead, 

n o n in fla m m a to ry  occlusion o f small vessels by in tim al p ro life ra 

t io n  is som etim es  n o te d , w h ich  m ay be due to  end oth elia l 

dam age caused by au to an tib o d ies  o r  im m un e com plexes.

P ericard itis  and O th e r  Serosal C a v ity  In v o lv em e n t. 

In flam m atio n  o f th e  serosal lining m em b ran es  m ay be acute , 

subacute, o r  chron ic . D u rin g  th e  acu te  phase, th e  m esothelia l 

surfaces a re  som etim es  c overed  w ith  fib rin o us  e x u d a te . L a te r  

th e y  b ec o m e  th ic k e n e d , opaqu e, and coated  w ith  shaggy fib rous

Fig. 5.25 Systemic lupus erythematosus involving the skin. (A) An H&E- 
stained section shows liquefactive degeneration of the basal layer of the 
epidermis and edema at the dermoepidermal junction. (B) An immunofluo
rescence micrograph stained for IgG reveals deposits of Ig along the dermo
epidermal junction. (A, C o u r te s y  o f  D r .  J a g  B h a w a n ,  B o s to n  U n iv e r s i t y  S c h o o l o f  

M e d ic in e ,  B o s to n ,  M a s s a c h u s e t t s .  B, C o u r te s y  o f  D r .  R ic h a r d  S o n th e im e r ,  D e p a r t 

m e n t  o f  D e r m a to lo g y ,  U n iv e r s i t y  o f  T e x a s  S o u th w e s te rn  M e d ic a l  S c h o o l,  D a lla s ,  

Texas.)

tissue th a t  m ay lead to  partia l o r  to ta l o b lite ra tio n  o f  th e  serosal 

cavity. P leural and pericard ia l effusions m ay be present.

C ard iovascu lar system  in vo lvem ent m ay m anifest as 

dam age to  any layer o f th e  h e a rt. S ym ptom atic  o r  asym p to m atic  

pericard ia l in vo lvem ent is p re s e n t in up to  50%  o f patien ts . M y o 

card itis  is less co m m o n  and may cause resting tachycard ia  and 

e lectro c a rd io g ra p h ic  ab n o rm a lities . V a lv u la r (so -called  “ L ibm an 

Sacks”)  end ocard itis  w as m o re  co m m o n  p r io r  to  th e  w id e 

spread use o f  s tero ids. T h is  s te rile  end ocard itis  takes th e  fo rm  

o f single o r  m u ltip le  1- to  3 -m m  verru c o u s  deposits, w h ich  may 

fo rm  on e ith e r  surface o f any h e a r t  valve, d istinctively  on e ith e r  

surface o f th e  leaflets ( Fig. 5 .2 6 ). By com pariso n , th e  vegetations  

in in fective end ocard itis  a re  larger, w h ile  th o s e  in rh eu m atic  h e a rt  

disease (C h a p te r  11) a re  sm aller and con fined  to  th e  lines o f  

c losure  o f th e  valve leaflets.

A n  increasing n u m b e r o f patien ts  a re  affected  by co ro n ary  

a r te r y  disease m anifesting as angina o r  m yocard ia l in farction . 

T his  com plica tio n  m ay be seen in young patients  w ith  long

standing disease, and is especially p reva len t in th o s e  w h o  have 

been t re a te d  w ith  c o rtic o s te ro id s . T h e  pathogenesis o f  acceler

a ted  c o ro n a ry  a therosc leros is  is u nc lear b u t is probab ly  m u lti

fac to ria l. Risk fac to rs  fo r  a th ero sc leros is , including h yp ertens io n , 

obesity, and h yperlip idem ia , a re  m o re  c o m m o n ly  p re s e n t in SLE 

patien ts  than  in th e  p op u la tio n  a t large. In a d d itio n , im m un e
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Fig. 5.26 Libman-Sacks endocarditis of the mitral valve in lupus erythema
tosus. The vegetations attached to the margin of the thickened valve leaflet 
are indicated by a r ro w s .  ( C o u r te s y  o f  D r .  F re d  S c h o e n ,  D e p a r t m e n t  o f  P a th o lo g y ,  

B r ig h a m  a n d  W o m e n ’s  H o s p i t a l ,  B o s to n ,  M a s s a c h u s e t t s . )

com plexes  and an ti-ph osp ho lip id  antibod ies  m ay cause e n d o th e 

lial dam age and p ro m o te  atherosc leros is .

S p leen . Splenom egaly, capsular th ickening, and fo llicu lar  

hyperplasia a re  co m m o n  features . C e n tra l pen ic illia ry  a rte rie s  

m ay sho w  co n c e n tric  in tim al and s m o oth  m uscle cell hyperplasia, 

p roducing  so-called  onion-skin  lesions.

Lungs. In add ition  to  p leuritis  and accom panying  p leural 

effusions, som e cases are  c o m plica ted  by chron ic  in ters titia l 

fibrosis and secon dary  p u lm o n ary  h yp ertens io n .

O th e r  O rgans  and Tissues. LE, o r  h em a to x y lin , bodies in 

th e  b on e  m a rro w  o r  o th e r  organs a re  strong ly  indicative o f SLE. 

Lym ph nodes may be enlarged  due to  hyperplasia o f B cell fo l

licles o r  even d e m o n s tra te  n ecro tiz in g  lym phadenitis  due to  

vasculitis.

C l in ic a l  F e a tu r e s

SLE is a  h igh ly  variab le  m u ltisy stem  disease, a n d  its d iag 
nosis relies on  a conste lla tion  of clinical, serologic, an d  
m orpho log ic  find ings (see Table 5.10). It m ay  be acu te  or 
in sid io u s in  its onset. O ften, the p a tien t is a  y o u n g  w o m an  
w ith  som e or all of the fo llow ing  features: a  bu tte rfly  rash  
o n  the face; fever; p a in  w ith o u t defo rm ity  in  one o r m ore  
jo in ts; p leu ritic  chest pain ; a n d  pho tosensitiv ity . In  m any  
pa tien ts, how ever, the  p re sen ta tio n  is sub tle  a n d  puzzling , 
tak in g  fo rm s such  as fever of u n k n o w n  orig in , abno rm al 
u rin a ry  find ings, o r jo in t d isease m a sq u e rad in g  as rh eu m a 
to id  a rth ritis  o r rh eu m atic  fever. G eneric A N A s, detected  
by im m unofluorescence assays, a re  fo u n d  in  v irtua lly  
100% of patien ts, b u t these are  n o t specific for SLE. Renal 
invo lvem en t m ay  p ro d u ce  a varie ty  of find ings, inc lud ing  
h em atu ria , re d  b lood  cell casts, p ro te in u ria , a n d  n eph ro tic  
sy n d ro m e (C hap ter 14). A nem ia or th rom bocy topen ia  are

p resen tin g  m an ifesta tions in  som e p a tien ts  an d  m ay  be 
d o m in a n t clinical p rob lem s. In  o thers, neu ropsych ia tric  
m an ifesta tions in c lu d in g  psychosis o r convulsions, or cor
o n a ry  a rte ry  d isease m ay  be p ro m in en t. Infections also  are 
com m on, p resu m ab ly  because of the im m u n e  dysfunction  
th a t u n d erlie s  SLE as w ell as trea tm en t w ith  im m u n o su p 
p ressive  d rugs.

The course of SLE is variab le  a n d  u n p red ic tab le . Rare 
acu te  cases resu lt in  d e a th  w ith in  w eeks to  m onths. M ore 
often, w ith  a p p ro p ria te  therapy , SLE follow s a re lapsing  
a n d  rem ittin g  course  over a p e rio d  of y ears  o r decades. 
D u rin g  acu te  flares, increased  fo rm ation  of im m u n e  com 
p lexes resu lts  in  com plem en t activation , o ften  lead in g  to 
hypocom plem en tem ia . D isease flares a re  u sua lly  trea ted  
w ith  corticostero ids o r o th e r im m u n o su p p ress iv e  d rugs. 
E ven  w ith o u t therapy , in  som e p a tien ts  the  d isease ru n s  an  
in d o len t course for years w ith  re la tively  m ild  m anifesta 
tions, such  as sk in  changes a n d  m ild  h em atu ria . The overall 
5-year a n d  10-year su rv iva ls a re  app rox im ate ly  90% an d  
80%, respectively . The m ost com m on  causes of d e a th  are  
ren a l failu re a n d  in te rcu rren t infections. C o ronary  artery  
d isease  also  is becom ing  a n  im p o rta n t cause of death . 
P a tien ts  trea ted  w ith  ste ro id s a n d  im m u n o su p p ressiv e  
d ru g s  incu r the u su a l risks associa ted  w ith  such  therapy .

A s m en tio n ed  earlier, invo lvem en t o f sk in  a long  w ith  
m u ltisy stem  d isease is fairly  com m on  in  SLE. The follow 
in g  sections describe tw o  synd rom es in  w h ich  the  cu tane
o u s invo lvem en t is the exclusive o r m ost p ro m in e n t feature.

Chronic Discoid Lupus Erythem atosus

C hronic d isco id  lu p u s  e ry th em ato su s is a d isease  in  w h ich  
the skin  m an ifesta tions m ay  m im ic SLE, b u t system ic m ani
festa tions a re  rare. It is charac terized  by the  p resence of 
sk in  p laques, m o st o ften  o n  the  face a n d  scalp, show ing  
v ary in g  degrees of edem a, e ry them a, scaliness, follicular 
p lugg ing , a n d  sk in  a tro p h y  su rro u n d e d  by a n  e levated  
e ry th em ato u s bo rder. It p rog resses to SLE in  5% to 10% of 
patien ts, u sua lly  after m an y  years. C onversely , som e pa
tien ts w ith  SLE m ay  have  p ro m in e n t d isco id  lesions in  the 
skin. A pprox im ate ly  35% of p a tien ts  hav e  a positive  test for 
generic  A N A s, b u t an tibod ies  to  d o u b le -s tran d ed  D N A  are 
rare ly  p resen t. Im m unofluorescence s tud ies  of sk in  b iopsy  
specim ens show  dep o sitio n  of im m u n o g lo b u lin  a n d  C3 a t 
the  d e rm o ep id erm al ju n c tio n  sim ilar to  th a t in  SLE.

The te rm  subacute cutaneous lupus erythematosus refers to 
a  g ro u p  in te rm ed ia te  be tw een  SLE an d  lu p u s  e ry them ato 
sus localized  on ly  to  skin. The sk in  ra sh  in  th is d isease 
ten d s  to  be w id esp read  an d  superficial. M ost p a tien ts  have  
m ild  system ic sym ptom s sim ilar to  those in  SLE. T here is 
a  stro n g  associa tion  w ith  an tibod ies  to  the SS-A an tigen  
a n d  w ith  the HLA-DR3 genotype.

D rug-Induced  Lupus Erythem atosus

A n SLE-like sy n d ro m e m ay  develop  in  p a tien ts  receiv ing 
a varie ty  of d rugs, in c lu d in g  hyd ra laz ine , p roca inam ide , 
ison iazid , a n d  D -penicillam ine. S urprising ly , anti-TN F 
therapy , w h ich  is effective in  rh eu m ato id  a rth ritis  an d  
o ther au to im m u n e  d iseases, also  can  cause d ru g -in d u ced  
lupus. M any of these d ru g s  a re  associated  w ith  the  devel
o p m en t o f A N A s, especially  an tibod ies specific for his
tones. The d isease rem its after w ith d ra w a l o f the o ffend ing  
d rug .
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Ä S U M M A R Y

S Y S T E M IC  L U P U S  E R Y T H E M A T O S U S

• SLE is a systemic autoimmune disease caused by autoantibod
ies produced against numerous self antigens and the formation 
of immune complexes.

• The major autoantibodies, and the ones responsible for the 
formation of circulating immune complexes, are directed 
against nuclear antigens. O ther autoantibodies react with red 
blood cells, platelets, and various phospholipid-proteins 
complexes.

• Disease manifestations include nephritis, skin lesions, and 
arthritis (caused by the deposition of immune complexes), 
hematologic abnormalities (caused by antibodies against red 
cells, white cells and platelets) and neurologic abnormalities 
(caused by obscure mechanisms).

• The underlying cause of the breakdown in self-tolerance in SLE 
is unknown; non-exclusive possiblities include excessive gen
eration or persistence of nuclear antigens, in individuals with 
inherited susceptibility genes, and environmental triggers (e.g., 
UV irradiation, which results in cellular apoptosis and release 
of nuclear antigens).

Rheumatoid Arthritis

R heu m ato id  a rth ritis  is a n  au to im m u n e  d isease th a t affects 
p rim arily  the jo in ts b u t also  m ay  involve ex traarticu lar 
tissues such  as the  skin, b lood  vessels, lungs, a n d  heart. 
Because the  p rin c ip a l m an ifesta tions of the  d isease are in  
the  jo in ts, it is d iscussed  in  C h ap te r 21.

Sjögren Syndrome

Sjögren syndrom e is a chronic d isease characterized by  
dry eyes (keratoconjunctivitis sicca) and dry m outh  (xero
stomia) resu ltin g  from  im m u n olog ica lly  m ediated  
destruction o f the lacrim al and salivary glands. It occurs 
as a n  iso la ted  d iso rd e r (p rim ary  form ), also  k n o w n  as the 
sicca syndrome, o r m ore  o ften  in  associa tion  w ith  an o th er 
au to im m u n e  d isease (secondary  form ). R heum ato id  a rth ri
tis is the m o st com m on  associa ted  d iso rder, w h ile  o ther 
p a tien ts  have  SLE, po lym yositis, sc leroderm a, vasculitis, 
m ixed  connective tissue disease, o r au to im m u n e  thy ro id  
disease.

The lacrim al a n d  salivary  g lan d s characteristically  show  
dense  lym phocy tic  in filtra tion  consisting  m ain ly  of acti
v a te d  CD4+ he lp er T cells a n d  som e B cells, inc lud ing  
p lasm a  cells. Serologic s tu d ies  frequen tly  reveal au to an ti
bodies. A n tibod ies ag a in st tw o  ribonucleop ro te in  an tigens, 
SS-A (Ro) a n d  SS-B (La) (see Table 5.11), can  be de tected  in  
as m an y  as 90% of pa tien ts  by sensitive techniques. H igh  
titers o f an tibod ies  to  SS-A are  associa ted  w ith  early  d isease 
onset, longer d isease du ra tio n , an d  ex trag lan d u la r m an i
festations, such  as cu tan eo u s vascu litis a n d  neph ritis . 
These au to an tib o d ies  also  are p re se n t in  a sm aller p e rcen t
age of p a tien ts  w ith  SLE a n d  hence are  n o t d iagnostic  of 
Sjögren syndrom e. In  ad d itio n , ab o u t 75% of p a tien ts  have  
rh eu m ato id  factor (an  an tib o d y  reactive w ith  self IgG), an d  
50% to 80% of p a tien ts  have  A N A s.

P a th o g e n e s is

The p a th o g en esis  of Sjögren synd rom e rem ains obscure, 
b u t the pa th o lo g y  a n d  serology, as w ell as a n  association, 
albeit w eak , w ith  H LA  alleles, all p o in t to  activa tion  of 
au to reactive  T cells an d  B cells. The in itia ting  trigger m ay 
be a v ira l infection  of the  salivary  g lands, w h ich  causes local 
cell d e a th  a n d  release of tissue self an tigens. In  genetically  
suscep tib le  in d iv iduals , CD4+ T cells an d  B cells specific for 
these self an tig en s m ay  escape to lerance a n d  p artic ip a te  in  
im m u n e  reactions th a t lead  to  tissue dam age and , ev en tu 
ally, fibrosis. H ow ever, the  ro le  of p a rticu la r cy tokines o r T 
cell subsets, an d  the n a tu re  of the au to an tig en s recognized  
by these lym phocytes, rem ain  m ysterious.

^  M O R P H O L O G Y

Lacrimal and salivary glands are the major targets of the disease, 
but other exocrine glands, including those lining the respiratory 
and gastrointestinal tracts and the vagina, also may be involved. 
The earliest histologic finding in both the major and the minor 
salivary glands is periductal and perivascular lymphocytic infiltra
tion. Eventually the lymphocytic infiltrate becomes extensive (Fig. 
5.27), and in the larger salivary glands, lymphoid follicles with 
germinal centers may be seen. The epithelial cells lining the ducts 
may become hyperplastic and obstruct the ducts. Later there is 
atrophy of the acini, fibrosis, and hyalinization; still later in the 
course, the atrophic parenchyma may be replaced with fat. In 
some cases, the lymphoid infiltrate may be so intense as to give 
the appearance of a lymphoma. Indeed, these patients are at high 
risk for development of B-cell lymphomas of the salivary gland 
and other extranodal sites (Chapter 12). The histologic findings 
are not specific or diagnostic and may be mimicked by chronic 
sialdenitis caused by ductal obstruction due to calculi.

The lack of tears leads to  drying of the corneal epithelium, 
which becomes inflamed, eroded, and ulcerated; the oral mucosa 
may atrophy, with inflammatory fissuring and ulceration; and 
dryness and crusting of the nose may lead to ulcerations and 
even perforation of the nasal septum.

C lin ic a l  F e a tu r e s

Sjögren synd rom e occurs m ost com m only  in  w o m en  
be tw een  50 an d  60 years of age. A s m ig h t be expected , 
sy m p to m s re su lt from  in flam m atory  d estru c tio n  of the 
exocrine g lands. K eratoconjunctiv itis p ro d u ces b lu rred  
vision, b u rn ing , a n d  itching, a n d  th ick  secretions th a t accu
m u la te  in  the conjunctival sac. X erostom ia resu lts  in  diffi
culty  in  sw allow ing  solid  foods, a  decrease in  taste, cracks 
an d  fissures in  the m ou th , a n d  d ry n ess  of the buccal 
m ucosa. P aro tid  g lan d  en la rg em en t is p re sen t in  half the 
patien ts; d ryness of the  nasal m ucosa, epistaxis, recu rren t 
b ronchitis, a n d  p n eu m o n itis  a re  o ther sym ptom s. M anifes
ta tions of ex trag lan d u la r d isease a re  seen  in  one th ird  of 
p a tien ts  a n d  include synovitis, p u lm o n ary  fibrosis, an d  
p e rip h e ra l n eu ro p a th y . In  con trast to  SLE, g lom eru lar 
lesions a re  ra re  in  S jögren syndrom e. D efects of tu b u la r 
function , how ever, in c lu d in g  ren a l tu b u la r acidosis, uricos- 
u ria , a n d  p h o sp h a tu ria , o ften  are seen a n d  are associated  
w ith  tubu lo in te rs titia l n ep h ritis  (C hap ter 14). A b o u t 60% 
of p a tien ts  have  an o th er accom pany ing  au to im m u n e  dis
o rder, such  as rh eu m ato id  a rth ritis .

http://ebooksmedicine.net

http://ebooksmedicine.net


Autoimmune Diseases 159

Fig. 5.27 Sjögren syndrome. (A) Enlargement of the salivary gland. (B) Intense lymphocytic and plasma cell infiltration with ductal epithelial hyperplasia in a 
salivary gland. (A, C o u r te s y  o f  D r .  R ic h a r d  S o n th e im e r ,  D e p a r t m e n t  o f  D e r m a to lo g y ,  U n iv e r s i t y  o f  T e x a s  S o u th w e s te rn  M e d ic a l  S c h o o l,  D a lla s ,  T e x a s . B, C o u r te s y  o f  D r .  

D e n n is  B u rn s ,  D e p a r t m e n t  o f  P a th o lo g y ,  U n iv e r s i t y  o f  T e x a s  S o u th w e s te rn  M e d ic a l  S c h o o l,  D a l la s ,  T e x a s .)

Ä s U M M A R Y

S J Ö G R E N  S Y N D R O M E

• Sjögren synd ro m e is an in fla m m a to ry  disease th a t  p rim a rily  

affects th e  salivary and lacrim al glands, causing dryness o f th e  

m o u th  and eyes.

• T h e  disease is believed to  be caused by an a u to im m u n e  T-cell 

reaction  against an u n kn o w n  self antigen expressed  in these  

glands, o r  im m un e reactions against th e  antigens o f a v irus th a t  

infects th e  tissues.

Systemic Sclerosis (Scleroderma) * •

System ic sclerosis is  an im m unologic disorder character
ized  by excessive fibrosis in  m ultip le tissu es, obliterative  
vascular d isease, and ev idence o f autoim m unity, m ainly  
the production o f m u ltip le  autoantibodies. A lthough  
the  te rm  scleroderma is in g ra in ed  in  clinical m edicine, 
the  nam e systemic sclerosis is p re fe rred  because excessive 
fibrosis is seen  in  m u ltip le  o rgans. C u tan eo u s involve
m en t is the u su a l p resen tin g  m an ifesta tion  a n d  even tua lly  
a p p ea rs  in  app rox im ate ly  95% of cases, b u t it is the v isceral 
in v o lv e m e n t—of the gastro in testina l tract, lungs, k idneys, 
heart, a n d  skeletal m uscles — th a t is responsib le  for m ost of 
the  m o rb id ity  a n d  m orta lity . D isease lim ited  to  the sk in  is 
a lso  called  localized scleroderma.

System ic sclerosis is classified in to  tw o g ro u p s  on  the 
basis of its course:
• Diffuse systemic sclerosis, charac terized  by in itial w id e 

sp read  skin  invo lvem ent, w ith  ra p id  p ro g ressio n  and  
early  v isceral invo lvem en t

• Limited systemic sclerosis, w ith  re la tively  m ild  skin 
invo lvem ent, o ften  confined  to  the fingers a n d  face. 
Invo lvem en t o f the v iscera occurs late, so the d isease 
generally  fo llow s a fairly  ben ig n  course. This p resen ta 
tion  also  is called  CREST syndrome because of its frequen t 
fea tu res  o f calcinosis, R ay n au d  p h enom enon , esopha 
geal dysm otility , sclerodactyly , a n d  telangiectasia.

P a th o g e n e s is

The cause of system ic sclerosis is n o t know n , b u t the  
d isease lik e ly  resu lts from  three interrelated processes — 
autoim m une responses, vascular dam age, and collagen  
d ep osition  (Fig. 5.28).
• A utoim m unity . It is p ro p o sed  th a t CD4+ T cells re sp o n d 

in g  to  an  as y e t u n id en tified  an tig en  accum ula te  in  the 
sk in  a n d  release cy tok ines th a t activate  in flam m atory  
cells a n d  fibroblasts. A lth o u g h  in flam m atory  in filtrates 
in  the affected  sk in  typically  a re  sparse, they  inc lude  
ac tiva ted  CD4+ TH2 cells. Several cytokines, in c lu d in g  
IL-13 p ro d u c e d  by  TH2 cells a n d  TGF-ß p ro d u c e d  by 
m acrophages a n d  o th e r cell types, stim ula te  syn thesis 
of co llagen a n d  ex tracellu lar m atrix  p ro te in s  (e.g., fibro- 
nectin) in  fibroblasts. O ther cy tokines rec ru it leukocytes 
an d  p ro p ag a te  the chronic inflam m ation .

The p resence of various au toan tibod ies , no tab ly  
A N A s, p ro v id es d iagnostic  a n d  p rognostic  in form ation . 
It has  been  p o stu la ted  th a t these an tibod ies stim ula te  
fibrosis, b u t the  ev idence in  su p p o rt o f th is  id ea  is no t 
convincing.

• Vascular damage. M icrovascu lar d isease is consisten tly  
p re sen t early  in  the course  of system ic sclerosis. Telltale 
signs of endo the lia l ac tiva tion  a n d  in jury  a n d  increased  
p la te le t ac tiva tion  have  been  no ted . H ow ever, the  cause 
of the vascu lar in ju ry  is n o t know n; it cou ld  be the  ini
tia ting  ev en t o r the re su lt of chronic in flam m ation , w ith  
m ed ia to rs  re leased  by  in flam m ato ry  cells inflicting  
dam ag e  o n  m icrovascu lar en do the lium . R epeated  cycles 
of endo the lia l in ju ry  fo llow ed by p la te le t agg regation  
lead  to  release of p la te le t a n d  endo the lia l factors (e.g., 
PDGF, TGF-ß) th a t trigger endo the lia l p ro life ra tion  and  
in tim al a n d  perivascu la r fibrosis. E ventually , w id e 
sp read  n a rro w in g  of the  m icrovascu la tu re  leads to 
ischem ic in jury  a n d  scarring . The p u lm o n ary  vascu la
tu re  is frequen tly  invo lved , a n d  the re su ltin g  p u lm o 
nary  h y p erten sio n  is a  serious com plication  of the 
disease.

• Fibrosis. The p rog ressive  fibrosis characteristic  of the 
d isease m ay  be the cu lm ina tion  of m u ltip le  abno r
m alities, in c lu d in g  the accum ula tion  of a lternatively
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Fig. 5.28 A model for the pathogenesis of systemic sclerosis. Unknown external stimuli cause vascular abnormalities and immune activation in genetically 
susceptible individuals, and both contribute to the excessive fibrosis.

ac tiva ted  m acrophages, actions of fibrogenic cy tokines 
p ro d u c e d  by in filtra ting  leukocytes, h y p erresp o n siv e 
ness o f fib roblasts to these  cytokines, a n d  scarring  fol
low ing  ischem ic dam age  caused  by the  vascu lar lesions. 
S tud ies w ith  cu ltu red  fibrob lasts from  p a tien ts  have  
suggested  a n  in trinsic  ab n o rm ality  th a t causes the cells 
to  p ro d u ce  excessive am o u n ts  o f collagen.

M O R P H O L O G Y

In system ic sclerosis, th e  m o s t p ro m in e n t changes o cc u r in th e  

skin, a lim e n ta ry  tra c t, m usculoskeletal system , and kidney, but 

lesions also a re  o ften  p re s e n t in th e  b lo o d  vessels, h e a rt, lungs, 

and p erip h e ra l nerves.

S kin . M o s t p atien ts  have diffuse fibrosis o f  th e  skin and 

associated atrophy, w h ich  usually begins in th e  fingers and distal 

regions o f  th e  u p p e r e x tre m itie s  and ex ten ds  p ro x im a lly  to  

involve th e  u p p e r arm s, shoulders , n eck, and face. Edem a and  

p erivascu lar in filtra tes  con tain ing  C D 4 +  T  cells a re  seen, to g e th e r  

w ith  sw elling and d eg eneratio n  o f collagen fibers , w h ich  b ec o m e  

eosinophilic . C ap illaries  and small a rte rie s  (1 5 0 -5 0 0  p,m in d iam 

e te r )  m ay sho w  th icken in g  o f  th e  basal lam ina, end oth elia l 

dam age, and p artia l occlusion . W it h  disease progression , th e re  is 

increasing fibrosis o f th e  d erm is , w h ich  b ecom es tigh tly  bound  

to  th e  subcutaneous s tru c tu res . Fibrosis o ften  is accom panied  by 

th inn ing  o f th e  e p id erm is , loss o f  re te  pegs, a tro p h y  o f th e  d erm al 

appendages, and hyaline th icken in g  o f th e  w alls  o f  d erm a l a r te r i 

o les and capillaries ( Fig. 5 .2 9B ). Subcutaneous calcifications may 

develop, especially in patien ts  w ith  C R E S T  syn d ro m e. In advanced  

stages th e  fingers ta k e  on a ta p e re d , c law like  appearance  and 

have lim ited  jo in t  m ob ility , and th e  face b ecom es a d raw n  m ask. 

Loss o f  b lo o d  supply m ay lead to  cutaneous u lceratio ns  and  

a tro p h ic  changes ( Fig. 5 .2 9 C ) o r  even au to am p u ta tio n  o f th e  

te rm in a l phalanges.

A lim e n ta r y  T ra c t. T h e  a lim e n ta ry  t ra c t  is a ffec ted  in 

a p p ro x im a te ly  90%  o f  patien ts . Progressive a tro p h y  and fib rous  

re p la ce m e n t o f th e  m uscularis m ay develop  a t any level o f th e  

gut b u t a re  m o s t severe in th e  esophagus. T h e  lo w e r tw o  th irds  

o f th e  esophagus o ften  develops a ru b b e r-h o s e -lik e  inflexibility.

T h e  associated dysfunction o f th e  lo w e r  esophageal sph inc te r  

gives rise to  gastroesophageal re flu x  and its com plications, 

including B a rre tt  m etaplasia (C h a p te r  15) and s tric tu res . T h e  

m ucosa is th in n e d  and m ay u lc e ra te , and th e re  is excessive col- 

lagenization o f th e  lam ina p ro p ria  and subm ucosa. Loss o f villi 

and m icrov illi in th e  small b o w e l is th e  ana tom ic  basis fo r  a 

m alab so rp tion  s ynd ro m e th a t  som etim es is e n c o u n te re d .

M usculoskeleta l S ys tem . In flam m atio n  o f  th e  synovium , 

associated w ith  synoviocyte  h yp ertro ph y , is co m m o n  in th e  early  

stages; fibrosis la te r  ensues. T h e s e  changes a re  rem in iscen t o f  

rh e u m a to id  a rth r itis , b u t jo in t  d es tru c tio n  is n o t co m m o n  in 

system ic sclerosis. In a small subset o f  patien ts  (ap p ro x im ate ly  

10% ), in fla m m a to ry  m yositis indistinguishable fro m  polym yositis  

m ay develop.

Kidneys. Renal abn o rm a lities  o cc u r in tw o -th ird s  o f patients . 

T h e  m o s t p ro m in e n t a re  th e  vascu lar lesions. In te r lo b u la r  a r te r 

ies sho w  intim al th icken ing  as a resu lt o f  d eposition  o f  m ucinous  

m a te ria l con tain ing  g lyco pro te ins  and acid m ucopolysaccharides  

and co n c e n tric  p ro life ra tio n  o f  in tim al cells. T h ese  changes 

resem b le  th o s e  seen in m alignant h yp ertens io n , b u t in system ic  

sclerosis th e  a lte ra tio n s  a re  re s tric ted  to  vessels 150 to  5 0 0  p,m 

in d ia m e te r  and a re  n o t  always associated w ith  h yp ertens io n . 

H y p e rte n s io n , h ow ever, does o cc u r in 30%  o f  patien ts , and in 

2 0 %  it takes an o m inously  rapid, d ow n h ill cou rse  (m alignant 

h yp e rte n s io n ). In h yp ertens ive  patien ts , vascu lar a lte ra tio n s  are  

m o re  p ro n o u n c ed  and a re  o ften  associated w ith  fib rin o id  n e c ro 

sis o f  a rte r io le s  th a t  can lead to  th ro m b o s is  and in farc tion . Such 

patients  o ften  die o f  renal fa ilu re , w h ich  accounts fo r  a b o u t 50%  

o f deaths. T h e re  a re  no specific g lo m e ru la r  changes.

Lungs. T h e  lungs a re  affec ted  in m o re  than  50%  o f cases.This  

in vo lvem ent may m anifest as p u lm o n ary  hyp ertens io n  and in te r

stitial fibrosis. P u lm o n ary  vasospasm  secon dary  to  end oth elia l 

dysfunction is con s idered  im p o rta n t in th e  pathogenesis o f  pul

m o n a ry  h yp ertens io n . P u lm o nary  fibrosis, w h e n  p resen t, is indis

tinguishable fro m  th a t  seen in id iopath ic  p u lm o n ary  fibrosis  

(C h a p te r  13).

H e a r t .  P ericard itis  w ith  effusion, m yocard ia l fibrosis, and 

th icken in g  o f  in tram yocard ia l a rte r io le s  o c c u r in o n e  th ird  o f  

patien ts . Because o f  th e  changes in th e  lung, right v e n tric u la r  

h y p e rtro p h y  and fa ilu re  (c o r  pu lm o n ale ) a re  fre q u e n t.
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Fig. 5.29 Systemic sclerosis. (A) Normal skin. (B) Skin biopsy from a patient with systemic sclerosis. Note the extensive deposition of dense collagen in the 
dermis, the virtual absence of appendages (e.g., hair follicles), and foci of inflammation ( a r r o w ) . (C) The extensive subcutaneous fibrosis has virtually immobilized 
the fingers, creating a clawlike flexion deformity. Loss of blood supply has led to cutaneous ulcerations. (C, C o u r te s y  o f  D r .  R ic h a r d  S o n th e im e r ,  D e p a r t m e n t  o f  

D e r m a to lo g y ,  U n iv e r s i t y  o f  T e x a s  S o u th w e s te r n  M e d ic a l  S c h o o l,  D a lla s ,  T e x a s .)

C lin ic a l  F e a tu r e s

System ic sclerosis has  a fem ale-to-m ale ra tio  o f 3 : 1 a n d  a 
p eak  incidence in  the 50- to  60-year age g roup . A lth o u g h  
system ic sclerosis shares fea tu res  w ith  SLE, rh eu m ato id  
a rth ritis  (C hap ter 21), a n d  po lym yositis  (C hap ter 22), it is 
d is tin g u ish ed  by the strik ing  cu taneous changes, no tab ly  
skin  th ickening . R ay n au d  p h enom enon , caused  by  ep i
sodic vasoconstric tion  of the  a rte ries a n d  arterio les of the 
extrem ities, is seen  in  v irtua lly  all p a tien ts  an d  p recedes 
o th e r sym ptom s in  70% of cases. P rogressive  collagen 
dep o sitio n  in  the  sk in  leads to  increasing  stiffness, espe
cially o f the h an d s, w ith  even tua lly  com plete  im m obiliza 
tion  of the  jo in ts. N ailfo ld  cap illary  loops are  d is to rted  
early  in  the disease, a n d  la te r d isappear. D ysphag ia  a ttrib 
u tab le  to  esophageal fibrosis an d  its re su lta n t hypom otility  
a re  p re sen t in  m ore  th an  50% of pa tien ts. E ventually , 
d estru c tio n  of the esophageal w all leads to  a to n y  a n d  d ila 
tion, especially  a t its low er end . A bdom inal pain , in testina l 
obstruction , o r m a lab so rp tio n  synd rom e reflect involve
m en t o f the  sm all in testine. R esp ira to ry  difficulties caused  
by the  p u lm o n ary  fibrosis m ay  re su lt in  r ig h t-s id ed  card iac

dysfunction , a n d  m yocard ia l fibrosis m ay  cause e ither 
a rrh y th m ias  or card iac  failure. M ild  p ro te in u ria  occurs in  
as m an y  as 30% of patien ts, b u t ra re ly  is severe en o u g h  to 
cause  n ep h ro tic  syndrom e. The m ost om in o u s m an ifesta 
tion  is m alig n an t h ypertension , w ith  the  su b seq u en t devel
o p m e n t of fa ta l ren a l failu re (C hap ter 14), b u t in  its absence 
p ro g ressio n  of the d isease m ay  be slow . In  m o st pa tien ts  
the d isease  p u rsu e s  a s teady  d o w n h ill course  o ver the sp an  
of m an y  years, a lth o u g h  life sp an  is im p ro v in g  w ith  be tte r 
trea tm en t of the com plications. The d isease  ten d s to  be 
m ore  severe in  blacks, especially  b lack w om en . As trea t
m en t of the rena l com plications has im proved , p u lm o n ary  
a n d  card iac com plications hav e  becom e the m ajor cause of 
death .

V irtually  all p a tien ts  have  A N A s th a t react w ith  a 
va rie ty  of n uc lear an tigens (see Table 5.11). Tw o A N A s are  
s trong ly  associated  w ith  system ic sclerosis. O ne directed  
ag a in st D N A  topo isom erase  I (anti-Scl 70) is h igh ly  specific 
and  is associated  w ith  a  g rea ter likelihood  of p u lm o n ary  
fibrosis and  p e rip h e ra l v ascu lar d isease. The o ther, a n  an ti
cen trom ere  an tibody , is associated  w ith  a h igher likelihood
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of CREST syndrom e. P atien ts w ith  th is synd rom e have  
re la tively  lim ited  sk in  disease, o ften  confined  to  fingers, 
fo rearm s a n d  face, a n d  subcu tan eo u s calcifications. 
Invo lvem en t of the viscera, in c lu d in g  esophageal lesions, 
p u lm o n ary  h ypertension , a n d  b iliary  cirrhosis, m ay  n o t 
occur a t all o r occur late. In  general, these p a tien ts  live 
longer th a n  those w ith  system ic sclerosis w ith  d iffuse vis
ceral invo lvem en t from  the outset.
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l S U M M A R Y

S Y S T E M IC  S C L E R O S IS

• System ic sclerosis (co m m o n ly  called scleroderma) is ch aracte r

ized by progressive fibrosis involving th e  skin, gastro in testina l 

tra c t, and o th e r  tissues.

• Fibrosis m ay be th e  resu lt o f  ac tiva tion  o f  fibrob lasts  by c y to 

kines p ro du ced  by T  cells, bu t w h a t triggers  T  cell responses  

is u nkn o w n .

• E ndothelia l in ju ry  and m icrovascu lar disease a re  co m m o n ly  

p re s e n t in th e  lesions o f system ic sclerosis, perhaps causing 

chron ic  ischem ia, b u t th e  pathogenesis o f vascu lar in ju ry  is n o t  

kno w n.

Inflammatory Myopathies

In flam m ato ry  m yopath ies  com prise  a n  uncom m on, he t
e rogeneous g ro u p  of d iso rd ers  charac terized  by in ju ry  
an d  in flam m ation  of m ain ly  the skeletal m uscles th a t are  
p ro b ab ly  im m unolog ically  m ed ia ted . Based o n  clinical, 
m orphologic , a n d  im m unolog ic  features, th ree  d iso rd ers  — 
polym yositis, derm atom yositis , a n d  inclusion  body  
m y o s itis—have  been  described . Each m ay  occur alone or 
w ith  o ther im m u n e-m ed ia ted  d iseases, p articu larly  sys
tem ic sclerosis. These d iseases a re  described  in  C h ap te r 22.

Mixed Connective Tissue Disease

M ixed connective tissue d isease is a d iso rd e r w ith  clinical 
fea tu res  th a t overlap  those  of SLE, system ic sclerosis, an d  
po lym yositis. The d isease is charac terized  serologically  by 
h ig h  titers of an tibod ies to  U1 ribonucleopro te in . Typically, 
it p resen ts  w ith  synovitis of the  fingers, R ay n au d  p h en o m 
enon, a n d  m ild  m yositis. R enal invo lvem en t is m odest, an d  
there  is a  favorab le response  to  corticostero ids, a t least in  
the sh o rt term . Because these clinical fea tu res are shared  
w ith  o ther d iseases, m ixed  connective tissue d isease m ay 
n o t be a  d istinc t en tity , a n d  in  fact it m ay  evolve over tim e 
in to  classic SLE or system ic sclerosis. H ow ever, p rog res 
sion to  o th e r au to im m u n e  d iso rd ers  is n o t un iversa l, an d  
there  m ay  be a fo rm  of m ixed  connective tissue d isease  th a t 
is d istinc t from  o ther au to im m u n e  diseases. Serious com 
p lications of m ixed  connective tissue d isease inc lude  p u l
m o n ary  h ypertension , in te rstitia l lu n g  disease, a n d  renal 
disease.

Polyarteritis Nodosa and O ther Vasculitides

P olyarteritis n o d o sa  belongs to  a g ro u p  of d iso rd ers  char
ac terized  by necro tiz ing  in flam m ation  o f the w alls  o f b lood

vessels th a t show  stro n g  evidence o f a n  im m unolog ic  basis. 
A ny  type  of vessel m ay  be in v o lv e d -a r te r ie s , arterio les, 
veins, o r capillaries. These vascu litides a re  d iscussed  in  
C h ap te r 10.

IgG4-Related Disease

IgG 4-related d isease (IgG4-RD) is a n ew ly  recognized  
constella tion  o f fibro-inflam m atory disorders character
ized  b y  tissu e  infiltrates rich in  IgG4 antibody-producing  
plasm a cells and lym phocytes, particularly T cells , associ
ated w ith  fibrosis and obliterative p h leb itis  (Fig. 5.30). 
The d iso rd e r is often, b u t n o t alw ays, associa ted  w ith  ele
v a te d  se ru m  IgG4 concentra tions. Increased  n u m b ers  of 
IgG 4-producing  p lasm a  cells in  tissue are  a  sine q u a  non  
of th is d iso rder. IgG 4-related  d isease has n o w  been 
described  in  v irtu a lly  every  o rg an  system , in c lu d in g  the 
b iliary  tree, salivary  g lands, perio rb ita l tissues, k idneys, 
lungs, ly m p h  nodes, m eninges, aorta , breast, p rosta te , 
thy ro id , p e ricard ium , a n d  skin. M any cond itions long  
v iew ed  as d iso rd ers  of single o rgans are  n o w  p a r t of the 
IgG4-RD spectrum . These inc lude  M ikulicz syndrome 
(en largem en t a n d  fibrosis o f sa livary  a n d  lacrim al g lands), 
Riedel thyroiditis, idiopathic retroperitoneal fibrosis, auto
im m une pancreatitis, a n d  inflammatory pseudotumors of the 
orbit, lungs, a n d  k idneys, to  nam e a few . The d isease m ost 
o ften  affects m id d le -ag ed  an d  o lder m en.

The pa thogenesis  of th is cond ition  is n o t u n d ers to o d , 
an d  a lth o u g h  IgG4 p ro d u c tio n  in  lesions is a  ha llm ark  of 
the disease, it is n o t k n o w n  if th is an tib o d y  type  con tribu tes 
to  the  patho logy . The key role o f B cells is su p p o rte d  by 
clinical tria ls in  w h ich  d ep le tion  of B cells by  anti-B -cell 
reag en ts  such  as r itux im ab  p ro v id e d  clinical benefit.

REJECTION OF TRANSPLANTS

A m ajor b a rrie r to  tran sp lan ta tio n  is the p rocess o f rejection, 
in  w h ich  the rec ip ien t's  im m u n e  system  recognizes the 
graft as fo re ign  a n d  a ttacks it. The key to  successful trans
p lan ta tio n  has been  the d ev e lo p m en t o f therap ies th a t 
p rev en t o r m in im ize rejection. T ran sp lan t rejection is d is
cussed  here  because it invo lves several of the im m unolog ic  
reactions th a t u n d e rlie  im m u n e-m ed ia ted  in flam m atory  
diseases.

Recognition and Rejection of Allografts

R ejection is a process in  w h ich  T lym phocytes and anti
b od ies produced against graft antigens react against and  
destroy the grafts. W e nex t d iscuss how  th is occurs.

Recognition o f  G ra ft Alloantigens

The major antigenic d ifferences b etw een  a donor and  
recip ient that result in  rejection o f transplants are differ
ences in  HLA a lle les. G rafts exchanged  be tw een  in d iv id u 
als of the sam e species are called  allografts. Because H LA  
genes are h igh ly  po lym orph ic , there  are a lw ays som e dif
ferences be tw een  in d iv id u a ls  (except, o f course, iden tical 
tw ins). Fo llow ing  tran sp lan ta tio n , the rec ip ien t's  T cells 
recognize d o n o r an tigens from  the  g raft (the allogeneic 
an tigens, o r alloan tigens) by  tw o  p a th w ay s. The g raft
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Fig. 5.30 IgG4-related disease: representative lesions. (A) Bile duct showing sclerosing cholangitis. (B) Sclerotic area of the bile duct with storiform fibrosis. 
(C) Submandibular gland with infiltrates of lymphocytes and plasma cells and whorls of fibrosis. (D) Section of an involved lacrimal gland stained with an 
antibody against IgG4, showing large numbers of IgG4-producing plasma cells. (F ro m  K a m is a w a  T, Z e n  Y, P i l la i S, e t  a l :  I g G 4 - r e la t e d  d is e a s e . Lancet 3 8 5 : 1 4 6 0 , 2 0 1 5 . )

an tig en s are e ither p re sen ted  d irectly  to rec ip ien t T cells by 
g raft A PCs, o r the graft an tigens a re  p icked  u p  by  ho st 
A PCs, p rocessed  (like any  o th e r fo reign  an tigen), a n d  p re 
sen ted  to  h o st T cells. These are  called  the  d irec t an d  ind i
rec t p a th w ay s  of recogn ition  of a lloan tigens. B oth lead  to 
the  activa tion  of C D 8 + T cells, w h ich  develop  in to  CTLs, 
a n d  CD4+ T cells, w h ich  becom e cy tok ine-p roducing  effec
to r cells, m ain ly  TH1 cells. W e do  n o t know  the relative 
im portance  of these p a th w ay s  in  the rejection of allografts. 
The d irec t p a th w a y  m ay  be m o st im p o rta n t for CTL- 
m ed ia ted  acu te  rejection, a n d  the in d irec t p a th w a y  m ay 
p lay  a g rea ter ro le  in  chronic rejection, described  later.

The frequency  of T cells th a t can  recognize the foreign 
an tigens in  a g raft is m u ch  h ig h er th a n  the frequency  of T 
cells specific for an y  m icrobe. For th is reason , im m u n e  
responses to  allografts are s tronger th a n  responses to 
pa thogens. P red ictab ly , these s trong  reactions can  destroy  
grafts rap id ly , a n d  their con tro l req u ires  p o w erfu l im m u 
no su p p ressiv e  agents.

M ech an ism s o f  G ra ft Rejection

Graft rejection is classified  into hyperacute, acute, and  
chronic, on  the basis o f clin ical and pathologic features .
This classification w as d ev ised  by n eph ro log is ts  an d  
pa tho log ists  based  on  rejection  of k id n ey  allografts, and  
has stood  the test o f tim e rem arkab ly  w ell. Each type  of 
rejection is m ed ia ted  by a p a rticu la r k in d  of im m u n e  
response. In  the fo llow ing  d iscussion , the  desc rip tion  of the 
m orpho logy  of rejection is lim ited  to  k idney  allografts, b u t 
sim ilar changes a re  seen  in  o th e r o rg an  transp lan ts.
• H yperacute rejection is m ediated  by preform ed anti

b od ies specific for antigens on  graft endothelia l c e lls . 
The p re fo rm ed  an tibod ies  m ay  be n a tu ra l IgM  an ti
bod ies specific for b lood  g ro u p  an tigens, o r m ay  be 
an tibod ies  specific for allogeneic M H C  m olecules th a t 
w ere  in d u ced  by  p rio r exposu re  th ro u g h  b lood  trans
fusions, p regnancy , o r o rg an  tran sp lan ta tio n . Im m e
d ia te ly  after the g raft is im p lan ted  a n d  b lood  flow  is 
resto red , the an tibod ies  b in d  to  an tigens o n  the  g raft
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Fig. 5.31 Hyperacute rejection. (A) Deposition of antibody on endothelium and activation of complement causes thrombosis. (B) Hyperacute rejection of 
a kidney allograft showing platelet fibrin thrombi and severe ischemic injury in a glomerulus.

en d o th e liu m  a n d  activate  the  co m plem en t a n d  clo tting  
system s, lead in g  to endo the lia l in jury , th ro m b u s for
m ation , a n d  ischem ic necrosis of the graft (Fig. 5.31A). 
H y p eracu te  rejection is n o t a  com m on p rob lem , because 
every  d o n o r a n d  rec ip ien t are  m atched  for b lood 
type a n d  p o ten tia l recip ien ts are  tested  for an tibod ies 
aga in st the cells of the  p ro spec tive  dono r, a  test called  a 
cross-match.

M O R P H O L O G Y

In hyperacute rejection, the affected kidney rapidly becomes 
cyanotic, mottled, and anuric. Virtually all arterioles and arteries 
exhibit acute fibrinoid necrosis of their walls and narrowing or 
complete occlusion of their lumens by thrombi (Fig. 5.3IB). 
Neutrophils rapidly accumulate within arterioles, glomeruli, and 
peritubular capillaries. As these changes intensify and become 
diffuse, the glomerular capillaries also undergo thrombotic occlu
sion, and eventually the kidney cortex undergoes outright necro
sis (infarction). Affected kidneys are nonfunctional and have to 
be removed.

• Acute rejection is m ediated  by T cells and antibod ies  
that are activated by alloantigens in  the graft. It occurs 
w ith in  days or w eeks after tran sp lan ta tio n , a n d  is the 
p rin c ip a l cause of early  g raft failure. It also  m ay  ap p ea r 
su d d en ly  m o n th s or even  y ears later, after im m u n o su p 
p ress io n  is tap e red  or te rm inated . Based o n  the ro le  of 
T cells o r an tibod ies, acu te  rejection  is d iv id ed  in to  tw o 
types, a lth o u g h  in  m ost rejecting grafts, bo th  p a tte rn s  
are  p resen t.

In  acute cellular rejection, C D 8 + CTLs m ay  d irectly  
d estro y  graft cells, o r CD4+ cells secrete cy tokines an d  
in d u ce  in flam m ation , w h ich  d am ages the g raft (Fig. 
5.32A). T cells also  m ay  react ag a in st g raft vessels, 
lead in g  to  vascu lar dam age. C u rren t im m u n o su p p res 
sive th e rap y  is designed  m ain ly  to  p re v e n t an d  reduce  
acu te  rejection by b lock ing  the  activa tion  of a lloreactive 
T cells.

M O R P H O L O G Y

Acute cellular (T cell-mediated) rejection may produce two dif
ferent patterns of injury.
• In the tubulointerstitial pattern  (sometimes called type I), there 

is extensive interstitial inflammation and tubular 
inflammation (tubulitis) associated with focal tubular injury 
(Fig. 5.32B). As might be expected, the inflammatory 
infiltrates contain activated CD4+ and CD8+ T lymphocytes.

• The vascular pattern  shows inflammation of vessels (type II) 
(Fig. 5.32C) and sometimes necrosis of vessel walls (type III). 
The affected vessels have swollen endothelial cells, and at 
places lymphocytes are seen between the endothelium and 
the vessel wall, a finding termed endotheliitis or intimai 

arteritis. The recognition of cellular rejection is important 
because, in the absence of accompanying humoral rejection, 
most patients respond well to immunosuppressive therapy.

In  acu te  antibody-mediated (vascular o r humoral) rejec
tion, an tibod ies b in d  to  vascu lar en d o th e liu m  an d  acti
va te  com plem en t v ia  the  classical p a th w ay  (Fig. 5.33A). 
The re su lta n t in flam m ation  a n d  endo the lia l dam age 
cause g raft failure.

M O R P H O L O G Y

Acute antibody-mediated rejection is manifested mainly by 
damage to glomeruli and small blood vessels. Typically, there is 
inflammation of glomeruli and peritubular capillaries (Fig. 5.33B) 
associated with deposition of complement products, which is due 
to activation of the complement system by the antibody- 
dependent classical pathway (Fig. 5.33C). Small vessels also may 
show focal thrombosis. •

• Chronic rejection is an in d o len t form  o f graft dam age  
that occurs over m onths or years, lead in g  to progres
sive  loss o f graft function . C hronic  rejection m anifests
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Fig. 5.32 Acute cellular rejection. (A) Destruction of graft cells by T cells. Acute T cell-mediated rejection involves direct killing of graft cells by CD 8 + CTLs 
and inflammation caused by cytokines produced by CD4 T cells. (B) Acute cellular rejection of a kidney graft, manifested by inflammatory cells in the inter- 
stitium and between epithelial cells of the tubules (tubulitis). Collapsed tubules are outlined by wavy basement membranes. (C) Rejection vasculitis in a kidney 
graft. An arteriole is shown with inflammatory cells attacking and undermining the endothelium (endotheliitis) ( a r r o w ) .  ( C o u r te s y  o f  D r s .  Z o l t a n  L a s z ik  a n d  

K u a n g -Y u  J e n , D e p a r t m e n t  o f  P a th o lo g y , U n iv e r s i t y  o f  C a li f o r n ia ,  S a n  F ra n c is c o ,  C a li fo r n ia . )

as in te rstitia l fibrosis a n d  g rad u a l n a rro w in g  of g raft 
b lood  vessels (graft arteriosclerosis). In  bo th  lesions, the 
cu lp rits  a re  believed  to  be T cells th a t react ag a in st g raft 
a lloan tigens a n d  secrete cytokines, w h ich  stim ula te  the 
p ro life ra tion  a n d  activ ities of fibrob lasts an d  vascu lar 
sm ooth  m uscle cells in  the g raft (Fig. 5.34A). A lloanti- 
bod ies also  con tribu te  to  chronic rejection. A lth o u g h  
trea tm en ts  to p re v e n t o r cu rta il acu te  rejection have  
stead ily  im proved , lead in g  to  longer th a n  1 -year su r
v ival of transp lan ts , chronic rejection is refracto ry  to 
m ost the rap ies  a n d  is becom ing  the p rinc ipa l cause of 
graft failure.

^  M O R P H O L O G Y

C h ro n ic  re jec tio n  is d o m in a te d  by vascu lar changes, o ften  w ith  

in tim al th icken ing  and vascu lar occlusion ( Fig. 5 .3 4 B ). C h ro n ica lly  

re jec tin g  k idney grafts sho w  g lo m eru lo pa thy , w ith  dup lication  o f  

th e  b asem ent m e m b ra n e , likely s econ dary  to  chron ic  end oth elia l 

in ju ry  (Fig. 5 .3 4 C ) and p e ritu b u la r capillaritis w ith  m ultilayering  

o f p e r itu b u la r capillary b asem en t m em b ran es . In te rs titia l fibrosis  

and tu b u la r  a tro p h y  w ith  loss o f  renal parenchym a m ay o cc u r  

s econ dary  to  th e  vascu lar lesions ( Fig. 5 .3 4 D ). In te rs titia l m o n o 

n uc lear cell in filtra tes  a re  typ ica lly  sparse.

M eth o d s  o f  Increasing G ra ft Survival

Because H LA  m olecules are the m ajor ta rge ts in  tran sp lan t 
rejection, be tte r m atch ing  of the  d o n o r a n d  the recip ien t 
im proves g raft surv ival. H LA  m atch ing  is m ore  beneficial 
for liv ing  re la ted  k idney  tran sp lan ts  th a n  for o th e r k inds 
of transp lan ts , a n d  su rv iva l im proves w ith  increasing  
n u m b er of loci m atched . H ow ever, as d ru g s  for im m u n o 
su p p ressio n  hav e  im proved , H LA  m atch ing  is no  longer 
d one  for heart, lung , liver, a n d  islet transp lan ta tion ; in  such  
instances, the rec ip ien t o ften  n eed s a  tra n sp la n t u rg en tly  
an d  o ther considerations, such  as anatom ic com patib ility , 
are  of g rea ter im portance.

Im m u nosuppression  o f the recip ient is a necessity  in  
all organ transplantation, except in  the  case of iden tical 
tw ins. A t p resen t, d ru g s  such  as cyclosporine, the  re la ted  
FK506, m ofetil m ycopheno la te  (MMF), rapam ycin , aza th i
oprine , corticostero ids, an ti-thym ocy te  g lobulin , an d  
m onoclonal an tibod ies (e.g., m onoclonal anti-CD 3) are  
u sed . C yclosporine an d  FK506 su p p ress  T ce ll-m ed ia ted  
im m u n ity  by inh ib iting  tran sc rip tio n  of cytokine genes, in  
pa rticu la r, the  gene for IL-2. A lth o u g h  im m u n o su p p res 
sion has m ad e  tran sp lan ta tio n  of m an y  o rgans feasible, it 
h as  its o w n  prob lem s. S upp ression  of the im m u n e  system  
resu lts  in  increased  suscep tib ility  to o p p o rtu n is tic  fungal, 
v iral, an d  o ther infections. R eactivation  of la ten t v iruses,
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Fig. 5.33 Acute antibody-mediated (humoral) rejection. (A) Graft damage caused by antibody deposition in vessels. (B) Light micrograph showing inflamma
tion (capillaritis) in peritubular capillaries ( a r r o w s )  in a kidney graft. (C) Immunoperoxidase stain shows C4d deposition in peritubular capillaries and a glo
merulus. ( C o u r te s y  o f  D r .  Z o l t a n  L a s z ik ,  D e p a r t m e n t  o f  P a th o lo g y ,  U n iv e r s i t y  o f  C a li f o r n ia ,  S a n  F ra n c is c o ,  C a li fo r n ia . )

such  as cy tom egalov irus (CMV) a n d  p o lyom a v iru s, are  
freq u en t com plications. Im m u n o su p p ressed  p a tien ts  also 
a re  a t increased  risk  for d eve lop ing  v iru s-in d u ced  tum ors, 
such  as Epstein-B arr v iru s  (E B V )-induced lym p h o m as and  
h u m a n  p ap illo m av iru s (H P V )-induced  sq u am o u s cell car
cinom as. To c ircum ven t the u n to w a rd  effects o f im m u n o 
supp ression , m u ch  effort is being  d ev o ted  to  induce  
donor-specific  to lerance in  h o st T cells. O ne stra tegy  is to 
p rev en t ho st T cells fro m  receiv ing  costim ulato ry  signals 
from  d o n o r D C s d u rin g  the  in itial phase  of sensitization . 
This can  be accom plished  by ad m in is tra tio n  of agents th a t 
block the  in te rac tion  of the  B7 m olecu les on  the  DCs of the 
g raft a n d  the CD28 recep to r o n  ho st T cells, w hich , by  in te r
ru p tin g  the second  signal fo r T cell activation , induces 
e ither T cell apop tosis  or anergy . O ther ap p roaches inc lude  
in jecting  in to  recip ien ts reg u la to ry  T cells en riched  for cells 
specific for d o n o r alloan tigens; these trials are in  their 
infancy.

Transplantation of Hematopoietic Stem Cells

U se of hem atopo ietic  stem  cell (HSC) tran sp lan ts  for hem a
tologic m alignancies, bone m arro w  failu re  synd rom es 
(such as ap lastic  anem ia), an d  d iso rders  caused  by inher
ited  H SC defects (such as sickle cell anem ia, thalassem ia, 
an d  im m unodefic iency  states) is increasing  in  n u m b er each 
year. T ran sp lan ta tio n  of genetically  " reen g in eered "  hem a

topoietic  stem  cells ob ta in ed  from  affected  p a tien ts  m ay  be 
u sefu l in  trea tin g  in h erited  form s of im m unodeficiency . 
H istorically , H SCs w ere  ob ta in ed  from  the bone m arrow , 
b u t n o w  they  u su a lly  a re  h a rv ested  from  p erip h e ra l b lood 
after they  are  m obilized  from  the  bone m arro w  by ad m in 
is tra tion  of hem atopo ie tic  g ro w th  factors, o r from  the 
um bilical co rd  b lood  of n ew b o rn  in fan ts, a rich  source of 
HSCs. In  m ost o f the  cond itions in  w h ich  H SC tran sp lan ta 
tion  is ind ica ted , the  recip ien t is irrad ia ted  or trea ted  w ith  
ch em o th erap y  to  destroy  the  im m u n e  system  (and  som e
tim es, cancer cells) an d  to  "o p e n  u p "  n iches in  the m icro 
en v iro n m en t o f the m arro w  th a t n u r tu re  HSCs, th u s 
a llow ing  the  tran sp lan ted  H SCs to  engraft. Tw o m ajor 
p rob lem s com plicate  th is fo rm  of tran sp lan ta tio n  a n d  dis
tin g u ish  it from  so lid  o rg an  transp lan ts: g raft-versus-host 
d isease a n d  im m u n e  deficiency.

G raft-Versus-H ost D isease

G V H D  occurs w h en  im m u n ologica lly  com petent cells  
or their precursors are transplanted into im m u n olog i
cally  crippled  recip ients, and the transferred cells recog
n ize  a lloantigens in  the h ost and attack host tissu es. It
is seen  m ost com m only  in  the  se tting  of H SC  tran sp lan ta 
tion  bu t, rare ly , m ay  occur fo llow ing  tran sp lan ta tio n  of 
so lid  o rgans rich  in  ly m p h o id  cells (e.g., the  liver). O n 
receiv ing  allogeneic HSCs, a n  im m unolog ically  com pro 
m ised  host canno t reject the graft, b u t T cells p resen t in  the
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Fig. 5.34 Chronic rejection. (A) Graft arteriosclerosis caused by T-cell cytokines and antibody deposition. (B) Graft arteriosclerosis in a cardiac transplant. 
(C) Transplant glomerulopathy, the characteristic manifestation of chronic antibody-mediated rejection in the kidney. The glomerulus shows inflammatory cells 
within the capillary loops (glomerulitis), accumulation of mesangial matrix, and duplication of the capillary basement membrane. (D) Interstitial fibrosis and 
tubular atrophy, resulting from arteriosclerosis of arteries and arterioles in a chronically rejecting kidney allograft. In this trichrome stain, the blue area ( a s te r is k )  

shows fibrosis, contrasted with the normal kidney ( t o p  r ig h t ) .  An artery showing prominent arteriosclerosis is shown ( b o t to m  r ig h t ) .  ( B ,  C o u r te s y  o f  D r .  R ic h a r d  

M it c h e l l ,  D e p a r t m e n t  o f  P a th o lo g y ,  B r ig h a m  a n d  W o m e n ’s  H o s p i t a l ,  B o s to n ,  M a s s a c h u s e t t s .  C and D, C o u r te s y  o f  D r .  Z o l t a n  L a s z ik ,  D e p a r t m e n t  o f  P a th o lo g y ,  U n iv e r s i t y  

o f  C a li f o r n ia ,  S a n  F ra n c is c o ,  C a li f o r n ia . )

d o n o r g raft perceive  the h o st's  tissue as fo re ign  a n d  react 
ag a in st it. This resu lts  in  the ac tiva tion  of d o n o r CD4+ an d  
C D 8 + T cells, u ltim ate ly  causing  in flam m ation  an d  k illing  
rec ip ien t cells. To try  to  m in im ize GVHD, H SC tran sp lan ts  
a re  d one  be tw een  d o n o r a n d  rec ip ien t th a t are  carefully  
H L A -m atched  u sin g  precise  D N A  sequ en c in g -b ased  
m ethods.

There a re  tw o  form s of GVHD.
• Acute GVH D  (occurring  days to  w eeks after tran sp lan 

tation) causes ep ithelia l cell necrosis in  th ree  p rinc ipa l 
ta rg e t organs: liver, skin, a n d  gu t. D estruc tion  of sm all 
bile duc ts gives rise to  jaund ice , a n d  m ucosal u lcer
a tion  of the g u t resu lts  in  b loody  d iarrhea . C u tane 
o u s invo lvem en t (Fig. 5.35) m an ifests as a rash , w h ich

B

Fig. 5.35 Acute graft-versus-host disease (GVHD) involving the skin. (A) Patchy epithelial cell death and dermal infiltrates of mononuclear cells (lymphocytes 
and macrophages). (B) Focally dead epithelial cells ( a r r o w s ) .
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characteristically  a p p ea rs  first o n  the  neck, ears, an d  
pa lm s of the h a n d s  a n d  soles of the  feet a n d  then  
becom es generalized .

• Chronic GVH D  m ay  follow  the acu te  sy n d ro m e o r m ay 
occur insid iously . P atien ts develop  sk in  lesions resem 
b ling  those  of system ic sclerosis (d iscussed  earlier) an d  
m an ifesta tions m im ick ing  o th er au to im m u n e  d iso rders.

Because G V H D  is m ed ia ted  by T lym phocy tes con
ta ined  in  the tran sp lan ted  d o n o r cells, d ep le tio n  of d o n o r 
T cells before tran sp lan ta tio n  v irtua lly  e lim inates the 
d isease. This app roach , how ever, has  p ro v en  to  be a m ixed 
blessing: G V H D  is am elio rated , b u t the recurrence of 
tu m o r in  leukem ic p a tien ts  as w ell as the incidence of g raft 
failu res a n d  EBV -related B-cell ly m p h o m a increase. It 
seem s th a t the m ultiface ted  T cells n o t on ly  m ed ia te  G V H D  
b u t also  a re  req u ired  for en g ra ftm en t o f the  tran sp lan ted  
HSCs, su p p ressio n  of EBV-infected B-cell clones, an d  
contro l o f leukem ia  cells.

Im m u n e  Deficiencies

These are  o ften  of p ro lo n g ed  d u ra tio n  in  recip ien ts of HSC 
transp lan ts . A m ong  the m an y  reasons for th is im p a irm en t 
is the slow  reco n stitu tio n  of the  ad ap tiv e  im m u n e  system  
(derived  from  d o n o r HSC), after the  rec ip ien t's  im m u n e  
system  is destro y ed  o r su p p ressed  to  allow  the g raft to 
take. D u rin g  the m an y  m o n th s th a t m ay  be n eed ed  for 
im m u n e  reconstitu tion , recip ien ts a re  suscep tib le  to  a 
va rie ty  of infections, m ostly  w ith  v iruses, such  as CM V  an d  
EBV.

Ä S U M M A R Y

R E C O G N I T I O N  A N D  R E J E C T IO N  O F  

T R A N S P L A N T S

• R e jection  o f solid organ transp lants  is in itia ted  m ainly by host 

T  cells th a t  recogn ize  th e  foreign  H L A  antigens o f th e  g raft, 

e ith e r  d irec tly  (on A P C s  in th e  g ra ft) o r  ind irectly  (a fte r  u ptake  

and p resen ta tio n  by host A P C s ).

• Types and m echanism s o f  re jec tio n  o f solid organ grafts a re  as 

fo llow s:

• H yperacute rejection: P re fo rm e d  a n ti-d o n o r  antibod ies  bind  

to  g ra ft en d o th e liu m  im m ed ia te ly  a fte r  tran sp lan ta tio n , 

leading to  th ro m b o s is , ischem ic dam age, and rapid g ra ft 

fa ilu re .

• Acute cellular rejection: T  cells d es tro y  g ra ft parenchym a (and  

vessels) by c y to to x ic ity  and in fla m m a to ry  reactions.

• Acute antibody-m ediated (humoral) rejection:A n tib o d ie s  dam age  

g ra ft vascu lature .

• Chronic rejection: D o m in a te d  by a rte rio sc le ro s is , th is  typ e  is 

caused by T  cell ac tiva tion  and an tibod ies . T h e  T  cells may 

s ecre te  cy tok ines  th a t  induce p ro life ra tio n  o f vascu lar 

s m o oth  m uscle cells, and th e  antibod ies  cause end oth elia l 

injury. T h e  vascu lar lesions and T  cell reactions cause p aren 

chym al fibrosis.

• T re a tm e n t o f g ra ft re jec tio n  relies on im m unosuppressive  

drugs, w h ich  inh ib it im m un e responses against th e  g raft.

• T ransp lanta tion  o f  h e m a to p o ie tic  s tem  cells (H S C s ) requ ires  

careful m atching  o f  d o n o r  and re c ip ien t and is o ften  c o m p li

cated by g ra ft-vs -h o s t disease (G V H D )  and im m un e deficiency.

IM M UNO DEFIC IENCY SYNDROMES

Im m u n e  deficiencies can  be d iv id ed  in to  primary (or con
genital) immunodeficiency disorders, w h ich  are  genetically  
de te rm in ed , a n d  secondary (or acquired) immunodeficiencies, 
w h ich  m ay  arise  as com plications of cancers, infections, 
m alnu trition , o r side effects of im m u n o su p p ressio n , irra 
d iation , o r chem otherapy  for cancer a n d  o ther diseases. 
Im m unodeficiencies are m anifested  c lin ica lly  by  
increased in fection s, w h ich  m ay be n ew ly  acquired or 
reactivation o f latent in fection s . The p rim ary  im m u n o d e 
ficiency synd rom es are  acciden ts of n a tu re  th a t p ro v id e  
valuab le  in sigh ts in to  som e of the m olecu les critical in  the 
d ev e lo p m en t o f the  im m u n e  system . Paradoxically , several 
im m unodefic iencies also  are associa ted  w ith  au to im m u n e  
d iso rders, p e rh a p s  because the deficiency resu lts  in  loss of 
regu la to ry  m echan ism s o r persistence of infections th a t 
p ro m o te  au to im m u n ity . H ere  w e  briefly  d iscuss the m ore 
im p o rta n t a n d  best-defined  p rim ary  im m unodeficiencies, 
to be fo llow ed by a m ore d e ta iled  descrip tion  of acqu ired  
im m unodefic iency  synd rom e (AIDS), the m o st d ev asta tin g  
exam ple  of secondary  im m unodeficiency .

Primary (Inherited) Immunodeficiencies

Primary im m unodeficiency d iseases are inherited  genetic  
disorders that im pair m echanism s o f innate im m unity  
(phagocytes, N K  cells, or com plem ent) or the hum oral 
and/or cellular arms o f adaptive im m unity  (m ediated by  
B lym phocytes and T lym phocytes, respectively). These 
im m unodefic iencies a re  u sua lly  de tec ted  in  infancy, 
be tw een  6  m o n th s  a n d  2  y ea rs  o f age, the telltale signs 
be ing  suscep tib ility  to  recu rren t infections. W ith  advances 
in  genetic  analyses, the m u ta tio n s  responsib le  for m an y  of 
these d iseases a re  n o w  k n o w n  (Fig. 5.36). H ere  w e  p resen t 
selected exam ples of im m unodeficiencies, b eg inn ing  w ith  
the m ore com m on  defects in  the m a tu ra tio n  a n d  activation  
of B lym phocy tes an d  T lym phocytes, fo llow ed by  d isor
ders o f inna te  im m unity .

Severe C om bined Im m unodefic iency

Severe com b in ed  im m unodeficiency (SCID) spans a con
stella tion  o f genetica lly  d istinct syndrom es, a ll h av in g  in  
com m on im paired d evelop m en t o f m ature T lym pho
cytes and/or B lym phocytes and defects in  both  hum oral 
and cell-m ediated  im m unity. A ffected in fan ts p re sen t 
w ith  th ru sh  (oral candid iasis), severe d iap er rash , and  
failu re to  thrive. Som e in fan ts develop  a generalized  
ra sh  shortly  after b irth  because m ate rn a l T cells are trans
fe rred  across the p lacen ta  a n d  a ttack  the fetus, causing  
GVHD. C h ild ren  w ith  SCID are  ex trem ely  suscep tib le  to 
recu rren t, severe infections by a w id e  ran g e  of pa thogens, 
in c lu d in g  Candida albicans, Pneumocystis jiroveci, Pseudomo
nas, cy tom egalovirus, varicella, a n d  a w ho le  h o st o f bacte
ria. W ith o u t H SC tran sp lan ta tio n , d e a th  occurs w ith in  the 
first y ea r o f life. The overall p revalence of the  d isease is 
app rox im ate ly  1 in  65,000 to  1 in  100,000, b u t it is 20 to 
30 tim es m ore freq u en t in  som e N ative  A m erican  
popu la tions.

D esp ite  the com m on clinical m an ifesta tions, of d ifferen t 
fo rm s of SCID the  u n d e rly in g  defects a re  q u ite  varied .
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Fig. 5.36 Primary immune deficiency diseases. Shown are the principal pathways of lymphocyte development and the blocks in these pathways in selected 
primary immune deficiency diseases. The affected genes are indicated in parentheses for some of the disorders. A D A ,  Adenosine deaminase; C D 4 0 L ,  CD40 
ligand (also known as C D I 5 4 ) ;  C V ID , common variable immunodeficiency; S C ID , severe combined immunodeficiency.

O ften, the defect resides in  the T-cell com partm en t, w ith  a 
secondary  im p a irm en t of h u m o ra l im m un ity . Tw o m ajor 
fo rm s are  described  next.
• X-linked SCID. A pproxim ately h a lf o f the cases o f SCID  

are X-linked; these are caused  by m utations in  the  
gene en cod in g  the com m on y  (yc) chain  shared by the  
receptors for the cytok ines IL-2, IL-4, IL-7, IL-9, and  
IL-15. O f these  cytokines, defective IL-7 signaling  is the 
m o st im p o rta n t u n d e rly in g  basis of SCID because th is 
cytokine is responsib le  for s tim u la tin g  the su rv iva l an d  
expansion  of im m atu re  B a n d  T cell p recu rso rs  in  the 
generative  ly m p h o id  organs.

• Autosomal recessive SCID. Another 40% to 50% o f SCID  
cases fo llo w  autosom al recessive pattern o f inheri
tance, w ith  approxim ately h a lf o f th ese  caused by  
m utations in  aden osin e deam inase (ADA), an enzym e  
in v o lv ed  in  purine m etabolism . A D A  deficiency resu lts  
in  accum ula tion  of ad enosine  a n d  deoxyadenosine  tri
p h o sp h a te  m etabolites, w h ich  in h ib it D N A  synthesis 
an d  are  toxic to  lym phocytes. O th e r au to som al recessive 
form s of SCID re su lt v a riously  from  defects in  an o th er 
p u rin e  m etabolic  p a th w ay , p rim ary  fa ilu re  of class II 
M H C  expression , or m u ta tio n s  in  genes encod ing  the

recom binase  responsib le  for the rea rran g em en t o f lym 
phocy te  an tigen -recep to r genes.

^  M O R P H O L O G Y

T h e  h isto logic findings in S C ID  depend  on th e  underly ing  defect. 

In th e  tw o  m o s t co m m o n  fo rm s  (yc m u tatio n  and A D A  d efi

c iency), th e  thym us is small and devo id  o f lym phoid  cells. In 

X -lin k e d  S C ID , th e  thym us contains lobules o f  u nd iffe ren tia ted  

ep ithelia l cells resem bling  fetal thym us, w he re as  in S C ID  caused  

by A D A  deficiency, rem nants  o f Hassall’s corpuscles can be found. 

In b o th  diseases, o th e r  lym phoid  tissues a re  hypoplastic as w e ll, 

w ith  m arked  d ep le tio n  o f  T  cell areas and in som e cases b o th  T  

cell and B cell zones .

C urren tly , H SC tran sp lan ta tio n  is the m ainstay  of trea t
m en t. X-linked SCID is the first d isease in  w h ich  gene 
th e rap y  has been  successful. For gene therapy , a  n o rm al yc 
gene is expressed  u s in g  a v ira l vecto r in  H SC s taken  from  
patien ts, a n d  the cells a re  th en  tran sp lan ted  back in to  the 
pa tien ts. The clinical experience is sm all, b u t som e pa tien ts  
h av e  show n  reconstitu tion  of their im m u n e  system s for 
several y ea rs  after th erapy . U nfo rtunate ly , how ever, ab o u t
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2 0 % of p a tien ts  receiv ing  a first-generation  v ira l vector 
d ev eloped  T cell acu te  lym phob lastic  leukem ia  (T-ALL), 
h ig h lig h tin g  the d an g ers  of th is p a rticu la r ap p ro ach  to 
gene therapy . The u ncon tro lled  T-cell p ro life ra tion  is likely 
the resu lt of the  v iru s  in teg ra tin g  in to  the genom e close to 
an  oncogene, lead in g  to  the ac tiva tion  o f the oncogene, and  
possib ly  also  because of the g ro w th  ad v an tag e  conferred  
by the in tro d u ced  n o rm al yc gene. C u rren t tria ls are u sing  
new  vectors w ith  safety  fea tu res  bu ilt in. P atien ts w ith  
A D A  deficiency also  hav e  been  trea ted  w ith  H SC trans
p lan ta tio n  and , m ore  recently , w ith  ad m in is tra tio n  of the 
enzym e or gene th e rap y  invo lv ing  the in tro d u c tio n  of a 
n o rm al A D A  gene in to  T-cell p recurso rs.

X -L in ked  A gam m aglobu linem ia

X -linked  agam m aglobulinem ia (XLA), or Bruton d isease, 
is  characterized by the failure o f pre-B  cells to d ifferenti
ate in to  m ature B cells and, as the nam e im p lies , a resu l
tant absence o f antibod ies (gam m a g lobulin ) in  the b lood .
It is one of the  m ore com m on  form s of p rim ary  im m u n o 
deficiency, occurring  a t a  frequency  of a b o u t 1  in  1 0 0 , 0 0 0  

m ale in fants. D u rin g  n o rm al B-cell m a tu ra tio n , im m u n o 
g lobulin  (Ig) heav y  cha in  genes are  rea rran g ed  first, fol
low ed  by ligh t cha in  genes. A t each stage, signals are  
received  from  the  exp ressed  com ponen ts o f the an tig en  
recep to r th a t d rive  m a tu ra tio n  to  the nex t stage; these 
signals act as q uality  contro ls, to  en su re  th a t the  correct 
recep to r p ro te in s  are be ing  p ro d u ced . In  XLA, B-cell m a tu 
ra tio n  stops after the  in itial heavy  cha in  gene rea rran g e 
m en t because of m u ta tio n s in  a ty rosine  k inase  th a t is 
associa ted  w ith  the pre-B -cell recep to r a n d  is in vo lved  in  
pre-B-cell signal transduction . This k inase  is called  Bruton 
tyrosine kinase (BTK). W hen  BTK is nonfunctional, the p re -  
B-cell recep to r canno t signal the  cells to  p roceed  a long  the 
m a tu ra tio n  p a th w ay . As a resu lt, Ig ligh t chains a re  n o t 
p ro d u ced , a n d  the  com plete  Ig  m olecule con ta in ing  heavy  
an d  ligh t chains canno t be assem bled  a n d  tran sp o rted  to 
the cell m em brane , a lth o u g h  free heavy  chains can  be 
fo u n d  in  the  cy top lasm . Because the BTK  gene is on  the X 
chrom osom e, the d iso rd e r is on ly  seen  in  m ales. S poradic 
cases w ith  the  sam e fea tu res have  been  described  in  
fem ales, possib ly  d u e  to  m u ta tio n s  in  o ther genes th a t 
function  in  the sam e p a thw ay .

C lassically, the d isease is charac terized  by  a p ro fo u n d  
red u c tio n  in  the n u m b er of B cells in  the  b lood  a n d  second 
ary  ly m p h o id  o rgans a n d  a n  absence of germ inal centers 
an d  p lasm a  cells in  these o rgans. T-cell n u m b ers  an d  
responses m ay  be norm al.

The d isease u su a lly  does n o t becom e a p p a re n t un til 
a b o u t 6  m o n th s of age, as m a te rn a l an tibod ies th a t w ere  
tran sp o rted  v ia  the  p lacen ta  are d ep le ted . In  m ost cases, 
recu rren t bacterial in fections of the re sp ira to ry  tract, such  as 
acu te  a n d  chronic pharyng itis , sinusitis, o titis m ed ia , b ron 
chitis, a n d  p n eu m o n ia , call a tten tio n  to  the  u n d erly in g  
im m u n e  defect. A lm ost alw ays, the causative  o rgan ism s are  
Haemophilus influenzae, Streptococcus pneumoniae, o r Staphy
lococcus aureus, o rgan ism s th a t a re  no rm ally  opso n ized  by 
an tibod ies a n d  cleared  by phagocytosis. Because an tibod ies 
are  im p o rta n t for n eu tra liz in g  certa in  in fectious v iruses, 
in d iv id u a ls  w ith  th is d isease also  a re  suscep tib le  to  som e 
v ira l infections, especially  those caused  by  en terov iruses. 
These v iru ses infect the gastro in testina l tract, a n d  from
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there  they  can  d issem inate  to  the n e rv o u s  system  v ia the 
blood. Thus, im m u n iza tio n  w ith  live po liov iru s carries the 
risk  for para ly tic  po liom yelitis, a n d  in fections w ith  echovi
ru s  can  cause fatal encephalitis. For sim ilar reasons, Giardia 
lamblia, a n  in testina l p ro to zo an  th a t is no rm ally  resisted  by 
secreted  IgA , causes p e rsis ten t in fections in  in d iv id u a ls  
w ith  th is d iso rder. M any  in trace llu la r viral, fungal, an d  
p ro tozoal infections are h a n d le d  q u ite  w ell by the in tac t T 
ce ll-m ed ia ted  im m un ity . For unclear reasons, au to im m u n e  
d iseases (such as rh eu m ato id  a rth ritis  a n d  derm atom yosi
tis) occur in  as m an y  as 35% of p a tien ts  w ith  th is d isease.

The trea tm en t o f X -linked ag am m ag lobu linem ia  is 
rep lacem en t th e rap y  w ith  in trav en o u s im m unog lobu lin  
(IVIG) from  po o led  h u m a n  serum .

D iG eorge Syndrom e (Thym ic H ypoplasia)

D iG eorge syndrom e is caused  by a congenital defect in  
thym ic d evelop m en t resu lting  in  deficient T -cell m atu
ration . T cells are ab sen t in  the  ly m p h  nodes, sp leen, an d  
p erip h e ra l b lood, a n d  in fan ts w ith  th is defect are ex trem ely  
vu lnerab le  to  v iral, fungal, a n d  p ro to zo a l infections. 
P atien ts also  are suscep tib le  to  infection  w ith  in tracellu 
lar bacteria, because of defective T ce ll-m ed ia ted  im m u 
nity . B cells a n d  se ru m  im m un o g lo b u lin s  a re  generally  
unaffected .

The d iso rd e r is a consequence of a developm en ta l 
m alfo rm ation  affecting  the th ird  a n d  fo u rth  p h ary n g ea l 
pouches, s tru c tu res  th a t give rise  to  the thym us, p a ra th y 
ro id  g lands, a n d  p o rtio n s of the  face a n d  aortic  arch. Thus, 
in  a d d itio n  to  the thym ic an d  T-cell defects, there  m ay  be 
p a ra th y ro id  g lan d  hypop lasia , re su ltin g  in  hypocalcem ic 
tetany, as w ell as ad d itio n a l m id line  d eve lopm en ta l abno r
m alities. In  90% of cases of D iG eorge syndrom e, there  is 
a dele tion  affecting  ch rom osom al reg ion  2 2 q 1 1 , d iscussed  
in  C h ap te r 7. T ran sp lan ta tio n  of thym ic tissue has suc
cessfully  trea ted  som e affected in fan ts. In  p a tien ts  w ith  
p a rtia l defects, im m u n ity  m ay  im prove  spon taneously  
w ith  age.

H y p e r-Ig M  Syndrom e

This d isease is  characterized b y  the production o f norm al 
(or even  supranorm al) lev e ls  o f IgM  antibod ies and  
decreased lev e ls  o f the IgG , IgA, and IgE isotypes; the  
u n d erly in g  defect is  an in ab ility  o f T cells to activate B 
cells. A s d iscussed  earlier, m an y  of the functions of CD4+ 
h e lp e r T cells req u ire  the en g agem en t o f CD40 on  B cells, 
m acrophages, a n d  den d ritic  cells by  CD40L (also called 
CD154) expressed  on  an tigen -ac tiva ted  T cells. This in te r
action  triggers Ig  class sw itch ing  a n d  affinity  m a tu ra tio n  
in  the B cells, a n d  s tim ula tes the m icrobicidal functions of 
m acrophages. A pprox im ate ly  70% of in d iv id u a ls  w ith  
hyper-IgM  synd rom e have  the X -linked fo rm  of the d isease, 
caused  by m u ta tio n s  in  the gene encod ing  CD40L located  
on  Xq26. In  the  rem ain in g  pa tien ts, the  d isease is inherited  
in  a n  au to so m al recessive p a tte rn  caused  by loss-of- 
function  m u ta tio n s invo lv ing  e ither CD40 or an  enzym e 
called  activation-induced cytidine deaminase (AID), a  D N A - 
ed itin g  enzym e th a t is req u ired  for Ig  class sw itch ing  an d  
affinity  m atu ra tion .

P atien ts  p re sen t w ith  recu rren t pyogenic infections 
because of low  levels of opso n iz in g  IgG  an tibod ies. Those 
w ith  CD40L m u ta tio n s  also  a re  suscep tib le  to  p n eu m o n ia
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caused  by the in trace llu la r o rgan ism  Pneumocystis jiroveci, 
because C D 40L -m ediated  m acrophage  activation , a key 
reaction  of cell-m ed iated  im m un ity , is com prom ised . 
O ccasionally , the IgM  an tibod ies  react w ith  b lood  cells, 
g iv ing  rise to  au to im m u n e  hem oly tic  anem ia, th rom bocy 
topenia , an d  neu tro p en ia . In  o lder patien ts, there  m ay  be 
a  p ro life ra tion  of IgM -producing  p lasm a cells th a t infiltrate  
the  m ucosa  of the  gastro in testina l tract.

C om m on Variable Im m unodefic iency

This re la tively  freq u en t b u t poo rly  defined  en tity  encom 
passes  a heterogeneous group o f disorders in  w h ich  the  
com m on feature is h yp ogam m aglobulinem ia, generally  
affecting  all the antibody classes but som etim es only  
IgG . The d iagnosis o f com m on v ariab le  im m unodeficiency  
is based  o n  exclusion of o ther w ell-defined  causes of 
decreased  an tib o d y  p ro d u c tio n . The estim ated  p revalence 
of the d isease is ab o u t 1 in  50,000.

A lth o u g h  m ost p a tien ts  have  n o rm al n u m b ers  of m atu re  
B cells, p lasm a cells a re  absen t, suggesting  a block in  B-cell 
d ifferen tiation . In  k eep in g  w ith  th is idea , B cell a reas of the 
ly m p h o id  tissues (i.e., ly m p h o id  follicles in  nodes, sp leen, 
a n d  gut) ten d  to  be hyperp lastic . The en la rg em en t o f B cell 
a reas  m ay  reflect incom plete  activation , such  th a t B cells 
can  p ro lifera te  in  response  to  an tig en  b u t do  n o t d ifferen ti
a te in to  an tib o d y -p ro d u c in g  p lasm a  cells. The defective 
an tibody  p ro d u c tio n  h as  been  variab ly  a ttr ib u ted  to  in trin 
sic B-cell defects, deficient T-cell he lp , o r excessive T-cell 
su p p ressiv e  activ ity . Paradoxically , these  p a tien ts  are  
p ro n e  to  develop  a varie ty  of au to im m u n e  d iso rd ers  
(hem olytic anem ia, pern ic ious anem ia) as w ell as lym 
p h o id  tum ors. C om m on  variab le  im m unodefic iency  m ay  
be genetic  o r acqu ired . D ifferen t genetic  causes hav e  been 
d iscovered , in c lu d in g  m u ta tio n s  in  a recep to r for BAFF, a 
cytokine th a t p rom otes  the su rv iv a l an d  d iffe ren tia tion  of 
B cells, a n d  in  a m olecu le called  ICOS (inducib le costim ula 
tor), a  h o m ologue  of CD28 th a t con tribu tes to the function  
of T fo llicular he lp er cells. H ow ever, in  the m ajority  of 
cases, the genetic basis is u n know n .

P atien ts  typ ically  p re sen t w ith  recu rren t s inopu lm onary  
bacteria l infections. A b o u t 20% of pa tien ts  have  recu rren t 
h e rp esv iru s  infections, a n d  serious en te ro v iru s  infections 
causing  m en ingoencephalitis  also  m ay  occur. In d iv id u a ls  
w ith  th is d iso rd e r a lso  are  p ro n e  to  the d ev e lo p m en t of 
p e rs is ten t d ia rrh ea  caused  by G. lamblia. In  co n trast to 
X -linked agam m aglobu linem ia , com m on  variab le  im m u 
nodeficiency affects bo th  sexes equally , a n d  the  o n se t of 
sym ptom s is la ter, in  ch ild h o o d  o r adolescence. As in  
X -linked agam m ag lobu linem ia , these p a tien ts  hav e  a h ig h  
frequency  of au to im m u n e  d iseases (approx im ate ly  2 0 %), 
in c lu d in g  rh eu m ato id  a rth ritis . The risk  for ly m pho id  
m alignancy  also  is increased , a n d  a n  increase in  gastric 
cancer h as  been  repo rted .

Isolated IgA D eficiency

This is the  m ost com m on p rim ary  im m u n e  deficiency 
disease, affecting  ab o u t 1 in  700 w hites. A s n o ted  p rev i
ously , IgA  is the  m ajor im m u n o g lo b u lin  in  m ucosal secre
tions an d  is th u s in vo lved  in  d e fen d in g  the  a irw ays an d  
the  gastro in testina l tract. W eakened  m ucosal defenses d u e  
to IgA  deficiency p red isp o se  pa tien ts  to  recu rren t sinopul- 
m o n ary  infections an d  d iarrhea . T here also  is a significant

(bu t unexp la ined ) associa tion  w ith  au to im m u n e  diseases. 
The pa thogenesis of IgA  deficiency seem s to  invo lve a 
block in  the te rm inal d iffe ren tia tion  of IgA -secreting  B cells 
to  p lasm a  cells; IgM  a n d  IgG  subclasses o f an tibod ies are  
p re sen t in  n o rm al o r ev en  su p ran o rm a l levels. The m olecu
lar basis for th is  defect is n o t u n d ersto o d .

O th e r D efects in Lym phocyte Activation

M any ra re  cases of lym phocy te  activa tion  defects h av e  
been  described  th a t affect an tig en  recep to r signaling  an d  
v ario u s b iochem ical pa th w ay s. D efects in  TH1 responses 
are  associa ted  w ith  a typ ical m ycobacterial infections, and  
defective TH17 responses are the cause of chronic m ucocu 
taneous cand id iasis  as w ell as bacterial in fections of the 
sk in  (a d iso rd er called  Job syndrome).

Im m unodeficiencies Associated W ith  Systemic Diseases

In  som e in h erited  system ic d iso rders, im m u n e  deficiency 
is a p ro m in en t clinical p rob lem . T w o rep resen ta tive  exam 
p les o f such  d iseases are described  next.
• W iskott-Aldrich syndrome is an  X -linked d isease charac

te rized  by  th rom bocy topen ia , eczem a, a n d  a m ark ed  
vu lnerab ility  to  recu rren t infection  th a t resu lts  in  early  
death . The th y m u s is n o rm al, a t least early  in  the  d isease 
course, b u t there  is p rog ressive  loss o f T lym phocy tes 
from  the b lood  a n d  the  T cell zones (paracortical areas) 
of ly m p h  nodes, w ith  variab le  defects in  cellu lar im m u 
nity . P atien ts d o  n o t m ake an tibod ies  to  po lysaccharide  
an tigens, a n d  the response  to  p ro te in  an tig en s is poor. 
IgM  levels in  the se ru m  are  low , b u t levels o f IgG  are  
u su a lly  n o rm al and , paradoxically , IgA  a n d  IgE are  
often  elevated . The synd rom e is caused  by  m u ta tio n s in  
an  X -linked gene encod ing  W iskott-A ldrich  synd rom e 
p ro te in  (W ASP). W ASP belongs to  a fam ily  of signaling  
p ro te in s  th a t link  m em brane  recep tors, such  as an tigen  
recep tors, to  cytoskeletal e lem ents. The W A SP p ro te in  
is invo lved  in  cy to ske le ton -dependen t responses, 
in c lu d in g  cell m ig ra tio n  a n d  signal transduction , b u t 
h o w  th is con tribu tes to  the  functions of lym phocy tes 
an d  p la te le ts  is unclear. The on ly  trea tm en t is HSC 
transp lan ta tion .

• Ataxia telangiectasia is a n  au tosom al-recessive  d iso rd er 
charac terized  by ab n o rm al gait (ataxia), vascu lar m al
fo rm ations (telangiectases), neuro log ic  deficits, 
increased  incidence of tum ors, a n d  im m unodeficiency . 
The im m unolog ic  defects are of variab le  severity  and  
m ay  affect b o th  B cells a n d  T cells. The m ost p ro m in en t 
h u m o ra l im m u n e  abnorm alities are defective p ro d u c 
tion  of iso type-sw itched  an tibod ies, m ain ly  IgA  an d  
IgG2. The T-cell defects are u sua lly  less p ro n o u n ced , 
an d  m ay  be associa ted  w ith  thym ic h y pop lasia . P atien ts 
experience u p p e r  an d  low er resp ira to ry  trac t bacterial 
infections, m u ltip le  au to im m u n e  p h enom ena, an d  
increasing ly  freq u en t cancers, p a rticu la rly  ly m pho id  
tum ors, w ith  ad v an c in g  age. The gene responsib le  for 
th is d iso rd e r encodes a p ro te in  called  ATM  (ataxia tel
ang iectasia  m u ta ted ), a  sensor of D N A  dam age  th a t 
activates cell cycle checkpoin ts an d  ap o p to sis  in  cells 
w ith  d am ag ed  D N A . Lack of ATM  also  leads to  abno r
m alities in  an tig en  gene recom bination  (and  therefore 
defects in  the  genera tion  of an tig en  receptors) an d  
abno rm al an tib o d y  iso type  sw itching.
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172 C H A P T E R  5 Diseases of th e  Immune System

Defects in Innate Immunity

In h erited  defects in  the  early  inna te  im m u n e  response  typ i
cally affect leukocyte functions or the co m plem en t system  
a n d  lead  to  increased  vu lnerab ility  to  infections (Table 
5.13). Som e defects w hose  m o lecu lar bases a re  defined  are  
su m m arized  next.

D efects in Leukocyte Function

• Leukocyte adhesion deficiencies (LADs) stem  from  inher
ited  defects in  ad h esio n  m olecu les th a t im p a ir  leukocyte 
rec ru itm en t to  sites of infection, re su ltin g  in  recu rren t 
bacteria l infections. LAD1 is caused  by  defects in  the p2  

chain  th a t is sh a red  by the  in teg rin s LFA-1 a n d  Mac-1, 
w h ile  LAD2 is caused  by a defect in  a fucosyl transferase  
th a t is req u ired  to  syn thesize  functional sialyl-Lew is X, 
the  lig an d  for E- a n d  P-selectins.

• Chronic granulomatous disease resu lts  from  inherited  
defects in  the genes encod ing  com ponen ts of p hagocy te  
oxidase, the p hago lysosom al enzym e th a t generates 
ROS such  as superox ide  (O2), re su ltin g  in  defective bac
terial k illing  an d  suscep tib ility  to  recu rren t bacterial 
infection. The nam e of th is d isease com es from  the 
m acrophage-rich  chronic in flam m atory  reaction  th a t

Table 5.13 C om m on Inherited  Im m un e Deficiencies of 
Phagocytic Leukocytes and the  C o m p lem ent System

Disease D e fec t

D efects in Leukocyte Function

Leukocyte adhesion 
deficiency 1

Defective leukocyte adhesion because of 
mutations in the ß chain of C D I I /  
C D I 8  integrins

Leukocyte adhesion 
deficiency 2

Defective leukocyte adhesion because of 
mutations in fucosyl transferase 
required for synthesis of sialylated 
oligosaccharide (receptor for selectins)

Chediak-Higashi
syndrome

Decreased leukocyte functions because of 
mutations affecting protein involved in 
lysosomal membrane traffic

Chronic granulomatous 
disease

Decreased oxidative burst

X-linked Phagocyte oxidase (membrane 
component)

Autosomal recessive Phagocyte oxidase (cytoplasmic 
components)

Myeloperoxidase
deficiency

Decreased microbial killing because of 
defective MPO-H2 O 2  system

D efects in th e  C o m p le m e n t System

C2, C4 deficiency Defective classical pathway activation; 
results in reduced resistance to 
infection and reduced clearance of 
immune complexes

C3 deficiency Defects in all complement functions

Deficiency of 
complement 
regulatory proteins

Excessive complement activation; clinical 
syndromes include angioedema, 
paroxysmal hemoglobinuria, and others

Modified in part from Gallin JI: Disorders of phagocytic cells. In Gallin JI, et al, editors: 
Inflammation: basic principles and clinical correlates, ed 2, New York, 1992, Raven Press,
pp 860-861.

a p p ea rs  a t sites o f infection  if the  in itia l n eu tro p h il 
defense  is inadequa te . These collections of activated  
m acrophages fo rm  g ran u lo m as in  a n  effort to  w a ll off 
the  m icrobes.

• Chédiak-Higashi syndrome is charac terized  by  defective 
fu sion  of p h agosom es a n d  lysosom es, re su ltin g  in  defec
tive phagocy te  function  an d  suscep tib ility  to  infections. 
The m a in  leukocyte  abnorm alities a re  neu tro p en ia , 
defective d eg ran u la tio n , a n d  de layed  m icrobial killing. 
The affected leukocytes con ta in  g ian t g ranu les, w h ich  
are  read ily  seen in  p e rip h e ra l b lood sm ears an d  are  
th o u g h t to  re su lt from  ab e rra n t phago lysosom e fusion. 
In  ad d itio n , there  are abnorm alities in  m elanocytes 
(lead ing  to  alb in ism ), cells of the n e rv o u s system  (asso
ciated  w ith  nerve  defects), a n d  p la te le ts  (causing  b leed 
ing  d iso rders). The gene associa ted  w ith  th is d iso rd e r 
encodes a large  cytosolic p ro te in  called  LYST, w h ich  is 
believed  to  regu la te  lysosom al trafficking.

• TLR defects are  ra re  b u t in form ative . M u ta tions in  TLR3, 
a  recep to r for v ira l RNA, re su lt in  recu rren t he rp es 
sim plex  encephalitis, a n d  m u ta tio n s in  M YD 88, an  
a d a p to r  p ro te in  need ed  for signaling  d o w n stream  of 
m u ltip le  TLRs, a re  associated  w ith  d estruc tive  bacterial 
pneum on ias.

D eficiencies A ffecting th e  C om plem en t System

• Deficiency of several complement components have  been 
described , w ith  C2 deficiency being  the m o st com m on. 
D eficiencies o f C2 o r C4, early  com ponen ts o f the clas
sical p a th w ay , a re  associa ted  w ith  increased  bacterial o r 
v ira l infections; how ever, m an y  p a tien ts  are asy m p to m 
atic, p re su m ab ly  because the a lte rna tive  com plem en t 
p a th w a y  is ab le  to  con tro l m o st infections. S urprising ly , 
in  som e p a tien ts  w ith  C2, C4, o r C1q deficiency, the 
d o m in a n t m an ifesta tion  is a n  SLE-like au to im m u n e  
disease, possib ly  because these factors a re  invo lved  in  
clearance of im m u n e  com plexes. Deficiency of C3 is 
ra re . It is associa ted  w ith  severe pyogen ic  infections as 
w ell as im m u n e  c o m p lex -m ed ia ted  g lom eru lonephritis . 
Deficiency of the late  com ponen ts C5 to  C9 resu lts  in  
increased  suscep tib ility  to  re c u rren t neisseria l (gonococ
cal a n d  m eningococcal) infections, as Neisseria bacteria  
have  th in  cell w alls  a n d  are  especially  suscep tib le  to  the 
lytic actions of com plem ent.

• D efects in  complement regulatory proteins re su lt in  exces
sive in flam m ation  o r cell in jury . A  deficiency of C1 
inhibitor (C1 INH ) g ives rise to  a n  au to som al dom i
n a n t d iso rd e r called  hereditary angioedema, C1 IN H  is 
a n  inh ib ito r of m an y  p ro teases, in c lu d in g  kallik rein  
a n d  coagu la tion  factor XII, b o th  of w h ich  are  invo lved  
in  the p ro d u c tio n  of vasoactive  p ep tid es  such  as  b ra 
dyk in in . Therefore, defective C1 IN H  activ ity  leads 
to  o v er-p ro d u c tio n  of b radyk in in , w h ich  is a p o ten t 
vasod ila to r. A ffected p a tien ts  have  ep isodes of edem a 
affecting  sk in  a n d  m ucosal surfaces such  as  the  larynx  
a n d  the gastro in testina l tract. A cqu ired  deficiencies of 
o th e r co m plem en t reg u la to ry  p ro te in s  a re  the cause of 
paroxysmal nocturnal hemoglobinuria (C hap ter 12), w h ile  
som e cases of hemolytic uremic syndrome (C hap ter 14) 
stem  from  in h erited  defects in  com plem en t regu la to ry  
p ro te ins.
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Ä s U M M A R Y

P R IM A R Y  ( I N H E R I T E D )  I M M U N E  D E F I C I E N C Y  

D IS E A S E S

• T h ese  diseases a re  caused by in h e rite d  m u tatio ns  in genes  

involved in lym p ho cy te  m a tu ra tio n  o r  fun c tio n , o r  in innate  

im m unity.

• Som e o f th e  m o re  co m m o n  d iso rd ers  affecting lym phocytes  

and th e  adaptive  im m un e response are:

• X-SCID: Failure o f  T  cell and B cell m a tu ra tio n ; m u tatio n  in 

th e  c o m m o n  y  chain o f a c y to k in e  re c e p to r, leading to  failure  

o f IL -7  signaling and d efective  lym phopoiesis

• Autosom al recessive SCID: Failure o f T  cell deve lo pm en t; sec

o n d ary  defec t in an tib o d y  responses; ap p ro x im a te ly  50%  o f  

cases caused by m u tatio n  in th e  gene encoding  A D A , leading  

to  accum ulation  o f  to x ic  m e ta b o lite s  during  lym p ho cyte  

m a tu ra tio n  and p ro life ra tio n

• X-linked agammaglobulinemia (XLA): Failure o f B-cell m a tu ra 

tio n , absence o f antibod ies; caused by m u tatio ns  in th e  BTK 

gene, w h ich  encodes B-cell ty ro s in e  kinase, req u ired  fo r  

m a tu ra tio n  signals fro m  th e  p re -B -c e ll and B-cell 

re c e p to rs

• Di George syndrome: Failure o f d ev e lo p m en t o f  thym us, w ith  

T  cell defic iency

• X-linked hyper-IgM syndrome: Failure to  p ro d u ce  iso type- 

sw itched  h igh-affin ity  an tibod ies  (IgG , IgA, IgE); m u tatio ns  in 

genes encoding  C D 4 0 L  o r  a c tiva tio n -in du ced  cytosine  

deam inase

• Com m on variable immunodeficiency: D e fec ts  in an tib o d y  p ro 

duction ; cause u n kn o w n  in m o s t cases.

• Selective IgA deficiency: Failure o f IgA  p ro d u ctio n ; cause 

unkno w n

• D efic ien cies  in innate  im m un ity  include defects o f  leuko cyte  

fun ctio n , c o m p le m en t, and innate  im m un e re c e p to rs .

• T h ese  diseases p re s e n t clinically w ith  increased susceptib ility  

to  in fections in ea rly  life.

Secondary (Acquired) Immunodeficiencies

Secondary  (acquired) im m u n e  deficiencies m ay  be encoun 
te red  in  in d iv id u a ls  w ith  cancer, d iabetes a n d  o ther m eta 
bolic d iseases, m alnu trition , chronic infection, a n d  in  
p a tien ts  receiv ing  chem otherapy  or rad ia tio n  th e rap y  for 
cancer, o r im m u n o su p p ress iv e  d ru g s  to  p rev en t g raft rejec
tion  o r to trea t au to im m u n e  d iseases (Table 5.14). As a 
g roup , the secondary  im m u n e  deficiencies a re  m ore 
com m on  th a n  the d iso rd ers  of p rim ary  genetic orig in . D is
cussed  nex t is p e rh a p s  the m o st im p o rta n t secondary  
im m u n e  deficiency disease, AIDS, w h ich  has becom e one 
of the g rea t scourges of h u m an k in d .

ACQ UIRED IM M UNO DEFIC IENCY  
SYNDROME

A ID S is  a d isease caused by the retrovirus hum an im m u
nodeficiency virus (HIV) and is  characterized by pro
fou n d  im m u n osu p p ression  that leads to opportunistic

Table 5.14 Causes o f Secondary (A cquired) 
Im m unodeficiencies

Cause M echan ism

Human immunodeficiency 
virus infection

Depletion of CD4+ helper T cells

Irradiation and chemotherapy 
treatments for cancer

Decreased bone marrow precursors 
for all leukocytes

Involvement of bone marrow 
by cancers (metastases, 
leukemias)

Reduced leukocyte development due 
to displacement of progenitors

Protein-calorie malnutrition Metabolic derangements inhibit 
lymphocyte maturation and 
function

Removal of spleen Decreased phagocytosis of microbes

in fection s, secondary n eop lasm s, and neurologic m ani
festations. A lth o u g h  AIDS w as  first recogn ized  as a  d is
tinc t en tity  as recen tly  as the  1980s, it has  becom e one of 
the  m ost d ev asta tin g  afflictions in  h isto ry . O f the estim ated  
36 m illion  H IV -infected in d iv id u a ls  w o rld w id e , a b o u t 70% 
are  in  A frica a n d  20% in  Asia. M ore th an  25 m illion  d ea th s  
a re  a ttribu tab le  to  H IV /A ID S , w ith  1 to  2 m illion  d ea th s  
annually . Effective an ti-re trov ira l d ru g s  have  been  devel
o ped , b u t the in fection  con tinues to  sp read  in  p a rts  o f the 
w o rld  w h ere  these therap ies a re  n o t w id e ly  available, and  
in  som e A frican  countries, m ore  th a n  30% of the  p o p u la 
tion  is H IV  infected . D esp ite  the rem arkab le  p rog ress  in  
d ru g  th e rap y  of AIDS, cu re  is still a  d is tan t goal. The 
a d v e n t o f these d ru g s  also  raises its o w n  tragic concern; 
because m ore in d iv id u a ls  a re  liv ing  w ith  HIV, the risk  of 
sp read in g  the in fection  w ill increase if v ig ilance is relaxed.

The eno rm ous m ed ical a n d  social b u rd e n  of AIDS has 
led  to  a n  exp losion  of research  a im ed  a t u n d e rs ta n d in g  th is 
m o d ern  p lag u e  a n d  its rem arkab le  ab ility  to  cripp le  ho st 
defenses. The lite ra tu re  o n  H IV  an d  AIDS is vast. H ere  w e 
sum m arize  the  cu rren tly  availab le d a ta  o n  the ep idem io l
ogy, pathogenesis, a n d  clinical fea tu res of H IV  infection.

Epidemiology * •

E pidem iologic s tud ies  in  the  U n ited  S tates have  iden tified  
five g ro u p s  of a d u lts  a t h ig h  risk  for d eve lop ing  AIDS.
• H om osexual o r b isexual m en  constitu te  the la rgest 

g roup , accoun ting  for a b o u t 50% of the  re p o rte d  cases. 
This includes ab o u t 5% w h o  also  a re  in trav en o u s d ru g  
abusers.

• H etero sexual contacts of m em bers o f o ther h igh-risk  
g ro u p s co n stitu ted  ab o u t 2 0 % of infections from  2 0 0 1  to 
2004. In  A frica a n d  A sia, th is  is by far the  la rgest g roup  
of p a tien ts  w ith  n ew  infections, m ost of w h ich  occur in  
w o m en  w h o  are  in fected  by m ale partners.

• In trav en o u s d ru g  abusers  w ith  n o  p rev io u s h is to ry  of 
hom osexuality  re p re sen ted  ab o u t 2 0 % of infected  ind i
v id u a ls  a n d  9% of new  cases in  2009.

• S u rv iv ing  hem ophiliacs, especially  those w h o  received  
large  am o u n ts  of factor VIII o r factor IX concentra tes 
before 1985, m ake u p  ab o u t 0.5% of all cases.

• O th e r rec ip ien ts o f H IV -infected w ho le  b lood  o r com po
n en ts  (e.g., p latelets, p lasm a) accoun t for ab o u t 1 % of 
patien ts.
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• H IV  infection  of the new born . C lose to  2% of all AIDS 
cases occur in  th is p ed ia tric  po p u la tio n . The v ast m ajor
ity  acquires the  in fection  by transm ission  of the  v iru s  
from  m o th er to  ch ild  (d iscussed  later).

• In  app rox im ate ly  5% of cases, the  risk  factors canno t be 
determ ined .

It sh o u ld  be a p p a re n t from  the  p reced ing  d iscussion  
th a t transm ission  o f H IV occurs under conditions that 
facilitate exchange o f b lood  or body flu ids contain ing the  
virus or virus-in fected  cells. The th ree  m ajor ro u tes  of 
transm ission  are  sexual contact, p a ren te ra l inoculation , 
an d  passage  of the v iru s  from  infected  m o th ers  to  their 
new borns.
• Sexual transmission is the  d o m in an t m o d e  of infection  

w o rld w id e , accoun ting  for m ore  th a n  75% of all cases 
o f H IV  transm ission . Because m o st infected  in d iv id u a ls  
in  the  U n ited  S tates are m en  w h o  have  sex w ith  m en, 
sexual transm ission  has m ain ly  occurred  am o n g  hom o
sexual m en. The v iru s  is carried  in  the sem en, an d  it 
en te rs  the rec ip ien t's  bo d y  th ro u g h  abrasions in  rectal 
o r o ra l m ucosa  or by  d irect con tact w ith  m ucosal lin ing  
cells. V iral sp read  occurs in  tw o  w ays: (1) d irec t inocula 
tion  in to  the  b lood  vessels b reached  by trau m a  an d  (2 ) 
in fection  of DCs or CD4+ cells w ith in  the m ucosa. Sexual 
transm ission  of H IV  is enhanced  by coexisting  sexually  
tran sm itted  d iseases, especially  those associated  w ith  
gen ital u lceration .

• Parenteral transmission of H IV  has occurred  in  in trave 
no u s d ru g  abusers, hem ophiliacs w h o  received  contam 
in a ted  factor VIII a n d  factor IX concentrates, a n d  o ther 
recip ien ts o f con tam in a ted  b lood  p ro d u c ts . In  the U nited  
S tates a t p resen t, p a ren te ra l transm ission  is com m on 
only  am o n g  in trav en o u s  d ru g  users. T ransm ission  
occurs by  sh arin g  of needles, syringes, a n d  o th er p a ra 
p h e rn a lia  con tam ina ted  w ith  H IV -contain ing  blood. 
T ransm ission  of H IV  by transfu sion  of b lood  o r b lood 
p ro d u c ts , such  as lyoph ilized  factor VIII a n d  factor IX 
concentrates, has  been  v irtua lly  e lim inated  by pub lic  
h ea lth  m easures, in c lu d in g  screen ing  of d o n a ted  b lood 
an d  p lasm a for an tib o d y  to  HIV, s trin g en t p u rity  criteria  
for factor VIII a n d  factor IX p rep ara tio n s, a n d  screening 
of do n o rs  o n  the  basis o f h isto ry . A n ex trem ely  sm all 
risk  for acq u irin g  AIDS th ro u g h  transfu sion  of serone
gative b lood  persists, because a recen tly  infected  ind i
v id u a l m ay  be an tibody-negative . C u rren tly , th is risk  is 
estim ated  to  be 1  in  m ore  th a n  2  m illion  u n its  of b lood 
transfused .

• A s a llu d ed  to  earlier, mother-to-infant transmission is the 
m ajor cause of p ed ia tric  AIDS. In fected  m o thers  can 
tran sm it the  in fection  to the ir o ffsp ring  by  th ree  routes: 
(1 ) in  u te ro  by  transp lacen ta l sp read ; (2 ) d u r in g  delivery  
th ro u g h  a n  infected  b irth  canal; a n d  (3) after b irth  by 
ingestion  of b reast m ilk. O f these, transm ission  d u rin g  
b irth  (in trap artu m ) an d  in  the im m ed ia te  p e rio d  there 
after (pe ripa rtum ) is considered  to  be the m ost com m on 
m o d e  in  the U n ited  States. The rep o rted  transm ission  
ra tes  vary  from  7% to 49% in  d iffe ren t p a rts  of the 
w o rld . H igher risk  of transm ission  is associa ted  w ith  
h ig h  m a te rn a l v ira l load  a n d  low  CD4+ T cell coun ts as 
w ell as chorioam nion itis. F ortunate ly , an ti-re trov ira l 
th e rap y  g iven  to  infected  p re g n a n t w o m en  in  the U nited

174 C H A P T E R  5 Diseases of the Immune System

States has  v irtua lly  e lim inated  m other-to -ch ild  trans
m ission , b u t it rem ains a m ajor source of in fection  in
a reas  w h ere  these trea tm en ts  are  n o t available.

M uch  concern  has a risen  in  the lay pub lic  a n d  am o n g  
hea lthcare  w o rk ers  ab o u t the  sp read  of H IV  infection  
o u ts ide  the  h igh -risk  g roups. Extensive s tud ies  ind icate 
th a t H IV  infection  canno t be tran sm itted  by  casual p e r
sonal contact in  the h o useho ld , w orkp lace , o r school. 
Spread  by  insect b ites is v irtua lly  im possib le. R egard ing  
transm ission  of H IV  infection  to hea lthcare  w orkers, an  
ex trem ely  sm all b u t defin ite  risk  is p resen t. Seroconversion  
has been  d o cu m en ted  after acciden tal need le-stick  in jury  
or exposu re  of n on in tac t sk in  to  infected  b lood  in  labora 
to ry  accidents. A fter need le-stick  accidents, the  risk  for 
seroconversion  is believed  to  be a b o u t 0.3%, a n d  an ti
re trov ira l th e rap y  g iven  w ith in  24 to  48 h o u rs  o f a need le 
stick can  greatly  reduce  the risk  of infection. By com pari
son, app rox im ate ly  30% of those acciden ta lly  exposed  to 
h epatitis  B -infected  b lood  becom e seropositive.

Properties of HIV

H IV is  a nontransform ing hum an retrovirus b e lon g in g  to 
the lentiv irus fam ily . In c lu d ed  in  th is g ro u p  are  feline 
im m unodefic iency  v irus, sim ian  im m unodefic iency  v irus, 
v isna  v iru s  of sheep, bovine im m unodefic iency  v irus, an d  
the  equ ine  in fectious anem ia  v irus.

T w o genetically  d ifferen t b u t re la ted  fo rm s of HIV, 
called  HIV-1 a n d  HIV-2, hav e  been  iso la ted  from  patien ts. 
HIV-1 is the  m o st com m on type  associa ted  w ith  AIDS in 
the  U n ited  States, E urope, a n d  C en tra l Africa, w h ereas 
HIV-2 causes a  sim ilar d isease p rinc ipa lly  in  W est A frica 
an d  Ind ia . The en su in g  d iscussion  relates p rim arily  to 
HIV-1, b u t is generally  applicab le  to  HIV-2 as w ell.

Structure o f  H IV

Sim ilar to  m o st re trov iru ses, the  HIV-1 v irio n  is spherical 
an d  contains a n  electron-dense, cone-shaped  core su r
ro u n d e d  by a lip id  envelope  d eriv ed  from  the ho st cell 
m em b ran e  (Fig. 5.37). The v iru s  core contains (1) the m ajor 
capsid  p ro te in  p24; (2) nuc leocapsid  p ro te in  p 7 /p 9 ; (3) tw o 
copies of v ira l genom ic RNA; a n d  (4) the th ree  v iral 
enzym es (pro tease, reverse  transcrip tase , a n d  integrase). 
p24 is the m ost a b u n d a n t v ira l an tig en  a n d  is the an tigen  
de tected  by a n  assay  w id e ly  u sed  to  d iagnose H IV  infec
tion. The v ira l core is su rro u n d e d  by a m atrix  p ro te in  called 
p17, w h ich  lies u n d e rn e a th  the v irion  envelope. S tu d d in g  
the v ira l envelope are  tw o  v ira l g lycopro teins, g p 1 2 0  and  
gp41, w h ich  are critical for H IV  infection  of cells.

The HIV-1 R N A  genom e contains the gag, pol, a n d  env 
genes, w h ich  are typ ical o f re trov iru ses. The p ro d u c ts  of 
the gag a n d  pol genes are large  p recu rso r p ro te in s  th a t are  
cleaved  by the v ira l p ro tease  to  y ie ld  the m a tu re  p ro te ins. 
In  a d d itio n  to  these th ree  s ta n d a rd  re trov ira l genes, HIV  
con tains several accessory genes, in c lu d in g  tat, rev, vif, nef, 
vpr, a n d  vpu, w h ich  reg u la te  the  syn thesis a n d  assem bly  of 
in fectious v ira l p artic les a n d  the  pathogen ic ity  of the v irus.

M olecu lar analysis  o f d ifferen t HIV-1 iso lates has 
revea led  considerab le  variab ility  in  certa in  p a rts  of the 
v ira l genom e, m ostly  w ith in  sequences th a t encode p a r 
ticu lar reg ions of the envelope g lycopro teins. Because the
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Fig. 5.37 The structure of the human immunodeficiency virus (HIV)-I 
virion. The viral particle is covered by a lipid bilayer derived from the host 
cell and studded with viral glycoproteins gp4I and gpI20.

an tib o d y  response  ag a in st HIV-1 is ta rg e ted  ag a in st its 
envelope, such  variab ility  poses p rob lem s for the develop 
m en t of a s ing le-an tigen  vaccine. B ased on  genetic varia 
tion, HIV-1 can  be d iv id ed  in to  th ree  su b g ro u p s, d esignated  
M  (m ajor), O  (outlier), a n d  N  (neither M  n o r O). G roup  M  
v iru ses  are  the  m ost com m on  fo rm  w o rld w id e , a n d  they 
are  fu rth e r d iv id ed  in to  several sub types, o r clades, desig 
n a te d  A  th ro u g h  K. V arious su b ty p es d iffer in  the ir geo
g raph ic  d istribu tion ; for exam ple, sub type  B is the m ost 
com m on  fo rm  in  w e s te rn  E urope  a n d  the  U n ited  States, 
w h e reas  sub type  E is the m ost com m on clade in  T hailand . 
C urren tly , clade C is the fastest sp read in g  clade w o rld 
w ide, being  p re se n t in  Ind ia , E th iopia, a n d  S ou thern  
Africa.

Pathogenesis of HIV Infection and AIDS

W hile H IV  can  infect m an y  tissues, the tw o  m ajor ta rge ts 
of H IV  infection  are  the im m u n e  system  a n d  the  cen tra l 
n e rv o u s system . The effects of H IV  infection  o n  each  of 
these tw o  system s a re  d iscussed  separately .

Profound im m une deficiency, prim arily affecting cell- 
m ediated  im m unity , is  the hallm ark o f A ID S. This resu lts  
chiefly from  infection  a n d  su b seq u en t loss o f CD4+ T cells 
as w ell as  im p a ired  function  o f su rv iv in g  h e lp er T cells a n d  
o th e r im m u n e  cells. W e first describe the m echan ism s 
invo lved  in  v ira l en try  in to  T cells a n d  m acrophages a n d  
the rep licative  cycle of the  v iru s  w ith in  cells. This is fol
low ed  by a m ore d e ta iled  rev iew  of the in te rac tion  be tw een  
H IV  a n d  its cellu lar targets.

Life Cycle o f  H IV

The life  cycle o f H IV consists o f in fection  o f cells, in te
gration o f the provirus in to the host cell genom e, activa
tion  o f viral replication, and production and release of  
in fectiou s virus (Fig. 5.38). The m olecu les a n d  m echa
n ism s o f each o f these steps a re  u n d e rs to o d  in  considerab le 
detail.

In f e c t io n  o f  C e l ls  b y  H I V

H IV in fects cells b y  u sin g  the CD4 m olecu le as a receptor 
and various chem okine receptors as coreceptors (see Fig. 
5.38). B inding  of H IV  gp120 to  CD4 is essen tia l for infection  
a n d  accoun ts for the tro p ism  of the v iru s  for CD4+ T cells 
a n d  for CD4+ m o n o cy te s /m ac ro p h ag es  a n d  DCs. H ow ever, 
b in d in g  to  CD4 is n o t sufficient for infection, as H IV  gp120 
also  m u s t b in d  to  o th e r cell surface m olecu les (coreceptors) 
for en try  in to  the  cell. C hem okine recep tors, p a rticu larly  
CCR5 a n d  CXCR4, serve th is role. H IV  isolates can  be d is
tin g u ish ed  by their u se  of these coreceptors: R5 stra in s use  
CCR5, X4 stra in s use  CXCR4, a n d  som e stra in s (R5X4) are  
dual-trop ic . R5 stra in s p referen tia lly  infect cells o f the 
m o n o c y te /m a c ro p h a g e  lineage an d  are  th u s  re ferred  to  as 
M-tropic, w h ereas X4 stra ins are  T-tropic, p referen tia lly  
in fecting  T cells, b u t  these d istinctions are n o t abso lu te.

P o lym orph ism s in  the gene encod ing  CCR5 are  associ
a ted  w ith  a lte red  suscep tib ility  to H IV  infection. A b o u t 1% 
of w h ite  A m ericans in h erit tw o  m u ta te d  copies of the 
CCR5 gene a n d  are resis tan t to  R5 H IV  isolates. A b o u t 20% 
of in d iv id u a ls  are he te ro zy g o u s for th is p ro tective  CCR5 
allele; these in d iv id u a ls  are n o t p ro tec ted  from  AIDS, b u t 
the  o n se t o f their d isease after infection  is delayed . O nly 
ra re  hom ozygo tes for the m u ta tio n  have  been  fo u n d  in  
A frican  a n d  E ast A sian  popu la tions.

M olecu lar deta ils of the  d ead ly  h an d sh ak e  be tw een  H IV  
g lycopro te ins a n d  their cell surface recep to rs have  been  
e lucidated . The H IV  envelope  contains tw o  noncovalen tly  
associated  g lycopro teins, surface g p 1 2 0  an d  the transm em 
b ran e  p ro te in  gp41. The in itial step  in  in fection  is the 
b in d in g  of the gp120 envelope g lycopro te in  to  CD4 m ol
ecules, w h ich  leads to a confo rm ational change th a t creates 
a  new  recogn ition  site on  gp120 for the corecep tors CCR5 
o r CXCR4. B inding  to  the  corecep tors in d u ces conform a
tional changes in  gp41 th a t exposes a h y d ro p h o b ic  reg ion  
called  the  fu sion  p e p tid e  a t the  tip  of gp41. This p ep tid e  
inserts in to  the cell m em brane  of the  ta rg e t cells (e.g., T 
cells o r m acrophages), lead in g  to  fusion  of the  v iru s  w ith  
the h o st cell. A fter fusion, the v iru s  core con ta in ing  the H IV  
genom e en ters the  cy top lasm  of the cell.

V i r a l  R e p l ic a t io n

O nce in terna lized , the R N A  genom e of the  v iru s  u n d erg o es  
reverse  transcrip tion , lead in g  to  the syn thesis of doub le 
s tran d ed  com plem en tary  D N A  (cDNA; p ro v ira l DNA) 
(see Fig. 5.38). In  qu iescen t T cells, H IV  cD N A  m ay  rem ain  
in  the cy top lasm  in  a linear ep isom al form . In  d iv id in g  T 
cells, the cD N A  circularizes, en te rs  the  nucleus, a n d  is then  
in teg ra ted  in to  the h o st genom e. A fter in teg ra tion , the p ro 
v iru s  m ay  be silen t for m o n th s  o r years, a fo rm  of latent 
infection. A lternatively , p ro v ira l D N A  m ay  be transcribed , 
lead in g  to  the  expression  o f v ira l p ro te in s  th a t are  req u ired  
for the fo rm ation  of com plete v ira l particles. H IV  infects 
m em ory  cells a n d  activa ted  T cells b u t  is inefficient a t p ro 
ductively  in fecting  naïve  (resting) T cells.

C om pletion  o f the viral life  cycle in  latently  in fected  
cells occurs on ly  after cell activation, and in  the case of  
m ost CD4+ T cells, v irus activation results in  death o f the  
in fected  cells. A ctivation  of T cells by  an tig en s o r cyto
k ines u p reg u la te s  several tran sc rip tio n  factors, inc lud ing  
N F -kB, w h ich  m oves from  the cytosol in to  the  nucleus. In
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Fig. 5.38 The life cycle of HIV showing the steps from viral entry to production of infectious virions. ( A d a p t e d  f r o m  W a in - H o b s o n  S: H IV . O n e  o n  o n e  m e e ts  

tw o . Nature 3 8 4 : 1 1 7 ,  1 9 9 6 . )

the nucleus, N F-kB b in d s to  reg u la to ry  sequences w ith in  
several genes, in c lu d in g  genes for cy tok ines a n d  o ther 
im m u n e  m ed ia to rs, p ro m o tin g  the ir transcrip tion . The 
long -te rm inal-repea t sequences th a t flank  the H IV  genom e 
also  con ta in  N F-KB -b in d in g  sites, so b in d in g  of the tran 
scrip tion  factor activates v ira l gene expression. Im agine 
now  a la ten tly  in fected  CD 4+ cell th a t encoun ters a n  env i
ron m en ta l an tigen . In d u c tio n  of N F-kB in  such  a cell (a 
physio log ic response) activates the  tran sc rip tio n  of HIV  
p ro v ira l D N A  (a patho log ic  outcom e) a n d  leads u ltim ate ly  
to the  p ro d u c tio n  of v irions a n d  to cell death . F u rth e r
m ore, TN F a n d  o th e r cy tok ines p ro d u c e d  by  ac tivated  
m acrophages also  s tim u la te  N F-k B activ ity  a n d  th u s  lead  
to p ro d u c tio n  o f H IV  RNA. T hus, it seem s th a t H IV  th rives 
w h e n  the ho st T cells an d  m acrophages are physio logically  
activated , a situ a tio n  th a t can  be described  as "su b v ersio n  
from  w ith in ."  Such ac tiva tion  in  v ivo  m ay  re su lt from  an ti
genic s tim u la tio n  by H IV  itself o r by  o ther infecting  m icro 
organ ism s. H IV -positive in d iv id u a ls  a re  a t increased  risk

for recu rren t infections, w h ich  leads to  increased  ly m p h o 
cyte ac tiva tion  a n d  p ro d u c tio n  of p ro in flam m ato ry  cyto
k ines. These, in  tu rn , s tim u la te  m ore  H IV  p ro d u c tio n , loss 
o f ad d itio n a l CD4+ T cells, a n d  m ore  infections. T hus, it is 
easy  to see how  H IV  infection  sets u p  a v icious cycle th a t 
cu lm inates in  inexorab le d estru c tio n  of the im m u n e  
system .

M e c h a n is m  o f  T-Cell D ep letion  in H IV  Infection  

Loss o f CD4+ T cells is m ain ly  caused by the direct cyto- 
pathic effects o f the replicating virus. In  infected  ind i
v idua ls , ap p rox im ate ly  1 0 0  b illion  n ew  v ira l particles are 
p ro d u c e d  an d  1 to  2 b illion  CD4+ T cells d ie  each day. 
D ea th  of these cells is a m ajor cause of the relentless, an d  
even tua lly  p ro fo u n d , T cell im m unodefic iency . U p to  a 
po in t, the im m u n e  system  can  rep lace  the  d y in g  T cells, b u t 
as the  d isease p rogresses, renew al of CD4+ T  cells canno t 
keep  u p  w ith  their loss. Possible m echan ism s by  w h ich  
the v iru s  d irectly  k ills infected  cells include increased
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p lasm a m em brane  perm eab ility  associa ted  w ith  b u d d in g  
of v iru s  partic les a n d  defects in  p ro te in  syn thesis stem 
m ing  from  in terference by v ira l p ro te in s  invo lved  in  v iral 
replication .

In ad d ition  to direct k illin g  o f cells by the virus, other 
m echanism s m ay contribute to the lo ss  or functional 
im pairm ent o f T cells. These include:
• C hronic  activa tion  of un in fec ted  cells, re sp o n d in g  to 

H IV  itself o r to  infections th a t a re  com m on  in  in d iv id u 
als w ith  AIDS, lead in g  to  ap o p to sis  of these cells.

• H IV  infection  of cells in  ly m p h o id  o rgans (spleen, ly m p h  
nodes, tonsils) causing  p rog ressive  d estru c tio n  of the 
a rch itec tu re  a n d  cellu lar com position  of ly m pho id  
tissues.

• F usion  of infected  a n d  un in fec ted  cells, lead in g  to  for
m atio n  of syncytia  (g ian t cells). In  tissue cu ltu re  the 
g p 1 2 0  expressed  o n  p ro d u c tiv e ly  in fected  cells b inds 
to  CD4 m olecu les o n  un in fec ted  T cells, fo llow ed 
by  cell fusion. F used  cells u sua lly  d ie  w ith in  a  few  
hours.

• Q ualita tive  defects in  T cell function . E ven  in  asy m p 
tom atic  H IV -infected  in d iv id u a ls , defects have  been 
rep o rted , in c lu d in g  a red u c tio n  in  an tig en -in d u ced  T 
cell pro lifera tion , a decrease in  TH1-type responses rela 
tive to  the TH2 type, defects in  in trace llu la r signaling , 
a n d  m an y  m ore. The loss of TH1 responses resu lts  in  a 
p ro fo u n d  deficiency in  cell-m ediated  im m un ity . There 
also  is a  selective loss o f the m em ory  subse t of CD4+ 
he lp er T cells early  in  the course of d isease, w h ich  
explains p o o r recall responses to  p rev iously  encoun 
te red  an tigens.

L ow -level chronic or latent in fection  o f T cells is an 
im portant feature o f HIV in fection . In teg ra ted  p ro v i
rus, w ith o u t v ira l gene expression  (la ten t infection), can 
p ersis t in  cells for m o n th s  or years. E ven  w ith  p o te n t an ti
v ira l th erapy , w h ich  practically  sterilizes the  p e rip h era l 
blood, la ten t v iru s  lu rk s w ith in  CD4+ cells (bo th  T cells 
an d  m acrophages) in  ly m p h  nodes. A ccord ing  to  som e 
estim ates, 0.05% of CD4+ T cells in  the ly m p h  nodes are  
la ten tly  infected . Because m ost of these CD4+ T cells are  
m em ory  cells, they  are  long-lived, w ith  a life sp an  of 
m o n th s to  years, an d  th u s p ro v id e  a p e rs is ten t reservo ir of 
v irus.

H IV  Infection o f  N o n - T  Im m u n e  Cells

In  ad d itio n  to in fection  a n d  loss of CD4+ T cells, infection  
of m acrophages a n d  D C s also  is im p o rta n t in  the p a th o 
genesis o f H IV  infection.

M a cro p h a g es. S im ilar to  T cells, m o st m acrophages 
in fected  by  H IV  are  fo u n d  in  tissues, a n d  in  certa in  tissues, 
such  as the lungs an d  brain , as m an y  as 10% to 50% of 
m acrophages are  infected . A lth o u g h  cell d iv ision  is 
req u ired  for nuclear en try  a n d  rep lica tion  of m ost re trov i
ruses, HIV-1 can  infect a n d  m u ltip ly  in  te rm inally  differ
en tia ted  n o n d iv id in g  m acrophages, w h ich  m ay  contain  
large  n u m b ers  of v iru s  particles. Even th o u g h  m acro 
p h ag es allow  v ira l replication , they  are  qu ite  resis tan t to 
the  cy topath ic  effects of HIV, in  co n trast to  CD4+ T cells. 
T hus, m acrophages m ay  be reservo irs of infection, a n d  in  
la te  stages of H IV  infection, w h e n  CD4+ T-cell n u m b ers

decline greatly , m acrophages m ay  be an  im p o rtan t site of 
co n tinued  v ira l replication .

D e n d r itic  C ells. M ucosal D C s m ay  be infected  by  the 
v iru s  a n d  tra n sp o rt it to  reg ional ly m p h  nodes, w h ere  
the v iru s  is tran sm itted  to  CD4+ T cells. Follicular D C s in  
the germ inal cen ters of ly m p h  n o d es also  are  p o ten tia l 
reservo irs of HIV . A lth o u g h  som e follicular DCs m ay  be 
suscep tib le  to  H IV  infection, m ost v iru s  particles a re  found  
on  the surface of the ir den d ritic  processes.

B  C ell F u n c tio n  in  H IV  In fe c tio n .  A lth o u g h  B cells canno t 
be in fected  by HIV , they  m ay  show  p ro fo u n d  abnorm ali
ties. Paradoxically , there  is sp o n tan eo u s B-cell ac tivation  
an d  hypergam m ag lo b u lin em ia  in  associa tion  w ith  an  
inab ility  to  m o u n t an tib o d y  responses to  new ly  encoun 
te red  an tigens. The defective an tib o d y  responses m ay  be 
d u e  to  lack of T-cell help  as w ell as acq u ired  defects in  B 
cells.

Pathogenesis o f  C en tra l N ervous System Involvem ent 

Like the ly m p h o id  system , the nervous system  is a target 
o f H IV in fection . M acrophages a n d  m icroglia, cells in  the 
CNS th a t belong  to  the m acrophage  lineage, a re  the  p re 
d o m in an t cell types in  the b ra in  th a t a re infected  w ith  HIV. 
It is believed  th a t H IV  is carried  in to  the  b ra in  by  infected  
m onocytes. In  k eep ing  w ith  this, the  H IV  isolates from  the 
b ra in  are a lm ost exclusively  M -tropic. The m echan ism  of 
H IV -induced  dam age  of the  brain , how ever, rem ains 
obscure. Because n e u ro n s  are n o t infected  a n d  the  ex ten t 
of n eu ropa tho log ic  changes is o ften  less th a n  m ig h t be 
expected  from  the severity  of neuro log ic  sym ptom s, m ost 
clin icians believe th a t the  neuro log ic  deficit is caused  ind i
rectly  by v ira l p ro d u c ts  an d  by soluble factors p ro d u ced  
by  infected  m icroglia, such  as the cy tok ines IL-1, TNF, an d  
IL-6 .

®  S U M M A R Y

H U M A N  I M M U N O D E F I C I E N C Y  V IR U S  L IF E  C Y C L E  

A N D  T H E  P A T H O G E N E S IS  O F  A I D S

• Virus entry into cells: R equ ires C D 4  and c o re c e p to rs , w h ich  are  

re c e p to rs  fo r  chem okines; involves binding o f  v ira l g p l2 0  and 

fusion w ith  th e  cell m ed ia ted  by v ira l g p 4 l p ro te in ; main cel

lu lar targets : C D 4 +  h e lp e r T  cells, m acrophages, D C s

• Viral replication: In teg ra tio n  o f p ro virus  g en o m e  in to  host cell 

D N A ;  trig gerin g  o f v iral gene expression  by stim uli th a t  a c ti

v a te  in fected  cells (e.g., in fectious m icrob es, cytok ines  p ro 

duced during  n o rm a l im m un e responses)

• Progression o f  infection: A c u te  in fection  o f m ucosal T  cells and 

D C s ; v ire m ia  w ith  d issem ination  o f  virus; la ten t in fection  o f  

cells in lym phoid  tissue; con tinu ing  v ira l rep lication  and p ro 

gressive loss o f  C D 4 +  T  cells

• M echanism s o f  im m une deficiency:

• Loss o f  C D 4 +  T  cells:T  cell death  during  v iral rep lication  and 

budding (s im ilar to  o th e r  c y to pa th ic  in fections); apoptosis  

o cc u rring  as a resu lt o f  c hron ic  stim ulation; decreased  thym ic  

o u tp u t; functional defects

• D e fe c tiv e  m acrophage and D C  functions

• D e s tru c tio n  o f  a rc h ite c tu re  o f  lym phoid  tissues (late)
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Natural History and Course of HIV Infection

H IV d isease b eg in s w ith  acute in fection , w h ich  is on ly  
partly controlled  by the host im m une response, and  
advances to chronic progressive in fection  o f peripheral 
lym p h oid  tissu es (Figs. 5.39 a n d  5.40).
• Acute phase. V irus typ ically  enters through m ucosal 

surfaces, and acute (early) in fection  is characterized by  
in fection  o f m em ory CD4+ T cells (w hich  express 
CCR5) in  m ucosal lym p h oid  tissu es, and the death of 
m any o f th ese  in fected  cells. Because the m ucosal 
tissues are the la rgest reservo ir of T cells in  the body , 
a n d  a m ajor site o f residence of m em ory  T cells, th is 
local loss resu lts  in  considerab le  d ep le tion  of ly m p h o 
cytes. A t th is stage, few  infected  cells a re  detectab le  in  
the b lood  a n d  o ther tissues.

M ucosal in fection  is fo llo w ed  by d issem in ation  of 
the virus and the d evelop m en t o f host im m une  
responses. DCs in  ep ithe lia  a t sites of v iru s  en try  cap tu re  
the  v iru s  a n d  then  m ig ra te  in to  the  ly m p h  nodes. O nce 
in  ly m p h o id  tissues, D C s pass H IV  o n  to  CD4+ T cells 
th ro u g h  direct cell-cell contact. W ith in  days after the 
first exposu re  to  HIV, v ira l rep lica tion  can  be detected  
in  ly m p h  nodes. This rep lica tion  leads to  virem ia, d u rin g  
w h ich  h ig h  n u m b ers  of H IV  particles a re  p re sen t in  the 
p a tie n t 's  b lood. The v iru s  d issem inates th ro u g h o u t the 
body  a n d  infects he lp er T cells, m acrophages, a n d  DCs 
in  p e rip h e ra l ly m p h o id  tissues.

W ith in  3 to  6  w eeks after in itia l infection, 40% to 90% 
of infected  in d iv id u a ls  develop  a n  acute H IV  syndrome, 
w h ich  is triggered  by the in itial sp read  of the v iru s  an d  
the ho st response. This p h ase  is associated  w ith  a self
lim ited  acu te  illness w ith  nonspecific sym ptom s, inc lud 
ing  sore th roat, m yalg ias, fever, w e ig h t loss, a n d  fatigue, 
resem b ling  a flulike syndrom e. Rash, ly m p h ad en o p a- 
thy, d ia rrhea , a n d  v o m iting  also  m ay  occur. This typ i
cally reso lves spon tan eo u sly  in  2 to  4 w eeks.

A s the in fection  sp reads, the in d iv id u a l m o u n ts  an ti
v ira l h u m o ra l a n d  cell-m ediated  im m u n e  responses. 
These responses are ev idenced  by  seroconversion  
(usually  w ith in  3 to  7 w eeks of p re su m e d  exposure) and  
by  the app earan ce  of virus-specific C D 8 + cytotoxic T 
cells. H IV -specific C D 8 + T cells a re  de tec ted  in  the b lood 
a t ab o u t the  tim e v ira l titers beg in  to  fall an d  are m ost 
likely responsib le  for the  in itia l co n ta in m en t of HIV  
infection. These im m u n e  responses pa rtia lly  con tro l the 
in fection  a n d  v ira l p roduction , a n d  such  con tro l is 
reflected  by  a d ro p  in  v irem ia  to  low  b u t detectable 
levels by  ab o u t 1 2  w eeks after the p rim ary  exposure.

• Chronic phase. In the next, chronic phase o f the d isease, 
ly m p h  nod es and the sp leen  are sites o f continuous  
H IV replication  and cell destruction. D u rin g  th is 
p e rio d  of the disease, few  o r no  clinical m an ifesta tions 
of the  H IV  infection  are  p resen t. Therefore, th is  phase  
of H IV  d isease is called  the clinical latency period. 
A lth o u g h  few  p erip h e ra l b lood  T cells h a rb o r the  v irus, 
d estruc tion  of CD4+ T cells w ith in  ly m p h o id  tissues (up 
to 1 0 % of w h ich  m ay  be infected) con tinues d u rin g  th is 
phase , an d  the n u m b er o f c ircu la ting  b lood  CD4+ T cells 
s tead ily  declines. E ventually , over a p e rio d  of years, the 
con tin u o u s cycle o f v iru s  infection, T-cell dea th , an d  
new  infection  leads to a s teady  decline in  the n u m b er of

Infection of 
mucosal tissues

Death of mucosal 
memory CD4+

T cells

Infection established 
in lymphoid tissues, 

e.g., lymph node

Spread of infection 
throughout the body

Immune
response

Clinical
latency

Establishment of chronic 
infection; virus concentrated 

in lymphoid tissues; 
low-level virus production

Other microbial infections; cytokines —

Increased viral replication

AIDS Destruction of lymphoid tissues: 
depletion of CD4+ T cells

Fig. 5.39 Pathogenesis of HIV-1 infection. The initial infection starts in 
mucosal tissues, involving mainly memory CD4+ T cells and dendritic cells, 
and spreads to lymph nodes.Viral replication leads to viremia and widespread 
seeding of lymphoid tissue. The viremia is controlled by the host immune 
response, and the patient then enters a phase of clinical latency. During this 
phase, viral replication in both T cells and macrophages continues unabated, 
but there is some immune containment of virus ( n o t  s h o w n ) . A gradual 
erosion of CD4+ cells continues, and, ultimately, CD4+ T-cell numbers 
decline and the patient develops clinical symptoms of full-blown AIDS. C T L , 

Cytotoxic T lymphocyte.
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Fig. 5.40 Clinical course of HIV infection. (A) During the early period after primary infection, there is dissemination of virus, development of an immune 
response to HIV, and often an acute viral syndrome. During the period of clinical latency, viral replication continues and the CD4+ T-cell count gradually 
decreases, until it reaches a critical level below which there is a substantial risk for AIDS-associated diseases. (B) Immune response to HIV infection. A cyto
toxic T-lymphocyte (CTL) response to HIV is detectable by 2 to 3 weeks after the initial infection, and it peaks by 9 to 12 weeks. Marked expansion of 
virus-specific CD 8 + T-cell clones occurs during this time, and up to 10% of a patient's CTLs may be HIV specific at 12 weeks. The humoral immune response 
to HIV peaks at about 12 weeks. ( A ,  R e d ra w n  f r o m  F a u c i A S , L a n e  H C :  H u m a n  im m u n o d e f ic ie n c y  v ir u s  d is e a s e :  A ID S  a n d  r e la t e d  c o n d i t io n s .  In  F a u c i A S , e t  a l,  e d i to r s :  

Harrison's principles of internal medicine, e d  1 4 , N e w  Y o rk ,  1 9 9 7 ,  M c G r a w - H i l l ,  p  1 7 9 1 . )

CD4+ T cells in  the ly m p h o id  tissues an d  the 
circulation.

• AID S. The final phase is progression  to A ID S, charac
terized  by a breakdow n o f host d efen se, a dramatic 
increase in  p lasm a virus, and severe, life-threatening  
clin ical d isease. Typically  the  p a tien t p resen ts  w ith  
long-lasting  fever ( > 1  m on th ), fatigue, w e ig h t loss, an d  
d iarrhea . A fter a variab le  period , serious o p p o rtu n is tic  
infections, secondary  neop lasm s, o r clinical neuro log ic  
d isease  (g ro u p ed  u n d e r  the ru b ric  A ID S indicator dis
eases o r AID S-defining illnesses, d iscussed  later) em erge, 
a n d  the  p a tien t is sa id  to  have  d eveloped  AIDS.

The extent o f v irem ia, m easured as HIV-1 R N A  levels  
in  the b lood , is a u sefu l marker o f H IV d isease progres
sion  an d  is  o f value in  the m anagem ent o f H IV -infected  
in d iv id u als. The v ira l load  a t the en d  of the acu te  phase  
reflects the equ ilib riu m  reached  be tw een  the v iru s  a n d  the 
ho st response, a n d  in  a g iven  p a tien t it m ay  rem ain  fairly 
stable for several years. This level o f steady -sta te  v irem ia, 
called  the  viral set point, is a p red ic to r of the ra te  of decline 
of CD4+ T cells and , therefore, p rog ressio n  of H IV  disease.

Because the  loss of im m u n e  co n ta in m en t is associated  
w ith  declin ing  CD4+ T cell counts, the  C en ters for D isease 
C on tro l a n d  P reven tion  (CDC) classification of H IV  infec
tion  stratifies p a tien ts  in to  th ree  g ro u p s  b ased  on  CD4+ cell 
counts: g rea ter th a n  o r equal to  500 c e lls /|iL , 200 to  499 
ce lls /|iL , an d  few er th a n  200 ce lls / |iL (Table 5.15).

In  the absence of trea tm en t, m ost p a tien ts  w ith  HIV  
infection  p ro g ress  to  AIDS after a chronic phase  lasting  
from  7 to 10 years, b u t there  are  exceptions. In  rapid progres- 
sors, the m idd le , chronic phase  is te lescoped  to  2 to  3 years 
after p rim ary  infection. A bou t 5% to 15% of in fected  ind i
v id u a ls  a re  long-term nonprogressors, defined  as u n trea ted  
H IV -1-infected  in d iv id u a ls  w h o  rem ain  asym ptom atic  for

10 years o r m ore, w ith  stable CD4+ T cell coun ts a n d  low  
levels o f p lasm a  v irem ia (usually  <500 v ira l R N A  c o p ie s / 
mL). R em arkably , ab o u t 1% of in fected  in d iv id u a ls  have  
unde tec tab le  p lasm a  v iru s  (<50 to  75 R N A  cop ies/m L ); 
these h av e  been  called  elite controllers. In d iv id u a ls  w ith  
such  a n  unco m m o n  clinical course have  a ttrac ted  g rea t 
a tten tio n  in  the  h o p e  th a t s tu d y in g  th em  m ay  shed  ligh t on  
h o st a n d  v ira l factors th a t influence d isease p rogression . 
S tud ies th u s  far ind icate  th a t th is g ro u p  is he terogeneous 
w ith  respec t to  the variab les th a t influence the course of 
the disease. In  m ost cases, the v ira l iso lates do  n o t show  
qualita tive  abnorm alities, suggesting  th a t the unev en tfu l 
course  canno t be a ttr ib u te d  to  a "w im p y "  v irus. In  all 
cases, there  is ev idence of a  v igo rous anti-H IV  im m u n e

Table 5.15 C D C  Classification Categories of H IV  Infection

CD4+ T C ell Categories

1 2 3

C lin ica l C a teg o ries
£ 500
C ells /^L

2 0 0 -4 9 9
C ells /^L

<200
C ells /^L

A. Asymptomatic: acute 
(primary) HIV, or 
persistent generalized 
lymphadenopathy

Al A2 A3

B. Symptomatic: no A or 
C conditions

Bl B2 B3

C. AIDS indicator 
conditions: including 
constitutional disease, 
neurologic disease, or 
neoplasm

Data from Centers for Disease Control and Prevention: 1993 revised classification 
system and expanded surveillance definition for AIDS among adolescents and adults. 
MMWR 4I(RR-I7):I, 1992.
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response, b u t the  im m u n e  corre la tes o f p ro tec tio n  are  still 
u n k n o w n . Som e of these in d iv id u a ls  have  h ig h  levels of 
HIV -specific CD4+ a n d  C D 8 + T-cell responses, a n d  these 
levels a re  m a in ta in ed  over the course  of infection. The 
inheritance  of p a rticu la r H LA  alleles seem s to  correlate  
w ith  resistance to  d isease p rogression , p e rh a p s  reflecting 
the  ab ility  to  m o u n t an ti-v ira l T cell responses.

Clinical Features of AIDS

In  the  fo llow ing  section, w e  su m m arize  the clinical m an i
festations of the  term inal p hase  of the disease, fu ll-b low n 
AIDS.

In  the U n ited  States, the typ ical a d u lt p a tien t w ith  AIDS 
p resen ts  w ith  fever, w e ig h t loss, d ia rrhea , generalized  
ly m p h ad en o p a th y , m u ltip le  o p p o rtu n is tic  infections, n eu 
ro logic disease, and , in  m an y  cases, secondary  neop lasm s.

O pportun istic  Infections

O pportunistic in fection s account for the m ajority of 
deaths in  untreated patients w ith  A ID S. M any of these 
infections rep re sen t reac tiva tion  of la ten t infections, w h ich  
are  no rm ally  k e p t in  check by a ro b u s t im m u n e  system  b u t 
are  n o t com plete ly  e rad ica ted  because the  in fectious agen ts 
h av e  evo lved  to  coexist w ith  their hosts. The ac tua l fre
quency  of in fections varies in  d iffe ren t reg ions of the 
w orld , a n d  has been  m ark ed ly  re d u c e d  by the  ad v e n t of 
h igh ly  active an ti-re trov ira l th e rap y  (called H A A R T or 
ART), w h ich  relies on  a com bination  o f th ree  o r fo u r d ru g s  
th a t block d iffe ren t steps of the  H IV  life cycle.
• A pprox im ate ly  15% to 30% of u n tre a te d  H IV -infected 

in d iv id u a ls  develop  pneumonia caused  by  the  fu n g u s 
Pneumocystis proved  a t som e tim e d u rin g  the  course of 
the  disease. Before the a d v e n t o f HAART, th is infection  
w as  the p re sen tin g  fea tu re  in  ab o u t 2 0 % of cases, b u t 
the incidence is m u ch  less in  p a tien ts  w h o  re sp o n d  to 
HAART.

• Candidiasis is the m ost com m on  fungal in fection  in  
pa tien ts  w ith  AIDS, a n d  in fection  of the o ral cavity , 
vag ina, a n d  e so p h ag u s are  its m o st com m on clinical 
m anifesta tions. In  H IV -infected  in d iv id u a ls , o ra l cand i
d iasis is a sign  of im m unolog ic  decom pensation , an d  
often  h e ra ld s  the tran sitio n  to  AIDS. Invasive  cand id ia 
sis is in freq u en t in  p a tien ts  w ith  AIDS, a n d  it u sua lly  
occurs w h e n  there  is d ru g -in d u ced  n eu tro p en ia  or use  
of in d w ellin g  catheters.

• Cytomegalovirus (CMV) m ay  cause d issem inated  d isease, 
b u t m ore  com m only  affects the eye a n d  gastro in testina l 
tract. C horio retin itis  u sed  to  be seen  in  app rox im ate ly  
25% of pa tien ts, b u t has  decreased  d ram atically  after the 
in itia tion  of H A ART. CM V re tin itis  occurs a lm ost exclu
sively in  p a tien ts  w ith  CD4+ T cell coun ts less th an  50 
p e r  m icroliter. G astro in testina l CM V infection, seen  in  
5% to 10% of cases, m anifests as esophag itis  a n d  colitis, 
the la tter associa ted  w ith  m u ltip le  m ucosal u lcerations.

• D issem inated  bacterial infection  w ith  nontuberculous, o r 
atypical, mycobacteria (m ainly  Mycobacterium avium- 
intracellulare) a lso  occurs late, in  the  se tting  of severe 
im m u n o su p p ressio n . C o inc iden t w ith  the AIDS ep i
dem ic, the incidence of tubercu losis  has  risen  d ram ati
cally. W orldw ide , a lm ost one th ird  of all d ea th s  in  AIDS 
pa tien ts  are a ttrib u tab le  to  tuberculosis, b u t th is  com pli-
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cation  rem ain s unco m m o n  in  the U n ited  States. Both 
reac tiva tion  of la ten t p u lm o n ary  d isease a n d  new  
p rim ary  in fection  con tribu te  to  th is  toll. A s w ith  tuber
culosis in  o th e r settings, the infection  m ay  be confined 
to lu n g s  or m ay  involve m u ltip le  o rgans. M ost w o rri
som e are  rep o rts  in d ica ting  th a t a  g row ing  n u m b er of 
iso lates are resis tan t to  m u ltip le  an ti-m ycobacterial 
d rugs.

• Cryptococcosis occurs in  ab o u t 10% of AIDS patien ts. As 
in  o ther se ttings w ith  im m u n o su p p ressio n , m en ing itis  
is the  m ajor clinical m an ifesta tion  of cryptococcosis. 
Toxoplasma gondii, an o th e r freq u en t in v ad e r of the CNS 
in  AIDS, causes encephalitis  a n d  is responsib le  for 50% 
of all m ass lesions in  the CNS.

• ]C virus, a  h u m a n  p ap o v av iru s , is an o th e r im p o rtan t 
cause of CNS infections in  H IV -infected  patien ts. It 
causes p rog ressive  m ultifocal leukoencephalopathy  
(C hap ter 23). Herpes simplex virus infection is m an ifested  
by m ucocu taneous u lcera tions invo lv ing  the m ou th , 
e sophagus, ex ternal genitalia, an d  p erian a l region. Per
sisten t d ia rrhea , w h ich  is com m on in  u n tre a te d  pa tien ts  
w ith  adv an ced  AIDS, is o ften  caused  by in fections w ith  
p ro to zo an s or en teric  bacteria.

Tumors

Patients w ith  A ID S have a h igh  incidence o f certain  
tum ors, notably K aposi sarcoma, B cell lym phom a, cervi
cal cancer in  w om en , and anal cancer in  m en. These 
tu m o rs a re  o ften  co nsidered  AID S-defining malignancies. It 
is es tim ated  th a t 25% to 40% of u n tre a te d  H IV -infected 
in d iv id u a ls  w ill even tua lly  develop  a m alignancy . M any 
of these tu m o rs are  caused  by  oncogenic D N A  viruses, 
in c lu d in g  K aposi sarcom a h erp esv iru s  (K aposi sarcom a), 
EBV (B cell lym phom a), an d  h u m a n  p ap illo m av iru s (cervi
cal a n d  an a l carcinom a). These v iru ses  estab lish  la ten t 
infections th a t are k e p t in  check in  h ea lth y  in d iv id u a ls  by 
a com p eten t im m u n e  system . The increased  risk  for m alig 
nancy  in  AIDS p a tien ts  exists m ain ly  because of fa ilu re  to 
con tain  the infection  fo llow ing  reac tiva tion  of the v iruses 
an d  decreased  cellu lar im m u n ity  ag a in st v irally  infected  
cells u n d e rg o in g  m alig n an t transfo rm ation . The incidence 
of m an y  of these tum ors, especially  K aposi sarcom a, is 
decreasing  as trea tm en t has  im p ro v ed  a n d  p a tien ts  have  
less im m u n e  com prom ise. N evertheless, H IV -infected 
in d iv id u a ls  rem ain  m ore  suscep tib le  to  tu m o rs th a t occur 
in  the  general pop u la tio n , such  as lu n g  a n d  skin  cancers 
an d  certa in  form s of lym phom a.

K a p o s i  Sa rco m a . K aposi sarcom a (KS), a vascu lar tu m o r 
th a t is o therw ise  ra re  in  the  U n ited  States, is considered  an  
A ID S-defining m alignancy . The m orpho logy  of KS a n d  its 
occurrence in  p a tien ts  n o t infected  w ith  H IV  are  d iscussed  
in  C h ap te r 10. A t the onse t o f the  AIDS ep idem ic, u p  to 
30% of in fected  hom osexual or b isexual m en  h ad  KS, b u t 
w ith  use  of H A A R T there  has  been  a d ram atic  decline in  
its incidence in  recen t years. In  contrast, in  a reas of sub 
S aharan  A frica w h ere  H IV  infection  is bo th  freq u en t and  
largely  u n trea ted , K aposi sarcom a is one of the m ost 
com m on tum ors.

The lesions of KS are charac terized  by a p ro life ra tion  of 
sp in d le -sh ap ed  cells th a t express m arkers  of b o th  en d o th e 
lial cells (vascular or lym phatic) a n d  sm oo th  m uscle  cells.
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In  ad d itio n , KS lesions con tain  chronic in flam m atory  cell 
infiltrates. M any  of the fea tu res of KS suggest th a t it is n o t 
a m alig n an t tu m o r (desp ite  its om inous nam e).

There is com pelling  ev idence th a t KS is caused  by the 
KS herpesvirus (KSHV), a lso  called human herpesvirus 8 
(HHV8). Exactly h o w  KSHV infection  leads to  KS is still 
unclear. Like o ther herpesv iru ses, KSHV estab lishes la ten t 
infection, d u r in g  w h ich  several p ro te in s  are p ro d u ced  w ith  
p o ten tia l ro les in  s tim u la tin g  sp ind le  cell p ro life ra tion  and  
p rev en tin g  apop tosis . These include a v ira l hom ologue of 
the cell cycle reg u la to r cyclin D  (an  oncogene) a n d  several 
inh ib ito rs o f p53 (a key tu m o r su p p resso r gene), bo th  of 
w h ich  have been  im p licated  in  tu m o r d ev e lo p m en t 
(C hap ter 6 ). The sp ind le  cells p ro d u ce  p ro in flam m ato ry  
an d  angiogenic factors, w h ich  rec ru it the  in flam m atory  
an d  neovascu lar com ponen ts o f the lesion, a n d  the  la tter 
com ponen ts su p p ly  signals th a t a id  in  sp ind le  cell su rv ival 
an d  g row th . H ow ever, KSHV infection, w h ile  necessary  
for KS developm en t, is n o t sufficient, a n d  ad d itio n a l cofac
to rs are  needed . In  the A ID S-related form , th a t cofactor is 
clearly  HIV. H IV -m ediated  im m u n e  su p p ressio n  m ay  aid  
in  w id e sp re a d  d issem ination  of KSHV in  the  host.

C linically, A ID S-associated KS is q u ite  d iffe ren t from  
the sporad ic  fo rm  (C hap ter 10). In  H IV -infected in d iv id u 
als, the tu m o r is u sua lly  w id esp read , affecting  the  skin, 
m ucous m em branes, gastro in testina l tract, ly m p h  nodes, 
an d  lungs. These tu m o rs also  ten d  to  be m ore aggressive  
th an  sporad ic  KS.

L y m p h o m a s .  L ym phom a occurs a t a m ark ed ly  increased  
ra te  in  in d iv id u a ls  w ith  AIDS, m ak in g  it an o th er AIDS- 
defin ing  tum or. R oughly  5% of AIDS p a tien ts  p re sen t w ith  
lym phom a, a n d  app rox im ate ly  an o th er 5% develop  lym 
p h o m a  d u rin g  the ir su b seq u en t course. E ven in  the e ra  of 
an ti-re trov ira l therapy , ly m p h o m a con tinues to  occur in  
H IV -infected in d iv id u a ls  a t a n  incidence th a t is a t least 
10-fold g rea ter th a n  the p o p u la tio n  average. B ased on  
m olecu lar charac teriza tion  of H IV -associated  lym p h o m as 
an d  the ep idem iologic  considera tions above, a t least tw o 
m echan ism s ap p e a r to  u n d e rlie  the increased  risk  for B-cell 
tum ors in  H IV -infected ind iv iduals.
• Tumors Induced by Oncogenic Viruses. T-cell im m u n ity  is 

req u ired  to  restra in  the p ro life ra tion  of B cells la ten tly  
infected  w ith  oncogenic v iru ses such  as EBV a n d  KSHV. 
W ith  the  app earan ce  of severe T-cell d ep le tio n  in  the 
course of H IV  infection, th is con tro l is lost, a n d  the 
infected  B cells u n d e rg o  unchecked  p ro life ra tion  th a t 
p red isp o se  to  m u ta tio n s a n d  the d ev e lo p m en t o f B-cell 
tum ors. As a resu lt, AIDS p a tien ts  are  a t h igh  risk  for 
develop ing  aggressive  B-cell lym phom as com posed  of 
tu m o r cells in fected  by  oncogenic v iruses, p a rticu larly  
EBV. The tu m o rs o ften  occur in  ex tran o d a l sites, such  as 
the CNS, gut, orbit, a n d  lungs, a n d  e lsew here. AIDS 
pa tien ts  also  are p ro n e  to ra re  ly m p h o m as th a t p re sen t 
as m alig n an t effusions (so-called "p rim a ry  effusion 
lym phom a"), w h ich  are  rem arkab le  in  th a t the tu m o r 
cells are  u sua lly  coinfected by b o th  EBV a n d  KSHV, a 
h igh ly  u n u su a l exam ple  of cooperativ ity  be tw een  tw o 
oncogenic v iruses.

• Germinal Center B-Cell Hyperplasia. The m ajority  of the 
lym p h o m as th a t arise in  p a tien ts  w ith  p re se rv ed  CD4 
T-cell coun ts are n o t associated  w ith  EBV o r KSHV. The

increased  risk  for lym p h o m a in  these p a tien ts  m ay  be 
re la ted  to  the p ro fo u n d  germ inal cen ter B cell h y p e rp la 
sia th a t occurs in  H IV  infection. The h ig h  level o f p ro 
liferation  a n d  som atic m u ta tio n s  th a t occur in  germ inal 
cen ter B cells set the stage for ch rom osom al transloca
tions an d  m u ta tio n s invo lv ing  tu m or-causing  genes. In 
fact, the aggressive  B-cell tu m o rs th a t arise  o u ts id e  the 
se tting  of severe T  cell d ep le tion  in  H IV -infected  ind i
v iduals, such  as B urk itt ly m p h o m a an d  diffuse large  B 
cell lym phom a, o ften  are  associa ted  w ith  m u ta tio n s in  
oncogenes such  as MYC a n d  BCL6  th a t bear the  m olecu
la r ha llm arks of "m istakes" d u r in g  the a ttem p ted  d iver
sification of im m u n o g lo b u lin  genes in  germ inal cen ter 
B cells.

Several o ther EBV -related p ro lifera tions also  m erit 
m en tion . Hodgkin lymphoma, a n  u n u su a l B-cell tu m o r 
associa ted  w ith  a p ro n o u n ced  tissue in flam m atory  
response  (C hap ter 12), also  occurs a t increased  fre
quency  in  H IV -infected in d iv iduals . In  v irtua lly  all 
instances of H IV -associated  H o d g k in  lym phom a, the 
characteristic  tu m o r cells (R eed-S ternberg  cells) are  
infected  w ith  EBV. M any  (bu t n o t all) H IV  p a tien ts  w ith  
H o d g k in  ly m p h o m a hav e  low  CD4 coun ts a t the tim e 
of d isease p resen ta tion . EBV infection  also  is responsib le  
for o ra l h a iry  leukop lak ia  (w hite  pro jections o n  the 
tongue), w h ich  resu lts  from  EBV -driven sq u am o u s cell 
p ro life ra tion  of the  o ral m ucosa  (C hap ter 15).

O th e r  T u m o rs. In  ad d itio n  to  KS a n d  lym phom as, 
pa tien ts  w ith  AIDS also  hav e  an  increased  occurrence of 
carcinoma o f the uterine cervix a n d  of anal cancer. Both of 
these tu m o rs are h igh ly  associated  w ith  human papilloma 
virus  infection, w h ich  is poo rly  con tro lled  in  the  se tting  of 
im m u n o su p p ressio n .

C entra l N ervous System D isease

Invo lvem en t of the CNS is a com m on  a n d  im p o rta n t m an i
festa tion  of AIDS. N ine ty  p e rcen t o f pa tien ts  dem o n stra te  
som e fo rm  of neuro log ic  invo lvem en t a t au to p sy , an d  40% 
to 60% have  clinically a p p a re n t neuro log ic  dysfunction . 
Im portan tly , in  som e patien ts, neuro log ic  m an ifesta tions 
m ay  be the  sole o r earliest p re sen tin g  fea tu re  of H IV  infec
tion. Lesions inc lude  a self-lim ited  p re su m e d  v ira l m en in 
goencephalitis o r asep tic  m eningitis, vacuo lar m yelopathy , 
p e rip h e ra l neu ro p a th ies , and , m o st com m only , a p rog res 
sive encep h a lo p a th y  called  HIV-associated neurocognitive 
disorder (C hap ter 23).

E ffect o f  Anti-R etroviral D ru g  Therapy on 

th e  Course o f  H IV  Infection

The a d v e n t of n ew  d ru g s  th a t ta rge t the v ira l reverse  tran 
scrip tase, p ro tease , a n d  in teg rase  enzym es has changed  the 
clinical face of AIDS. W h en  a com bination  of a t least th ree  
effective d ru g s  is u se d  in  a m o tiva ted , co m plian t pa tien t, 
H IV  rep lica tion  is red u ced  to  below  the  th resh o ld  of detec
tion  (<50 R N A  co p ie s /m L ) a n d  rem ains there  as long  as 
the  p a tien t ad h e res  to  therapy . O nce the v iru s  is su p 
p ressed , the p rog ressive  loss o f CD4+ T cells is halted , an d  
the p e rip h e ra l CD4+ T-cell co u n t slow ly  increases, often  
re tu rn in g  to  a n o rm al level. W ith  the  use  of these d rugs, 
the  an n u a l d e a th  ra te  from  AIDS in  the  U n ited  S tates has 
decreased  from  a p eak  of 16 to  18 p e r  1 0 0 , 0 0 0  in d iv id u a ls
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in  1995-1996 to  less th a n  4 p e r 100,000. M any AIDS- 
associated  d iso rders, such  as o p p o rtu n is tic  infections w ith  
P. jiroveci a n d  K aposi sarcom a, now  are uncom m on . Effec
tive an ti-re trov ira l th e rap y  also  has re d u ced  the  transm is
sion of the  v irus, especially  from  infected  m o thers  to 
new borns.

D espite  these d ram atic  im provem en ts , several new  
com plications associa ted  w ith  H IV  infection  an d  its 
trea tm en t have  em erged . Som e p a tien ts  w ith  ad vanced  
d isease w h o  are  g iven  an ti-re trov ira l th e rap y  develop  a 
paradox ica l clinical d e te rio ra tio n  d u rin g  the p e rio d  of 
recovery  of the im m u n e  system  desp ite  increasing  CD4+ 
T-cell coun ts an d  decreasing  v ira l load. This d iso rder, 
called  the  im m une reconstitution inflammatory syndrome, 
is n o t u n d e rs to o d  b u t is p o s tu la ted  to  be a poo rly  reg u 
la ted  ho st response  to  the h ig h  an tigen ic  b u rd e n  of p e r
s isten t m icrobes. P erh ap s a m ore  im p o rta n t com plication  
of long -te rm  an ti-re trov ira l th e rap y  p erta in s  to  adverse  
side effects of the d ru g s. These include lip o a tro p h y  (loss 
of facial fat), lipoaccum ula tion  (excess fa t dep o sitio n  cen
trally), e leva ted  lip ids, in su lin  resistance, p e rip h e ra l n eu 
ropathy , a n d  p re m a tu re  card iovascu lar, k idney , a n d  liver 
disease. F inally, non-A ID S m o rb id ity  is far m ore  com m on 
th an  classic A ID S-related m o rb id ity  in  long -te rm  HAART- 
trea ted  pa tien ts. M ajor causes of m o rb id ity  a re  cancer an d  
accelerated  card iovascu lar disease. The m echan ism  for 
these non-A ID S -re la ted  com plications is n o t know n , b u t 
p e rsis ten t in flam m ation  a n d  T-cell dysfunction  m ay  have  
a role.

^  M O R P H O L O G Y

Changes in the tissues (with the exception of the brain) are 
neither specific nor diagnostic. Common pathologic features of 
AIDS include opportunistic infections, Kaposi sarcoma, and B-cell 
lymphomas. Most of these lesions are discussed elsewhere, 
because they also occur in individuals who do not have HIV 
infection. Lesions in the central nervous system are described in 
Chapter 23.

Biopsy specimens from enlarged lymph nodes in the early 
stages of HIV infection reveal a marked hyperplasia of B-cell fol
licles, which often take on unusual, serpiginous shapes. The 
mantle zones that surround the follicles are attenuated, and the 
germinal centers impinge on interfollicular T cell areas. This 
hyperplasia of B cells is the morphologic reflection of the poly
clonal B cell activation and hypergammaglobulinemia seen in 
HIV-infected individuals.

With disease progression, the frenzy of B cell proliferation 
subsides and gives way to  a pattern of severe lymphoid involution. 
The lymph nodes are depleted of lymphocytes, and the organized 
network of follicular dendritic cells is disrupted. The germinal 
centers may even become hyalinized. During this advanced stage, 
viral burden in the nodes is reduced, in part because of the 
disruption of the follicular dendritic cells. These “burnt-out” 
lymph nodes are atrophic and small and may harbor numerous 
opportunistic pathogens, often within macrophages. Because of 
profound immunosuppression, the inflammatory response to 
infections both in the lymph nodes and at extranodal sites may 
be sparse or atypical. For example, mycobacteria often fail to

evoke granuloma formation because CD4+ cells are deficient, 
and the presence of these and other infectious agents may not 
be apparent without special stains. As might be expected, lym
phoid involution is not confined to the nodes; in later stages of 
AIDS, the spleen and thymus also are converted to “wastelands” 
that are virtually devoid of lymphocytes.

D esp ite  im pressive  advances in  o u r u n d e rs ta n d in g  an d  
trea tm en t o f H IV  infection, the long -te rm  p rognosis  of 
pa tien ts  w ith  AIDS rem ains a concern . A lth o u g h  w ith  
effective d ru g  th e rap y  the m orta lity  ra te  has  declined  in  
the U n ited  States, the trea ted  p a tien ts  still carry  v iral 
D N A  in  their ly m p h o id  tissues. T ru ly  cu ra tive  the rap y  
rem ains elusive. Sim ilarly, a lth o u g h  considerab le  effort 
has been  m o u n ted  to  develop  a p ro tective  vaccine, m any  
h u rd le s  rem ain  before th is becom es a reality . M olecular 
analyses have  revea led  a n  a la rm in g  degree  of v a ria tio n  in  
v ira l iso lates from  patien ts; th is ren d e rs  the task  of p ro 
du c in g  a vaccine ex trem ely  difficult. R ecent efforts have  
focused o n  p ro d u c in g  b road ly  neu tra liz in g  an tibod ies 
aga in st re la tively  in v arian t p o rtio n s of H IV  pro te in s. A t 
p resen t, therefore, p reven tion , pub lic  h ea lth  m easures, 
an d  an ti-re trov ira l d ru g s  rem ain  the m ainstays in  the 
fight ag a in st AIDS.

A  S U M M A R Y

C L I N I C A L  C O U R S E  A N D  C O M P L I C A T I O N S  O F  

H I V  I N F E C T I O N

• Progression o f  disease. HIV infection progresses through phases.
• Acute HIV infection. Manifestations of acute viral illness
• Chronic (latent) phase. Dissemination of virus, host immune 

response, progressive destruction of immune cells.
• AIDS. Severe immune deficiency.

• Clinical features. Full-blown AIDS manifests with several com
plications, mostly resulting from immune deficiency.
• Opportunistic infections
• Tumors, especially tumors caused by oncogenic viruses
• Neurologic complications of unknown pathogenesis

• Antiretroviral therapy has greatly decreased the incidence of 
opportunistic infections and tumors but also has numerous 
complications.

AMYLOIDOSIS

A m ylo id osis is a con d ition  associated  w ith  a num ber of 
disorders in  w h ich  extracellular d eposits o f fibrillar pro
te in s are resp on sib le  for tissu e  dam age and functional 
com prom ise. These abno rm al fibrils a re  p ro d u ced  by the 
ag g reg a tio n  of im p ro p erly  fo lded  p ro te in s  (w hich  are  
so lub le in  the ir n o rm al fo lded  configuration). The fibrillar 
deposits  b in d  a w id e  varie ty  of p ro teog lycans a n d  glycos- 
am inoglycans, w h ich  con ta in  charged  sugar g ro u p s  th a t 
give the  deposits  sta in ing  characteristics th o u g h t to  resem 
ble those of sta rch  (am ylose). Therefore, the  deposits  w ere  
called  amyloid, a  n am e th a t is firm ly  en tren ch ed  desp ite  the 
rea liza tion  th a t the  deposits  a re  u n re la ted  to  starch.
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Pathogenesis of Amyloid Deposition

A m ylo id  deposits  can  occur in  a varie ty  of conditions, in  
each  of w h ich  the  p ro te in  com position  is d ifferent. 
A lth o u g h  am ylo id  a lw ays has the sam e m orpho log ic  
ap p earance, it is biochem ically  he terogeneous. In  fact, a t 
least 30 d ifferen t p ro te in s  can  agg regate  to  fo rm  fibrils w ith  
the  app earan ce  of am ylo id . R egard less of their derivation , 
all am ylo id  deposits  a re  com posed  of n o n b ran ch in g  fibrils, 
each  fo rm ed  of in te rtw in ed  p o ly p ep tid es  in  a P p lea ted  
sheet confo rm ation  (Fig. 5.41). A pprox im ate ly  95% of the 
am ylo id  m ateria l consists o f fibril p ro te ins, the rem ain in g  
5% being  various g lycoproteins.

The th ree  m ost com m on  form s of am ylo id  are the 
follow ing:
• A L  (amyloid light chain) amyloid is m ad e  u p  of com plete  

im m u n o g lo b u lin  ligh t chains, the  am ino -te rm inal frag 
m en ts of ligh t chains, o r both .

• A A  (amyloid-associated) amyloid is com posed  of a n  8500- 
d a lto n  p ro te in  deriv ed  by p ro teo lysis  from  a larger 
p recu rso r in  the b lood  called  SAA (serum  am ylo id- 
associated) p ro te in , w h ich  is syn thesized  in  the liver.

• P-amyloid protein (AP) is a 4000-dalton p ep tid e  th a t is 
de rived  by  p ro teo lysis  from  a m u ch  la rger transm em 
b ran e  g lycopro tein , called  amyloid precursor protein.

Fig. 5.4 I Structure of amyloid. (A) A schematic diagram of an amyloid fiber 
showing four fibrils (there can be as many as six in each fiber) wound around 
one another with regularly spaced binding of the Congo red dye. (B) Congo 
red staining shows apple-green birefringence under polarized light, a diag
nostic feature of amyloid. (C) Electron micrograph of 7.5- to 10-nm amyloid 
fibrils. (F ro m  M e r l in i  G , B e l lo t t i  V : M o le c u la r  m e c h a n is m s  o f  a m y lo id o s is . N Engl J 
Med 3 4 9 : 5 8 3 - 5 9 6 ,  2 0 0 3 . )

M any o th er p ro te in s  also  can  d ep o sit as am y lo id  in  a 
varie ty  of clinical settings. Som e of the  m ost clinically 
im p o rta n t exam ples are  m en tio n ed  in  the  fo llow ing  section.

Classification of Amyloidosis and Mechanisms of 
Amyloid Formation

A m ylo id osis results from  abnorm al fo ld in g  o f proteins, 
w h ich  assum e a P p leated  sheet conform ation, aggregate, 
and d ep osit as fibrils in  extracellular tissu es. N orm ally , 
in trace llu la r m isfo lded  p ro te in s  are d eg ra d e d  in  pro tea- 
som es a n d  ex tracellu lar p ro te in  aggregates are taken  u p  
a n d  d eg rad ed  by  m acrophages. In  am ylo idosis, these 
q ua lity  con tro l m echan ism s fail a n d  fibrillar p ro te in s  accu
m u la te  o u ts id e  of cells. The p ro te in s  th a t fo rm  am ylo id  
fall in to  tw o  general categories (Fig. 5.42): (1) no rm al 
p ro te in s  that hav e  an  in h eren t tendency  to  associate an d  
fo rm  fibrils, p a rticu la rly  w h e n  p ro d u c e d  in  increased  
am ounts; a n d  (2 ) m u ta n t p ro te in s  th a t a re  p ro n e  to  m is- 
fo ld ing  a n d  aggregation . The m echan ism s of dep o sitio n  of 
different types of am y lo id  are d iscussed  next a long  w ith  
classification.

Because a  g iven  fo rm  of am ylo id  (e.g., AA) m ay  be 
associated  w ith  d iverse  clinical settings, w e  w ill follow  a 
classification tha t takes in to  account clinical a n d  b iochem i
cal fea tu res (Table 5.16). A m ylo id  m ay  be system ic (gener
alized), invo lv ing  several o rg an  system s, o r it m ay  be 
localized  to  a single o rgan , such  as the heart. O n  clinical 
g rounds, the system ic p a tte rn  is subclassified  in to  p rim ary  
am ylo idosis w h e n  it is associated  w ith  a clonal p lasm a  cell 
pro lifera tion , o r secondary  am ylo idosis w h e n  it occurs as 
a  com plication  of a n  u n d e rly in g  chronic in flam m atory  or 
tissue-destruc tive  process. H ered ita ry  o r fam ilial am ylo i
dosis constitu tes a separate , he te rogeneous g ro u p  w ith  
several d istinctive  p a tte rn s  of o rg an  involvem ent.

P r im a ry  A m y lo id o s is :  P la s m a  C e ll P r o li fe ra tio n s  A s s o 
c ia te d  W i th  A m y lo id o s is .  A m ylo id  in  th is category  is of 
the A L  type a n d  is u su a lly  system ic in  d is tribu tion . This is 
the m ost com m on fo rm  of am ylo idosis, w ith  app rox i
m ately  2000 to  3000 new  cases each y ear in  the U nited  
States. It is caused  by a  clonal proliferation o f p lasm a cells  
th a t syn thesize  ab n o rm al Ig  m olecules. The AL type  of 
system ic am ylo idosis occurs in  5% to 15% of in d iv id u a ls  
w ith  m u ltip le  m yelom a, a p lasm a-cell tu m o r characterized  
by  excessive p ro d u c tio n  of free im m un o g lo b u lin  light 
chains (C hap ter 12). The free, u n p a ire d  K o r X ligh t chains 
(referred  to  as Bence Jones protein) a re  p ro n e  to  agg regating  
a n d  d ep o sitin g  in  tissues as am ylo id . Since the m ajority  of 
m yelom a p a tien ts  do  no t develop  am ylo idosis, how ever, it 
is clear tha t not all free ligh t chains a re  equally  likely to 
p ro d u ce  am ylo id . For u n k n o w n  reasons, X lig h t chains are  
app rox im ate ly  six tim es m ore  likely to deposit as am ylo id  
th a n  K ligh t chains.

M ost p e rso n s w ith  AL am ylo id  d o  not have  m u ltip le  
m yelom a or any  o th er overt B cell neoplasm ; such  cases 
h av e  been  trad itiona lly  classified as p rim ary  am ylo idosis, 
because their clinical fea tu res derive  solely from  the  effects 
o f am ylo id  dep o sitio n  ra th e r th a n  fo rm ation  of tu m o r 
m asses. In  v irtua lly  all such  cases, how ever, m onoclonal 
im m un o g lo b u lin s  o r free light chains, o r bo th , can  be found  
in  the  b lood  o r u rine . M ost of these p a tien ts  also  hav e  a
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Fig. 5.42 Pathogenesis of amyloidosis. (A) General mechanism of formation of amyloid fibrils. (B) Formation of amyloid from excessive production of proteins 
prone to misfolding. (C) Formation of amyloid from mutant protein.

m o d est increase in  the n u m b er of p lasm a  cells in  the  bone 
m arro w , w h ich  p resu m ab ly  secrete the  p recu rso rs  of AL 
p ro te in .

R e a c tiv e  S y s te m ic  A m y lo id o s is .  The am y lo id  deposits  
in  th is p a tte rn  are system ic in  d is trib u tio n  a n d  are com 
p o sed  of A A  protein. This category  w as  p rev io u sly  re ferred  
to as secondary  am ylo idosis because it is secondary to an

associated inflam m atory condition . A t one tim e, tubercu 
losis, b ronchiectasis, a n d  chronic osteom yelitis w ere  the 
m ost im p o rta n t u n d e rly in g  conditions, b u t cu rren tly , these 
cond itions frequen tly  reso lve w ith  an tib io tic  trea tm en t an d  
less o ften  lead  to  am ylo idosis. M ore com m only  now , reac
tive system ic am ylo idosis com plicates rh eu m ato id  a rth ri
tis, o th e r connective tissue d iso rd ers  such  as anky losing  
spondy litis, an d  in flam m atory  bow el disease, p a rticu larly

Table 5.16 Classification of Amyloidosis

C lin ico patho log ic  C a te g o ry A ssociated  Diseases
M a jo r  F ib ril 
P ro te in

C h em ic a lly  R ela ted  
P recu rso r P ro te in

System ic (G en e ra lize d ) Am yloidosis

Plasma cell proliferations with 
amyloidosis (primary amyloidosis)

Multiple myeloma and other monoclonal 
plasma cell proliferations

AL Immunoglobulin light chains, 
chiefly X type

Reactive systemic amyloidosis 
(secondary amyloidosis)

Chronic inflammatory conditions AA SAA

Hemodialysis-associated amyloidosis Chronic renal failure Aß2 m p2 -microglobulin

H e re d ita ry  Am yloidosis

Familial Mediterranean fever AA SAA

Familial amyloidotic neuropathies 
(several types)

ATTR Transthyretin

Systemic senile amyloidosis ATTR Transthyretin

Localized Am yloidosis

Senile cerebral Alzheimer disease Aß APP

Endocrine Type 2 diabetes

Medullary carcinoma of thyroid A Cal Calcitonin

Islets of Langerhans AIAPP Islet amyloid peptide

Isolated atrial amyloidosis AANF Atrial natriuretic factor
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C ro h n  d isease a n d  u lcerative  colitis. A m o n g  these, the 
m ost freq u en t associa ted  cond ition  is rh eu m ato id  a rth ritis . 
A m ylo idosis is rep o rte d  to  occur in  app rox im ate ly  3% of 
pa tien ts  w ith  rh eu m ato id  a rth ritis  a n d  is clinically signifi
can t in  one h a lf of those affected. H ero in  abu sers  w h o  inject 
the d ru g  subcu taneously  also  have  a h ig h  occurrence ra te  
of generalized  A A  am ylo idosis. The chronic sk in  infec
tions, w h ich  cause the "sk in -p o p p in g "  associa ted  w ith  
injection of narcotics, seem  to be responsib le  for the am y
loidosis. Reactive system ic am ylo idosis also  m ay  occur in  
association  w ith  certa in  cancers, the  m o st com m on  being  
rena l cell carcinom a a n d  H o d g k in  lym phom a.

In  A A  am ylo idosis, SAA syn thesis by  liver cells is stim 
u la ted  by  cy tokines such  as IL - 6  a n d  IL-1 th a t a re p ro d u ced  
d u rin g  in flam m ation ; thus, lo n g -stan d in g  in flam m ation  
leads to  a su sta ined  e levation  of SAA levels. W hile  SAA 
levels are increased  in  all cases o f in flam m ation , on ly  a 
sm all subse t get am ylo idosis. It seem s th a t in  som e p a tien ts  
SAA b reak d o w n  p ro d u ces in te rm ed ia tes  th a t are  p ro n e  to 
fo rm ing  fibrils.

H e re d o fa m ilia l A m y lo id o s is .  A  varie ty  of fam ilial fo rm s 
of am ylo idosis h av e  been  described . M ost a re  ra re  an d  
occur in  lim ited  geograph ic  areas. The m ost com m on  an d  
best s tu d ied  is a n  au to som al recessive cond ition  called 
familial Mediterranean fever, w h ich  is en co u n te red  largely  in  
in d iv id u a ls  o f A rm enian , S ephard ic  Jew ish, a n d  A rabic 
orig ins. This is a n  "au to in flam m ato ry "  sy n d ro m e associ
a ted  w ith  excessive p ro d u c tio n  of the  cy tok ine IL-1 in  
response  to  in flam m atory  stim uli. It is charac terized  by 
attacks of fever accom pan ied  by in flam m ation  of serosal 
surfaces th a t m an ifests as periton itis, p leu ritis , a n d  syno
vitis. The gene for fam ilial M ed ite rran ean  fever encodes a 
p ro te in  called  p y rin  th a t is im p o rta n t in  d am p en in g  the 
response  of in n a te  im m u n e  cells, p a rticu la rly  neu troph ils , 
to in flam m atory  m ed ia to rs. The am ylo id  seen  in  th is d is
o rd e r is o f the  A A  type, suggesting  th a t it is re la ted  to  the 
recu rren t b ou ts  of in flam m ation .

In  con trast to  fam ilial M ed ite rran ean  fever, a g roup  
of au to som al d o m in an t fam ilial d iso rd ers  is character
ized  by dep o sitio n  of am y lo id  m ad e  u p  of fibrils derived  
from  m u ta n t tran s th y re tin  (TTR). TTR is a tran sp o rte r 
of the ho rm one thyroxine. R em arkably , specific TTR 
m u ta n t p o ly p ep tid es  ten d  to  fo rm  am ylo id  in  d ifferen t 
organs; thus, in  som e fam ilies, deposits  a re  seen  m ain ly  
in  p e rip h e ra l nerves (fam ilial am ylo ido tic  p o ly n eu ro p a 
thies), w h ereas in  o thers card iac  deposits  p red o m in a te . 
The m u ta te d  fo rm  of the TTR  gene th a t leads to  card iac 
am ylo idosis is carried  by  app rox im ate ly  4% of the black 
p o p u la tio n  in  the  U n ited  States, a n d  ca rd io m y o p a th y  has 
been  iden tified  in  bo th  hom ozygous a n d  heterozygous 
patien ts. The precise prevalence  of p a tien ts  w ith  th is m u ta 
tion  w h o  develop  clinically m an ifest card iac  d isease is 
n o t know n.

H e m o d ia ly s is -A s s o c ia te d  A m y lo id o s is .  P atien ts on  
long-te rm  hem odialysis  for rena l failu re can  develop  
am ylo id  deposits  d e riv ed  from  p2 -m icroglobulin . This 
p ro te in  is p re sen t in  h igh  concen tra tions in  the se ru m  of 
in d iv id u a ls  w ith  rena l disease, an d  in  the p a s t it w as 
re ta in ed  in  the c ircu la tion  because it cou ld  n o t be filtered  
th ro u g h  dialysis m em branes. W ith  n ew  dialysis filters, the

incidence of th is com plication  has decreased  substan tia lly . 
The classical fea tu res of th is fo rm  of am ylo idosis a re  the 
tr iad  of scapu lo h u m era l peria rth ritis , carpa l tu n n e l syn
d rom e, an d  flexor tenosynov itis  o f the h an d .

L o c a liz e d  A m y lo id o s is .  Som etim es, am ylo id  deposits  
are  lim ited  to  a single o rg an  o r tissue w ith o u t invo lvem en t 
of an y  o ther site in  the body . The deposits  m ay  p ro d u ce  
grossly  detectab le  n o d u la r  m asses o r be ev id en t on ly  on  
m icroscopic exam ination . N o d u la r  deposits  of am ylo id  are  
m ost o ften  enco u n te red  in  the lung , larynx, skin, u rin a ry  
b ladder, tongue, a n d  the reg ion  a b o u t the eye. F requently , 
there  a re  in filtrates of lym phocy tes a n d  p lasm a cells associ
a ted  w ith  these am ylo id  m asses. A t least in  som e cases, the 
am ylo id  consists o f AL p ro te in  a n d  m ay  therefore  rep re 
sen t a localized  fo rm  of p lasm a  ce ll-d e riv ed  am yloid .

E n d o crin e  A m y lo id .  M icroscopic deposits  of localized 
am y lo id  m ay  be fo u n d  in  certa in  endocrine  tum ors, such  
as  m ed u lla ry  carcinom a of the  thy ro id  g land , islet tum ors 
of the pancreas, pheochrom ocy tom as, a n d  und iffe ren tia ted  
carcinom as of the stom ach, a n d  in  the islets of L angerhans 
in  in d iv id u a ls  w ith  type  2 d iabe tes m ellitus. In  these  set
tings, the  am ylo idogen ic  p ro te in s  seem  to be d e riv ed  e ither 
from  p o ly p ep tid e  h o rm ones (e.g., m ed u lla ry  carcinom a) or 
from  u n iq u e  p ro te in s  (e.g., islet am y lo id  po lypep tide).

A m y lo id  o f  A g in g . Several w e ll-docum en ted  form s of 
am y lo id  dep o sitio n  occur w ith  ag ing . Senile system ic am y 
lo idosis refers to  the  system ic dep o sitio n  of am y lo id  in  
elderly  p a tien ts  (usually  in  their seventies a n d  eighties). 
Because o f the d o m in an t invo lvem en t an d  re la ted  dysfunc
tion  of the heart, th is fo rm  w as  p rev iously  called  senile 
cardiac amyloidosis. Those w h o  are sym ptom atic  p re sen t 
w ith  a  restric tive  card io m y o p a th y  a n d  a rrh y th m ias  
(C hap ter 11). The am ylo id  in  th is form , in  con trast to  fam il
ial form s, is d e riv ed  from  no rm al TTR.

M O R P H O L O G Y

There are no consistent or distinctive patterns of organ or tissue 
distribution of amyloid deposits in any of the categories cited, 
but a few generalizations can be made. In AA amyloidosis second
ary to chronic inflammatory disorders, kidneys, liver, spleen, 
lymph nodes, adrenal glands, thyroid glands, and many other 
tissues are typically affected. Although AL amyloidosis associated 
with plasma cell proliferations cannot reliably be distinguished 
from the AA form by its organ distribution, it more often involves 
the heart, gastrointestinal tract, respiratory tract, peripheral 
nerves, skin, and tongue. The localization of amyloid deposits in 
the hereditary syndromes is varied. In familial Mediterranean 
fever, the amyloidosis is of the AA type and accordingly may be 
widespread, involving the kidneys, blood vessels, spleen, respira
tory tract, and (rarely) liver.

Amyloid may be appreciated macroscopically when it accu
mulates in large amounts. The organ is frequently enlarged, and 
the tissue appears gray and has a waxy, firm consistency. Histo
logically, the amyloid deposition is always extracellular and begins 
between cells, often closely adjacent to basement membranes
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(Fig. 5.43A). As the amyloid accumulates, it encroaches on the 
cells, in time surrounding and destroying them. In the form asso
ciated with plasma cell proliferation, perivascular and vascular 
deposits are common.

T h e  diagnosis o f am ylo idosis is based on h is top ath o l- 

ogy. With the light microscope and hematoxylin and eosin stains, 
amyloid appears as an amorphous, eosinophilic, hyaline, extracel
lular substance.To differentiate amyloid from other hyaline mate
rials (e.g., collagen, fibrin), a variety of histochemical stains are 
used. The most widely used is the Congo red stain, which under 
ordinary light gives a pink or red color to tissue deposits, but 
far more striking and specific is the green birefringence of the 
stained amyloid when observed by polarizing microscopy (Fig 
5.43B). This staining reaction is shared by all forms of amyloid 
and is imparted by the crossed P-pleated sheet configuration of 
amyloid fibrils. Confirmation can be obtained by electron 
microscopy, which reveals amorphous nonoriented thin fibrils. 
Subtyping of amyloid is most reliably done by mass spectroscopy, 
as immunohistochemical stains are not entirely sensitive or 
specific.

The pattern of organ involvement in different forms of amy
loidosis is variable.

K idney. Amyloidosis of the kidney is the most common and 
potentially the most serious form of organ involvement. Grossly, 
the kidneys may be of normal size and color, or in advanced 
cases they may be shrunken because of ischemia caused by 
vascular narrowing induced by the deposition of amyloid within 
arterial and arteriolar walls. Histologically, the amyloid is depos
ited primarily in the glomeruli, but the interstitial peritubular 
tissue, arteries, and arterioles are also affected. The glomerular 
deposits first appear as subtle thickenings of the mesangial 
matrix, accompanied usually by uneven widening of the base
ment membranes of the glomerular capillaries. In time, deposits 
in the mesangium and along the basement membranes cause 
capillary narrowing and distortion of the glomerular vascular 
tuft. With progression of the glomerular amyloidosis, the capil
lary lumens are obliterated and the obsolescent glomerulus is 
replaced by confluent masses or interlacing broad ribbons of 
amyloid.

S p leen . Amyloidosis of the spleen may be inapparent grossly 
or may cause moderate to marked splenomegaly (up to 800 g). 
For mysterious reasons, two distinct patterns of deposition are 
seen. In one, the deposits are largely limited to the splenic fol
licles, producing tapioca-like granules on gross inspection, desig
nated sago spleen. In the other pattern, the amyloid involves the 
walls of the splenic sinuses and connective tissue framework in 
the red pulp. Fusion of the early deposits gives rise to large, 
maplike areas of amyloidosis, creating what has been designated 
lardaceous spleen.

Liver. The deposits may be inapparent grossly or may cause 
moderate to marked hepatomegaly. Amyloid appears first in the 
space of Disse and then progressively encroaches on adjacent 
hepatic parenchymal cells and sinusoids. In time, deformity, pres
sure atrophy, and disappearance of hepatocytes occur, causing 
total replacement of large areas of liver parenchyma. Vascular 
involvement and deposits in Kupffer cells are frequent. Liver 
function is usually preserved despite sometimes quite extensive 
involvement.

H e a r t .  Amyloidosis of the heart (Chapter 11) may occur in 
any form of systemic amyloidosis. It also is the major organ 
involved in senile systemic amyloidosis.The heart may be enlarged 
and firm, but more often it shows no appreciable change on gross 
inspection. Histologically the deposits begin as focal subendocar
dial accumulations and within the myocardium between the 
muscle fibers. Expansion of these myocardial deposits eventually 
causes pressure atrophy of myocardial fibers. When the amyloid 
deposits are subendocardial, the conduction system may be 
damaged, accounting for the electrocardiographic abnormalities 
noted in some patients.

O th e r  O rg ans . Nodular depositions in the to n g u e  may 
cause macroglossia, giving rise to the designation tumor-forming 
amyloid of the tongue. The re s p ira to ry  t ra c t  may be involved 
focally or diffusely from the larynx down to the smallest bron
chioles. A distinct form of amyloid is found in the brains of 
patients with Alzheimer disease. It may be present in so-called 
“ plaques” as well as blood vessels (Chapter 23). Amyloidosis of 
peripheral and autonomic nerves is a feature of several familial 
amyloidotic neuropathies.

A

Fig. 5.43 Amyloidosis. (A) A section of liver stained with Congo red reveals pink-red deposits of amyloid in the walls of blood vessels and along sinusoids. 
(B) Note the yellow-green birefringence of the deposits when observed by a polarizing microscope. ( B ,  C o u r te s y  o f  D r .  T ra c e  W o r r e l l  a n d  S a n d y  H in t o n ,  D e p a r t 

m e n t  o f  P a th o lo g y ,  U n iv e r s i t y  o f  T e x a s  S o u th w e s te rn  M e d ic a l  S c h o o l,  D a l la s ,  T e x a s .)
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C lin ic a l  F e a tu r e s

A m ylo idosis m ay  be fo u n d  as a n  u n su sp ec ted  anatom ic 
change, h av in g  p ro d u ced  no  clinical m an ifesta tions, o r it 
m ay  cause serious clinical p rob lem s a n d  even  dea th . The 
sym ptom s d ep en d  o n  the  m ag n itu d e  of the deposits  an d  
o n  the  sites o r o rgans affected. C linical m an ifesta tions a t 
first a re  o ften  en tire ly  nonspecific, such  as w eakness, 
w e ig h t loss, ligh theadedness , o r syncope. S om ew hat m ore  
specific f ind ings ap p e a r la te r a n d  m ost o ften  relate  to  renal, 
cardiac, a n d  gastro in testina l involvem ent.

R enal inv o lv em en t gives rise to  p ro te in u ria  th a t m ay  be 
severe en o u g h  to  cause the  nep h ro tic  synd rom e (C hap ter 
14). P rogressive  ob lite ra tion  of g lom eru li in  ad vanced  
cases u ltim ate ly  leads to  ren a l failu re a n d  u rem ia. Renal 
failu re is a com m on  cause of death . C ard iac  am ylo idosis 
m ay  p re se n t in sid iously  as congestive h eart failure. The 
m ost serious aspects o f card iac  am ylo idosis a re  conduction  
d is tu rbances a n d  arrh y th m ias, w h ich  m ay  p ro v e  fatal. 
O ccasionally , card iac  am ylo idosis p ro d u ces  a restrictive 
p a tte rn  of ca rd io m y o p a th y  a n d  m asq u erad es as chronic 
constrictive pericard itis  (C hap ter 11). G astro in testinal 
am ylo idosis m ay  be asym ptom atic , o r it m ay  p re sen t in  a 
va rie ty  of w ays. A m ylo idosis o f the tongue  m ay  cause suf
ficient en la rg em en t a n d  inelasticity  to  h am p er speech  an d  
sw allow ing . D epositions in  the  s tom ach  a n d  in testine  m ay 
lead  to  m alabso rp tion , d ia rrhea , a n d  d is tu rbances in  d iges
tion. V ascular am ylo idosis causes vascu lar frag ility  th a t 
m ay  lead  to  b leed ing , som etim es m assive, th a t can  occur 
spon taneously  o r fo llow ing  seem ingly  triv ia l traum a. 
A dd itiona lly , in  som e cases AL am ylo id  b inds a n d  inacti
v a tes  factor X, a critical coagu la tion  factor, lead in g  to a 
life -th reaten ing  b leed ing  d iso rder.

The d iagnosis o f am ylo idosis d e p en d s  o n  the  histologic 
d em o n stra tio n  of am y lo id  deposits  in  tissues. The m ost 
com m on sites b iopsied  are the k idney , w h e n  rena l m an i
festations are p resen t, o r rectal or g ing ival tissues in  
p a tien ts  suspec ted  of h av in g  system ic am ylo idosis. Exam i
na tio n  of ab dom inal fa t a sp ira tes  sta ined  w ith  C ongo red  
can  also  be u se d  for the  d iagnosis o f system ic am ylo idosis. 
The test is qu ite  specific, b u t its sensitiv ity  is low . In  sus
pec ted  cases of AL am ylo idosis, se ru m  an d  u rin e  p ro te in  
electrophoresis an d  im m unoelec tropho resis  sh o u ld  be p e r
fo rm ed . Bone m arro w  asp ira tes  in  such  cases o ften  show  a 
m onoclonal p o p u la tio n  of p lasm a  cells, ev en  in  the  absence 
of o v ert m u ltip le  m yelom a. Scin tig raphy  w ith  rad io labe led  
se ru m  am ylo id  P (SAP) co m p o n en t is a ra p id  an d  specific 
test, since SAP b in d s  to  the  am y lo id  deposits  a n d  reveals 
their presence. It a lso  gives a m easu re  of the  ex ten t of 
am ylo idosis a n d  can  be u se d  to  fo llow  p a tien ts  u n d erg o in g  
trea tm en t. M ass spectroscopy  is a u sefu l tool for identifica
tion  of the  p ro te in  com ponen t o f am ylo id . It can  be p e r
fo rm ed  o n  paraffin  em b e d d e d  tissues.

The p rognosis  for in d iv id u a ls  w ith  generalized  am ylo i
dosis is poor. Those w ith  AL am ylo idosis (no t inc lud ing  
m u ltip le  m yelom a) have  a m ed ian  su rv iva l o f 2  y ears after 
d iagnosis. In d iv id u a ls  w ith  m yelom a-associa ted  am ylo i
dosis have a n  even  p o o re r p rognosis. The ou tlook  for ind i
v id u a ls  w ith  reactive system ic am ylo idosis is som ew h at 
be tte r a n d  d e p en d s  to som e ex ten t o n  the  contro l of the 
u n d e rly in g  condition . R esorp tion  of am ylo id  after trea t
m en t o f the a ssocia ted  cond ition  has been  rep o rted , b u t th is 
is a ra re  occurrence. N ew  th erap eu tic  stra teg ies a im ed  a t

correcting  p ro te in  m isfo ld ing  a n d  inh ib iting  fibrillogenesis 
are  being  developed .

®  S U M M A R Y

A M Y L O I D O S I S

• Amyloidosis is a disorder characterized by the extracellular 
deposits of proteins that are prone to aggregate and form 
insoluble fibrils.

• The deposition of these proteins may result from: excessive 
production of proteins that are prone to aggregation; muta
tions that produce proteins that cannot fold properly and tend 
to aggregate; defective or incomplete proteolytic degradation 
of extracellular proteins.

• Amyloidosis may be localized or systemic. It is seen in associa
tion with a variety of primary disorders, including monoclonal 
B-cell proliferations (in which the amyloid deposits consist of 
immunoglobulin light chains); chronic inflammatory diseases 
such as rheumatoid arthritis (deposits of amyloid A protein, 
derived from an acute-phase protein produced in inflamma
tion); Alzheimer disease (amyloid ß protein); familial conditions 
in which the amyloid deposits consist of mutated proteins (e.g., 
transthyretin in familial amyloid polyneuropathies); and hemo
dialysis (deposits of ß2-microglobulin, whose clearance is 
defective).

• Amyloid deposits cause tissue injury and impair normal func
tion by causing pressure on cells and tissues.They do not evoke 
an inflammatory response.
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C ancer is the second  lead in g  cause of d e a th  in  the U nited  
States; on ly  card iovascu lar d iseases exact a h igher toll. 
E ven  m ore agon iz ing  th a n  the  associa ted  m orta lity  is the 
em o tional a n d  physical suffering  inflicted by neop lasm s. 
P a tien ts  an d  the pub lic  o ften  ask, "W h en  w ill there  be a 
cu re  for cancer?" The an sw er to  th is sim ple  q uestion  is 
difficult, because cancer is n o t one d isease b u t ra th e r  m any  
d iso rd ers  th a t share  a p ro fo u n d  g ro w th  dysregu la tion . 
Som e cancers, such  as H o d g k in  lym phom a, a re  h igh ly  
curable, w h ereas o thers, such  as cancer o f the pancreas, are  
v irtu a lly  a lw ays fatal. The on ly  h o p e  for con tro lling  cancer 
lies in  le a rn in g  m ore ab o u t its pathogenesis, a n d  g rea t 
strides hav e  been  m ad e  in  u n d e rs ta n d in g  the m olecu lar 
basis o f cancer. This ch ap te r deals w ith  the basic biology 
of neop lasia  — the n a tu re  of ben ign  a n d  m alig n an t neo
p lasm s a n d  the  m o lecu lar basis of neop lastic  transfo rm a
tion. The ho st response  to  tu m o rs a n d  the clinical fea tu res 
of neop lasia  also  a re  d iscussed.

Before w e  d iscuss the fea tu res of cancer cells an d  
the m echan ism s of carcinogenesis, it is u sefu l to  sum 
m arize  the fu n d am en ta l a n d  sh ared  characteristics of 
cancers:
• Cancer is a genetic disorder caused by D N A  m uta

tion s. M ost p a thogen ic  m u ta tio n s  are e ither in d u ced  by 
exposu re  to  m u tag en s or occur spon tan eo u sly  as p a r t  of 
ag ing . In  ad d itio n , cancers frequen tly  show  ep igenetic

changes, such  as focal increases in  D N A  m ethy la tion  
a n d  a lte ra tions in  h istone  m odifications, w h ich  m ay 
them selves stem  from  acqu ired  m u ta tio n s  in  genes th a t 
reg u la te  such  m odifications. These genetic a n d  ep igen 
etic changes a lte r the  exp ression  o r function  of key 
genes th a t reg u la te  fu n d am en ta l cellu lar p rocesses, such  
as g row th , surv ival, an d  senescence.

• G enetic alterations in  cancer cells are heritable, b e in g  
p assed  to daughter cells up on  cell d iv ision . A s a result, 
cells harboring th ese  alterations are subject to Dar
w in ia n  selection  (survival o f the fittest, arguably the  
m ost im portant scientific concept in  b iology). Cells 
bearing  m u ta tio n s th a t p ro v id e  a g ro w th  o r su rv ival 
ad v an tag e  ou tcom pete  their ne ighbo rs a n d  th u s com e 
to d om ina te  the pop u la tio n . A t the  tim e of tu m o r ini
tiation , these selective ad v an tag es  are  conferred  o n  a 
single cell, a n d  as a  re su lt all tu m o rs are clonal (i.e., the 
p ro g en y  of one cell). H ow ever, even  bey o n d  the  p o in t 
of in itia tion , D arw in ian  selection con tinues to  shape  
the evo lu tion  of cancers by favoring  the  em ergence 
of genetically  d istinct subclones w ith  m ore aggressive 
characteristics, a n  im p o rta n t concept re ferred  to  as 
progression a n d  d iscussed  in  m ore deta il la te r in  th is 
chapter.

• M utations and ep igenetic  alterations im part to cancer 
cells a set o f properties that are referred to co llectively
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as cancer ha llm arks. These p ro p e rtie s  p ro d u ce  the cel
lu la r p h en o ty p es  th a t d ictate  the n a tu ra l h is to ry  of 
cancers as w ell as the ir response  to v a rio u s therap ies. 
The m o lecu lar u n d e rp in n in g s  of each h a llm ark  of cancer 
are  d iscussed  in  la te r sections.

Basic research  has e lu c ida ted  m an y  of the cellu lar and  
m olecu lar abnorm alities th a t give rise  to  cancer a n d  govern  
its pern ic ious behavior. These insigh ts are in  tu rn  lead ing  
to a rev o lu tio n  in  the  d iagnosis a n d  trea tm en t of cancer, an  
em erg ing  tr iu m p h  of b iom edical science.

190 C H A P T E R  6 Neoplasia

NOMENCLATURE

Neoplasia literally  m eans "n e w  g row th ."  N eoplastic  cells 
are  sa id  to be tran sfo rm ed  because they  con tinue  to  rep li
cate, ap p a ren tly  ob liv ious to  the  reg u la to ry  influences th a t 
con tro l no rm al cells. N eop lasm s therefore  enjoy a degree  
of au to n o m y  a n d  ten d  to  increase in  size regard less of their 
local env ironm en t. T heir au to n o m y  is by no  m eans com 
p lete , how ever. A ll neop lasm s d e p e n d  o n  the  h o st for their 
n u tritio n  a n d  b lood  supp ly . N eop lasm s d eriv ed  from  
ho rm o n e  responsive  tissues often  also  req u ire  endocrine  
su p p o rt, a n d  such  d ependencies som etim es can  be 
exp lo ited  therapeu tically .

In  com m on m ed ical usage, a neop lasm  o ften  is re ferred  
to  as a tumor, a n d  the  s tu d y  of tu m o rs is called  oncology 
(from  oncos, " tu m o r,"  a n d  logos, " s tu d y  of"). A m ong  
tum ors, the  d iv ision  of neop lasm s in to  ben ign  a n d  m alig 
n a n t categories is based  on  a ju d g m e n t o f a  tu m o r 's  p o ten 
tial clinical behavior.
• A  tum or is  said  to be benign  w h en  its m icroscopic  

and gross characteristics are considered  to be rela
tiv e ly  innocent, im p ly in g  that it w ill  rem ain loca lized  
and is am enable to local surgical rem oval. A ffected 
p a tien ts  generally  surv ive. O f note, how ever, ben ign  
tum ors can  p ro d u ce  m ore th a n  localized  lum ps, an d  
som etim es they  p ro d u ce  significant m o rb id ity  or are  
even  lethal.

• M a lig n a n t, as ap p lied  to a neop lasm , im p lies that the  
le s io n  can invade and destroy adjacent structures and  
spread to d istant sites (m etastasize) to cause death.
M alignan t tu m o rs are collectively re ferred  to  as cancers, 
d e riv ed  from  the L atin  w o rd  for "crab" — th a t is, they 
ad h ere  to  any  p a r t th a t they  seize in  a n  obstinate  m anner, 
sim ilar to  a c rab 's  behavior. N o t all cancers p u rsu e  so 
d ead ly  a  course. The m ost aggressive  are also  som e of 
the m ost curable, b u t the d esignation  malignant consti
tu tes  a re d  flag.

A ll tum ors, ben ign  a n d  m alignan t, have  tw o  basic 
com ponen ts: (1 ) the  parenchyma, m ad e  u p  of transfo rm ed  
o r neoplastic  cells, a n d  (2 ) the  sup p o rtin g , host-derived , 
non-neop lastic  stroma, m ad e  u p  of connective tissue, 
b lood  vessels, a n d  host-d e riv ed  in flam m ato ry  cells. The 
p aren ch y m a of the neop lasm  largely  d e term ines its bio
logic behavior, a n d  it is th is  com ponen t from  w h ich  the 
tu m o r derives its nam e. The strom a is crucial to  the 
g ro w th  of the  neop lasm , since it carries the b lood  supp ly  
a n d  p ro v id es su p p o rt for the g ro w th  of pa renchym al

cells. A lth o u g h  the  biologic behav io r of tu m o rs largely  
reflects the behav io r of the p a ren ch y m al cells, there  has 
been  a g row ing  rea liza tion  th a t strom al cells a n d  neop las
tic cells carry  o n  a tw o-w ay  conversa tion  th a t influences 
the g ro w th  of the  tum or.

Benign Tumors

In  general, ben ig n  tu m o rs a re  desig n a ted  by  a ttach in g  the 
suffix -oma to  the  cell type  from  w h ich  the tu m o r arises. 
For exam ple, a ben ign  tu m o r arising  in  fib rous tissue is a 
fibroma; a  ben ig n  cartilag inous tu m o r is a chondroma. M ore 
va ried  a n d  com plex  n o m encla tu re  is ap p lied  to  ben ign  
ep ithelia l tum ors. The te rm  adenoma is generally  ap p lied  
n o t on ly  to  ben ig n  ep ithelia l neop lasm s th a t p ro d u ce  
g land like  struc tu res, b u t also  to  ben ig n  ep ithelia l neo
p lasm s th a t a re  d e riv ed  from  g lands b u t lack a g lan d u la r 
g ro w th  p a tte rn . T hus, a ben ign  ep ithelia l n eo p lasm  arising  
from  renal tu b u le  cells a n d  g row ing  in  a g landlike  p a tte rn  
is te rm ed  a n  adenom a, as is a m ass of ben ig n  ep ithelia l cells 
th a t p ro d u ces  no  g lan d u la r p a tte rn s  b u t has  its o rig in  in  
the ad ren a l cortex. Papillomas are  ben ign  ep ithelia l neo
p lasm s, g ro w in g  on  any  surface, th a t p ro d u ce  m icroscopic 
or m acroscopic fingerlike fronds. A  polyp is a  m ass th a t 
projects above a m ucosal surface, as in  the gu t, to  fo rm  a 
m acroscopically  visib le s tru c tu re  (Fig. 6.1). A lth o u g h  th is 
te rm  com m only  is u sed  for b en ign  tum ors, som e m alig n an t 
tu m o rs also  m ay  g row  as po lyps, w h ereas o ther p o lyps 
(such  as nasal po lyps) a re  n o t neop lastic  b u t in flam m atory  
in  orig in . Cystadenomas a re  ho llow  cystic m asses th a t typ i
cally arise  in  the ovary.

Malignant Tumors * •

The nom encla tu re  of m alig n an t tu m o rs essen tially  fo llow s 
th a t o f ben ign  tum ors, w ith  certa in  ad d itio n s  an d  
exceptions.
• M alig n an t neop lasm s arising  in  "so lid " m esenchym al 

tissues or its deriva tives a re  called  sarcomas, w h ereas 
those arising  from  the m esenchym al cells of the b lood 
are  called leukem ias or lym phom as. Sarcom as are  des
ig n a ted  b ased  o n  their cell-type com position , w h ich  
p resu m ab ly  reflects the ir cell of orig in . T hus, a m alig 
n a n t n eo p lasm  com prised  of fat-like cells is a liposar- 
com a, a n d  a m alig n an t n eo p lasm  com posed  of 
chondrocyte-like  cells is a chondrosarcom a.

• W hile the ep ithe lia  o f the  body  are deriv ed  from  all 
th ree  germ  cell layers, m a lig n an t n eop lasm s of ep ithelia l 
cells a re  called  carcinomas reg ard less  of the tissue of 
orig in . T hus, m alig n an t neop lasm s arising  in  the renal 
tu b u la r ep ith e liu m  (m esoderm ), the  sk in  (ectoderm ), 
an d  lin ing  e p ith e liu m  of the  g u t (endoderm ) are all con
s idered  carcinom as. F u rtherm ore , m eso d erm  m ay  give 
rise to  carcinom as (epithelial), sarcom as (m esenchy 
m al), a n d  h em ato ly m p h o id  tu m o rs (leukem ias an d  
lym phom as).

• C arcinom as are  su b d iv id ed  fu rther. C arcinom as th a t 
g row  in  a g lan d u la r p a tte rn  are  called  adenocarcinomas, 
a n d  those th a t p ro d u ce  sq u am o u s cells a re  called squa
mous cell carcinomas. S om etim es the tissue o r o rg an  of 
o rig in  can  be iden tified , as in  the d esignation  of renal 
cell adenocarcinom a, b u t it is n o t u n co m m o n  for tum ors
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Fig. 6 . 1  Colonic polyp. This glandular tumor is seen projecting into the 
colonic lumen. The polyp is attached to the mucosa by a distinct stalk.

to show  little o r no  d ifferen tia tion . Such tu m o rs are  
re ferred  to  as poorly differentiated o r undifferentiated 
carcinoma.

The transfo rm ed  cells in  a neop lasm , w h e th e r  ben ig n  o r 
m alignan t, u sua lly  resem ble  each  o ther, consisten t w ith  
their o rig in  from  a single transfo rm ed  p ro g en ito r cell. In  
som e u n u su a l instances, how ever, the tu m o r cells u n d e rg o  
d iv erg en t d ifferen tia tion , c reating  so-called "m ixed  
tum ors". M ixed tu m o rs are  still of m onoclonal orig in , b u t 
the p ro g en ito r cell in  such  tu m o rs has the capacity  to  dif
feren tia te  d o w n  m ore th a n  one lineage. The best exam ple  
is m ixed  tu m o r of sa livary  g land . These tu m o rs have 
obv ious ep ithelia l com ponen ts  d isp ersed  th ro u g h o u t a 
fib rom yxoid  strom a, som etim es h a rb o rin g  is lands of carti
lage o r bone (Fig. 6.2). A ll o f these d iverse  e lem en ts are  
th o u g h t to  derive  from  a single tran sfo rm ed  ep ithelia l p ro 
gen ito r cell, an d  the p re fe rred  desig n a tio n  for these neo
p lasm s is pleomorphic adenoma. F ib roadenom a of the  fem ale 
b reast is an o th er com m on  m ixed  tum or. This ben ign  tu m o r 
contains a  m ix tu re  of p ro life ra ting  d u c ta l e lem en ts 
(adenom a) em b ed d ed  in  loose fib rous tissue (fibrom a). 
U nlike p leom orph ic  adenom a, on ly  the fib rous com ponen t 
is neoplastic , b u t the te rm  fibroadenoma rem ains in  com m on 
usage.

Teratoma is a  special type of m ixed  tu m o r th a t con ta ins 
recognizab le  m a tu re  o r im m atu re  cells o r tissues derived  
from  m ore th an  one germ  cell layer, a n d  som etim es all 
th ree. T eratom as orig ina te  from  to tipo ten tia l germ  cells 
such  as those th a t no rm ally  reside  in  the ovary  an d  testis

a n d  th a t are som etim es abno rm ally  p re sen t in  m id line  
em bryon ic  rests. G erm  cells have  the capacity  to  d ifferen ti
a te  in to  any  of the cell types fo u n d  in  the a d u lt body; n o t 
su rp rising ly , therefore, they  m ay  give rise  to  neop lasm s 
th a t con ta in  e lem en ts resem bling  bone, ep ithe lium , m uscle, 
fat, nerve, an d  o th er tissues, all th ro w n  together in  a helter- 
skelter fashion.

The specific n am es of the  m ore com m on  neop lasm s are  
p re sen ted  in  Table 6.1. Som e g laring  inconsistencies m ay 
be no ted . For exam ple, the te rm s lymphoma, mesothelioma, 
melanoma, a n d  seminoma a re  u sed  for m alig n an t neop lasm s. 
U nfo rtu n a te ly  for s tuden ts, these exceptions are firm ly 
en tren ch ed  in  m ed ical term inology .

T here also  are o th e r instances o f confusing  term inology:
• Hamartoma is a  m ass of d iso rg an ized  tissue ind ig en o u s 

to the p a rticu la r site, such  as  the  lu n g  or the  liver. 
W hile  trad itiona lly  considered  d eve lopm en ta l m alfor
m ations, m an y  h am arto m as hav e  clonal ch rom osom al 
aberra tions th a t a re  acq u ired  th ro u g h  som atic m u ta 
tions a n d  on  th is basis a re  n o w  considered  to  be 
neoplastic .

• Choristoma is a  congenita l anom aly  consisting  of a he t
ero top ic  nest of cells. For exam ple, a sm all n o d u le  of 
w ell-developed  a n d  no rm ally  o rgan ized  pancreatic  
tissue m ay  be fo u n d  in  the  subm ucosa of the stom ach, 
d u o d en u m , or sm all in testine . The desig n a tio n  -oma, 
conno ting  a neop lasm , im p arts  to  these lesions an  
u n d ese rv ed  grav ity , as  they a re  u su a lly  of triv ial 
significance.

A lth o u g h  the  te rm ino logy  of neop lasm s is reg re ttab ly  
com plex, a n  u n d e rs ta n d in g  of the  n o m encla tu re  is im p o r
tan t because it is the language  by w h ich  a tu m o r 's  n a tu re  
a n d  significance is com m un ica ted  am o n g  physic ians in  dif
feren t d iscip lines in vo lved  in  cancer care.

Fig. 6 . 2  Mixed tumor of the parotid gland. Small nests of epithelial cells and 
myxoid stroma forming cartilage and bone (an unusual feature) are present 
in this field. ( C o u r te s y  o f  D r .  V ic k y  J o ,  D e p a r t m e n t  o f  P a th o lo g y ,  B r ig h a m  a n d  

W o m e n ’s  H o s p i t a l ,  B o s to n ,  M a s s a c h u s e t t s . )
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Tissue o f O rig in Benign M alig nan t

O n e  Parenchym al Cell Type

Connective tissue and derivatives Fibroma
Lipoma
Chondroma
Osteoma

Fibrosarcoma 
Liposarcoma 
Chondrosarcoma 
Osteogenic sarcoma

Endothelium and related cell types

Blood vessels Hemangioma Angiosarcoma

Lymph vessels Lymphangioma Lymphangiosarcoma

Mesothelium Mesothelioma

Brain coverings Meningioma Invasive meningioma

Blood cells and related cell types

Hematopoietic cells Leukemias

Lymphoid tissue Lymphomas

Muscle

Smooth Leiomyoma Leiomyosarcoma

Striated Rhabdomyoma Rhabdomyosarcoma

Skin

Stratified squamous Squamous cell papilloma Squamous cell or epidermoid carcinoma

Basal cells of skin or adnexa Basal cell carcinoma

Tumors of melanocytes Nevus Malignant melanoma

Epithelial lining of glands or ducts Adenoma
Papilloma
Cystadenoma

Adenocarcinoma 
Papillary carcinomas 
Cystadenocarcinoma

Lung Bronchial adenoma Bronchogenic carcinoma

Kidney Renal tubular adenoma Renal cell carcinoma

Liver Liver cell adenoma Hepatocellular carcinoma

Bladder Urothelial papilloma Urothelial carcinoma

Placenta Hydatidiform mole Choriocarcinoma

Testicle Seminoma
Embryonal carcinoma

M ore  T han  O n e  N eop lastic  Cell Type—-M ixed Tum ors, Usually D erived  F rom  O n e  G e rm  C ell Layer

Salivary glands Pleomorphic adenoma (mixed tumor of salivary gland) Malignant mixed tumor of salivary gland

Renal anlage Wilms tumor

M ore  T han  O n e  N eop lastic  Cell Type [>erived F rom  M o re  T han  O n e  G e rm  Cell Layer-—Teratogenous

Totipotential cells in gonads or in embryonic 
rests

Mature teratoma, dermoid cyst Immature teratoma, teratocarcinoma

CHARACTERISTICS OF BENIGN A N D  
M A LIG N A N T NEOPLASMS

There are three fundam ental features by w h ich  m ost 
b en ign  and m alignant tum ors can be d istinguished: d if
ferentiation  and anaplasia, local in vasion , and m etasta
sis. In  general, ra p id  g ro w th  also  signifies m alignancy , b u t 
m an y  m alig n an t tu m o rs g row  slow ly  a n d  as a resu lt 
g ro w th  ra te  is n o t a reliable d iscrim inato r be tw een  good 
a n d  b ad  actors. N o th in g  is m ore  im p o rta n t to  the  pa tien t 
w ith  a tu m o r th a n  be ing  told: " It is ben ign ." A lthough  
som e neop lasm s defy  easy  characterization , in  m ost 
in stances the d e te rm in a tio n  of ben ign  v e rsu s m alig n an t is 
m ad e  w ith  rem arkab le  accuracy u sin g  long-estab lished  
clinical a n d  ana tom ic  criteria.

Differentiation and Anaplasia

D ifferen tiation  refers to the extent to w h ich  neop lasm s  
resem ble their parenchym al cells o f origin, both  m orpho
log ica lly  and functionally; lack o f d ifferentiation  is  called
anap lasia . In  general, ben ign  neop lasm s are  com posed  of 
w ell-d ifferen tia ted  cells th a t closely resem ble  their no rm al 
co un terparts . A  lipom a is m ad e  u p  of m a tu re  fat cells lad en  
w ith  cy top lasm ic lip id  vacuoles, an d  a ch o n d ro m a is m ade  
u p  of m a tu re  cartilage cells th a t syn thesize  their u su a l car
tilag inous m a tr ix -e v id e n c e  of m orpho log ic  a n d  func
tional d ifferen tiation . In  w ell-d iffe ren tia ted  ben ign  tum ors, 
m itoses are  u su a lly  ra re  a n d  are  of n o rm al configuration .

By contrast, w h ile  m alig n an t n eop lasm s exhib it a w ide  
range  of p a ren ch y m al cell d ifferen tia tion , m ost exhibit 
m orpho log ic  a lte ra tions th a t b e tray  their m alig n an t n a tu re .
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Fig. 6.3 Well-differentiated squamous cell carcinoma of the skin. The tumor 
cells are strikingly similar to normal squamous epithelial cells, with intercel
lular bridges and nests of keratin ( a r r o w ) .  ( C o u r te s y  o f  D r .  T ra c e  W o r r e l l ,  D e p a r t 

m e n t  o f  P a th o lo g y ,  U n iv e r s i t y  o fT e x a s  S o u th w e s te rn  M e d ic a l  S c h o o l,  D a l la s ,  T e x a s .)

In  w ell-d iffe ren tia ted  cancers, these  fea tu res m ay  be qu ite  
sub tle  (Fig. 6.3). For exam ple, w ell-d iffe ren tia ted  adenocar
cinom a of the thy ro id  g land  m ay  con tain  n o rm al-ap p earin g  
follicles, its m alig n an t p o ten tia l being  on ly  revea led  by 
invasion  in to  ad jacen t tissues or m etastasis. The s trom a 
carry ing  the  b lood  su p p ly  is crucial to  the  g ro w th  of tum ors 
b u t does n o t a id  in  the sep ara tio n  of ben ig n  from  m alig n an t 
ones. The a m o u n t o f strom al connective tissue does, 
how ever, d e term ine  the consistency of a neop lasm . C erta in  
cancers in d u ce  a dense, a b u n d a n t fib rous strom a (desm o
p lasia), m ak ing  th em  hard , so-called "sc irrh o u s tum ors".

Tum ors com posed  o f undifferentiated  cells are said  to 
be anap lastic , a feature that is a reliable indicator of 
m alignancy. The te rm  anaplasia literally  m eans "b ack w ard  
fo rm a tio n "—im ply ing  ded ifferen tia tion , o r loss of the 
s tru c tu ra l a n d  functional d iffe ren tia tion  of n o rm al cells. It 
is n o w  know n , how ever, th a t a t least som e cancers arise 
from  stem  cells in  tissues; in  these tum ors, fa ilu re  of dif
fe ren tia tion  of transfo rm ed  stem  cells, ra th e r th an  ded if
fe ren tia tion  of specialized  cells, accoun ts for their anap lastic  
ap p earance. R ecent s tud ies  a lso  ind ica te  th a t in  som e cases, 
ded iffe ren tia tion  of ap p a ren tly  m a tu re  cells occurs d u rin g  
carcinogenesis. A nap lastic  cells o ften  d isp lay  the fo llow ing  
m orpho log ic  features:
• Pleomorphism (i.e., v a ria tio n  in  size a n d  shape) (Fig. 6.4)
• Nuclear abnormalities, consisting  of ex trem e hyperch ro 

m atism  (dark-stain ing), v a ria tio n  in  nuclear size an d  
shape, o r u n u su a lly  p ro m in en t single o r m u ltip le  nucle 
oli. E n largem en t of nucle i m ay  re su lt in  a n  increased  
nuclear-to -cy top lasm ic ra tio  th a t app ro ach es 1  : 1  in stead  
of the n o rm al 1 : 4 o r 1 : 6 . N ucleo li m ay  a tta in  a s to u n d 
in g  sizes, som etim es ap p ro ach in g  the d iam eter of 
n o rm a l lym phocytes.

• Tumor giant cells m ay  be form ed. These a re  considerab ly  
larger th a n  n e ighbo ring  cells a n d  m ay  possess e ither 
one en o rm o u s n ucleus or several nuclei.

• Atypical mitoses, w h ich  m ay  be n u m ero u s. A narchic 
m u ltip le  sp ind les m ay  p ro d u ce  trip o la r o r q u a d rip o la r 
m ito tic  figu res (Fig. 6.5).

• Loss o f polarity, such  th a t anap lastic  cells lack recogniz
ab le p a tte rn s  of o rien ta tion  to  one ano ther. Such cells 
m ay  g row  in  sheets, w ith  to ta l loss of com m unal

Fig. 6.4 Pleomorphic malignant tumor (rhabdomyosarcoma). Note the 
marked variation in cell and nuclear sizes, the hyperchromatic nuclei, and the 
presence of tumor giant cells. ( C o u r te s y  o f  D r .  T ra c e  W o r r e l l ,  D e p a r t m e n t  o f  

P a th o lo g y , U n iv e r s i t y  o f  T e x a s  S o u th w e s te rn  M e d ic a l  S c h o o l,  D a lla s ,  T e x a s .)

struc tu res, such  as g lands o r stra tified  squam ous
arch itecture .

W ell-d ifferen tia ted  tu m o r cells are likely to  re ta in  the 
functional capabilities of their n o rm al co un terparts , 
w h e reas  anaplastic tum or cells are m uch less lik e ly  to 
have sp ecia lized  functional activities. For exam ple, ben ign  
neop lasm s an d  ev en  w ell-d iffe ren tia ted  cancers of endo 
crine g lan d s frequen tly  e laborate  the ho rm ones character
istic of the ir cell of orig in . S im ilarly , w ell-d ifferen tia ted  
sq u am o u s cell carcinom as p ro d u ce  k era tin  (see Fig. 6.3), 
ju s t as w ell-d iffe ren tia ted  hepatoce llu lar carcinom as 
secrete bile. In  o th e r instances, u n an tic ip a ted  functions 
em erge. Som e cancers m ay  express fetal p ro te in s  n o t p ro 
d u ced  by com parab le  cells in  the ad u lt. C ancers of nonen 
docrine  o rig in  m ay  p ro d u ce  so-called "ectop ic  horm ones."  
For exam ple, certa in  lu n g  carcinom as m ay  p ro d u ce  ad re 
nocortico trop ic  ho rm o n e  (ACTH), p a ra th y ro id  h o rm o n e 
like horm one, insu lin , g lucagon, an d  o thers. M ore is said  
a b o u t these so-called "paran eo p lastic"  p h en o m en a  later.

A lso  of re levance in  the  d iscussion  of d iffe ren tia tion  an d  
an ap lasia  is dysplasia, re ferring  to  d iso rd erly  pro lifera tion .

Fig. 6.5 High-power detailed view of anaplastic tumor cells shows cellular 
and nuclear variation in size and shape. The prominent cell in the center field 
has an abnormal tripolar spindle.
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Fig. 6 . 6  Carcinoma in situ. (A) Low-power view shows that the entire thickness of the epithelium is replaced by atypical dysplastic cells. There is no orderly 
differentiation of squamous cells. The basement membrane is intact, and there is no tumor in the subepithelial stroma. (B) High-power view of another region 
shows failure of normal differentiation, marked nuclear and cellular pleomorphism, and numerous mitotic figures extending toward the surface. The intact 
basement membrane (below) is not seen in this section.

D ysplastic  ep ith eliu m  is recogn ized  by a lo ss  in  the  
uniform ity  o f in d iv id u a l cells and in  their architectural 
orientation. D ysplastic  cells exh ib it considerab le  p leom or
p h ism  a n d  o ften  possess abnorm ally  large, hyperch rom atic  
nuclei. M itotic figures a re  m ore a b u n d a n t th a n  u su a l and  
frequen tly  ap p e a r in  ab n o rm al locations w ith in  the ep ithe 
lium . In  d ysp lastic  stra tified  sq u am o u s ep ithe lium , m itoses 
a re  n o t confined to  the basal layers, w h e re  they  no rm ally  
occur, b u t m ay  be seen  th ro u g h o u t the  ep ithe lium . In  ad d i
tion, there  is considerab le  arch itec tu ra l anarchy . For 
exam ple, the u su a l p rog ressive  m a tu ra tio n  of tall cells in  
the  basal layer to  fla ttened  squam es on  the  surface m ay  be 
lost a n d  rep laced  by a d iso rd ered  h o d g ep o d g e  of d a rk  
b asa l-ap p earin g  cells. W h en  dysp lastic  changes are severe 
a n d  involve the en tire  th ickness of the  ep ithe lium , the 
lesion  is re ferred  to  as carcinoma in situ, a  p re invasive  stage 
of cancer (Fig. 6 .6 ).

It is im p o rtan t to  ap p rec ia te  th a t dysp lasia  is n o t syn 
o n y m o u s w ith  cancer. M ild  to  m o d era te  d ysp lasias  th a t do  
n o t invo lve the en tire  th ickness of the ep ith e liu m  som e
tim es reg ress com pletely , p a rticu la rly  if inciting  causes are 
rem oved . H ow ever, dysp lasia  is o ften  n o ted  ad jacen t to 
frank ly  m alig n an t neop lasm s (e.g., in  cigarette  sm okers 
w ith  lu n g  cancer), a n d  in  general the p resence of dysp lasia  
m ark s a  tissue as being  a t increased  risk  for d eve lop ing  an  
invasive  cancer.

Local Invasion

The grow th o f cancers is  accom panied b y  progressive  
infiltration, in vasion , and destruction o f surrounding  
tissu es, w hereas m ost b en ign  tum ors grow  as cohesive  
expansile m asses that rem ain loca lized  to their sites of 
origin. Because ben ign  tu m o rs g row  an d  ex p an d  slow ly, 
they  u su a lly  develop  a rim  of com pressed  fib rous tissue 
(Figs. 6.7 a n d  6 .8 ). This capsu le  consists largely  of extracel
lu la r m atrix  th a t is d ep o sited  by strom al cells such  as fibro
b lasts, w h ich  are  activa ted  by hypoxic dam age to 
p a ren ch y m al cells resu ltin g  from  com pression  by  the 
ex p an d in g  tum or. E ncapsu la tion  creates a tissue p lane  th a t 
m akes the  tu m o r d iscrete, m oveable  (non-fixed), and

Fig. 6 7  Fibroadenoma of the breast. The tan-colored, encapsulated small 
tumor is sharply demarcated from the whiter breast tissue.

Fig. 6 . 8  Microscopic view of fibroadenoma of the breast seen in Fig. 6.7. 
The fibrous capsule ( r ig h t )  sharply delimits the tumor from the surrounding 
tissue. ( C o u r te s y  o f  D r .  T ra c e  W o r r e l l ,  D e p a r t m e n t  o f  P a th o lo g y , U n iv e r s i t y  o f  T e x a s  

S o u th w e s te r n  M e d ic a l  S c h o o l,  D a lla s ,  T e x a s .)
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Fig. 6 . 9  Cut section of invasive ductal carcinoma of the breast. The lesion 
is retracted, infiltrating the surrounding breast substance, and was stony-hard 
on palpation.

read ily  excisable by surg ical enucleation . H ow ever, it is 
im p o rta n t to  recognize th a t n o t all ben ign  neop lasm s are  
encapsu la ted . For exam ple, the leiom yom a of the  u te ru s  is 
d iscretely  d em arca ted  from  the su rro u n d in g  sm ooth  
m uscle by  a zone  of com pressed  a n d  a tte n u a te d  no rm al 
m y om etrium , b u t lacks a  capsule. A  few  b en ig n  tu m o rs are 
n e ith e r en cap su la ted  n o r d iscretely  defined; lack o f d em ar
cation  is p a rticu la rly  likely in  ben ign  vascu lar neop lasm s 
such  as hem ang iom as, w h ich  u n d e rs tan d ab ly  m ay  be dif
ficult to excise. These exceptions are p o in ted  o u t on ly  to 
em phasize  th a t a lth o u g h  en cap su la tio n  is the  ru le  in  ben ign  
tum ors, the lack of a  capsu le  does n o t m ean  th a t a  tu m o r is 
m alignan t. Sadly, because of the ir unciv ilized  na tu re , tu m o r 
cells som etim es do  n o t fo llow  the ru les  set by  h u m an s. W e 
w ill see such  dev ia tions m an y  tim es in  th is  chapter.

N ext to the d evelop m en t o f m etastases, in vasiven ess  
is  the feature that m ost reliab ly  d istin gu ish es cancers 
from  b en ign  tum ors (Figs. 6.9 a n d  6.10). C ancers lack w ell- 
defined  capsu les. T here a re  instances in  w h ich  a slow ly 
g row ing  m alig n an t tu m o r decep tively  a p p ea rs  to  be 
encased  by the strom a of the su rro u n d in g  ho st tissue, b u t 
m icroscopic exam ination  reveals tiny  crablike feet pene 
tra tin g  the m arg in  a n d  in filtra ting  ad jacen t struc tu res. This 
in filtra tive  m ode of g ro w th  m akes it necessary  to  rem ove 
a w id e  m arg in  o f su rro u n d in g  n o rm al tissue w h e n  surgical 
excision of a m alig n an t tu m o r is a ttem p ted . Surgical 
pa tho log ists  carefully  exam ine the m arg in s of resected  
tu m o rs to  en su re  th a t they  are  dev o id  of cancer cells (clean 
margins).

Metastasis

M etastasis is defined  b y  the spread o f a tum or to sites  
that are p h ysica lly  d iscontinuous w ith  the primary tumor 
and un eq u ivoca lly  m arks a tum or as m alignant, as by  
d efin ition  b en ign  neop lasm s do not m etastasize. The
invasiveness of cancers p e rm its  them  to p en e tra te  in to  
b lood  vessels, lym phatics, a n d  body  cavities, p ro v id in g  
o p p o rtu n itie s  for sp read  (Fig. 6.11). O verall, approx im ate ly  
30% of p a tien ts  w ith  new ly  d iag n o sed  solid  tu m o rs (exclud
ing  sk in  cancers o ther th a n  m elanom as) p re sen t w ith

Fig. 6.10 Microscopic view of breast carcinoma seen in Fig. 6.9 illustrates 
the invasion of breast stroma and fat by nests and cords of tumor cells 
(compare with Fig. 6 .8 ). Note the absence of a well-defined capsule. ( C o u r te s y  

o f  D r .  S u s a n  L e s te r ,  B r ig h a m  a n d  W o m e n ’s  H o s p i t a l ,  B o s to n ,  M a s s a c h u s e t t s . )

clinically ev id en t m etastases. A n ad d itio n a l 20% have  
occult (h idden) m etastases a t the tim e of d iagnosis.

In  general, the m ore anap lastic  an d  the larger the 
p rim ary  neop lasm , the  m ore likely is m etasta tic  sp read , b u t 
as w ith  m ost ru les there  are  exceptions. E xtrem ely  sm all 
cancers have been  k n o w n  to m etastasize; conversely , som e 
large a n d  om inous-look ing  lesions m ay  not. W hile  all 
m a lig n an t tu m o rs can  m etastasize , som e do  so very  infre
quen tly . For exam ple, basal cell carc inom as of the sk in  and  
m o st p rim ary  tu m o rs of the cen tra l n e rv o u s  system  are  
h igh ly  locally invasive  b u t ra re ly  m etastasize . It is ev id en t 
th en  th a t the  p ro p ertie s  of local invasion  a n d  m etastasis  are 
som etim es separable.

A  special circum stance involves so-called "b lood  
cancers", the  leukem ias a n d  lym phom as. These tu m o rs are  
d e riv ed  from  b lood-fo rm ing  cells th a t no rm ally  have the 
capacity  to  en ter the b lo o d stream  an d  trave l to  d is tan t 
sites; as a resu lt, w ith  on ly  ra re  exceptions, leukem ias an d  
ly m p h o m as are  taken  to be d issem in a ted  d iseases a t d iag 
nosis a n d  are  a lw ays considered  to  be m alignan t.

M alignant n eop lasm s d issem inate by one o f three 
pathways: (1) seed in g  w ith in  body cavities, (2) lym phatic

Fig. 6. l l  A liver studded with metastatic cancer.
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spread, or (3) hem atogenous spread. Spread by seeding
occurs w h e n  neop lasm s in v ad e  a n a tu ra l bo d y  cavity . This 
m o d e  of d issem ination  is p articu larly  characteristic  of 
cancers of the ovary , w h ich  often  cover the p e rito n ea l su r
faces w idely . The im p lan ts  literally  m ay  glaze all perito 
neal surfaces an d  y e t n o t in v ad e  the  u n d e rly in g  tissues. 
H ere  is a n  instance w h ere  the ab ility  to  re im p lan t a n d  grow  
a t sites d is tan t from  the p rim ary  tu m o r seem s to be sepa
rab le  from  the capacity  to  invade . N eop lasm s of the cen tra l 
n e rv o u s system , such  as a  m ed u llob lastom a o r  ep en d y 
m om a, m ay  p en e tra te  the cerebral ven tricles an d  be carried  
by  the  cerebrosp inal flu id  to  re im p lan t o n  the m en ingeal 
surfaces, e ither w ith in  the  b ra in  o r in  the sp inal cord.

Lym phatic spread is  m ore typical o f carcinom as, 
w hereas hem atogenous spread is  favored by sarcomas. 
There a re  n u m ero u s  in terconnections, how ever, be tw een  
the ly m phatic  an d  vascu lar system s, so all fo rm s o f cancer 
m ay  d issem inate  th ro u g h  e ither o r  bo th  system s. The 
p a tte rn  o f ly m p h  n o d e  invo lvem en t d e p en d s  p rinc ipa lly  on  
the site of the  p rim ary  neop lasm  a n d  the  n a tu ra l p a th w ay s  
of local lym phatic  d ra inage . L ung  carcinom as aris in g  in  the 
resp ira to ry  passages m etastasize  first to  the  reg ional b ron 
chial ly m p h  nodes a n d  th en  to the tracheobronch ial an d  
h ila r nodes. C arcinom a of the b reast u su a lly  arises in  the 
u p p e r  o u te r q u a d ra n t an d  first sp read s  to  the axillary  nodes. 
H ow ever, m ed ia l b reast lesions m ay  d ra in  th ro u g h  the 
chest w all to the n o d es a long  the in te rn a l m am m ary  artery . 
T hereafter, in  b o th  instances, the  sup rac lav icu lar an d  in fra
clav icu lar n o d es m ay  be seeded . In  som e cases, the cancer 
cells seem  to trave l in  lym phatic  channels w ith in  the  im m e
d iately  p rox im ate  n o d es to be tra p p e d  in  su b seq u en t ly m p h  
nodes, p ro d u c in g  so-called "sk ip  m etastases." The cells 
m ay  traverse  all o f the ly m p h  n o d es u ltim ate ly  to reach  the 
vascu lar co m p artm en t by  w ay  o f the thoracic duct.

A  "sentinel lym p h  node" is the first regional lym ph  
nod e that receives lym p h  flow  from  a primary tum or. It 
can  be iden tified  by in jection  of b lue  dyes o r rad io labe led  
tracers n ear the p rim ary  tum or. B iopsy of sen tinel ly m p h  
nodes a llow s de te rm in a tio n  of the  ex ten t o f sp read  of 
tu m o r a n d  can  be u se d  to p la n  treatm en t.

O f note, a lth o u g h  en largem en t o f n o d es n ear a p rim ary  
neop lasm  sh o u ld  aro u se  concern  for m etasta tic  sp read , it 
does n o t a lw ays im p ly  cancerous invo lvem ent. The necrotic 
p ro d u c ts  o f the  neop lasm  a n d  tu m o r an tigens o ften  evoke 
im m unolog ic  responses in  the  nodes, such  as h y perp lasia  
o f the follicles (lym phaden itis) a n d  p ro life ra tion  of m acro 
phages in  the su b cap su la r sinuses (sinus histiocytosis). 
Thus, h is topatho log ic  verification  o f tu m o r w ith in  an  
en larged  ly m p h  node  is requ ired .

W hile hem ato g en o u s sp read  is the  favo red  p a th w ay  for 
sarcom as, carc inom as use  it as w ell. A s m ig h t be expected , 
a rteries a re  p e n e tra ted  less read ily  th a n  are  veins. W ith  
venous invasion , the  b loodborne  cells follow  the venous 
flow  d ra in in g  the site of the  neop lasm , w ith  tu m o r cells 
o ften  s to p p in g  in  the first cap illary  b ed  they encoun ter. 
Since all p o rta l a rea  d ra in ag e  flow s to  the liver, a n d  all caval 
b lood  flow s to the  lungs, the liver a n d  lu n g s  are  the m ost 
frequen tly  invo lved  secondary  sites in  h em atogenous d is
sem ination . C ancers a ris in g  n ear the  verteb ra l co lu m n  often  
em bolize  th ro u g h  the pa rav e rteb ra l p lexus; th is p a th w ay  
p robab ly  is invo lved  in  the  freq u en t ve rteb ra l m etastases of 
carcinom as of the th y ro id  a n d  p ro sta te  g lands.
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C erta in  carcinom as have  a p ro p en sity  to g row  w ith in  
veins. R enal cell carc inom a often  in v ad es the rena l ve in  to 
g row  in  a snakelike fash ion  u p  the in ferio r vena  cava, som e
tim es reach ing  the rig h t side  o f the heart. H epatoce llu lar 
carcinom as o ften  pen e tra te  a n d  g row  w ith in  the rad ic les of 
p o rta l a n d  hepatic  veins, even tua lly  reach ing  the m ain  
venous channels. R em arkably , such  in trav en o u s  g ro w th  
m ay  n o t be accom pan ied  by w id esp read  d issem ination .

M any observa tions sug g est th a t the  anatom ic localiza
tion  of a neop lasm  a n d  its ven o u s d ra in ag e  canno t w ho lly  
exp lain  the system ic d is trib u tio n s of m etastases. For 
exam ple, p ro sta tic  carc inom a p referen tia lly  sp read s to 
bone, b ronchogen ic  carcinom a ten d s to involve the  ad ren a l 
g lands a n d  the brain , a n d  neu ro b lasto m a sp read s to the 
liver a n d  bones. C onversely , skeletal m uscles, a lth o u g h  
rich  in  capillaries, a re  rare ly  sites o f tu m o r m etastases. The 
m olecu lar basis o f such  tissue-specific hom ing  o f tu m o r 
cells is d iscussed  later.

Thus, n u m ero u s  fea tu res o f tu m o rs (Fig. 6.12) usua lly  
p e rm it the d iffe ren tia tion  of ben ign  an d  m alig n an t 
neoplasm s.

f t  S U M M A R Y

C H A R A C T E R I S T I C S  O F  B E N I G N  A N D  

M A L I G N A N T  T U M O R S

• Benign and malignant tumors can be distinguished from one 
another based on the degree of differentiation, rate of growth, 
local invasiveness, and distant spread.

• Benign tumors resemble the tissue of origin and are well dif
ferentiated; malignant tumors are poorly or completely undif
ferentiated (anaplastic).

• Benign tumors tend to be slow growing, whereas malignant 
tumors generally grow faster.

• Benign tumors are well circumscribed and have a capsule; 
malignant tumors are poorly circumscribed and invade the 
surrounding normal tissues.

• Benign tumors remain localized to the site of origin, whereas 
malignant tumors are locally invasive and metastasize to distant 
sites.

EPIDEMIOLOGY

S tudy  o f cancer occurrence in  p o p u la tio n s  has co n tribu ted  
substan tia lly  to k now ledge  a b o u t its orig ins. The now  w ell- 
estab lished  concept th a t c igarette  sm oking  is causally  asso 
ciated  w ith  lu n g  cancer arose  p rim arily  from  epidem iologic  
stud ies. A  com parison  o f the incidence ra tes for colon 
cancer a n d  d ie ta ry  p a tte rn s  in  the W estern  w o rld  a n d  in  
A frica led  to the  recogn ition  th a t d ie ta ry  fa t a n d  fiber 
con ten t m ay  figure  im p o rtan tly  in  the  causa tion  o f th is 
cancer. M ajor insigh ts in to  the causes of cancer can  be 
ob ta in ed  by ep idem iologic  s tud ies  th a t relate  p a rticu la r 
env ironm en ta l, racial (possib ly  hered itary ), a n d  cu ltu ra l 
in fluences to the  occurrence o f specific neop lasm s. C erta in  
d iseases associa ted  w ith  a n  increased  risk  for develop ing  
cancer also p ro v id e  clues to the  p a thogenesis  o f cancer. The 
fo llow ing  d iscussion  first sum m arizes the overa ll incidence 
of cancer to p ro v id e  in sig h t in to  the  m ag n itu d e  of the 
cancer p ro b lem  a n d  th en  rev iew s factors re la ting  to the
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Fig. 6.12 Comparison between a benign tumor of the myometrium (leiomyoma) and a malignant tumor of similar origin (leiomyosarcoma).

p a tie n t a n d  the en v iro n m en t th a t influence the p red isp o si
tion  to  cancer.

Cancer Incidence

For the y ear 2012, the  W orld  H ea lth  O rg an iza tio n  (W HO) 
estim ated  th a t there  w ere  ab o u t 14.1 m illion  new  cancer 
cases w o rld w id e , lead in g  to  8 . 2  m illion  d ea th s  (approxi
m ate ly  22,500 d ea th s  p e r  day). M oreover, d u e  to  increasing  
p o p u la tio n  size, by  the  y ear 2035 the W H O  projects tha t 
the  n u m b ers  of cancer cases a n d  d ea th s  w o rld w id e  w ill 
increase to  24 m illion  a n d  14.6 m illion, respectively  (based 
o n  c u rren t m orta lity  rates). A d d itio n a l perspec tive  o n  the 
likelihood  of d eve lop ing  a specific fo rm  of cancer can  be 
ga ined  from  na tio n a l incidence a n d  m orta lity  data . In  the 
U n ited  States, it is es tim ated  th a t the  y ear 2016 w ill be 
m ark ed  by  app rox im ate ly  1.69 m illion  new  cases of cancer 
an d  595,000 cancer deaths. Incidence d a ta  for the  m ost 
com m on  fo rm s of cancer, w ith  the  m ajor k illers iden tified , 
are  p re sen ted  in  Fig. 6.13.

O ver several decades, the d e a th  ra tes  for m an y  form s of 
cancer have  changed . Since 1995, the  incidence of cancer in  
m en  an d  w o m en  in  the  U n ited  S tates has  been  rough ly  
stable, b u t the  cancer d e a th  ra te  has  decreased  by  rough ly  
20% in  m en  a n d  10% in  w om en . A m ong  m en, 80% of the 
decrease is accoun ted  for by  low er d ea th  ra tes for cancers 
o f the lung , p rosta te , an d  colon; a m o n g  w om en , nearly  60% 
of the decrease is d u e  to  red u c tio n s in  d e a th  ra tes from  
b reas t a n d  colorectal cancers. D ecreased  use  of tobacco 
p ro d u c ts  is responsib le  for the  red u c tio n  in  lu n g  cancer 
deaths, w h ile  im p ro v ed  detection  an d  trea tm en t are  
responsib le  for the decrease in  d e a th  ra tes for colorectal, 
fem ale breast, a n d  p ro s ta te  cancers.

The last ha lf-cen tu ry  has also  seen  a sharp  decline in  
d ea th  ra tes from  cervical cancer a n d  gastric  cancer in  the 
U n ited  States. T he decrease in  cervical cancer is d irectly  
a ttribu tab le  to  w id esp read  u se  of the P apan ico laou  (PAP) 
sm ear test for early  de tec tion  of th is  tu m o r a n d  its p recu r
sor lesions. T he d ep lo y m en t o f the  h u m a n  p ap illo m av iru s 
(HPV) vaccine m ay  nearly  elim inate  th is cancer in  com ing  
years. The cause of the decline in  d ea th  ra tes  for cancers of 
the s tom ach  is obscure; it m ay  be re la ted  to decreasing  
exposu re  to  u n k n o w n  d ie ta ry  carcinogens.

Environmental Factors

Environm ental exposures appear to be the dom inant risk  
factors for m any com m on cancers, su ggestin g  that a h igh  
fraction o f cancers are p otentia lly  preventable. This no tion  
is su p p o rte d  by the  geograph ic  va ria tio n  in  d e a th  ra tes from  
specific fo rm s of cancer, w h ich  is th o u g h t to  stem  m ain ly  
from  d ifferences in  env ironm en ta l exposures. For instance, 
d ea th  ra tes from  b reast cancer are  a b o u t fo u r to  five tim es 
h ig h er in  the U n ited  States a n d  E u rope  th an  in  Japan. C on
versely, the  d e a th  ra te  for stom ach  carcinom a in  m en  and  
w o m en  is ab o u t seven  tim es h ig h er in  Japan  th an  in  the 
U n ited  States. L iver cell carcinom a is re la tively  in freq u en t 
in  the  U n ited  S tates b u t is the m ost le tha l cancer am ong  
m an y  A frican  p o pu la tions. N early  all the ev idence ind icates 
th a t these geograph ic  d ifferences have  env ironm en ta l 
ra th e r th a n  genetic orig ins. For exam ple, N isei (second- 
genera tion  Japanese liv ing  in  the U n ited  States) have  m or
tality  ra tes for certa in  form s of cancer th a t a re  in te rm ed ia te  
be tw een  those in  natives of Japan  a n d  in  A m ericans w h o  
have  lived  in  the  U n ited  States for m an y  generations. The 
tw o ra tes com e closer w ith  each  p assin g  generation .
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A  2016 ESTIMATED CANCER INCIDENCE BY SITE AND SEX*
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Fig. 6.13 Estimated cancer incidence and mortality by site and sex in the United States. Excludes basal cell and squamous cell skin cancers and in situ 
carcinomas, except urinary bladder. ( A d a p t e d  f r o m  Cancer facts & figures 2016. A m e r ic a n  C a n c e r  S o c ie ty . w w w .c a n c e r .o r g / r e s e a r c h /c a n c e r - fa c t s - s ta t is t ic s /a l l - c a n c e r -  

f a c t s - f ig u r e s / c a n c e r - f a c t s - f ig u r e s - 2 0 ! 6 . h tm l .)

There is no  paucity  of en v iro n m en ta l factors th a t con
tribu te  to  cancer. They lu rk  in  the am b ien t en v ironm en t, in  
the w orkp lace , in  food, a n d  in  p ersonal p ractices. They can  
be as un iv ersa l as su n lig h t o r be largely  restric ted  to  u rb a n  
settings (e.g., asbestos) o r p a rticu la r occupations (Table
6.2). The m o st im p o rta n t en v iro n m en ta l exposu res linked  
to cancer inc lude  the  follow ing:
• Diet. C erta in  fea tu res o f d ie t have  been  im p licated  as 

p red isp o sin g  influences. M ore b road ly , obesity , cu r
ren tly  ep idem ic  in  the U n ited  States, is associated

w ith  a  m odestly  increased  risk  for d eve lop ing  m any  
d iffe ren t cancers.

• Smoking. Sm oking, p a rticu larly  of cigarettes, has been 
im p lica ted  in  cancer of the m ou th , pharynx , larynx, 
e sophagus, pancreas, b ladder, and , m ost significantly , 
the  lung , as 90% of lu n g  cancer d ea th s  a re  re la ted  to 
sm oking.

• Alcohol consumption. A lcohol abuse  is a n  in d e p e n d e n t 
risk  factor for cancers o f the o ropharynx , larynx , esoph 
agus, an d  (due  to  alcoholic cirrhosis) liver. M oreover,

Table 6.2 Occupational Cancers

A g en ts  o r  G roups  
o f A g en ts

H u m a n  C ancers  fo r  
W h ic h  R easonable  
E vidence Is A va ilab le Typical U se o r  O c c u rre n c e

Arsenic and arsenic 
compounds

Lung carcinoma, skin carcinoma By-product of metal smelting; component of alloys, electrical and semiconductor devices, 
medications and herbicides, fungicides, and animal dips

Asbestos Lung, esophageal, gastric, and 
colon carcinoma; 
mesothelioma

Formerly used for many applications because of fire, heat, and friction resistance; still 
found in existing construction as well as fire-resistant textiles, friction materials (i.e., 
brake linings), underlayment and roofing papers, and floor tiles

Benzene Acute myeloid leukemia Principal component of light oil; despite known risk, many applications exist in printing 
and lithography, paint, rubber, dry cleaning, adhesives and coatings, and detergents; 
formerly widely used as solvent and fumigant

Beryllium and beryllium 
compounds

Lung carcinoma Missile fuel and space vehicles; hardener for lightweight metal alloys, particularly in 
aerospace applications and nuclear reactors

Cadmium and cadmium 
compounds

Prostate carcinoma Uses include yellow pigments and phosphors; found in solders; used in batteries and as 
alloy and in metal platings and coatings

Chromium compounds Lung carcinoma Component of metal alloys, paints, pigments, and preservatives

Nickel compounds Lung and oropharyngeal 
carcinoma

Nickel plating; component of ferrous alloys, ceramics, and batteries; by-product of 
stainless-steel arc welding

Radon and its decay 
products

Lung carcinoma From decay of minerals containing uranium; potentially serious hazard in quarries and 
underground mines

Vinyl chloride Hepatic angiosarcoma Refrigerant; monomer for vinyl polymers; adhesive for plastics; formerly inert aerosol 
propellant in pressurized containers

Modified from Stellman JM, Stellman SD: Cancer and the workplace, CA Cancer] Clin 46:70-92, 1996, with permission from Lippincott Williams & Wilkins.
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alcohol a n d  tobacco sm oking  synerg istically  increase 
the  risk  for d eve lop ing  cancers of the  u p p e r  a irw ays and  
u p p e r  d igestive  tract.

• Reproductive history. T here is stro n g  ev idence th a t life
lo n g  cum ula tive  exposu re  to  estrogen  stim ulation , p a r 
ticu larly  if u n o p p o se d  by p rogesterone, increases the 
risk  for d eve lop ing  cancers of the  en d o m etriu m  an d  
breast, b o th  of w h ich  a re  estrogen-responsive  tissues.

• Infectious agents. It is es tim ated  th a t in fectious agen ts 
cause  ap p rox im ate ly  15% of cancers w o rld w id e .

T hus, there  is no  escape: it seem s th a t ev ery th in g  peop le  
do  to  ea rn  a livelihood , to  subsist, o r to enjoy life tu rn s  o u t 
to be illegal, im m oral, o r fatten ing , o r — m ost d is tu rb in g — 
possib ly  carcinogenic!

Age and Cancer

In  general, the frequency  o f cancer increases w ith  age. M ost 
cancer d ea th s  occur be tw een  55 a n d  75 years of age; the 
ra te  declines, a lo n g  w ith  the p o p u la tio n  base, afte r 75 y ears 
o f age. The rising  incidence w ith  age m ay  be exp la ined  by 
the accum ula tion  of som atic  m u ta tio n s th a t d rive  the em er
gence of m alig n an t neop lasm s (d iscussed  later). The 
decline in  im m u n e  com petence th a t accom pan ies ag ing  
a lso  m ay  be a factor.

A lth o u g h  cancer p referen tia lly  affects o lder adu lts , it 
a lso  is responsib le  for slightly  m ore th a n  1 0 % of all d ea th s  
am o n g  ch ild ren  y o u n g e r th an  15 years o f age (C hap ter 7). 
The m ajor le thal cancers in  ch ild ren  are leukem ias, tum ors 
of the cen tra l n e rv o u s system , lym phom as, a n d  soft-tissue 
a n d  bone sarcom as. A s d iscussed  later, s tu d y  of several 
ch ildhood  tum ors, such  as  re tinob lastom a, has p ro v id ed  
fu n d am en ta l in sigh ts in to  the  pa thogenesis  o f m alig n an t 
transfo rm ation .

Acquired Predisposing Conditions

A cquired conditions that pred ispose to cancer include  
disorders associated w ith  chronic inflam m ation, im m u
nodeficiency states, and precursor lesion s. M any chronic 
in flam m ato ry  cond itions create a fertile "so il" for the  devel
o p m e n t o f m alig n an t tu m o rs (Table 6.3). T um ors arising  in  
the contex t of chronic in flam m ation  a re  m ostly  carcino
m as, b u t a lso  inc lude  m eso theliom a a n d  several k in d s of 
lym phom a. By contrast, im m unodefic iency  states m ain ly  
p red isp o se  to  v iru s-in d u ced  cancers, in c lu d in g  specific 
types of lym phom a a n d  carcinom a a n d  som e sarcom a-like 
pro liferations.

Precursor lesions a re  localized  d istu rbances of ep ithelia l 
d ifferen tia tion  th a t a re  associa ted  w ith  a n  e levated  risk  for 
develop ing  carcinom a. They m ay  arise  secondary  to 
chronic in flam m ation  o r h o rm ona l d is tu rbances (in 
endocrine-sensitive  tissues), or m ay  occur spon taneously . 
M olecular analyses have sh o w n  th a t p recu rso r lesions 
often  possess som e of the genetic  lesions fo u n d  in  their 
associa ted  cancers (d iscussed  later). H ow ever, p rog ression  
to cancer is n o t inev itab le, a n d  it is im p o rtan t to  recognize 
p recu rso r lesions because their rem oval o r reversa l low ers 
cancer risk.

M any  d iffe ren t p recu rso r lesions have been  described; 
am o n g  the  m ost com m on a re  the  follow ing:

Table 6.3 Chronic In flam m ato ry  States and C ancer

Patho log ic
C o n d itio n

A ssociated
N eo p lasm (s ) E tio log ic  A g e n t

Asbestosis, silicosis Mesothelioma, lung 
carcinoma

Asbestos fibers, silica 
particles

Inflammatory bowel 
disease

Colorectal carcinoma

Lichen sclerosis Vulvar squamous cell 
carcinoma

Pancreatitis Pancreatic carcinoma Alcoholism, germ 
line mutations 
(e.g., in the 
trypsinogen gene)

Chronic cholecystitis Gallbladder cancer Bile acids, bacteria, 
gallbladder stones

Reflux esophagitis, 
Barrett esophagus

Esophageal
carcinoma

Gastric acid

Sjögren syndrome, 
Hashimoto 
thyroiditis

MALT lymphoma

Opisthorchis,
cholangitis

Cholangiocarcinoma, 
colon carcinoma

Liver flukes 
( O p is th o r c h is  

v iv e r r in i )

Gastritis/ulcers Gastric
adenocarcinoma, 
MALT lymphoma

H e l ic o b a c te r  p y lo r i

Hepatitis Hepatocellular
carcinoma

Hepatitis B and/or C 
virus

Osteomyelitis Carcinoma in 
draining sinuses

Bacterial infection

Chronic cervicitis Cervical carcinoma Human
papillomavirus

Chronic cystitis Bladder carcinoma Schistosomiasis

Adapted from Tlsty TD, Coussens LM: Tumor stroma and 
development, Ann Rev P a th o l M e c h  D is  1:119, 2006.

regulation of cancer

• Squamous metaplasia and dysplasia o f bronchial mucosa, 
seen  in  in  h ab itu a l sm okers — a risk  factor for lu n g  car
c inom a (C hap ter 13)

• Endometrial hyperplasia and dysplasia, seen  in  w o m en  
w ith  u n o p p o se d  estrogen ic  s tim u la tio n —a risk  factor 
for endom etria l carcinom a (C hap ter 19)

• Leukoplakia o f the oral cavity, vulva, and penis, w h ich  m ay  
p ro g ress  to  sq u am o u s cell carc inom a (C hap ters 15, 18, 
an d  19)

• Villous adenoma o f the colon, associa ted  w ith  a h ig h  risk  
for p rog ression  to  colorectal carc inom a (C hap ter 15)

In  th is contex t it also  m ay  be asked, "W h at is the  risk  
for m alig n an t change in  a ben ig n  neop lasm ?" — or, s ta ted  
differently , "A re  ben ig n  tu m o rs precancers?" In  general 
the an sw er is no, b u t inev itab ly  there  a re  exceptions, 
an d  p e rh ap s  it is be tte r to  say  th a t each type  of ben ign  
tu m o r is associa ted  w ith  a  p a rticu la r level of risk, ran g in g  
from  h ig h  to  v irtua lly  nonex isten t. A s cited  earlier, ad e 
nom as of the colon as they  en large  can  u n d e rg o  m alig 
n a n t transfo rm ation  in  u p  to 50% of cases; by  contrast, 
m a lig n an t change is ex trem ely  ra re  in  leiom yom as of 
the u teru s.
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Interactions Between Environmental and 
Genetic Factors

C ancer behaves like a n  in h e rited  tra it in  som e fam ilies, 
u su a lly  d u e  to  germ  line m u ta tio n s  th a t affect the function  
of a  gene th a t su p p resses  cancer (a so-called " tu m o r 
su p p resso r gene," d iscussed  later). W hat th en  can  be said  
a b o u t the  influence of h e red ity  o n  spo rad ic  m alig n an t neo
p lasm s, w h ich  constitu te  ro u g h ly  95% of the cancers in  the 
U n ited  States?

W hile the  ev idence suggests th a t sporad ic  cancers can 
largely  be a ttr ib u ted  to  en v iro n m en ta l factors o r acqu ired  
p red isp o sin g  conditions, lack of fam ily  h isto ry  does n o t 
p rec lu d e  a n  in h erited  com ponen t. It m ay  in  fact be difficult 
to tease o u t h e red ita ry  an d  genetic con tribu tions because 
these factors o ften  in teract. Such in terac tions m ay  be p a r 
ticu larly  com plex  w h e n  tu m o r d ev e lo p m en t is affected  by 
sm all con tribu tions from  m u ltip le  genes. F u rtherm ore , 
genetic factors m ay  alte r the risk  for develop ing  env iron 
m en tally  in d u ced  cancers. Instances w h ere  th is h o ld s tru e  
o ften  involve in h erited  v a ria tio n  in  enzym es such  as com 
p o n en ts  o f the cy tochrom e P-450 system  th a t m etabolize 
p rocarcinogens to  active carcinogens. C onversely , env iron 
m en ta l factors can  influence the risk  for d eve lop ing  cancer, 
ev en  in  in d iv id u a ls  w h o  in h e rit w ell-defined  "cancer 
genes." For instance, b reast cancer risk  in  fem ales w h o  
in h e rit m u ta te d  copies of the BRCA1 o r BRCA2  tu m o r su p 
p resso r genes (d iscussed  later) is a lm ost th ree-fo ld  h igher 
for w o m en  b o rn  after 1940 th a n  for w o m en  b o rn  before th a t 
year, p e rh a p s  because of changes in  rep ro d u c tiv e  behav io r 
o r increases in  obesity  in  m ore recen t tim es.

A  S U M M A R Y

E P I D E M I O L O G Y  O F  C A N C E R

• The incidence of cancer varies with age, geographic factors, 
and genetic background. The geographic variation in cancer 
incidence results mostly from different environmental expo
sures. Cancer can occur at any age, but is most common in 
older adults.

• Environmental factors implicated in carcinogenesis include 
infectious agents, smoking, alcohol, diet, obesity, reproductive 
history, and exposure to carcinogens.

• Cancer risk rises in certain tissues in the setting of increased 
cellular proliferation caused by chronic inflammation or hor
monal stimulation.

• Epithelial cell linings may develop morphologic changes that 
signify an increased risk for developing cancer; such lesions are 
referred to as precursor lesions.

• The risk for developing cancer is modified by interactions 
between environmental exposures and genetic variants.

CANCER GENES

It cou ld  be a rg u ed  th a t the p ro life ra tion  o f lite ra tu re  on  the 
m o lecu lar basis o f cancer has  o u tp aced  the  g ro w th  of even  
the  m ost m alig n an t o f tum ors. R esearchers a n d  s tu d en ts  
alike can  easily  get lost in  the  g ro w in g  forest of in fo rm a
tion. B ut it has  becom e em inen tly  clear th a t cancer is a

d isease caused  by m u ta tio n s th a t a lte r the function  of of a 
finite su b se t o f the 20,000 o r so h u m a n  genes. For sim plic
ity, w e  w ill refer to  these genes as cancer genes. C ancer 
genes can  be defined  as genes th a t a re  recu rren tly  affected 
by genetic aberra tions in  cancers, p resu m ab ly  because they 
con tribu te  d irectly  to  the m alig n an t behav io r o f cancer 
cells. C ausa tive  m u ta tio n s  th a t give rise  to  cancer genes 
m ay  be acq u ired  by the action  of en v iro n m en ta l agents, 
such  as chem icals, rad ia tion , o r v iruses, m ay  occur spon 
taneously , o r m ay  be in h erited  in  the  g erm  line. If such  
m u ta tio n s d rive  carcinogenesis, a key p red ic tio n  is th a t 
each cell in  a n  in d iv id u a l tu m o r sh o u ld  share  m u ta tio n s 
th a t w ere  p re sen t in  the fo u n d in g  cell a t the tim e of trans
fo rm ation . This expecta tion  has been  rea lized  in  all tum ors 
th a t h av e  been  system atically  an a ly zed  by genom ic 
sequencing, p ro v id in g  stro n g  su p p o rt for the  hypo thesis  
th a t cancer is a t its ro o t a genetic d isease.

C ancer genes n u m b er in  the h u n d re d s  a n d  n ew  ones are  
still being  d iscovered . N o t on ly  are  these genes n um erous, 
b u t m an y  have  u n p ro n o u n ceab le  acronym s for n am es th a t 
a re  difficult to  rem em ber, even  for the  aficionado. O ne w ay  
to try  to  sim plify  th is com plexity  is to  consider th a t cancer 
genes fall in to  one of fo u r m ajor functional classes:
• Oncogenes a re  genes th a t induce  a tran sfo rm ed  p h en o 

type w h e n  exp ressed  in  cells by  p ro m o tin g  increased  cell 
g row th . A  m ajor d iscovery  in  cancer w as  the  rea lization  
th a t oncogenes are m u ta te d  or overexp ressed  versions of 
n o rm a l cellu lar genes, w h ich  are  called  proto-oncogenes. 
M ost oncogenes encode transc rip tion  factors, factors 
th a t pa rtic ipa te  in  p ro -g ro w th  signaling  p a th w ay s, o r 
factors th a t enhance  cell surv ival. They are  considered  
d o m in an t genes because a m u ta tio n  invo lv ing  a single 
allele is sufficient to p ro d u ce  a p ro-oncogenic  effect.

• Tumor suppressor genes a re  genes th a t no rm ally  p rev en t 
u n co n tro lled  g ro w th  and , w h e n  m u ta te d  o r lost from  a 
cell, allow  the transfo rm ed  p h en o ty p e  to  develop . O ften  
bo th  n o rm al alleles of tu m o r su p p resso r genes m u s t be 
d am ag ed  for tran sfo rm atio n  to  occur. T um or su p p resso r 
genes can  be p laced  in to  tw o  general g roups, "governors" 
th a t act as im p o rta n t b rakes o n  cellu lar p ro lifera tion , and  
"guardians" th a t are responsib le  for sensing  genom ic 
dam age. Som e g u a rd ian  genes in itia te  a n d  cho reog raph  
a com plex "d am ag e  con tro l response" th a t leads to  the 
cessation  o f p ro life ra tion  or, if the  dam age  is too  g rea t to 
be rep a ired , o r induce  apoptosis.

• Genes that regulate apoptosis p rim arily  act by  enhancing  
cell surv ival, ra th e r th a n  s tim u la tin g  p ro life ra tion  per se. 
U n d erstan d ab ly , genes of th is  class th a t p ro tec t aga in st 
apop tosis  a re  o ften  overexp ressed  in  cancer cells, 
w h ereas those th a t p ro m o te  ap o p to sis  ten d  to  be u n d e r 
expressed  or functionally  inac tiva ted  by  m uta tions.

• To th is list m ay  n o w  be a d d e d  genes that regulate interac
tions between tumor cells and host cells, as these genes are 
a lso  recu rren tly  m u ta te d  or functionally  a lte red  in  
certa in  cancers. P articu larly  im p o rta n t a re  genes th a t 
enhance  or inh ib it recogn ition  of tu m o rs cells by  the 
h o st im m u n e  system .

In  m ost instances, the  m u ta tio n s  th a t give rise to  cancer 
genes a re  acq u ired  d u rin g  life a n d  are  confined to  the 
cancer cells. H ow ever, causative  m u ta tio n s  som etim es are  
in h e rited  in  the germ  line a n d  are  therefore  p re se n t in
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Table 6.4 Inherited  Predisposition to  C ancer

In h e rite d  Predisposition G ene(s )

A u to som al D o m in an t C ancer Syndrom es

Retinoblastoma R B

Li-Fraumeni syndrome (various 
tumors)

T P 5 3

Melanoma C D K N 2 A

Familial adenomatous polyposis/colon 
cancer

A P C

Neurofibromatosis 1 and 2 N F I ,  N F 2

Breast and ovarian tumors B R C A I ,  B R C A 2

Multiple endocrine neoplasia 1 and 2 M E N I ,  R E T

Hereditary nonpolyposis colon cancer M S H 2 ,  M L H I ,  M S H 6

Nevoid basal cell carcinoma syndrome P T C H I

A u to som al Recessive Syndrom es of D efective  D N A  
R epair

Xeroderma pigmentosum Diverse genes involved in 
nucleotide excision repair

Ataxia-telangiectasia A T M

Bloom syndrome B L M

Fanconi anemia Diverse genes involved in 
repair of DNA cross-links

every  cell in  the  body , p lac ing  the  affected in d iv id u a l a t 
h ig h  risk  for d eve lop ing  cancer. U n d erstan d ab ly , in  fam i
lies in  w h ich  these g erm  line m u ta tio n s are  p assed  from  
genera tion  to  generation , cancer behaves like a n  inherited  
tra it (Table 6.4). W e w ill touch  o n  im p o rta n t fam ilial cancer 
synd rom es a n d  associa ted  genes a n d  cancers la te r in  th is 
chapter.

P resen ted  nex t is a  d iscussion  of the va ried  genetic 
lesions th a t u nderlie  a lte red  cancer gene exp ression  an d  
function .

cancer genes and thereby directly contribute to the d evel
opm ent or progression  o f a g iven  cancer. T hey are u sua lly  
acqu ired , b u t as m en tio n ed  earlier, occasionally  inherited . 
By contrast, passenger m u ta tio n s are  acq u ired  m u ta tio n s 
th a t a re  n eu tra l in  te rm s of fitness a n d  do  n o t affect cellu
la r behavior; they ju s t com e along  for the p roverb ia l ride. 
Because they  occur a t ran d o m , passenger m u ta tio n s  are 
sp rink led  th ro u g h o u t the genom e, w h ereas  d riv e r m u ta 
tions ten d  to  be tigh tly  c lu ste red  w ith in  cancer genes. It is 
now  ap p rec ia ted  th a t p a rticu la rly  in  cancers caused  by  car
cinogen  exposure , such  as m elanom a a n d  sm oking-re la ted  
lu n g  cancer, p assenger m u ta tio n s g reatly  o u tn u m b er d riv e r 
m uta tions.

D esp ite  the ir ap p a ren tly  innocuous na tu re , p assenger 
m u ta tio n s have neverthe less p ro v e n  to  be im p o rta n t in  
several w ays:
• In carcinogen-associated cancers, mutational analysis has 

provided definitive evidence that most genomic damage is 
directly caused by the carcinogen in question. For exam ple, 
before sequencing  of m elanom a genom es, the causative 
role of su n  exposu re  in  th is cancer w as  debated . This is 
no  longer so, as m ost m elanom as have th o u san d s  of 
m u ta tio n s  of a type th a t is specifically lin k ed  to  dam age 
caused  by u ltrav io le t light.

• A  second, more nefarious effect o f passenger mutations is 
that they create genetic variants that, while initially neutral, 
may provide tumor cells w ith  a selective advantage in the 
setting o f therapy. The ev idence for th is  com es from  D N A  
sequence analyses of tu m o rs a t the tim e of recurrence 
after d ru g  therapy ; in  m an y  instances, m u ta tio n s  th a t 
lead  d irectly  to  d ru g  resistance are fo u n d  in  m ost tu m o r 
cells. G enerally , the sam e resistance m u ta tio n s  can  also 
be fo u n d  before therapy , b u t on ly  in  a very  sm all frac
tion  of cells. In  such  instances, it a p p ea rs  th a t the selec
tive p re ssu re  of th e rap y  "converts"  a n eu tra l p assenger 
m u ta tio n  in to  a d riv e r m u ta tio n , to  the benefit of the 
tu m o r a n d  the d e trim en t o f the pa tien t.

GENETIC LESIONS IN CANCER

The genetic changes fou n d  in  cancers vary from  point 
m utations in v o lv in g  s in g le  n u cleotid es to abnorm alities  
large en ou gh  to produce gross changes in  chrom osom e  
structure. In  certa in  neop lasm s, genetic abno rm alities are  
n o n ra n d o m  a n d  h igh ly  characteristic. Specific chrom o
som al abnorm alities have  been  iden tified  in  m o st leuke
m ias a n d  lym phom as a n d  in  a n  increasing  n u m b er of 
n o n hem atopo ie tic  tum ors, w h ile  o ther tum ors are charac
te rized  by p a rticu la r p o in t m u ta tions. It is believed  th a t all 
recu rren t genetic  changes a lte r the activ ity  of one o r m ore 
cancer genes in  a fash ion  th a t gives the affected cells a 
selective advan tage , p resu m ab ly  by  con trib u tin g  to  one or 
m ore  of the  ha llm arks of cancer.

Driver and Passenger Mutations

In  the fo llow ing  sections, w e  briefly  rev iew  the  types of 
m u ta tio n s  th a t are com m only  fo u n d  in  cancers. Before 
d o ing  so, how ever, w e  m u st first touch  on  the  im p o rtan t 
concept of d riv e r m u ta tio n s a n d  passenger m u ta tions. 
Driver m utations are m utations that alter the fu nction  of

Point M u ta tio n s

P o in t m u ta tio n s  can  e ithe r activate o r inactivate the p ro te in  
p ro d u c ts  of the affected  genes d e p e n d in g  o n  their precise 
position  a n d  consequence. P o in t m u ta tio n s  th a t convert 
p ro to -oncogenes in to  oncogenes generally  p ro d u ce  a gain- 
o f-function  by a lte ring  am ino  acid  resid u es in  a dom ain  
th a t no rm ally  h o ld s  the p ro te in 's  activ ity  in  check. A  car
d in a l exam ple is p o in t m u ta tio n s  th a t convert the R A S  gene 
in to  a cancer gene, one of the m ost com m en t even ts in  
h u m a n  cancers. By contrast, p o in t m u ta tio n s (as w ell as 
larger aberra tions, such  as insertions a n d  deletions) in  
tu m o r su p p resso r genes reduce  or d isable the function  of 
the  enco d ed  p ro te in . The tu m o r su p p resso r gene th a t is 
m ost com m only  affected by p o in t m u ta tio n s in  cancer is 
TP53, a  p ro to typ ica l "g u a rd ia n "  type tu m o r su p p resso r 
gene (d iscussed  later).

G ene R earrangem ents

G ene rea rran g em en ts  m ay  be p ro d u ced  by ch rom osom al 
translocations or inversions. Specific ch rom osom al trans
locations a n d  inversions are  h igh ly  associa ted  w ith  
certa in  m alignancies, p articu larly  neop lasm s d eriv ed  from  
hem atopo ietic  cells a n d  o th e r k in d s  of m esenchym al cells.
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These rea rran g em en ts  can  activate  p ro to -oncogenes in  tw o
w ays:
• Som e gene rearrangem ents result in  overexpression  

o f proto-oncogenes by rem oving  th em  from  their 
norm al regulatory elem ents and p lacing  th em  under 
control o f an inappropriate, h igh ly  active prom oter or 
enhancer. T w o d ifferen t k in d s  of B cell lym p h o m a 
p ro v id e  illu stra tive  exam ples of th is m echanism . In 
m ore  th a n  90% of cases of Burkitt lymphoma, the cells 
h av e  a translocation , u sua lly  be tw een  chrom osom es 8  

a n d  14, th a t leads to  overexp ression  of the M Y C  gene 
o n  ch rom osom e 8  by  ju x tap o sitio n  w ith  im m unog lobu 
lin  heavy  cha in  gene reg u la to ry  e lem en ts o n  chrom o
som e 14 (Fig. 6.14). In  follicular lymphoma, a  reciprocal 
translocation  be tw een  ch rom osom es 14 a n d  18 leads to 
overexp ression  of the an ti-apop to tic  gene, BCL2, on  
chrom osom e 18, also  d riv en  by im m u n o g lo b u lin  gene 
regu la to ry  elem ents.

• Other oncogenic gene rearrangem ents create fu sion  
gen es en cod in g  n ovel chim eric proteins. M ost no tab le
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CHRONIC
NORMAL MYELOID

CHROMOSOMES LEUKEMIA
9 22 9 22

NORMAL BURKITT
CHROMOSOMES LYMPHOMA

8  14 8  14

Fig. 6.14 The chromosomal translocations and associated oncogenes in 
chronic myelogenous leukemia and Burkitt lymphoma.

is the P h ilad e lp h ia  (Ph) ch rom osom e in  chronic m yelo id  
leukem ia, consisting  of a ba lanced  reciprocal transloca
tion  be tw een  ch rom osom es 9 a n d  22 (see Fig. 6.14). As 
a  consequence, the deriva tive  ch rom osom e 22 (the Phil
ad e lp h ia  chrom osom e) a p p ea rs  sm aller th a n  norm al. 
This cytogenetic  change is seen  in  m ore  th a n  90% of 
cases of chronic m yelo id  leukem ia  an d  resu lts  in  the 
fu sion  of p o rtio n s of the BCR  gene o n  chrom osom e 22 
a n d  the  ABL  gene o n  ch rom osom e 9. The few  P h iladel
p h ia  ch ro m o so m e-n eg a tiv e  cases h a rb o r a cryp tic  (cyto
genetically  silent) BCR-ABL  fu sion  gene, the presence of 
w h ich  is the sine qua non of chronic m yelo id  leukem ia. 
As d iscussed  later, the BCR-ABL  fu sion  gene encodes 
a novel ty rosine  k inase  w ith  p o te n t transfo rm ing  
activity.

L ym p h o id  tu m o rs are m ost com m only  associated  w ith  
recu rren t gene rea rrangem en ts . This re la tionsh ip  exists 
because no rm al lym phocy tes express special enzym es th a t 
p u rp o sefu lly  in tro d u ce  D N A  b reaks d u rin g  the processes 
of im m u n o g lo b u lin  o r T cell recep to r gene recom bination . 
R epair o f these D N A  breaks is e rro r-p rone , a n d  the resu lt
ing  m istakes som etim es re su lt in  gene rea rran g em en ts  th a t 
activate p ro to-oncogenes. T w o o ther types of m esenchy 
m al tum ors, m yelo id  neop lasm s (acute m yelo id  leukem ias 
an d  m yelopro lifera tive  d iso rders) a n d  sarcom as, also  fre
quen tly  possess gene rearrangem en ts . U nlike ly m pho id  
neop lasm s, the  cause of the D N A  b reaks th a t lead  to  gene 
rea rran g em en ts  in  m yelo id  neop lasm s a n d  sarcom as is 
u n k n o w n . In  general, the  rea rran g em en ts  th a t are seen  in  
m yelo id  neop lasm s an d  sarcom as create fu sion  genes th a t 
encode e ither hyperac tive  ty rosine  k inases (ak in  to  BCR- 
ABL) o r novel oncogenic transc rip tion  factors. A  w ell- 
charac terized  exam ple  of the la tte r is the (11;22)(q24;q12) 
translocation  in  E w ing  sarcom a. This rea rran g em en t 
creates a fu sion  gene encod ing  a ch im eric  oncop ro te in  
com posed  of p o rtio n s of tw o d ifferen t transc rip tion  factors 
called  EWS a n d  FLI1.

Iden tification  of p a thogen ic  gene rea rran g em en ts  in  car
cinom as has lagged  because karyo typ ically  ev id en t trans
locations an d  inversions (w hich  p o in t to  the location  of 
im p o rta n t oncogenes) are  ra re  in  carcinom as. H ow ever, 
advances in  D N A  sequencing  hav e  revea led  recu rren t 
cryp tic  p a thogen ic  gene rea rran g em en ts  in  carcinom as as 
w ell. A s w ith  hem ato log ic  m alignancies a n d  sarcom as, 
gene rea rran g em en ts  in  so lid  tu m o rs can  con tribu te  to  car
c inogenesis e ither by  increasing  exp ression  o f a n  oncogene 
or by  genera tion  of a novel fu sion  gene. E xam ples w ill be 
d iscussed  a long  w ith  specific cancers in  o th e r chap ters. As 
w ith  a  fu sion  gene such  as BCR-ABL, som e of the fusion  
genes in  solid  tu m o rs also  p ro v id e  d ru g  ta rge ts (e.g., 
EM L-ALK in  lu n g  cancer; C h ap te r 13).

Deletions

D eletion s are another prevalent abnorm ality in  tumor 
cells. D e le tio n  o f specific regions o f chrom osom es m ay  
result in  the loss o f particular tum or suppressor genes.
T um or su p p resso rs  generally  req u ire  inac tiva tion  of bo th  
alleles in  o rd e r  for th em  to con tribu te  to  carcinogenesis. A 
com m on m echan ism  for th is is a n  inac tiva ting  p o in t m u ta 
tion  in  one allele, fo llow ed  by  de le tion  of the  o ther, non- 
m u ta te d  allele. A s d iscussed  later, dele tions invo lv ing
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13q14, the  site o f the RB gene, are  associa ted  w ith  
re tinob lastom a, a n d  dele tion  of 17p is associa ted  w ith  loss 
of TP53, a rg u ab ly  the  m ost im p o rtan t tu m o r su p p resso r 
gene.

G ene A m plifications

Proto-oncogenes m ay be converted to oncogenes b y  gene  
am plification, w ith  consequent overexpression and  
hyperactivity o f o therw ise norm al proteins. Such am pli
fication  m ay  p ro d u ce  several h u n d re d  copies o f the  gene, 
a  change in  copy  n u m b er th a t can  be read ily  de tec ted  by 
m o lecu lar h y b rid iza tio n  w ith  a p p ro p ria te  D N A  probes. In 
som e cases, the  am plified  genes p ro d u ce  ch rom osom al 
changes th a t can  be iden tified  m icroscopically . Tw o m u tu 
ally  exclusive p a tte rn s  a re  seen: m u ltip le  sm all, ex trachro 
m osom al struc tu res called double minutes; an d  homogeneously 
staining regions. The la tte r derive  from  the  in sertion  of the 
am plified  genes in to  new  chrom osom al locations, w h ich  
m ay  be d is tan t from  the  no rm al location  of the  invo lved  
genes; because reg ions con ta in ing  am plified  genes lack a 
n o rm al b an d in g  p a tte rn , they  ap p e a r h o m ogeneous in  a 
G -banded  karyo type. Tw o clinically im p o rta n t exam ples 
of am plification  involve the  N M Y C  gene in  n eu rob lastom a 
a n d  the HER2 gene in  b reas t cancers. N M Y C  is am plified  
in  25% to 30% of neurob lastom as, a n d  the am plification  
is associated  w ith  p o o r p rognosis  (Fig. 6.15). HER2 (also 
k n o w n  as ERBB2) am plification  occurs in  ab o u t 20% of 
b reast cancers, a n d  an tib o d y  th e rap y  d irected  ag a in st the 
recep to r encoded  by the HER2 gene has p ro v ed  effective 
in  th is subse t o f tum ors.

N M Y C

-HSR

Fig. 6.15 Amplification of the NMYC gene in human neuroblastoma. The 
NMYC gene, present normally on chromosome 2p, becomes amplified and 
is seen either as extrachromosomal double minutes or as a chromosomally 
integrated homogeneous-staining region (HSR). The integration involves 
other autosomes, such as 4, 9, or 13. ( M o d i f ie d  f r o m  B r o d e u r  G M ,  S e e g e r  R C ,  

S a th e r  H ,  e t  a l :  C l in ic a l im p l ic a t io n s  o f  o n c o g e n e  a c t iv a t io n  in  h u m a n  n e u r o b la s to 

m a s . Cancer 5 8 : 5 4 1 ,  1 9 8 6 .  R e p r in t e d  b y  p e r m is s io n  o fW i le y - L is s ,  I n c ,  a  s u b s id ia r y  

o f  J o h n  W i le y  &  S o n s , I n c . )

Aneuploidy

Aneuploidy  is defined  as a n u m b er of chrom osom es th a t 
is n o t a m u ltip le  of the h ap lo id  state; for h u m an s, th a t 
is a ch rom osom e n u m b er th a t is n o t a m u ltip le  of 23. 
A n eu p lo id y  is rem arkab ly  com m on  in  cancers, p a rticu 
larly  carcinom as, a n d  w as  p ro p o se d  as a cause of carci
nogenesis over 100 y ears  ago. A n eu p lo id y  frequen tly  
resu lts  from  e rro rs  o f the  m ito tic  checkpoint, the m ajor 
cell cycle con tro l m echan ism  th a t acts to  p re v e n t m istakes 
in  ch rom osom e segregation . The m ito tic  checkpo in t p re 
ven ts an eu p lo id y  by  inh ib iting  the irreversib le  transition  
to an ap h ase  u n til a ll of the rep lica ted  ch rom osom es have  
m ade  p ro d u c tiv e  a ttachm en ts to sp ind le  m icro tubules. 
C om plete  absence of the m ito tic  checkpo in t leads to rap id  
cell d ea th  as a consequence of ab n o rm al chrom osom e 
segregation .

M echanistic  d a ta  estab lish ing  a n eu p lo id y  as a cause of 
carcinogenesis, ra th e r th a n  a consequence, hav e  been  dif
ficult to  generate . H ow ever, statistical app ro ach es m ade  
possib le by  d e ta iled  analysis of cancer cells suggest (as 
m ig h t be expected) th a t a n eu p lo id y  ten d s to  increase the 
copy n u m b er of key oncogenes a n d  decrease the  copy 
n u m b er of p o te n t tu m o r supp resso rs . For exam ple, chro 
m osom e 8 , w h ich  a lm ost never is lo st a n d  o ften  is p re sen t 
in  increased  copies in  tu m o r cells, is w h ere  the M Y C  onco
gene is located. By contrast, p o rtio n s  of ch rom osom e 17, 
w h ere  the  TP53 gene is located , are  o ften  lost a n d  are  infre
q u en tly  gained . T hus, tu m o r d ev e lo p m en t a n d  p rog ression  
m ay  be m o ld ed  by changes in  chrom osom e n u m b ers  th a t 
enhance  the dosage  of oncogenes w h ile  restric ting  the 
activ ity  of tu m o r su p p resso r genes.

M icro R N A s  and  C ancer

A s d iscussed  in  C h ap te r 1, m icroR N A s (m iRN A s) are  non 
coding, s ing le-stranded  RN A s, app rox im ate ly  22 nucle 
o tid es  in  leng th , th a t function  as negative  reg u la to rs  of 
genes. They inh ib it gene expression  posttranscrip tiona lly  
by rep ressin g  transla tion  or, in  som e cases, by  m essenger 
R N A  (m RNA) cleavage. In  v iew  of the ir im p o rtan t func
tions in  con tro l of cell g row th , d ifferen tia tion , an d  surv ival, 
it is n o t su rp ris in g  th a t accum ula ting  ev idence ind icates 
th a t m iR N A s also  can  con tribu te  to  carcinogenesis. Specifi
cally, if the  ta rge t o f a  m iR N A  is a tu m o r su p p resso r gene, 
then  overactiv ity  of the m iR N A  can  reduce  the  tu m o r su p 
p resso r p ro te in . Such m iR N A s are som etim es re ferred  to  as 
oncomlRs. C onversely , if a n  m iR N A  inh ib its  the transla tion  
of a n  oncogene, a red u c tio n  in  the q u an tity  o r function  of 
th a t m iR N A  w ill lead  to  o v erp ro d u c tio n  of the  oncogene 
p ro d u c t. Such re la tionsh ip s have a lread y  been  estab lished  
by  m iR N A  p rofiling  of several h u m a n  tum ors. For exam ple, 
d o w n reg u la tio n  or de le tion  of certa in  m iR N A s in  som e leu 
kem ias a n d  ly m p h o m as resu lts  in  increased  expression  of 
BCL2, a n  an ti-apop to tic  gene. Thus, by  negatively  regu la t
in g  BCL2, such  m iR N A s behave as tu m o r su p p resso r genes. 
D ysregu la tion  of o ther m iR N A s th a t con tro l the  expression  
of the R A S  a n d  M Y C  oncogenes also  has been  de tec ted  in  
lu n g  tu m o rs an d  in  certa in  B-cell leukem ias, respectively .

Epigenetic Modifications and Cancer

Y ou w ill recall from  C h ap te r 1 th a t ep igenetics refers to 
reversib le , heritab le  changes in  gene expression  th a t occur 
w ith o u t m u ta tio n . Such changes involve p osttransla tiona l
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m odifications of h istones a n d  D N A  m ethy lation , bo th  of 
w h ich  affect gene expression. In  norm al, d ifferen tia ted  
cells, the  m ajor p o rtio n  of the genom e is n o t expressed . 
These reg ions o f the genom e are silenced by  D N A  m ethy la 
tion  a n d  h istone  m odifications. O n  the  o th e r h an d , cancer 
cells are  charac terized  by  a g lobal D N A  hypo m eth y la tio n  
an d  selective p rom oter-localized  h y perm ethy la tion . 
Indeed , it has becom e ev id en t d u rin g  the  p a s t several years 
th a t tu m o r su p p resso r genes a re  som etim es silenced by 
h y p erm eth y la tio n  of p ro m o te r sequences, ra th e r th a n  by 
m u ta tion . In  ad d itio n , genom e-w ide  h y p o m eth y la tio n  has 
been  sh o w n  to cause ch rom osom al in stab ility  a n d  can 
induce  tu m o rs in  m ice. Thus, ep igenetic  changes m ay  influ 
ence carcinogenesis in  m an y  w ays. As an  a d d e d  w rink le , 
deep  sequencing  of cancer genom es has iden tified  m u ta 
tions in  genes th a t regu la te  ep igenetic  m odifications in  
m any  cancers. T hus, certa in  genetic changes in  cancers m ay 
be selected because they  lead  to  a lte ra tions of the "ep ig 
enom e" th a t favor cancer g ro w th  a n d  surv ival.

The ep igenetic  state  o f p a rticu la r cell ty p e s —a fea tu re  
described  as the  ep igenetic  c o n tex t—also  d ic ta tes their 
response  to  signals th a t con tro l g ro w th  an d  differen tiation . 
As m en tio n ed  earlier, ep igenetic  m odifications regu la te  
gene expression, a llow ing  cells w ith  the sam e genetic 
m ak eu p  (e.g., a n e u ro n  a n d  a keratinocyte) to  have  com 
ple te ly  d ifferen t app earan ces a n d  functions. In  som e 
instances, the ep igenetic  sta te  o f a cell d ram atically  affects 
its response  to  o therw ise  iden tica l signals. For exam ple, the 
NOTCH1  gene h as a n  oncogenic ro le  in  T-cell leukem ia, ye t 
acts as a tu m o r su p p resso r in  sq u am o u s cell carcinom as. 
As w o u ld  be expected , th is  d icho tom y exists because acti
v a ted  NOTCH1  tu rn s  o n  p ro -g ro w th  genes in  T-cell p ro 
gen ito rs a n d  tu m o r su p p resso r genes in  keratinocytes.

^ S U M M A R Y
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G E N E T I C  L E S IO N S  I N  C A N C E R

• Mutations in cancer cells fall into two major classes, driver 
(pathogenic) mutations and passenger (neutral) mutations.

• Passenger mutations may become driver mutations if selective 
pressure on the tumor changes, for example, in the setting of 
treatment with an effective therapeutic drug.

• Tumor cells may acquire driver mutations through several 
means, including point mutations and nonrandom chromo
somal abnormalities that contribute to malignancy; these 
include gene rearrangements, deletions, and amplifications.

• Gene rearrangements (usually caused by translocations, but 
sometimes by inversions of other more complex events) con
tribute to carcinogenesis by overexpression of oncogenes or 
generation of novel fusion proteins with altered signaling 
capacity.

• Deletions frequently affect tumor suppressor genes, whereas 
gene amplification increases the expression of oncogenes.

• Overexpression of miRNAs can contribute to carcinogenesis 
by reducing the expression of tumor suppressors, while dele
tion or loss of expression of miRNAs can lead to overexpres
sion of proto-oncogenes.

• Tumor suppressor genes and DNA repair genes also may be 
silenced by epigenetic changes, which involve reversible, heri
table changes in gene expression that occur not by mutation 
but by methylation of the promoter.

CARCINOGENESIS: A  MULTISTEP 
PROCESS

F ortunate ly , in  m o st if n o t all instances, no  single m u ta tio n  
is sufficient to tran sfo rm  a n o rm al cell in to  a cancer cell. 
C arcinogenesis is th u s  a m u ltis tep  p rocess resu ltin g  from  
the  accum ula tion  of m u ltip le  genetic a lte ra tions th a t col
lectively give rise  to  the  tran sfo rm ed  p h en o ty p e  a n d  all of 
its associa ted  hallm arks, d iscussed  later. A s m en tioned  
earlier, the p resence of d riv e r m u ta tio n s  in  som e non 
neoplastic  p recu rso r lesions suggest the need  for ad d itio n a l 
m u ta tio n s  for tran sitio n  to  a full b low n  cancer an d  th u s 
su p p o rt th is m odel.

B eyond  tum or in itia tion  from  a s in g le  fou n d in g  cell, 
it  is  im portant to recognize that cancers continue to 
undergo D arw in ian  selection  and therefore continue to 
evolve (Fig. 6.16). It is w ell estab lished  th a t d u rin g  their 
course cancers generally  becom e m ore aggressive  an d  
acqu ire  g rea ter m alig n an t po ten tia l, a p h en o m en o n  
referred  to  as tumor progression. A t the  m o lecu lar level, 
tu m o r p ro g ressio n  m ost likely resu lts  from  m u ta tio n s  th a t 
accum ula te  in d ep en d en tly  in  d ifferen t cells. Som e of these 
m u ta tio n s m ay  be lethal, b u t o thers m ay  affect the  function  
of cancer genes, thereby  m ak in g  the affected  cells m ore  
a d e p t a t g row th , surv ival, invasion , m etastasis, o r im m u n e  
evasion . D ue to  th is selective advan tage , subclones th a t 
acquire  these  m u ta tio n s  m ay  com e to d om ina te  one area  of 
a tum or, e ithe r a t the p rim ary  site or a t sites of m etastasis. 
A s a resu lt o f continu ing  m utation and D arw inian  selec
tion , even  th ou gh  m alignant tum ors are m onoclonal in  
origin  they are typ ica lly  genetica lly  heterogeneous by the  
tim e o f their clin ical presentation. In  adv an ced  tum ors 
exh ib iting  genetic  instability , the ex ten t o f genetic  he tero 
geneity  m ay  be enorm ous.

G enetic evo lu tion  shaped  b y  darw inian selection  can  
explain  the tw o m ost pernicious properties o f cancers: the  
tendency over tim e for cancers to becom e both  m ore 
aggressive and less resp on sive to therapy. Thus, genetic 
he terogeneity  has  im plications n o t on ly  for cancer p rog res 
sion  b u t also  for its response  to  therapy . E xperience has 
sh o w n  th a t w h e n  tu m o rs recu r after chem otherapy , the 
recu rren t tu m o r is a lm ost a lw ays resis tan t to  the  orig inal 
d ru g  reg im en  if it is g iven  again . E xperim en tal d a ta  suggest 
th a t th is acqu ired  resistance stem s from  the o u tg ro w th  of 
subclones th a t have, by  chance, m u ta tio n s  (or ep igenetic  
a lterations) th a t im p a rt d ru g  resistance.

HALLMARKS OF CANCER

This overv iew  serves as back g ro u n d  for a m ore  deta iled  
considera tion  of the m o lecu lar pa thogenesis of cancer. As 
m en tio n ed  earlier, bona fide  cancer genes n u m b er in  the 
h u n d re d s , a t a m in im um . W hile it is trad itio n a l to  describe 
the  function  of cancer genes one gene a t a tim e, the b lizzard  
of m u ta te d  genes em erg in g  from  the sequencing  of cancer 
genom es has b lan k e ted  the landscape  a n d  revea led  the 
lim ita tions of try ing  to g rasp  the fu n d am en ta l p ro p ertie s  
of cancer, gene by  gene. A  m u ch  m ore tractab le a n d  con
cep tually  satisfy ing  w ay  to  th in k  ab o u t the b io logy of 
cancer is to  consider the  com m on  p h en o ty p ic  an d
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Carcinogen-induced Additional driver
mutation mutations
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Fig. 6.16 Development of cancer through stepwise accumulation of complementary driver mutations. The order in which various driver mutations occur is 
usually unknown and may vary from tumor to tumor.

biological p ro p ertie s  o f cancer cells. It ap p ea rs  th a t all 
cancers d isp lay  e igh t fundam ental changes in  cell p h ysi
o logy, w h ich  are considered  the hallm arks o f cancer.
These changes are illu stra ted  in  Fig. 6.17 a n d  consist of the 
follow ing:
• Self-sufficiency in growth signals
• Insensitivity to growth-inhibitory signals
• Altered cellular metabolism
• Evasion o f apoptosis
• Limitless replicative potential (immortality)
• Sustained angiogenesis
• Invasion and metastasis
• Evasion o f im m une surveillance

The acqu isition  of the  genetic  a n d  ep igenetic  a lte ra tions 
th a t confer these ha llm arks m ay  be accelera ted  by cancer- 
promoting inflammation a n d  by genomic instability. These 
are  considered  enab ling  characteristics because they 
p ro m o te  cellu lar tran sfo rm atio n  a n d  su b seq u en t tu m o r 
p rogression .

Avoiding immune Evading growth 
destruction suppressors

Sustaining
proliferative
signaling

Deregulating
cellular

energetics

Resisting 
cell death

Enabling
replicative
immortality

Tumor-
promoting

inflammation

Activating 
invasion and 
metastasis

Inducing Genomic instability
angiogenesis (mutator phenotype)

Fig. 6.17 Eight cancer hallmarks and two enabling factors (genomic instabil
ity and tumor-promoting inflammation). Most cancer cells acquire these 
properties during their development, typically due to mutations in critical 
genes. (F ro m  H a n a h a n  D ,  W e in b e r g  R A : H a l lm a r k s  o f  c a n c e r :  t h e  n e x t  g e n e ra t io n .  

Cell 1 4 4 : 6 4 6 , 2 0 1 1 . )

M u ta tio n s in  genes th a t reg u la te  som e or all o f these 
cellu lar tra its  a re  seen  in  every  cancer; accordingly , these 
tra its fo rm  the  basis o f the  fo llow ing  d iscussion  of the 
m olecu lar o rig ins of cancer. O f note, by  convention , gene 
sym bols a re  ita licized b u t their p ro te in  p ro d u c ts  a re  n o t 
(e.g., RB gene a n d  RB pro te in , TP53 a n d  p53, M Y C  an d  
MYC).

Self-Sufficiency in Growth Signals

The self-sufficiency in  grow th that characterizes cancer 
cells generally  stem s from  gain-of-function  m utations  
that convert proto-oncogenes to oncogenes. O ncogenes 
encode p ro te in s  called  oncoproteins th a t p ro m o te  cell 
g row th , even  in  the  absence of n o rm al g ro w th -p ro m o tin g  
signals. To ap p rec ia te  how  oncogenes d rive  in ap p ro p ria te  
cell g row th , it is he lp fu l to  rev iew  briefly  the  sequence of 
even ts th a t characterize  n o rm al cell p ro life ra tion  (in tro 
d u ced  in  C h ap te r 1). U n d e r physio log ic conditions, cell 
p ro life ra tion  can  be read ily  reso lved  in to  the fo llow ing  
steps:
1. B inding  of a  g ro w th  factor to  its specific recep to r on  the 

cell m em brane
2. T ransien t a n d  lim ited  ac tiva tion  of the g ro w th  factor 

recep tor, w h ich  in  tu rn  activates several signal- 
tran sd u c in g  p ro te in s  on  the inner leaflet of the p lasm a 
m em brane

3. T ransm ission  of the tran sd u ced  signal across the cytosol 
to the n ucleus by second  m essengers o r a cascade of 
signal tran sd u c tio n  m olecules

4. In d u c tio n  a n d  activa tion  of nuclear reg u la to ry  factors 
th a t in itia te  a n d  regu la te  D N A  tran sc rip tio n  a n d  the 
b iosyn thesis  of o ther cellu lar com ponen ts th a t are  
n eed ed  for cell d iv ision , such  as organelles, m em brane  
com ponen ts, an d  ribosom es

5. E n try  a n d  p rog ression  of the  cell in to  the  cell cycle, 
re su ltin g  u ltim ate ly  in  cell d iv ision

The m echan ism s th a t en d o w  cancer cells w ith  the ability  
to p ro lifera te  can  be g ro u p ed  accord ing  to  the ir ro le  in  the 
g ro w th  fa c to r-in d u ced  signal tran sd u c tio n  cascade an d  
cell cycle regu la tion . Indeed , each  one of the  lis ted  steps is 
suscep tib le  to  co rru p tio n  in  cancer cells.
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Grow th Factors

Cancers m ay secrete their ow n  grow th factors or induce  
strom al cells to produce grow th factors in  the tumor 
m icroenvironm ent. M ost soluble g ro w th  factors a re  m ade  
by  one cell type  a n d  act on  a n e ighbo ring  cell to  stim ulate  
p ro life ra tion  (paracrine  action). N orm ally , cells th a t 
p ro d u ce  the g ro w th  factor do  n o t express the cognate 
recep to r, p rev en tin g  the fo rm ation  of positive  feedback 
loops w ith in  the sam e cell. This " ru le "  m ay  be b ro k en  by 
cancer cells in  several d ifferen t w ays.
• Som e cancer cells acquire  g ro w th  self-sufficiency by 

acq u irin g  the  ab ility  to  syn thesize  the  sam e g ro w th  
factors to  w h ich  they  are  responsive . For exam ple, m any  
gliob lastom as secrete p la te le t-de rived  g ro w th  factor 
(PDGF) a n d  express the PDGF recep tor, an d  m an y  sar
com as m ake bo th  transfo rm ing  g ro w th  fac to r-a  (TGF-a) 
an d  its recep tor. Sim ilar au tocrine  loops a re  fairly  
com m on in  m any  types of cancer.

• A n o th er m echan ism  by  w h ich  cancer cells acquire  
g ro w th  self-sufficiency is by in te rac tion  w ith  strom a. In 
som e cases, tu m o r cells send  signals to activate  no rm al 
cells in  the su p p o rtin g  strom a, w h ich  in  tu rn  p ro d u ce  
g ro w th  factors th a t p ro m o te  tu m o r grow th .

o f s ign a lin g  pathw ays dow nstream  o f grow th factor 
receptors. The signaling  p ro te in s  th a t couple  g ro w th  factor 
recep to rs to  their nuc lear ta rge ts are activa ted  by ligand  
b in d in g  to  g ro w th  factor recep tors. The signals a re  trasn- 
m itted  to  the  n ucleus th ro u g h  various signal tran sd u c tio n  
m olecules. Tw o im p o rta n t oncopro te ins in  the category  of 
signaling  m olecu les a re  RAS an d  ABL. Each of these is 
d iscussed  briefly  next.

R A S

RAS is  the m ost com m only m utated oncogene in  hum an  
tum ors. A pprox im ate ly  30% of all h u m a n  tu m o rs contain  
m u ta te d  R A S  genes, a n d  the frequency  is even  h igher in  
som e specific cancers (e.g., pancreatic  adenocarcinom a). 
RAS is a m em ber of a fam ily  of sm all G  p ro te in s  th a t b ind  
guanosine  nucleo tides (guanosine  trip h o sp h a te  [GTP] and  
guanosine  d ip h o sp h a te  [GDP]). S ignaling  by RAS involves 
the  fo llow ing  sequen tia l steps:
• Normally, R A S flip s back and forth  between an excited signal- 

transm itting state and a quiescent state. RAS is inactive 
w h e n  b o u n d  to GDP; s tim u la tion  of cells by  g ro w th  
factors such  as EGF an d  PDGF leads to  exchange of 
GDP for GTP a n d  su b seq u en t confo rm ational changes

Grow th Factor Receptors

The nex t g ro u p  in  the  sequence of signal tran sd u c tio n  is 
g ro w th  factor recep tors. Som e g ro w th  factor recep to rs 
have an  in trinsic  ty rosine  k inase  activ ity  th a t is ac tivated  
by g ro w th  factor b ind ing , w h ile  o thers  signal by  stim u la t
in g  the  activ ity  of d o w n stream  pro te in s. M any o f the  
m yriad grow th factor receptors fu n ction  as oncoproteins  
w h en  they are m utated or if  they overexpressed. The best- 
d o cu m en ted  exam ples of overexpression  invo lve the  ep i
d e rm al g ro w th  factor (EGF) recep to r fam ily. ERBB1, the 
EGF recep tor, is overexp ressed  in  80% of sq u am o u s cell 
carc inom as of the  lung , 50% o r m ore of g lioblastom as, and  
80% to 100% of ep ithelia l tu m o rs of the  head  a n d  neck. As 
m en tioned  earlier, the  gene encod ing  a re la ted  receptor, 
HER2 (ERBB2), is am plified  in  app rox im ate ly  20% of b reast 
cancers a n d  in  a sm aller fraction  of adenocarc inom as of the 
lung , ovary , stom ach, a n d  salivary  g lands. These tum ors 
are  exquisitely  sensitive to  the  m itogenic effects of sm all 
am o u n ts  of g ro w th  factors. The significance of HER2  in  the 
p a thogenesis of b reast cancers is illu stra ted  d ram atica lly  
by the clinical benefit d e riv ed  from  b locking the extracel
lu la r d o m ain  of th is recep to r w ith  anti-H ER 2 an tibod ies, 
an  e legan t exam ple of "bench  to  b edside" m edicine. In 
o ther instances, ty rosine  k inase  activ ity  is stim u la ted  by 
p o in t m u ta tio n s or sm all inde ls th a t lead  to  sub tle  b u t 
functionally  im p o rtan t changes in  p ro te in  struc tu re , o r 
gene rea rran g em en ts  th a t create fu sion  genes encod ing  chi
m eric  recep tors. In  each of these cases, the m u ta te d  recep 
to rs a re  constitu tive ly  active, de livering  m itogenic  signals 
to cells even  in  the absence of g ro w th  factors. These types 
of m u ta tio n s  are  m o st com m on  in  leukem ias, lym phom as, 
an d  certa in  form s of sarcom a.

D ow nstream  Signal-Transducing Proteins

Cancer cells o ften  acquire grow th autonom y as a result
o f m utations in  gen es that encode com ponents

Growth factor
Growth factor receptor

Bridging protein
Activates GDP

V
Inactivation by. 

hydrolysis of GTP

GTP

I--------
Active RAS

PI3K

T
cRAF

AKT

mTOR (^ M A P K y

I------- fe- Activation -------1■ Activation 
of transcription

MYC protein

\
Cell cycle progression

à
Fig. 6 . I 8  Model for action of RAS.When a normal cell is stimulated through 
a growth factor receptor, inactive (GDP-bound) RAS is activated to a GTP- 
bound state. Activated RAS transduces proliferative signals to the nucleus 
along two pathways: the so-called “RAF/ERK/MAP kinase pathway” and the 
P I3  k in a s e /A K T  p a th w a y .  G D P , Guanosine diphosphate; G T P , guanosine triphos
phate; M A P , mitogen-activated protein; P I3 , phosphatidylinositol-3.
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th a t generate  active RAS (Fig. 6.18). This excited  signal- 
em itting  state  is short-lived , how ever, because the 
in trinsic  guanosine  trip h o sp h a tase  (GTPase) activ ity  of 
RAS hyd ro ly zes GTP to GDP, re leasing  a p h o sp h a te  
g ro u p  an d  re tu rn in g  the p ro te in  to  its qu iescen t GDP- 
b o u n d  state. The G TPase activ ity  of ac tiva ted  RAS is 
m agn ified  d ram atically  by a fam ily  of G T Pase-activating  
p ro te in s  (GAPs), w h ich  act as m olecu lar b rakes th a t 
p rev en t u n con tro lled  RAS activa tion  by  favoring  h y d ro 
lysis o f GTP to GDP.

• Activated R A S stimulates downstream regulators o f prolif
eration by several interconnected pathways that converge on 
the nucleus and alter the expression o f genes that regulate 
growth, such as MYC. W hile deta ils of the  signaling  cas
cades (som e of w h ich  are  illu stra ted  in  Fig. 6.18) d o w n 
stream  of RAS are  n o t d iscussed  here, a n  im p o rtan t 
p o in t is th a t m u ta tio n a l activation  of these  signaling  
in te rm ed ia tes  m im ics the g ro w th  p ro m o tin g  effects of 
ac tiva ted  RAS. For exam ple, BRAF, w h ich  lies in  the 
so-called "R A F /E R K /M A P  k inase  p a th w ay "  is m u ta ted  
in  m ore th an  60% of m elanom as an d  is associa ted  w ith  
u n re g u la te d  cell p ro lifera tion . M u ta tions of phospha- 
tid ly  inositol-3 k inase  (PI3 kinase) in  the P I3K /A K T  
p a th w ay  also  occur w ith  h ig h  frequency  in  som e tu m o r 
types, w ith  sim ilary  consequences.

RAS m ost com m only is  activated b y  point m utations  
in  am ino acid residues that are either w ith in  the GTP- 
b in d in g  pocket or in  the enzym atic region  that carries 
out GTP hydrolysis. B oth k inds of m u ta tio n s  in terfere 
w ith  b reak d o w n  of GTP, w h ich  is essen tia l to  inactivate 
RAS. RAS is th u s  tra p p e d  in  its ac tivated , G T P -bound 
form , a n d  the cell is fo rced  in to  a con tinuously  p ro lifera t
ing  state. It fo llow s from  th is scenario  th a t the  consequences 
of activating m utations in  RAS should  be m im icked by loss-of- 
function  m u ta tio n s  in  GA Ps, w h ich  w o u ld  lead  to  a failure 
to sim ulate  GTP hydro lysis  a n d  thereby  re s tra in  RAS. 
Indeed , the  G A P neurofibrom in-1  (NF1) is m u ta te d  in  the 
cancer-prone fam ilial d iso rd e r neuro fib rom atosis  type  1  

(C hap ter 22) an d  is a bona fide tu m o r sup p resso r. Simi
larly , an o th er im p o rta n t tu m o r su p p resso r called  PTEN 
is a  negative  inh ib ito r of PI3 k inase  a n d  is frequen tly  
m u ta te d  in  carcinom as, certa in  leukem ias, a n d  o ther 
cancers as w ell.

A B L

Several n o n -re c e p to r  ty rosine  k inases function  as signal 
tran sd u c tio n  m olecules. In  th is g roup , ABL is the  best 
defined  w ith  respec t to  carcinogenesis.

The ABL p ro to -oncop ro te in  has ty rosine  k inase  activ ity  
th a t is d a m p e n e d  by in te rn a l negative  reg u la to ry  dom ains. 
A s d iscussed  earlier (see Fig. 6.14), in  chronic m yelo id  leu 
kem ia a n d  certa in  acu te  leukem ias, a p a r t  of the ABL  gene 
is transloca ted  from  its n o rm al abo d e  on  ch rom osom e 9 to 
chrom osom e 2 2 , w h e re  it fuses w ith  p a r t  of the  b reak p o in t 
c luste r reg ion  (BCR) gene. This fu sion  gene encodes as 
BCR-ABL h y b rid  p ro te in  th a t con ta ins the ABL tyrosine  
k inase  d o m ain  a n d  a BCR d o m ain  th a t self-associates, an  
even t th a t u n leashes a constitu tive  ty rosine  k inase  activity. 
O f in terest, the BCR-ABL p ro te in  activates all of the  signals 
th a t are d o w n stream  of RAS, m ak in g  it a p o te n t stim u la to r 
of cell g row th .

The crucial role o f BCR-ABL in  cancer has b een  con
firm ed by the dramatic clin ical response o f patients w ith  
chronic m yelo id  leu k em ia  to BCR-ABL k inase inhib itors.
The p ro to ty p e  of th is  k in d  of d ru g , im atin ib  m esylate  
(Gleevec), ga lvan ized  in te rest in  d esig n  of d ru g s  th a t ta rge t 
specific m olecu lar lesions fo u n d  in  various cancers 
(so-called " ta rg e te d  therapy"). BCR-ABL also  is a n  exam ple  
of the concept of oncogene addiction, w h e re in  a tu m o r is 
p ro fo u n d ly  d e p e n d e n t o n  a single signaling  m olecule. 
BCR-ABL  fu sion  gene fo rm ation  is a n  early , p e rh a p s  in itia t
ing, ev en t th a t d rives leukem ogenesis. D evelopm ent of 
leukem ia p ro b ab ly  req u ires  o ther co llaborating  m u ta tions, 
b u t the  tran sfo rm ed  cell con tinues to  d e p e n d  on  BCR-ABL 
for signals th a t m ed ia te  g ro w th  a n d  surv ival. BCR-ABL 
signaling  can  be seen  as the  cen tra l lodgepo le  a ro u n d  
w h ich  the tran sfo rm ed  sta te  is "b u ilt" . If the lodgepo le  is 
rem o v ed  by inh ib ition  of the  BCR-ABL kinase, the struc 
tu re  collapses. In  v iew  of th is level o f d ependency , it is no t 
su rp ris in g  th a t acq u ired  resistance of tu m o rs to  BCR-ABL 
inh ib ito rs o ften  is d u e  to  the o u tg ro w th  of a  subclone w ith  
a m u ta tio n  in  BCR-ABL th a t p rev en ts  b in d in g  of the d ru g  
to the BCR-ABL pro te in .

N u c le a r Transcription Factors

The ultim ate consequence o f s ign a lin g  through oncopro
te in s such as RAS or ABL is inappropriate and continu
ous stim ulation  o f nuclear transcription factors that drive 
the expression  o f grow th-prom oting gen es. G row th  
au to n o m y  m ay  th u s  be a consequence of m u ta tio n s  affect
ing  genes th a t reg u la te  D N A  transcrip tion . A  h o st of onco
p ro te in s, in c lu d in g  p ro d u c ts  of the  M YC , M YB, JUN, FOS, 
a n d  REL oncogenes, function  as tran sc rip tio n  factors th a t 
regu la te  the expression  of g ro w th -p ro m o tin g  genes, such  
as cyclins. O f these, MYC is in vo lved  m o st com m only  in  
h u m an  tum ors.

D ysregu lation  o f MYC prom otes tum origenesis by  
sim u ltan eou sly  prom oting the progression  o f cells  
through the cell cycle and enhancing alterations in  m etab
o lism  that support cell grow th. MYC p rim arily  functions 
by ac tiva ting  the  tran sc rip tio n  of o th e r genes. G enes acti
v a te d  by  MYC include several g ro w th -p ro m o tin g  genes, 
in c lu d in g  cy c lin -dependen t k inases (CDKs), w h o se  p ro d 
ucts d rive  cells in to  the cell cycle (d iscussed  next), a n d  
genes th a t con tro l p a th w ay s  th a t p ro d u ce  the b u ild in g  
blocks (e.g., am ino  acids, lip ids, nucleo tides) th a t are  
n eed ed  for cell g ro w th  a n d  div ision . A s m en tio n ed  earlier 
(see Fig. 6.14), d y sreg u la tio n  of M Y C  re su lts  from  a (8;14) 
translocation  in  B urk itt lym phom a, a h igh ly  aggressive  
B-cell tum or. M Y C  also  is am plified  in  breast, colon, lung , 
a n d  m an y  o th er cancers, w h ile  the  re la ted  N M Y C  an d  
LM YC  genes a re  am plified  in  n eu rob lastom as a n d  sm all 
cell cancers of lung , respectively .

Cyclins and  C yclin -D ependent Kinases

As m en tio n ed  in  C h ap te r 1, g ro w th  factors transduce  
signals th a t stim ula te  the o rd erly  p rog ression  of cells 
th ro u g h  the various p h ases of the cell cycle, the  process by 
w h ich  cells rep licate  the ir D N A  in  p rep a ra tio n  for cell d iv i
sion. You w ill recall th a t p rog ressio n  of cells th ro u g h  the 
cell cycle is o rch estra ted  by cyclin-dependent kinases (CDKs), 
w h ich  a re  ac tiva ted  by b in d in g  to  cyclins, so called  because 
of the  cyclic n a tu re  of their p ro d u c tio n  a n d  d eg radation .
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The CDK -cyclin com plexes p h o sp h o ry la te  crucial ta rge t 
p ro te in s  th a t d rive  cells fo rw ard  th ro u g h  the cell cycle. 
W hile  cyclins a ro u se  the  CDKs, CDK inhibitors (CDKIs), of 
w h ich  there  a re  m any , silence the CDKs a n d  exert n egative  
con tro l over the  cell cycle. E xpression  of these inh ib ito rs is 
d o w n reg u la ted  by m itogenic  signaling  pa th w ay s, th u s 
p ro m o tin g  the  p ro g ressio n  of the cell cycle.

There are tw o m ain cell cycle checkpoints, one at the  
G l/S  transition and the other at the G2/M  transition, each  
o f w h ich  is tightly  regulated by a balance o f growth- 
prom oting and grow th-suppressing factors, as w e ll as by  
sensors o f D N A  dam age (C hap ter 1). If ac tivated , these 
D N A -dam age sensors tran sm it signals th a t a rre s t cell cycle 
p rog ressio n  and , if cell dam age canno t be rep a ired , in itia te  
apop tosis . O nce cells p ass th ro u g h  the G i/S  checkpoint, 
they are  com m itted  to  u n d e rg o  cell d iv ision . U n d e rs tan d 
ably, then, defects in  the G1/ S  checkpo in t are particu larly  
im p o rta n t in  cancer, since these lead  d irectly  to increased  
cell d iv ision . Indeed , all cancers ap p e a r to  hav e  genetic 
lesions th a t d isab le  the  G1/ S  checkpoint, causing  cells to 
con tinually  reen ter the S phase . For unclear reasons, p a r 
ticu lar lesions v a ry  w id e ly  in  frequency  across tu m o r 
types, b u t they  fall in to  tw o  m ajor categories.
• Gain-of-function mutations involving CDK4 or D cyclins. 

M ishaps increasing  the expression  of cyclin D  or CDK4 
are  com m on  even ts in  neop lastic  transfo rm ation . The 
cyclin D  genes are overexp ressed  in  m any  cancers, 
in c lu d in g  those affecting  the breast, e sophagus, liver, 
an d  a subse t of lym p h o m as a n d  p lasm a  cell tum ors. 
A m plification  of the CDK4 gene occurs in  m elanom as, 
sarcom as, a n d  g lioblastom as. M u ta tio n s affecting  cyclins 
B an d  E an d  o ther CDKs also  occur, b u t they  are  m u ch  
less freq u en t th a n  those affecting  cyclin  D  a n d  CDK4.

• Loss-of-function mutations involving CDKIs. CDKIs fre
quen tly  a re  d isab led  by m u ta tio n  o r gene silencing in  
m any  h u m a n  m alignancies. For exam ple, germ line  
m u ta tio n s  of CDKN2A, a  gene th a t encodes the CDK 
in h ib ito r p16, a re  p re sen t in  25% of m elanom a-p rone  
k in d red s, a n d  acq u ired  de le tion  or inac tiva tion  of 
CD KN2A  is seen  in  75% of pancreatic  carcinom as, 40% 
to 70% of g lioblastom as, 50% of esophageal cancers and  
certa in  leukem ias, a n d  2 0 % of n o n -sm a ll cell lu n g  car
cinom as, soft-tissue sarcom as, an d  b la d d e r cancers.

A  final considera tion  of im portance  in  a d iscussion  of 
g ro w th -p ro m o tin g  signals is th a t the increased  p ro d u c tio n  
of oncopro te ins does n o t by  itself lead  to  su sta in ed  pro lif
e ra tion  of cancer cells. T here are tw o  bu ilt-in  m echanism s, 
cell senescence a n d  apop tosis , th a t op p o se  oncogene- 
m ed ia ted  cell g row th . A s d iscussed  later, genes th a t reg u 
late  these tw o  b rak ing  m echan ism s m u st be d isab led  to 
allow  the  action  of oncogenes to  p roceed  u n o p p o sed .

A  S U M M A R Y

Neoplasia

S E L F - S U F F IC IE N C Y  I N  G R O W T H  S IG N A L S

• Proto-oncogenes: normal cellular genes whose products promote 
cell proliferation

• Oncogenes: mutant or overexpressed versions of proto
oncogenes that function autonomously without a requirement 
for normal growth-promoting signals

• Oncoproteins promote uncontrolled cell proliferation by 
several mechanisms:
• Stimulus-independent expression of growth factor and its 

receptor, setting up an autocrine loop of cell proliferation 
(e.g., PDGF-PDGF receptor in brain tumors)

• Mutations in genes encoding growth factor receptors or 
tyrosine kinases leading to constitutive signaling

• Amplification of EGF receptor family genes such as HER2 in 
breast cancer

• Fusion of portions of the ABL tyrosine kinase gene and the 
BCR protein gene, creating a BCR-ABL fusion gene encoding 
a constitutively active tyrosine kinase, in certain leukemias

• Mutations in genes encoding signaling molecules
• RAS commonly is mutated in human cancers and normally 

flips between resting GDP-bound state and active GTP- 
bound state; mutations block hydrolysis of GTP to GDP, 
leading to unchecked signaling

• Overproduction or unregulated activity of transcription 
factors

• Translocation of MYC in some lymphomas leads to overex
pression and unregulated expression of its target genes con
trolling cell cycling and survival

• Mutations that activate cyclin genes or inactivate negative 
regulators of cyclins and cyclin-dependent kinases

• Complexes of cyclins with CDKs drive the cell cycle by phos- 
phorylating various substrates and normally are controlled by 
CDK inhibitors. Mutations in genes encoding cyclins, CDKs, 
and CDK inhibitors result in uncontrolled cell cycle progres
sion and are found in a wide variety of cancers including mela
nomas and brain, lung, and pancreatic cancers.

Insensitivity to Growth Inhibitory Signals: Tumor 
Suppressor Genes

Isaac N ew to n  theo rized  th a t every  action  has a n  equa l an d  
o pposite  reaction . A lth o u g h  N ew to n  w as n o t a cancer 
biologist, h is  fo rm u la tio n  h o ld s tru e  for cell g row th . 
W hereas oncogenes encode proteins that prom ote cell 
grow th, the products o f tum or suppressor gen es apply  
brakes to cell proliferation. D isru p tio n  of such  genes 
ren d e rs  cells refracto ry  to  g ro w th  inh ib ition  a n d  m im ics 
the g ro w th -p ro m o tin g  effects of oncogenes. The fo llow ing  
d iscussion  describes tu m o r su p p resso r genes, their p ro d 
ucts, an d  possib le m echan ism s by w h ich  loss of their func
tion  con tribu tes to  u n re g u la te d  cell g row th .

In  p rincip le, an ti-g ro w th  signals can  p re v e n t cell pro lif
e ra tion  by several com plem en tary  m echanism s. The signal 
m ay  cause d iv id in g  cells to en te r G 0  (quiescence), w h ere  
they  rem ain  u n til ex ternal cues p ro d  the ir reen try  in to  the 
pro life ra tive  pool. A lternatively , the  cells m ay  en te r a po st
m itotic, d iffe ren tia ted  poo l a n d  lose rep licative  po ten tia l. 
N onrep lica tive  senescence, a llu d ed  to  earlier, is ano th er 
m echan ism  of escape from  su sta in ed  cell g row th . A nd, as 
a  last-d itch  effort, the  cells m ay  be p ro g ram m ed  for dea th  
by  apop tosis. As w e  w ill see, tu m o r su p p resso r genes have  
all these " trick s" in  the ir toolbox desig n ed  to  h a lt w a y w a rd  
cells from  becom ing  m alignan t.

RB: G overnor o f  the Cell Cycle

RB, a k ey  negative regulator o f the cell cycle, is  directly or 
indirectly  inactivated in  m ost hum an cancers. The
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re tinob lastom a gene (RB) w as the first tu m o r su p p resso r 
gene to be d iscovered  a n d  is n o w  considered  the p ro to ty p e  
of th is fam ily  of cancer genes. A s w ith  m an y  advances in  
m edicine, the d iscovery  of tu m o r su p p resso r genes w as 
accom plished  by the s tu d y  of a ra re  d isease — in  th is case, 
re tinob lastom a, a n  u n co m m o n  ch ildhood  tum or. A pprox i
m ate ly  60% of re tinob lastom as are  sporad ic , w h ile  the 
rem ain in g  ones are  fam ilial, the p red isp o sitio n  to  develop  
the  tu m o r being  tran sm itted  as an  au to som al d o m in an t 
trait. To accoun t for the  spo rad ic  an d  fam ilial occurrence of 
a n  iden tical tum or, K nudson , in  1974, p ro p o sed  h is now  
fam ous tw o-h it hypo thesis , w h ich  in  m o lecu lar te rm s can 
be sta ted  as follows:
• T w o m u ta tio n s  (hits) a re  req u ired  to  p ro d u ce  re tinob las

tom a. These involve the RB gene, w h ich  has been 
m a p p e d  to  ch rom osom al locus 13q14. Both of the no rm al 
alleles of the RB locus m u s t be inac tiva ted  (hence 
the  tw o hits) for the d ev e lo p m en t of re tinob lastom a 
(Fig. 6.19).

• In  fam ilial cases, ch ild ren  in h e rit one defective copy  of 
the  RB gene in  the g erm  line; the  o th e r copy  is norm al.

R etinoblastom a develops w h e n  the  n o rm al RB gene is 
lost in  re tinob lasts  as a resu lt of som atic m u ta tion . 
Because in  re tinob lastom a fam ilies a single germ  line 
m u ta tio n  is sufficient to  tran sm it d isease risk, the  tra it 
has a n  au to som al d o m in a n t inheritance  p a tte rn .

• In  sporad ic  cases, b o th  no rm al RB alleles are lost by 
som atic m u ta tio n  in  one of the  re tinob lasts. The end  
resu lt is the sam e: a  re tina l cell th a t has lost b o th  of the 
n o rm al copies o f the RB gene becom es cancerous.

F rom  the above, it is ev id en t th a t a lth o u g h  the risk  for 
develop ing  re tinob lastom a in  re tinob lastom a fam ilies is 
in h erited  as a d o m in an t trait, a t the level of the cell, one 
in tact RB gene is all th a t is n eed ed  for n o rm al function .

A lth o u g h  the loss o f n o rm al RB genes in itially  w as d is
covered  in  re tinob lastom as, it is n o w  ev id en t th a t biallelic 
loss o f th is gene is a fairly  com m on  fea tu re  of several 
tum ors, in c lu d in g  b reast cancer, sm all cell cancer of the 
lung , an d  b la d d e r cancer. P a tien ts w ith  fam ilial re tinob las
tom a also  a re  a t g reatly  increased  risk  for develop ing  
osteosarcom as a n d  som e soft-tissue sarcom as.

PATHOGENESIS OF RETINOBLASTOMA
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Fig. 6.19 Pathogenesis of retinoblastoma. Two mutations of the R B  chromosomal locus, on I3ql4, lead to neoplastic proliferation of the retinal cells. In the 
sporadic form, both R B  mutations in the tumor-founding retinal cell are acquired. In the familial form, all somatic cells inherit one mutant R B  gene from a 
carrier parent, and as a result only one additional R B  mutation in a retinal cell is required for complete loss of R B  function.
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The fu nction  o f the RB protein  is to regulate the G l/S  
checkpoint, the portal through w h ich  cells m ust pass 
before D N A  replication  com m ences. A lth o u g h  each phase  
of the cell cycle c ircu itry  is m o n ito red  carefully , the transi
tion  from  G1 to S is an  ex trem ely  im p o rta n t checkpo in t in  
the cell cycle "clock." In  the  G1 phase , d iverse  signals are  
in teg ra ted  to d e term ine  w h e th e r the cell sh o u ld  p rog ress  
th ro u g h  the  cell cycle, o r exit the  cell cycle a n d  d ifferen ti
ate. The RB gene p ro d u c t, RB, is a D N A -b ind ing  p ro te in  
th a t serves as a p o in t of in teg ra tio n  for these  d iverse  
signals, w h ich  u ltim ate ly  act by  a lte ring  the p h o sp h o ry la 
tion  state  of RB. Specifically, signals th a t p ro m o te  cell cycle 
p rog ressio n  lead  to  the p h o sp h o ry la tio n  a n d  inactivation  
of RB, w h ile  those th a t block cell cycle p rog ression  act by 
m a in ta in in g  RB in  a n  active h y p o p h o sp h o ry la ted  state.

To ap p rec ia te  th is crucial ro le  o f RB in  the cell cycle, it 
is h e lp fu l to  rev iew  the m echan ism s th a t enforce the G1/ S  
transition .
• The in itia tion  of D N A  rep lica tion  (S phase) requ ires the 

activ ity  of cyclin E /C D K 2 com plexes, a n d  expression  of 
cyclin  E is d e p e n d e n t o n  the  E2F fam ily  of transc rip tion  
factors. Early in  G 1 , RB is in  its h y p o p h o sp h o ry la ted  
active form , a n d  it b in d s to  a n d  inh ib its  the E2F fam ily 
of tran sc rip tio n  factors, p rev en tin g  tran sc rip tio n  of 
cyclin  E. H y p o p h o sp h o ry la ted  RB blocks E2F-m ediated  
tran sc rip tio n  in  a t least tw o  w ay s (Fig. 6.20). First, it 
sequesters E2F, p rev en tin g  it from  in terac ting  w ith  
o th e r transcrip tiona l activators. Second, RB recru its  
ch ro m atin  rem ode ling  p ro te in s, such  as h istone  deacet- 
y lases an d  h istone  m ethy ltransferases, w h ich  b in d  to 
the  p ro m o te rs  o f E 2F-responsive genes such  as cyclin E. 
These enzym es m odify  ch ro m atin  a t the  p ro m o te rs  to 
m ake  D N A  insensitive  to tran sc rip tio n  factors.

• This situ a tio n  is changed  o n  m itogen ic  signaling. 
G ro w th  factor signaling  leads to  cyclin D  expression  
a n d  activa tion  of cyclin D -C D K 4 /6  com plexes. The 
level o f cyclin D -C D K 4/6  activ ity  is tem p ered  by  an tag 
on ists  such  as p16, w h ich  is itself subject to  regu la tion  
by  g ro w th  inh ib ito rs such  as TGFP th a t serve to  set a 
th resho ld  for m itogenic  responses. If the s tim u lus is suf- 
ficently strong , cyclin D -C D K 4/6  com plexes phosp h o r- 
y la te  RB, inac tiva ting  the p ro te in  a n d  re leasing  E2F to 
induce  ta rg e t genes such  as cyclin E. C yclin  E /C D K  
com plexes th en  stim ula te  D N A  rep lication  a n d  p rog res 
sion  th ro u g h  the cell cycle. W h en  the cells en te r S phase , 
they are  com m itted  to  d iv id e  w ith o u t a d d itio n a l g ro w th  
factor stim ulation . D u rin g  the en su in g  M  phase , the 
p h o sp h a te  g ro u p s  are  rem oved  from  RB by  cellu lar 
phospha tases , reg en era tin g  the  h y p o p h o sp h o ry la ted  
fo rm  of RB.

• E2F is n o t the sole ta rge t of RB. The versatile  RB p ro te in  
b inds to  a varie ty  of o ther tran sc rip tio n  factors th a t 
regu la te  cell d ifferen tia tion . For exam ple, RB stim ula tes 
m yocyte-, adipocyte-, m elanocyte-, a n d  m acrophage- 
specific tran sc rip tio n  factors. T hus, the RB p a th w ay  
coup les contro l o f cell cycle p rog ressio n  a t G 1 w ith  dif
feren tia tion , w h ich  m ay  exp lain  h o w  d iffe ren tia tion  is 
associa ted  w ith  exit from  the cell cycle.

In  v iew  of the  cen tra lity  o f RB to the contro l o f the cell 
cycle, a n  in te resting  q uestion  is w h y  RB is n o t m u ta te d  in  
every  cancer. In  fact, m u ta tio n s  in  o th e r genes th a t contro l
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Fig. 6.20 The role of RB in regulating the G I—S checkpoint of the cell cycle. 
Hypophosphorylated RB in complex with the E2F transcription factors binds 
to DNA, recruits chromatin remodeling factors (histone deacetylases and 
histone methyltransferases), and inhibits transcription of genes whose prod
ucts are required for the S phase of the cell cycle. When RB is phosphory- 
lated by the cyclin D-CDK4, cyclin D -CDK 6 , and cyclin E-CDK2 complexes, 
it releases E2F The latter then activates transcription of S-phase genes. The 
phosphorylation of RB is inhibited by CDKIs, because they inactivate cyclin- 
CDK complexes. Virtually all cancer cells show dysregulation of the Gl-S  
checkpoint as a result of mutation in one of four genes that regulate the 
phosphorylation of RB; these genes are R B , C D K 4 ,  c y c l in  D ,  a n d  C D K N 2 A  [ p l 6 ] .  

E G F, Epidermal growth factor; P D G F , platelet-derived growth factor.

RB p h o sp h o ry la tio n  can  m im ic the effect of RB loss an d  
are  com m only  fo u n d  in  m an y  cancers th a t have  no rm al 
RB genes. For exam ple, m u ta tio n a l activa tion  of CDK4 
an d  overexpression  of cyclin D  favor cell p ro life ra tion  by 
facilita ting  RB p h o sp h o ry la tio n  a n d  inactivation . Indeed , 
cyclin D  is overexp ressed  in  m an y  tu m o rs because of 
am plification  o r transloca tion  of the  cyclin D1 gene. M u ta 
tional inac tiva tion  of genes encod ing  CDKIs also  can  d rive  
the cell cycle by  rem o v in g  im p o rta n t b rakes o n  c y c lin / 
CD K  activ ity . A s m en tio n ed  earlier, the CDKN2A  gene, 
w h ich  encodes the  CD K  inh ib ito r p16, is a n  extrem ely  
com m on ta rg e t of dele tion  or m u ta tio n a l inac tiva tion  in  
h u m a n  tum ors.

It is n ow  accepted that lo ss  o f norm al cell cycle control 
is central to m alignant transform ation and that at least
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one o f the four k ey  regulators o f the cell cycle (p16, cyclin  
D , CDK4, RB) is  m utated in  m ost hum an cancers. N otably , 
in  cancers caused  by certa in  oncogenic v iru ses (d iscussed  
later), th is is ach ieved  th ro u g h  d irec t ta rge ting  of RB by 
v ira l p ro te ins. For exam ple, the h u m a n  p ap illo m av iru s 
(HPV) E7 p ro te in  b inds to  the h y p o p h o sp h o ry la ted  fo rm  
of RB, p rev en tin g  it from  inh ib iting  the E2F transcrip tion  
factors. T hus, RB is functionally  dele ted , lead in g  to  uncon 
tro lled  g row th .

A  S U M M A R Y

RB: GOVERNOR OF THE CELL CYCLE

• Like other tumor suppressor genes, both copies of RB must 
be dysfunctional for tumor development to occur.

• In cases of familial retinoblastoma, one defective copy of the 
RB gene is present in the germ line, so that only one additional 
somatic mutation is needed to completely eliminate RB 
function.

• RB exerts anti-proliferative effects by controlling the Gr to-S 
transition of the cell cycle. In its active form, RB is hypophos
phorylated and binds to E2F transcription factors. This interac
tion prevents transcription of genes like cyclin E that are 
needed for DNA replication, and so the cells are arrested 
in G|.

• Growth factor signaling leads to cyclin D expression, activation 
of cyclin D-CDK4/6 complexes, inactivation of RB by phos
phorylation, and thus release of E2F.

• Loss of cell cycle control is fundamental to malignant transfor
mation. Almost all cancers have a disabled G| checkpoint due 
to mutation of either RB or genes that affect RB function, such 
as cyclin D, CDK4, and CDKIs.

• Many oncogenic DNA viruses, like HPV, encode proteins (e.g., 
E7) that bind RB and render it nonfunctional.

T P 53: G uard ian  o f  the G enom e

The p53-encoding tum or suppressor gene, TP53, is the  
m ost com m only m utated gene in  hum an cancer. The p53
p ro te in  is a tran sc rip tio n  factor th a t th w arts  neoplastic  
tran sfo rm atio n  by th ree  in te rlock ing  m echanism s: activa
tion  of tem p o rary  cell cycle a rre s t (term ed  quiescence), 
in d u c tio n  of p e rm a n e n t cell cycle a rre s t (term ed  senes- 
cence), or triggering  of p ro g ram m ed  cell d e a th  (term ed 
apoptosis). If RB is a "senso r"  of ex ternal signals, p53 can  be 
v iew ed  as a cen tra l m o n ito r o f in te rn a l stress, d irec ting  the 
stressed  cells to w ard  one of these p a thw ays.

A  varie ty  of stresses trigger the p53 response  pa th w ay s, 
in c lu d in g  anoxia, in ap p ro p ria te  p ro -g ro w th  stim uli (e.g., 
u n b rid le d  MYC o r RAS activity), a n d  D N A  dam age. By 
m an ag in g  the  D N A  dam age response, p53 p lays a cen tra l 
role in  m a in ta in in g  the  in teg rity  of the  genom e, as d is
cussed  next.

In  n onstressed , h ea lth y  cells, p53 has a  sh o rt half-life (20 
m inu tes) because of its association  w ith  M DM 2, a p ro te in  
th a t ta rge ts p53 for destruc tion . W hen  the cell is stressed, 
for exam ple, by  a n  assau lt on  its D N A , "senso rs"  th a t 
include p ro te in  k inases such  as ATM  (ataxia telangiectasia  
m u ta ted ) are activated . These activa ted  sensors catalyze 
p o sttran sla tio n a l m odifications in  p53 th a t release it from

M DM 2, increasing  its half-life a n d  en h ancing  its ab ility  to 
d rive  the transc rip tion  of ta rge t genes. H u n d re d s  of genes 
w h o se  tran sc rip tio n  is triggered  by p53 have  been  found . 
These genes su p p ress  neop lastic  transfo rm ation  by th ree  
m echanism s:
• p53-mediated cell cycle arrest may be considered the primor

dial response to D N A  damage (Fig. 6.21). It occurs late  in  
the  Gj p h ase  a n d  is caused  m ain ly  by  p53 -d ep en d en t 
transc rip tion  of the CDKI gene CDKN1A (p21). The p21 
p ro te in  inh ib its  cyclin-C D K  com plexes a n d  p rev en ts  
p h o sp h o ry la tio n  of RB, thereby  a rrestin g  cells in  the Gj 
phase . Such a p au se  in  cell cycling is w elcom e, because 
it g ives the  cells "b rea th in g  tim e" to  rep a ir D N A  dam age. 
The p53 p ro te in  also  induces expression  of D N A  dam age 
rep a ir  genes. If D N A  dam ag e  is rep a ired  successfully, 
p53 u p reg u la te s  tran sc rip tio n  of M DM 2, lead in g  to  its 
o w n  d estru c tio n  a n d  relief o f the cell cycle block. If the 
dam ag e  canno t be rep a ired , the cell m ay  en te r p53- 
in d u ced  senescence o r u n d e rg o  p53-d irected  
apop tosis .

• p53-induced senescence is a form  o f permanent cell cycle 
arrest charac terized  by  specific changes in  m orpho logy  
a n d  gene expression  th a t d ifferen tia te  it from  quies
cence o r reversib le  cell cycle a rrest. Senescence requ ires 
activa tion  of p53 a n d /o r  Rb an d  expression  of their 
m ed ia to rs, such  as the CDKIs. The m echan ism s of 
senescence are unclear b u t seem  to invo lve g lobal chro 
m a tin  changes, w h ich  drastically  a n d  p erm an en tly  alter 
gene expression.

• p53-induced apoptosis o f cells w ith  irreversible D N A  damage 
is the ultimate protective mechanism against neoplastic trans
formation. It is m ed ia ted  by u p reg u la tio n  of several p ro- 
apop to tic  genes, in c lu d in g  B A X  an d  PU M A  (d iscussed  
later).

To sum m arize, p53 is  activated by stresses such  as 
D N A  dam age and assists in  D N A  repair by causing G x 
arrest and in d u cin g  the expression  o f D N A  repair genes.
A cell w ith  d am ag ed  D N A  th a t canno t be re p a ired  is 
d irec ted  by  p53 to  e ither en te r senescence o r u n d e rg o  
ap o p to sis  (see Fig. 6.21). In  v iew  of these activities, p53 has 
been  righ tfu lly  called  the "g u a rd ia n  of the genom e." W ith  
loss o f no rm al p53 function , D N A  dam ag e  goes u n re 
pa ired , m u ta tio n s  becom e fixed in  d iv id in g  cells, a n d  the 
cell tu rn s  on to  a  one-w ay  stree t lead in g  to  m alig n an t 
transfo rm ation .

Confirm ing the im portance o f TP53  in  controlling car
c in ogen esis, m ore than 70% o f hum an cancers have a 
defect in  th is gene, an d  the rem ain ing m alignant n eo 
p lasm s often  have defects in  gen es upstream  or d ow n
stream  o f TP53. Biallelic abnorm alities o f the TP53 gene 
are  fo u n d  in  v irtua lly  every  type  of cancer, in c lu d in g  car
c inom as of the lung , colon, an d  b re a s t—the th ree  lead ing  
causes of cancer dea ths. In  m ost cases, m u ta tio n s  affecting 
b o th  TP53 alleles are acqu ired  in  som atic cells. In  o ther 
tum ors, such  as certa in  sarcom as, the TP53 gene is in tact 
b u t p53 function  is lo st because of am plification  a n d  over
exp ression  of the  M D M 2  gene, w h ich  encodes a p o ten t 
inh ib ito r of p53. Less com m only , p a tien ts  in h e rit a m u ta n t 
TP53 allele; the re su ltin g  d iso rd e r is called  the Li-Fraumeni 
syndrome. As in  the case w ith  fam ilial re tinob lastom a, 
inheritance  of one m u ta n t TP53 allele p red isp o ses affected
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Fig. 6 . 2 1  The role of p53 in maintaining the integrity of the genome. Activation of normal p53 by DNA-damaging agents or by hypoxia leads to cell cycle 
arrest in Gl and induction of DNA repair, by transcriptional upregulation of the cyclin-dependent kinase inhibitor CDKNIA  (p2l) and the G A D D 4 5  genes. 
Successful repair of DNA allows cells to proceed with the cell cycle; if DNA repair fails, p53 triggers either apoptosis or senescence. In cells with loss or 
mutations of TP53, DNA damage does not induce cell cycle arrest or DNA repair, and genetically damaged cells proliferate, giving rise eventually to malignant 
neoplasms.

in d iv id u a ls  to  develop  m alig n an t tu m o rs because on ly  one 
ad d itio n a l h it is n eed ed  to  inactivate  the second, no rm al 
allele. P atien ts w ith  the L i-F raum eni synd rom e h av e  a 
25-fold grea ter chance of d eve lop ing  a m alig n an t tu m o r by 
50 years of age com pared  w ith  the general pop u la tio n . In 
con trast to  tu m o rs d eve lop ing  in  p a tien ts  w h o  in h erit a 
m u ta n t RB allele, the sp ec tru m  of tu m o rs th a t develop  in  
pa tien ts  w ith  the  L i-F raum eni synd rom e is m u ch  m ore 
varied ; the  m ost com m on types a re  sarcom as, b reast cancer, 
leukem ia, b ra in  tum ors, an d  carcinom as of the ad ren a l 
cortex. C om p ared  w ith  in d iv id u a ls  d iag n o sed  w ith  spo 
rad ic  tum ors, p a tien ts  w ith  L i-F raum eni synd rom e develop  
tum ors a t a y o u n g e r age a n d  m ay  d evelop  m u ltip le  p rim ary  
tum ors.

As w ith  RB, n o rm al p53 also  can  be re n d e red  nonfunc 
tional by  certa in  oncogenic D N A  v iruses. P ro te ins encoded  
by oncogenic H PV s, certa in  p o lyom a v iruses, a n d  h epatitis

B v iru s  b in d  to p53 a n d  nullify  its p ro tective  function . 
T hus, transfo rm ing  D N A  v iru ses su b v e rt tw o  of the  best- 
u n d e rs to o d  tu m o r supp resso rs, RB an d  p53.

®  S U M M A R Y

T P 5 3 :  G U A R D I A N  O F  T H E  G E N O M E

• TP53 encodes p53, the central monitor of stress in the cell, 
which can be activated by anoxia, inappropriate oncogene 
signaling, or DNA damage. Activated p53 controls the expres
sion and activity of genes involved in cell cycle arrest, DNA 
repair, cellular senescence, and apoptosis.

• DNA damage leads to activation of p53 by phosphorylation. 
Activated p53 drives transcription of CDKNIA (p2l), which 
prevents RB phosphorylation, thereby causing a Gl-S block in
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th e  cell cycle. Th is  pause a llow s th e  cells to  re p a ir  D N A  

dam age.

• If D N A  dam age can n o t be rep a ired , p53 induces ce llu lar senes

cence o r  apoptosis.

• O f  hum an tu m o rs , 70%  d e m o n s tra te  biallelic m u tatio ns  in 

TP53. Patients w ith  th e  ra re  L i-F raum en i s ynd ro m e in h e rit o ne  

d efective  copy o f  TP53 in th e  g erm  line, such th a t  only  o ne  

add itiona l m u ta tio n  is req u ired  to  lose n o rm a l p53 fun ctio n . 

L i-F raum eni synd ro m e patients  a re  p ro n e  to  develop  a w id e  

v a rie ty  o f  tu m o rs .

• A s w ith  RB, p53 can be incapacitated w h e n  bound  by p ro te ins  

enco ded  by oncogen ic  D N A  viruses such as HPV.

Transform ing Grow th Factor-ß  Pathw ay

A lth o u g h  m u ch  is k n o w n  ab o u t the c ircu itry  th a t app lies 
b rakes to  the  cell cycle, the m olecu les th a t tran sm it an ti
p ro life ra tive  signals to  cells a re  less w ell characterized . 
B est-know n is TGF-ß, a m em ber of a fam ily  of d im eric  
g ro w th  factors th a t includes bone m orphogenetic  p ro te in s  
a n d  activ ins. In  m ost n o rm al ep ithelial, endo thelia l, and  
hem atopo ie tic  cells, TGF-ß is a p o te n t inh ib ito r o f p ro 
liferation. It regu la tes  cellu lar p rocesses by b in d in g  to  a 
com plex  com posed  of TGF-ß recep to rs I a n d  II. D im er
iza tion  of the recep to r u p o n  ligand  b in d in g  leads to  a 
cascade of even ts th a t re su lt in  the  transc rip tiona l activa
tion  of CDKIs w ith  g ro w th -su p p ress in g  activ ity , as w ell 
as rep ressio n  of g ro w th -p ro m o tin g  genes such  as M Y C  
a n d  CDK4.

In  m an y  form s of cancer, the g ro w th -inh ib iting  effects 
of the  TGF-ß p a th w ay s  are im p a ired  by m u ta tio n s affect
ing  TGF-ß signaling . These m u ta tio n s  m ay  a lte r the type  II 
TGF-ß recep to r o r SM AD m olecules th a t serve to  transduce  
an ti-p ro lifera tive  signals fro m  the recep to r to  the nucleus. 
M u ta tions affecting  the type  II recep to r are seen  in  cancers 
of the colon, stom ach, a n d  en d o m etriu m . M uta tional inacti
v a tio n  of SMAD4, 1 of the 10 p ro te in s  k n o w n  to be invo lved  
in  TGF-ß signaling , is com m on  in  pancreatic  cancers. In 
o th e r cancers, by  contrast, loss of T G F -ß -m ed ia ted  g ro w th  
contro l occurs a t a level d o w n stre a m  of the core TGF-ß 
signaling  p a thw ay ; for exam ple, there  m ay  be loss of p 2 1  

exp ression  a n d /o r  overexpression  of M YC . These tu m o r 
cells can  th en  u se  o ther e lem en ts of the  T G F -ß-induced  
p rog ram , in c lu d in g  im m u n e  system  su p p ressio n  o r p ro m o 
tion  of angiogenesis, to  facilitate tu m o r p rogression . Thus, 
TGF-ß can  function  to p re v e n t o r p ro m o te  tu m o r g row th , 
d e p en d in g  on  the state  of o ther genes in  the cell. Indeed , 
in  m an y  late-stage tum ors, TGF-ß signaling  activates 
ep ithelia l-to -m esenchym al transition  (EMT), a  p rocess 
th a t p rom otes  m igration , invasion , a n d  m etastasis, as 
d iscussed  later.

C ontact Inhibition, N F 2 , and  APC

W hen cancer cells are grow n in  the laboratory, their 
proliferation fa ils to be in h ib ited  w h en  they  com e in  
contact w ith  each other. This is in  sharp  con trast to 
n o n tran sfo rm ed  cells, w h ich  stop  p ro life ra ting  once they 
fo rm  confluen t m onolayers. The m echan ism s th a t govern  
contact inh ib ition  are  on ly  n o w  being  discovered .

C ell-cell contacts in  m an y  tissues are  m ed ia ted  by 
hom od im eric  in teractions be tw een  tran sm em b ran e  p ro 
te ins called cadherins. E -cadherin  (E for epithelial) m ed i
ates cell-cell con tact in  ep ithelia l layers. T w o m echan ism s 
have  been  p ro p o se d  to  exp lain  h o w  E -cadherin  m ain 
ta ins con tact inh ibition:
• O ne  m echan ism  is m ed ia ted  by the tu m o r su p p resso r 

gene NF2. Its p ro d u c t, neurofibrom in-2 , m ore  com 
m on ly  called  merlin, acts d o w n stream  of E -cadherin  in  
a s ign ling  p a th w ay  th a t h e lp s  fo m a in ta in  con tact inh ib i
tion. H om ozygous loss o f NF2 is k n o w n  to cause certa in  
n eu ra l tum ors, a n d  g e rm  line m u ta tio n s in  NF2 are  asso 
ciated  w ith  a tu m o r-p ro n e  h ered ita ry  cond ition  called 
neurofibromatosis type 2.

• A  second  m echan ism  by  w h ich  E -cadherin  m ay  reg u 
la te  con tact inh ib ition  involves its ab ility  to  b ind  
P-catenin, an o th er signaling  p ro te in . P -catenin is a key 
co m p o n en t o f the  W N T  signaling  p a th w ay  (described 
below ), w h ich  h as  b ro ad  b u t as o f y e t incom plete ly  
u n d e rs to o d  ro les in  reg u la tin g  the m orpho logy  an d  
o rg an iza tio n  of ep ithelia l cells lin ing  s tru c tu re s  such 
as the gut.

A  fu rth e r clue to  the im p o rta n t o f E -cadherin  an d  
P-catenin in  ep ithelia l cancers is illu s tra ted  by the ra re  
h e red ita ry  d isease adenomatous polyposis coli (APC). This 
d iso rd e r is charac terized  by the  d ev e lo p m en t of n u m er
o u s ad en o m ato u s p o ly p s in  the co lon  th a t hav e  a very  
h ig h  incidence of transfo rm ation  in to  colonic cancers. 
The p o lyps consisten tly  show  loss o f a  tu m o r su p p resso r 
gene called  A P C  (nam ed  for the  d isease), w h ich  exerts 
an ti-p ro life ra tive  effects in  a n  u n u su a l m anner. AP C  
encodes a cy top lasm ic p ro te in  w hose  d o m in an t func
tion  is to  p ro m o te  the d e g rad a tio n  of P-catenin, w h ich  
h as  several functions. In  a d d itio n  to  b in d in g  E -cadherin , 
P -catenin also  is a  key co m p o n en t o f the W N T  signal
in g  p a th w ay  (illu stra ted  in  Fig. 6.22). W N Ts are soluble 
factors th a t b in d  W N T  receptors, w h ich  in  tu rn  tran sm it 
signals th a t p re v e n t the A P C -m ediated  d eg rad a tio n  of 
P-catenin, a llow ing  it to  translocate  to the  nucleus, w h ere  
it acts as a  transcrip tiona l activator. In  qu iescen t cells th a t 
h av e  n o t been  exposed  to  W N T, cy top lasm ic P-catenin is 
d eg ra d e d  by a destruction complex, of w h ich  A PC is an  
in teg ra l pa rt. W ith  loss o f A PC (e.g., in  colon cancers), 
P -catenin d eg rad a tio n  is p reven ted , a n d  the W N T  sig
naling  response  is in ap p ro p ria te ly  ac tiva ted  even  in  the 
absence of W N T  factors. In  colonic ep ith e liu m  th is leads 
to  increased  transc rip tion  of g ro w th -p ro m o tin g  genes, 
such  as cyclin D1 an d  M YC , as w ell as transcrip tiona l 
regu la to rs, such  as TW IST a n d  SLUG, w h ich  rep ress  E- 
cad h erin  expression  a n d  th u s  reduce  contact inhibition .

A P C  b ehaves as a  typical tu m o r su p p resso r gene. Ind i
v id u a ls  b o rn  w ith  one m u ta te d  allele typically  are  found  
to  hav e  h u n d re d s  to  th o u san d s  of ad en o m ato u s  p o lyps in  
the  colon by  the ir teens o r tw enties; these p o ly p s show  
loss of the o ther A P C  allele. A lm ost invariab ly , one or 
m ore  p o ly p s u n d e rg o  m alig n an t transfo rm ation , as d is
cussed  later. A P C  m u ta tio n s are  seen  in  70% to 80% of 
spo rad ic  colon cancers. C olonic cancers w ith  n o rm al AP C  
genes som etim es show  activa ting  m u ta tio n s of P-catenin 
th a t ren d e r th em  refracto ry  to the d eg rad in g  action  
of APC.
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WNT receptor.
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Fig. 6.22 The role of APC in regulating the stability and function of p-catenin. APC and p-catenin are components of the W N T  signaling pathway. (A) In 
resting cells (not exposed to W NT), p-catenin forms a macromolecular complex containing the APC protein. This complex leads to the destruction of 
p-catenin, and intracellular levels of p-catenin are low. (B) When cells are stimulated by secreted W N T molecules, the destruction complex is deactivated, 
p-catenin degradation does not occur, and cytoplasmic levels increase. p-Catenin translocates to the nucleus, where it binds to TCF, a transcription factor 
that activates several genes involved in the cell cycle. (C) When APC is mutated or absent, the destruction of p-catenin cannot occur. p-Catenin translocates 
to the nucleus and coactivates genes that promote the cell cycle, and cells behave as if they are under constant stimulation by the W N T  pathway.

Ä S U M M A R Y

T G F - ß, C O N T A C T  I N H I B I T I O N ,  A N D  A P C - ß-  

C A T E N I N  P A T H W A Y S

• TGF-p inhibits proliferation of many cell types by activation of 
growth-inhibiting genes such as CDKIs and suppression of 
growth-promoting genes such as MYC and those encoding 
cyclins.

• TGF-p function is compromised in many tumors by mutations 
in its receptors (colon, stomach, endometrium) or by muta
tional inactivation of SMAD genes that transduce TGF-p signal
ing (pancreas).

• E-cadherin maintains contact inhibition, which is lost in malig
nant cells.

• The APC gene exerts anti-proliferative actions by regulating the 
destruction of the cytoplasmic protein p-catenin. With a loss 
of APC, p-catenin is not destroyed, and it translocates to the 
nucleus, where it acts as a growth-promoting transcription 
factor.

• In familial adenomatous polyposis syndrome, inheritance of a 
germ line mutation in the APC gene and sporadic loss of the 
sole normal allele causes the development of hundreds of 
colonic polyps at a young age. Inevitably, one or more of these 
polyps evolves into a colonic cancer. Somatic loss of both 
alleles of the APC gene is seen in approximately 70% of spo
radic colon cancers.

Altered Cellular Metabolism

Even in  the presence o f am ple oxygen, cancer cells dem 
onstrate a d istinctive form  o f cellular m etab olism  charac
terized  by h ig h  lev e ls  o f g lu cose uptake and increased  
conversion  o f g lu cose to lactose (ferm entation) v ia  the  
glycolytic  pathw ay. This p h enom enon , called  the Warburg 
effect an d  also  k n o w n  as aerobic glycolysis, h as  been  recog
n ized  for m an y  years (indeed , O tto  W arb u rg  received  the 
N obel P rize in  1931 for its discovery). C linically, the 
"g lucose-hunger" o f tu m o rs is u se d  to  v isualize  tu m o rs via 
p o sitro n  em ission  to m o g rap h y  (PET) scanning, in  w h ich  
p a tien ts  are injected w ith  1 8F-fluorodeoxyglucose, a g lucose 
deriva tive  th a t is p referen tia lly  taken  u p  in to  tu m o r cells 
(as w ell as norm al, actively  d iv id in g  tissues such  as the 
bone m arrow ). M ost tu m o rs are PET-positive, a n d  rap id ly  
g row ing  ones a re  m ark ed ly  so.

W arb u rg 's  d iscovery  w as largely  neg lected  for m any  
years, b u t over the p a s t decade, m etabo lism  has becom e 
one of the  m ost active a reas of cancer research . M etabolic 
p a th w ay s  (like signaling  p a thw ays) in  no rm al a n d  cancer 
cells are still being  e luc ida ted , a n d  the deta ils are com plex, 
b u t a t the h ea rt of the W arb u rg  effect lies a sim ple  question : 
w h y  is it ad v an tag eo u s  for a cancer cell to  rely  o n  seem 
ing ly  inefficient glycolysis (w hich  generates tw o  m olecules 
of A TP p e r m olecule of glucose) in stead  of o x idative  ph o s
p h o ry la tio n  (w hich  generates u p  to  36 m olecu les of ATP 
p er m olecule of glucose)? W hile p o n d e rin g  th is question ,
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it is im p o rta n t to  recognize  th a t rap id ly  p ro life ra ting  
n o rm a l cells, such  as in  em bryonic  tissues a n d  ly m p h o 
cytes d u r in g  im m u n e  responses, also  rely  on  aerobic fer
m en ta tion . T hus, "W arb u rg  m etabo lism " is n o t cancer 
specific, b u t in stead  is a general p ro p e rty  of g ro w in g  cells 
th a t becom es "fixed" in  cancer cells.

The an sw er to  th is  r id d le  is sim ple: Aerobic g lyco lysis  
provides rapidly d iv id in g  tum or cells w ith  m etabolic  
in term ediates that are n eed ed  for the syn th esis o f cellular  
com ponents, w hereas m itochondrial oxidative phosphor
y la tion  does not. The reason  g ro w in g  cells rely  o n  aerobic 
glycolysis becom es read ily  a p p a re n t w h e n  one considers 
th a t a  g ro w in g  cell has  a stric t b iosyn thetic  requ irem en t; it 
m u s t dup lica te  all of its cellu lar co m p o n e n ts—D N A , RNA, 
p ro te in s, lip id , an d  o rganelles — before it can  d iv id e  an d  
p ro d u ce  tw o  d a u g h te r  cells. W hile  ox idative  p h o sp h o ry la 
tion  y ie lds a b u n d a n t ATP, it fails to  p ro d u ce  any  carbon  
m oieties th a t can  be u sed  to  b u ild  the  cellu lar com ponen ts 
n eed ed  for g ro w th  (pro teins, lip ids, a n d  nucleic acids). 
E ven  cells th a t are n o t actively  g ro w in g  m u st sh u n t som e 
m etabolic  in te rm ed ia tes  aw ay  from  ox idative  p h o sp h o ry 
la tion  in  o rd e r  to  syn thesize  m acrom olecules th a t are 
n eed ed  for cellu lar m ain tenance.

By contrast, in  actively  g ro w in g  cells on ly  a sm all frac
tion  of the  cellu lar glucose is sh u n te d  th ro u g h  the  ox idative  
p h o sp h o ry la tio n  p a th w ay , such  th a t o n  average each m ol
ecule of g lucose m etabo lized  p ro d u ces  app rox im ate ly  four 
m olecu les o f ATP. P resum ably , th is balance (heavily  b iased

to w ard  aerobic ferm en tation , w ith  a b it o f ox idative  ph o s
phory la tion ) h its a  m etabolic  "sw ee t spo t"  th a t is op tim al 
for g row th . It fo llow s th a t g ro w in g  cells d o  rely  o n  m ito 
ch o n d ria l m etabolism . H ow ever, a m ajor function  of m ito 
ch ond ria  in  g ro w in g  cells is n o t to  genera te  ATP, b u t ra th e r 
to carry  o u t reactions th a t genera te  m etabolic  in te rm ed i
ates th a t can  be sh u n te d  off a n d  u se d  as p recu rso rs  in  the 
syn thesis  o f cellu lar b u ild in g  blocks. For exam ple, lip id  
b iosyn thesis  req u ires  acetyl-CoA , a n d  acetyl-C oA  is largely  
syn thesized  in  g row ing  cells from  in te rm ed ia tes  such  as 
citrate  tha t a re  gen era ted  in  m itochondria .

So h o w  is th is p ro fo u n d  rep ro g ram m in g  of m etabolism , 
the W arb u rg  effect, triggered  in  g ro w in g  n o rm al an d  
m alig n an t cells? A s m ig h t be guessed , m etabolic repro
gram m ing is  produced by s ign a lin g  cascades dow nstream  
o f grow th factor receptors, the very sam e pathw ays that 
are deregulated by m utations in  oncogenes and tum ors 
suppressor gen es in  cancers. Thus, w h ereas in  rap id ly  
d iv id in g  n o rm al cells aerobic glycolysis ceases w h e n  the 
tissue is no  longer g row ing , in  cancer cells th is rep ro g ram 
m ing  persists  d u e  to  the  action  of oncogenes a n d  the loss 
of tu m o r su p p resso r gene function . Som e of the  im p o rtan t 
p o in ts  o f cross-talk  be tw een  p ro -g ro w th  signaling  factors 
a n d  cellu lar m etabo lism  are  sh o w n  in  Fig. 6.23 an d  inc lude  
the follow ing:
• Growth factor receptor signaling. In  a d d itio n  to  transm it

ting  g ro w th  signals to  the nucleus, signals from  g ro w th  
factor recep to rs also  influence m etabo lism  by

QUIESCENT CELL 
Glucose

GROWING CELL (NORMAL OR TUMOR)

Glucose
Glucose Growth

- GROWTH

Fig. 6.23 Metabolism and cell growth. Quiescent cells rely mainly on the Krebs cycle for ATP production; if starved, autophagy (self-eating) is induced to 
provide a source of fuel. When stimulated by growth factors, normal cells markedly upregulate glucose and glutamine uptake, which provide carbon sources 
for synthesis of nucleotides, proteins, and lipids. In cancers, oncogenic mutations involving growth factor signaling pathways and other key factors such as 
MYC deregulate these metabolic pathways, an alteration known as the W a r b u r g  e f fe c t .
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u p re g u la tin g  glucose u p ta k e  a n d  inh ib iting  the  activ ity  
of p y ru v a te  k inase, w h ich  cata lyzes the last step  in  the 
glycolytic p a th w ay , the conversion  of phosp h o en o lp y r- 
u v a te  to  p y ru v a te . This creates a  d am m in g  effect th a t 
leads to the  b u ild u p  of u p s tre a m  glycolytic in te rm ed i
ates, w h ich  are s ip h o n ed  off for syn thesis o f D N A , RNA, 
a n d  p ro te in .

• R A S signaling. S ignals d o w n stream  of RAS u p reg u la te  
the activ ity  of g lucose tran sp o rte rs  a n d  m u ltip le  glyco
lytic enzym es, th u s  increasing  glycolysis; p ro m o te  
sh u n tin g  of m itochondria l in te rm ed ia tes  to  p a th w ay s  
lead in g  to lip id  b iosynthesis; a n d  stim ula te  factors th a t 
a re  req u ired  for p ro te in  synthesis.

• M YC. A s m en tio n ed  earlier, p ro -g ro w th  p a th w ay s  
u p re g u la te  expression  of the tran sc rip tio n  factor MYC, 
w h ich  d rives changes in  gene exp ression  th a t su p p o rt 
anabolic  m etabo lism  a n d  cell g row th . A m ong  the MYC- 
reg u la ted  genes a re  those  for several glycolytic enzym es 
an d  g lu tam inase , w h ich  is req u ired  for m itochondria l 
u tiliza tion  of g lu tam ine, a key source of carbon  m oieties 
n eed ed  for b iosyn thesis  of cellu lar b u ild in g  blocks.

The flipside of the coin  is th a t tu m o r su p p resso rs  often  
inh ib it m etabolic  p a th w ay s  th a t su p p o rt g row th . W e have 
a lready  d iscussed  the "b rak in g "  effect of the  tu m o r su p 
p resso rs  NF1 a n d  PTEN o n  signals d o w n stream  of g ro w th  
factor recep to rs a n d  RAS, a llow ing  th em  to oppose  the 
W arb u rg  effect. Indeed , it m ay  be th a t m an y  (and  p e rh ap s  
all) tu m o r su p p resso rs  th a t induce  g ro w th  a rre s t su p p ress  
the W arb u rg  effect. For exam ple, p53, a rg u ab ly  the m ost 
im p o rta n t tu m o r sup p resso r, u p reg u la te s  ta rge t genes th a t 
collectively in h ib it g lucose u p tak e , glycolysis, lipogenesis, 
an d  the  genera tion  of N A D P H  (a key cofactor n eed ed  for 
the b iosyn thesis  o f m acrom olecules). T hus, it is increas
ing ly  clear th a t the functions of m an y  oncopro te ins an d  
tu m o r su p p resso rs  a re  inextricab ly  in te rtw in ed  w ith  cel
lu la r m etabolism .

B eyond the W arb u rg  effect, there  a re  tw o  o ther links 
be tw een  m etabo lism  an d  cancer th a t are  of sufficient 
im portance  to  m erit b rief m en tion , a u to p h ag y  a n d  an  
u n u su a l set of oncogenic m u ta tio n s th a t lead  to  the  cre
a tion  of oncometabolites, sm all m olecu les th a t ap p e a r to 
d irectly  con tribu te  to  the  transfo rm ed  state.

A utophagy

Autophagy is  a state o f severe nutrient deficiency in  
w h ich  cells not on ly  arrest their grow th, but also canni
b a lize  their ow n  organelles, proteins, and m em branes as 
carbon sources for energy production (C hap ter 2). If th is 
a d a p ta tio n  fails, the  cells die. T um or cells o ften  seem  to be 
able to  g row  u n d e r  m arg in a l en v iro n m en ta l cond itions 
w ith o u t triggering  au to p h ag y , suggesting  th a t the  p a th 
w ays th a t induce  au to p h ag y  are deran g ed . In  k eep ing  w ith  
this, several genes th a t p ro m o te  a u to p h ag y  are  tu m o r su p 
p ressors. W hether a u to p h ag y  is a lw ays b ad  from  the 
van tage  p o in t of the  tum or, how ever, rem ains a m a tte r of 
active investiga tion  a n d  debate. For exam ple, u n d e r  cond i
tions of severe n u tr ie n t dep riva tion , tu m o r cells m ay  use  
au to p h ag y  to  becom e "d o rm a n t,"  a  state  o f m etabolic 
h ibe rna tion  th a t a llow s cells to  su rv ive  h a rd  tim es for long  
periods. Such cells a re  believed  to  be resis tan t to  therap ies 
th a t kill actively  d iv id in g  cells, an d  cou ld  therefore  be

216 C H A P T E R  6 Neoplasia

responsib le  for the rapeu tic  failures. Thus, a u to p h ag y  m ay  
be a tu m o r 's  frien d  o r foe d e p en d in g  o n  h o w  the  signaling  
p a th w ay s  th a t regu la te  it are  "w ire d "  in  a g iven  tum or.

O ncom etabolism

A nother su rp ris in g  g ro u p  of genetic a lte ra tions d iscovered  
th ro u g h  tu m o r genom e sequencing  s tud ies  a re  m u ta tio n s 
in  enzym es th a t pa rtic ipa te  in  the K rebs cycle. O f these, 
m u ta tio n s in  isocitrate  deh y d ro g en ase  (IDH) have  gar
n e red  the  m ost in terest, as they have  revea led  a new  m ech
an ism  of oncogenesis te rm ed  oncometabolism (Fig. 6.24).

The p ro p o sed  steps in  the oncogenic p a th w ay  invo lv ing  
ID H  are  as follows:
• ID H  acqu ires a  m u ta tio n  th a t leads to  a specific am ino  

acid su b stitu tio n  invo lv ing  residues in  the  active site of 
the enzym e. As a resu lt, the m u ta te d  p ro te in  loses it 
ab ility  to  function  as a n  isocitrate  deh y d ro g en ase  and  
in stead  acqu ires a new  enzym atic  activ ity  th a t catalyzes 
the  p ro d u c tio n  of 2 -hyd roxg lu tara te  (2-HG).

• 2-H G  in  tu rn  acts as a n  inh ib ito r of several o th e r enzym es 
th a t are  m em bers  o f the TET fam ily, in c lu d in g  TET2.

• TET2 is one of several factors th a t reg u la te  D N A  m eth- 
y la tion , w h ich  y o u  w ill recall is a n  ep igenetic  m odifica
tion  th a t con tro ls n o rm al gene exp ression  a n d  often  
goes aw ry  in  cancer. A ccord ing  to  the m odel, loss of 
TET2 activ ity  leads to  ab n o rm al p a tte rn s  of D N A  
m ethy lation .

• A bnorm al D N A  m eth y la tio n  in  tu rn  leads to  m isexpres- 
sion  of cu rren tly  u n k n o w n  cancer genes, w h ich  drive 
cellu lar transfo rm ation  a n d  oncogenesis.

T hus, accord ing  to  th is scenario, m u ta te d  ID H  acts as an  
onco p ro te in  by  p ro d u c in g  2-HG, w h ich  is co nsidered  a 
p ro to ty p ica l oncometabolite. O ncogenic ID H  m u ta tio n s

Mutation

a -ketoglutarate 2-hydroxyglutarate
(oncometabolite)

1
Epigenome regulatory enzymes

Epigenetic changes 
(DNA methylation, 

histone modification)

i
Altered cancer gene expression

l
Cellular transformation

Fig. 6.24 Proposed action of the oncometabolite 2-hydroxyglutarate 
(2-HG) in cancer cells with mutated isocitrate dehydrogenase (mIDH).
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h av e  n o w  been  described  in  a d iverse  collection of cancers, 
in c lu d in g  a sizable fraction  of cholangiocarcinom as, 
gliom as, acu te  m yelo id  leukem ias, an d  sarcom as. O f clini
cal significance, because the  m u ta te d  ID H  p ro te in s  h av e  an  
a lte red  struc tu re , it h a s  b een  possib le to  develop  d ru g s  th a t 
inh ib it m u ta te d  ID H  a n d  no t the n o rm al ID H  enzym e. 
These d ru g s  a re  now  being  tested  in  cancer p a tien ts  an d  
h av e  p ro d u ced  en cou rag ing  the rapeu tic  responses. This 
d eve lop ing  sto ry  is a rem arkab le  exam ple  of h o w  deta iled  
u n d e rs ta n d in g  o f oncogenic m echan ism s can  y ie ld  en tirely  
new  k in d s  of an ti-cancer d rugs.

®  S U M M A R Y

A L T E R E D  C E L L U L A R  M E T A B O L IS M

• W a rb u rg  m etabo lism  is a fo rm  o f  p ro -g ro w th  m etabo lism  

favoring glycolysis o v e r ox id a tive  p h o sp h o ry la tio n . It is induced  

in n o rm a l cells by exp o s u re  to  g ro w th  fac to rs  and b ecom es  

fixed  in c ancer cells due to  th e  action  o f  c e rta in  d riv e r  

m u tations .

• M any o n co p ro te in s  (R A S, M Y C , m u ta te d  g ro w th  fa c to r  re c e p 

to rs ) induce o r  c o n tr ib u te  to  W a rb u rg  m etabo lism , and m any  

tu m o r  suppressors (P T E N , N F I ,  p 53 ) o pp ose  it.

• Stress m ay induce cells to  consum e th e ir  co m p o n en ts  in a 

process called autophagy. C a n c e r cells m ay accum ulate  m u ta 

tion s  to  avoid autophagy, o r  m ay c o rru p t th e  process to  

p ro v id e  n u trie n ts  fo r  con tin u ed  g ro w th  and survival.

• Som e o n co p ro te in s  such as m u ta te d  ID H  act by causing th e  

fo rm a tio n  o f high levels o f  “ o n c o m e ta b o lite s ” th a t  a lte r  th e  

e p ig eno m e, th e re b y  leading to  changes in gene expression  th a t  

are  oncogenic .

Evasion of Cell Death

Tum or cells frequently  contain  m utations in  gen es that 
regulate ap optosis, m aking  the cells resistant to cell 
death. A s d iscussed  in  C h ap te r 2, apop tosis , o r regu la ted  
cell death , refers to  a n  o rderly  d ism an tlin g  of cells in to  
co m p o n en t pieces, w h ich  are then  efficiently consu m ed  by 
ne ig h b o rin g  cells a n d  pro fessional phagocy tes w ith o u t 
s tim u la tin g  in flam m ation . You w ill recall th a t there  are  
tw o  p a th w ay s  th a t lead  to apop tosis: the extrinsic  p a th w ay , 
triggered  by the d e a th  recep to rs FAS a n d  FA S-ligand; an d  
the  in trinsic  p a th w a y  (also k n o w n  as the mitochondrial 
pathway), in itia ted  by p ertu rb a tio n s  such  as loss o f g ro w th  
factors an d  D N A  dam age. C ancer cells are  subject to  a 
n u m b er of in trinsic  stresses th a t can  in itia te  apop tosis , p a r 
ticu larly  D N A  dam age, b u t also  m etabolic  d istu rbances 
stem m ing  from  d y sreg u la ted  g ro w th  as w ell as hypox ia  
caused  by insufficient b lood  supp ly . These stresses are  
en hanced  m anyfo ld  w h e n  tu m o rs are  trea ted  w ith  chem o
th e rap y  or rad ia tio n  therapy , w h ich  kill tu m o r cells by 
ac tiva ting  the in trinsic  p a th w a y  of apop tosis . Thus, there 
is stro n g  selective p ressu re , b o th  before a n d  d u rin g  therapy , 
for cancer cells to  develop  resistance to  in trinsic  stresses 
th a t m ay  in d u ce  apop tosis . A ccordingly , evasion  o f apop
tosis  by cancer cells occurs m ain ly  by w ay o f acquired  
m utations and changes in  gene expression  that d isab le

k ey  com ponents o f the intrinsic pathw ay, or that reset the  
balance o f regulatory factors so as to favor cell survival 
in  the face o f intrinsic stresses (F igure  6.25).

Before d e lv ing  in to  m odes of resistance to  apop tosis , a 
brief rev iew  of the  in trinsic  p a th w a y  is in  o rder. A ctivation  
of th is  p a th w a y  leads to  perm eab iliza tion  of the m itochon 
d ria l o u te r m em brane  a n d  release of m olecules, su ch  as 
cy tochrom e c, th a t in itia te  apop tosis . The in teg rity  o f the 
m ito ch o n d ria l o u te r m em brane  is d e te rm in ed  by a delicate 
balanc ing  act be tw een  p ro -apop to tic  an d  an ti-apop to tic  
m em bers  of the BCL2 p ro te in  fam ily. The p ro -apop to tic  
p ro te in s  BAX a n d  BAK are  req u ired  for ap o p to sis  and  
d irectly  p ro m o te  m ito ch o n d ria l perm eab ilization . Their 
ac tion  is inh ib ited  by  the an ti-apop to tic  m em bers of th is 
fam ily, w h ich  are exem plified  by BCL2, BCL-XL, an d  
MCL1. A  th ird  set of p ro te in s, the  so-called "B H 3-only 
p ro te in s ,"  w h ich  inc lude  BAD, BID, a n d  PUM A, shift the 
balance be tw een  the p ro -apop to tic  a n d  an ti-apop to tic  
fam ily  m em bers  by neu tra liz in g  the actions of an ti-apop- 
totic p ro te in s  like BCL2 a n d  BCL-XL, thereby  p ro m o tin g  
apop tosis . W hen  the su m  to tal of all the  BH 3-only p ro te in s  
"o v erw h e lm s" the p ro tective  BCL2/BCL-XL factors, BAX 
a n d  BAK are  ac tiva ted  a n d  fo rm  po res  in  the  m itochondria l 
m em brane . These allow  m itochondria l cy tochrom e c to
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Fig. 6.25 Intrinsic pathway of apoptosis and major mechanisms used by 
tumor cells to evade cell death. (1) Loss of p53, either through mutation or 
through antagonism by MDM2. (2) Reduced egress of cytochrome c  from 
mitochondria as a result of upregulation of anti-apoptotic factors such as 
BCL2, BCL-XL, and MCL-1. IAP, Inhibitor of apoptosis.
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leak  o u t in to  the  cytosol, w h ere  it b in d s  to  APAF-1 and  
activates caspase-9, w h ich  in  tu rn  cleaves a n d  activates 
executioner caspases such  as caspase-3. A n o th er g ro u p  of 
factors th a t function  as negative  reg u la to rs  of the  in trinsic  
p a th w ay  is k n o w n  as inhibitor of apoptosis proteins (IAPs), 
w h ich  b in d  caspase-9 a n d  p re v e n t apoptosis.

W ith in  th is  fram ew ork , it is possib le  to  illu stra te  the 
m ajor m echan ism s by w h ich  ap o p to sis  is e v ad ed  by  cancer 
cells (F igure 6.25). These m ain ly  involve loss of p53, the 
key co m p o n en t of early  steps in  the in trinsic  p a th w ay , an d  
increased  expression  of an ti-apop to tic  m em bers of the 
BCL2 fam ily.
• Loss of TP53 function. As a lread y  d iscussed , TP53 is com 

m only  m u ta te d  in  cancers a t d iagnosis, a n d  the  fre
quency  of TP53 m u ta tio n s is even  h igher in  tu m o rs th a t 
re lapse  after therapy . In  ad d itio n  to  m u ta tio n  of TP53, 
o th e r lesions in  cancers im p a ir p53 function  ind irectly , 
m o st no tab ly  am plification  o f MDM2, w h ich  encodes an  
inh ib ito r o f p53. Loss of p53 function  p rev en ts  the 
u p re g u la tio n  of PUM A, a p ro -apop to tic  BH3-only 
m em ber of the  BCL2 fam ily  th a t is a d irec t ta rg e t o f p53. 
A s a resu lt, cells su rv ive  levels o f D N A  dam ag e  a n d  cell 
stress th a t o therw ise  w o u ld  re su lt in  the ir death .

• Overexpression of anti-apoptotic members of the BCL2 family. 
O verexp ression  of BCL2 is a com m on even t lead in g  to 
the p ro tec tio n  of tu m o r cells from  ap o p to sis  a n d  occurs 
th ro u g h  several m echanism s. O ne of the  best u n d e r
stood  exam ples is fo u n d  fo llicular ly m p h o m a (C hap ter 
12), a B-cell tu m o r carry ing  a characteristic  (14;18) 
(q32;q21) transloca tion  th a t fuses the  BCL2 (located  a t 
18q21) to  the transcrip tiona lly  active im m unog lobu lin  
heav y  cha in  gene (located a t 14q32). The re su ltin g  over
ab u n d an ce  of BCL2 pro tec ts  lym phocy tes from  a p o p to 
sis a n d  a llow s th em  to su rv ive for abno rm ally  long  
periods, p ro d u c in g  a s teady  accum ula tion  of B ly m p h o 
cytes th a t resu lts  in  ly m p h ad en o p a th y . Because BCL2- 
overexpressing  fo llicular ly m p h o m as arise in  large  p a r t 
th ro u g h  red u ced  cell d e a th  ra th e r  th an  explosive cell 
pro lifera tion , they  ten d  to  be in d o len t (slow -grow ing). 
In  o th e r tu m o rs such  as chronic lym phocy tic  leukem ia 
(C hap ter 12), it a p p ea rs  th a t BCL2 is u p reg u la ted  
because of loss of expression  of specific m icro-R N A s 
th a t no rm ally  d a m p e n  BCL2 expression. M any o ther 
m echan ism s lead in g  to  overexpression  of an ti-apop to tic  
m em bers of the BCL2 fam ily  have  been  described, p a r 
ticu larly  in  the  se tting  of resistance to  chem otherapy . 
For exam ple, am plification  of the MCL1 gene is seen  in  
a subse t o f lu n g  a n d  b reast cancers.

R ecognition  of the m echan ism s by w h ich  cancers evade  
cell d ea th  has stim u la ted  several lines of ta rge ted  d ru g  
developm ent. R esto ration  o f p53 function  in  TP53-m u ta ted  
tum ors is a d a u n tin g  p ro b lem  (because of the  in h e ren t 
difficulty  of "fix ing" defective genes), b u t is possib le  in  
tum ors in  w h ich  p53 is inactive because of overexpression  
of its inh ib ito r, M DM 2. Indeed , inh ib ito rs of M DM 2 th a t 
reactivate  p53 a n d  induce  apop tosis  in  tu m o rs w ith  MDM2 
gene am plification , such  as certa in  types of sarcom a, are  
being  tested  in  clinical trials. E ven  m ore p ro m isin g  resu lts  
are  being  g enera ted  w ith  d ru g s  th a t m im ic the  activities 
of BH 3-only p ro te in s  an d  inh ib it the function  of anti- 
apop to tic  m em bers o f the  BCL2 fam ily, p a rticu la rly  BCL2
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itself. These d ru g s  hav e  p o te n t activ ity  ag a in st tum ors 
charac terized  by  BCL2 overexpression  (such as chronic 
lym phocytic  leukem ia) a n d  are likely to  becom e a stan 
d a rd  p a r t of cancer trea tm en t over the course  of the nex t 
few  years.

®  S U M M A R Y

E V A S I O N  O F  A P O P T O S IS

• Evasion of cell death by cancers mainly involves acquired 
abnormalities that interfere with the intrinsic (mitochondrial) 
pathway of apoptosis.

• The most common abnormalities involve loss of p53 function, 
either by way of TP53 mutations or overexpression of the p53 
inhibitor MDM2.

• Other cancers evade cell death by overexpressing anti-apop- 
totic members of the BCL2 family, such as BCL2, BCL-XL, and 
MCLI, which protect cells from the action of BAX and BAK, 
the pro-apoptotic members of the BCL2 family.

• In  a large majority of follicular B-cell lymphomas, BCL2 levels 
are high because of a (I4;I8) translocation that fuses the BCL2 
gene with regulatory elements of the immunoglobulin heavy 
chain gene.

• Inhibitors of MDM2 (which activate p53) and inhibitors of 
BCL2 family members induce the death of cancer cells by 
stimulating the intrinsic pathway of apoptosis and are being 
developed as therapeutic agents.

Limitless Replicative Potential (Immortality)

Tum or cells, u n lik e  norm al cells , are capable o f lim itless  
replication. As d iscussed  p rev iously  in  the contex t o f cel
lu la r ag ing  (C hap ter 2), m o st n o rm al h u m a n  cells have  a 
capacity  of a t m o st 70 doub lings. T hereafter, the cells lose 
the ab ility  to  d iv ide  a n d  en te r rep licative  senescence. This 
p h en o m en o n  has been  ascribed  to  p rog ressive  sho rten ing  
of te lom eres a t the  en d s  of chrom osom es.

M arked ly  e ro d ed  te lom eres a re  recogn ized  by the D N A  
rep a ir m ach inery  as d o u b le -s tran d ed  D N A  breaks, lead in g  
to cell cycle a rre s t an d  senescence, m ed ia ted  by TP53 and  
RB. In  cells in  w h ich  TP53 or RB m u ta tio n s  are d isab led  by 
m u ta tions, the  n onhom ologous end-jo in ing  p a th w a y  is 
ac tiva ted  in  a last-d itch  effort to  save the cell, jo in ing  the 
sho rtened  en d s  of tw o  chrom osom es.

Such a n  in ap p ro p ria te ly  ac tivated  rep a ir  system  resu lts  
in  d icen tric  ch rom osom es th a t a re  p u lled  a p a r t a t ana 
phase , re su ltin g  in  new  d o u b le -s tran d ed  D N A  breaks. The 
resu ltin g  genom ic in stab ility  from  the  rep ea ted  b rid g e - 
fu sio n -b reak ag e  cycles even tua lly  p ro d u ces m ito tic  catas
trophe, charac terized  by  m assive  apop tosis.

It fo llo w s that for tum ors to acquire the ab ility  to grow  
in d efin ite ly , lo ss  o f grow th restraints is not enough; both  
cellular senescence and m itotic catastrophe m ust also be  
avoid ed  (Fig. 6.26). If d u r in g  crisis a cell m anages to  reac
tivate  telom erase, the b rid g e -fu s io n -b reak ag e  cycles cease, 
an d  the cell is able to  av o id  dea th . H ow ever, d u rin g  th is 
p e rio d  of genom ic instab ility  th a t p recedes telom erase  acti
vation , n u m ero u s  m u ta tio n s cou ld  accum ulate , h e lp in g  the
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Fig. 6.26 Escape of cells from replicative senescence and mitotic catastrophe caused by telomere shortening.

cell m arch  to w ard  m alignancy . T elom erase, active in  
n o rm a l stem  cells, is ab sen t from  or p re sen t a t very  low  
levels in  m ost som atic  cells. By contrast, te lom ere  m ain te 
nance is seen  in  v irtua lly  all types o f cancers. In  85% to 95% 
of cancers, th is is d u e  to  u p re g u la tio n  of the enzym e telom 
erase. A  few  tu m o rs u se  o ther m echanism s, te rm ed  alterna
tive lengthening o f telomeres, w h ich  d ep en d  o n  D N A  
recom bination .

O f in terest, in  a s tu d y  of the  p rog ressio n  from  colonic 
ad en o m a to colonic adenocarcinom a, early  lesions h a d  a 
h ig h  degree  of genom ic instab ility  w ith  low  te lom erase  
expression , w h ereas m alig n an t lesions h a d  com plex k aryo 
types w ith  h ig h  levels of telom erase  activ ity , consisten t 
w ith  a m o d e l o f te lom ere-d riven  tum origenesis  in  h u m an  
cancer. T hus, it a p p ea rs  th a t u n re g u la te d  p ro life ra tion  in  
incip ien t tu m o rs leads to telom ere shorten ing , fo llow ed  by 
ch rom osom al instab ility  a n d  the accum ula tion  of m u ta 
tions. If te lom erase  is th en  reac tiva ted  in  these cells, telo
m eres a re  ex ten d ed  an d  these m u ta tio n s becom e fixed, 
co n trib u tin g  to  tu m o r grow th .

ÜB S U M M A R Y

L IM IT L E S S  R E P L IC A T IV E  P O T E N T I A L  

( I M M O R T A L I T Y )

• In normal cells, which lack expression of telomerase, the short
ened telomeres generated by cell division eventually activate 
cell cycle checkpoints, leading to senescence and placing a limit 
on the number of divisions a cell may undergo.

• In cells that have disabled checkpoints, DNA repair pathways 
are inappropriately activated by shortened telomeres, leading 
to massive chromosomal instability and mitotic crisis.

• Tumor cells reactivate telomerase, thus staving off mitotic 
catastrophe and achieving immortality.

Sustained Angiogenesis

Even if  a so lid  tum or p ossesses  all o f the genetic aberra
tion s that are required for m alignant transform ation, it 
cannot enlarge b eyon d  1 to 2 m m  in  diam eter u n less it 
has the capacity to induce an giogen esis. Like no rm al 
tissues, tu m o rs requ ire  delivery  of oxygen  a n d  n u trien ts  
a n d  rem oval o f w aste  p roduc ts ; p resu m ab ly  the  1 - to  2 -m m  
zone  rep resen ts  the m axim al d istance across w h ich  oxygen, 
n u trien ts , an d  w aste  can  d iffuse to  an d  from  b lood  vessels. 
G ro w in g  cancers stim ula te  neoangiogenesis, d u rin g  w h ich  
vessels sp ro u t from  p rev iously  existing  capillaries. N eo 
v ascu lariza tion  has a d u a l effect o n  tu m o r g row th : p e rfu 
sion supp lies  n eed ed  n u trien ts  a n d  oxygen, a n d  new ly  
fo rm ed  endo the lia l cells stim ula te  the g ro w th  of ad jacen t 
tu m o r cells by  secreting  g ro w th  factors, such  as insu lin -like 
g ro w th  factors (IGFs) a n d  PDGF. W hile the  re su ltin g  tu m o r 
vascu la tu re  is effective a t de livering  n u trien ts  a n d  rem ov
ing  w astes, it is n o t en tire ly  norm al; the  vessels are leaky 
an d  d ila ted , a n d  have  a h a p h a z a rd  p a tte rn  of connection , 
fea tu res  th a t can  be ap p rec ia ted  on  ang iogram s. By p erm it
ting  tu m o r cells access to  these  abno rm al vessels, ang io 
genesis also  con tribu tes to  m etastasis. A ngiogenesis is th u s 
a n  essen tia l facet of m alignancy.
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H o w  d o  g ro w in g  tu m o rs develop  a b lood  supp ly?  The 
cu rren t p a ra d ig m  is th a t an giogen esis is controlled  by a 
balance b etw een  an g iogen esis prom oters and inhibitors; 
in  angiogen ic tum ors th is balance is  sk ew ed  in  favor of 
prom oters. Early in  the ir developm en t, m ost h u m a n  
tum ors do  n o t induce  angiogenesis. S tarved  of n u trien ts , 
these tu m o rs rem ain  sm all o r in  situ , possib ly  for years, 
u n til a n  angiogenic switch te rm inates th is stage of vascu lar 
quiescence. The m o lecu lar basis o f the angiogenic  sw itch  
involves increased  p ro d u c tio n  of angiogenic  factors a n d /  
o r loss of angiogenic  inh ib ito rs. These factors m ay  be p ro 
duced  by the tu m o r cells them selves o r by  in flam m atory  
cells (e.g., m acrophages) o r resid en t strom al cells (e.g., 
tum or-associa ted  fibroblasts). P ro teases, e ithe r e labora ted  
by the  tu m o r cells o r by  strom al cells in  response  to  the 
tum or, are also  invo lved  in  reg u la tin g  the balance be tw een  
angiogenic a n d  an ti-angiogenic  factors. M any p ro teases 
can  release p roang iogen ic  basic fib rob last g ro w th  factors 
(bFGF) th a t a re  s to red  in  the  ECM; conversely , the ang io 
genesis inh ib ito rs an g io sta tin  a n d  en d o sta tin  are p ro d u ced  
by p ro teo ly tic  cleavage of p lasm in o g en  an d  collagen, 
respectively.

The local balance of angiogenic a n d  an ti-angiogenic  
factors is in fluenced  by several factors:
• R elative lack of oxygen  d u e  to  hypox ia  stabilizes H IF la , 

a n  oxygen-sensitive transc rip tion  factor m en tioned  
earlier, w h ich  th en  activates the tran sc rip tio n  of p ro an 
giogenic cy tokines such  as VEGF. These factors create 
a n  angiogenic g rad ien t th a t s tim ula tes the p ro life ra tion  
of endo the lia l cells a n d  gu ides the  g ro w th  of new  vessels 
to w ard  the tum or.

• M u ta tio n s invo lv ing  tu m o r su p p resso rs  an d  oncogenes 
in  cancers also  tilt the balance in  favor o f angiogenesis. 
For exam ple, p53 s tim ula tes expression  of an ti
ang iogenic m olecules, such  as th ro m b o sp o n d in - 1 , and  
rep resses expression  of p roang iogen ic  m olecules, such  
as VEGF. T hus, loss o f p53 in  tu m o r cells p ro v id es a 
m ore  perm issive  en v iro n m en t for angiogenesis.

• The transc rip tion  of VEGF also  is in fluenced  by signals 
from  the  RAS-M AP kinase  p a th w ay , an d  gain-of- 
function  m u ta tio n s in  RAS o r MYC u p re g u la te  the  p ro 
d u c tio n  of VEGF. N otab ly , e leva ted  levels of VEGF 
can  be de tec ted  in  the se ru m  a n d  u rin e  of a significant 
fraction  of cancer patien ts.

The id ea  th a t ang iogenesis is essen tia l if so lid  tum ors 
are  to  g row  to clinically significant sizes has p ro v id e d  a 
p o w erfu l im p e tu s  for the  d ev e lo p m en t of therapeu tic  
agen ts th a t block angiogenesis. These agen ts  a re  n o w  a 
p a r t of the a rm am en ta riu m  th a t oncologists u se  aga in st 
cancers; a card ina l exam ple  is bevacizum ab, a m onoclonal 
an tibody  th a t neu tra lizes  VEGF activ ity  a n d  is a p p ro v ed  
for use  in  the  trea tm en t of m u ltip le  cancers. H ow ever, 
ang iogenesis inh ib ito rs have  n o t been  nearly  as effective 
as w as  o rig inally  hoped ; they  can  p ro lo n g  life, b u t u sua lly  
for on ly  a  few  m o n th s a n d  a t h ig h  financial cost. The 
m echan ism s th a t u n d e rlie  the persistence an d  u ltim ate  
p rog ressio n  of cancers in  the  face of th e rap y  w ith  ang io 
genesis inh ib ito rs a re  n o t y e t clear. The m o d est benefit of 
an ti-angiogenic  th e rap y  h igh ligh ts the pern ic ious n a tu re  
of ad v an ced  cancers, w h ich  can  even  e lu d e  therap ies 
d irected  a t s trom al su p p o rt cells such  as endo the lium .

Im p ro v em en ts  are  on ly  possib le w ith  g rea ter u n d e rs ta n d 
in g  of the "escape  ro u tes"  th ro u g h  w h ich  tu m o r cells side
step  the  effects of the  ang iogenesis inh ib ito rs th a t a re  now  
in  use.

f l l  S U M M A R Y

S U S T A I N E D  A N G I O G E N E S I S

• Vascularization of tumors is essential for their growth and is 
controlled by the balance between angiogenic and anti
angiogenic factors that are produced by tumor and stromal 
cells.

• Hypoxia triggers angiogenesis through the actions of HIF-1 a  
on the transcription of the proangiogenic factor VEGF.

• Many other factors regulate angiogenesis; for example, p53 
induces synthesis ofthe angiogenesis inhibitor thombospondin-1, 
while RAS, MYC, and MAPK signaling all upregulate VEGF 
expression and stimulate angiogenesis.

• VEGF inhibitors are used to treat a number of advanced 
cancers and prolong the clinical course, but are not curative.

Invasion and Metastasis

Invasion , and m etastasis, the major causes o f cancer- 
related m orbid ity and m ortality, resu lt from  com plex  
interactions in v o lv in g  cancer cells, strom al cells, and the  
extracellular matrix (ECM). These in teractions can  be 
b roken  d o w n  in to  a series o f steps consisting  of local inva
sion, in trav asa tio n  in to  b lood  a n d  ly m p h  vessels, tran sit 
th ro u g h  the  vascu la tu re , ex travasa tion  from  the vessels, 
fo rm ation  of m icrom etastases, an d  g ro w th  of m icrom etas- 
tases in to  m acroscopic tu m o rs (Fig. 6.27). P red ictab ly , th is 
sequence of s teps m ay  be in te rru p te d  a t any  stage by e ither 
host-re la ted  o r tu m o r-re la ted  factors. For the  p u rp o se  of 
d iscussion, the m etasta tic  cascade can  be su b d iv id ed  in to  
tw o phases: (1) invasion  of ECM  a n d  (2) vascu lar d issem i
na tio n  a n d  hom ing  of tu m o r cells.

Invasion o f  E xtracellu lar M a tr ix

H u m a n  tissues a re  o rgan ized  in to  a  series of com partm en ts  
sep ara ted  from  each o ther by  tw o  types of ECM: b asem en t 
m em b ran es a n d  in terstitia l connective tissue (C hap ter 1). 
A lth o u g h  o rg an ized  differently , each type  of ECM  is com 
p o sed  of collagens, g lycopro teins, a n d  p ro teoglycans. 
T um or cells m u s t in te rac t w ith  the  ECM  a t several stages 
in  the m etasta tic  cascade (see Fig. 6.27). A  carcinom a first 
m u s t b reach  the  u n d e rly in g  b asem en t m em brane , th en  tra 
verse the  in te rstitia l connective tissue, a n d  u ltim ate ly  gain  
access to  the c ircu la tion  by  p en e tra tin g  the vascu lar base
m en t m em brane . This p rocess is rep ea ted  in  reverse  w h e n  
tu m o r cell em boli ex travasa te  a t a  d is tan t site. Invasion  of 
the ECM  in itia tes the m etasta tic  cascade a n d  is a n  active 
p rocess th a t can  be reso lved  in to  several sequen tia l steps 
(Fig. 6.28):
• Loosening of intercellular connections between tumor cells. 

As m en tio n ed  earlier, E -cadherins act as in tercellu lar 
g lues, a n d  their cy top lasm ic p o rtio n s b in d  to  P-catenin 
(see Fig. 6.22). A djacen t E -cadherin  m olecu les keep  the 
cells together; in  ad d itio n , as d iscussed  earlier, E -cadherin  
can  tran sm it an ti-g ro w th  signals by  sequestering  
P-catenin. E -cadherin  function  is lo st in  a lm ost all
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Fig. 6.27 The metastatic cascade: The sequential steps involved in the 
hematogenous spread of a tumor.

ep ithe lia l cancers, e ither by  m u ta tio n a l inac tivation  of 
E -cadherin  genes, ac tiva tion  of P-catenin genes, o r in ap 
p ro p ria te  expression  of the  SNAIL a n d  TW IST transcrip 
tion  factors, w h ich  su p p ress  E -cadherin  expression.

• Local degradation of the basement membrane and interstitial 
connective tissue. T um or cells m ay  e ither secrete p ro teo 
lytic enzym es them selves or induce  strom al cells (e.g., 
fibrob lasts a n d  in flam m atory  cells) to e laborate  p ro te 
ases. M ultip le  d iffe ren t p ro teases, such  as m atrix  m etal
lop ro te inases (M M Ps), ca thepsin  D, a n d  u rok inase

p lasm in o g en  activator, h av e  been  im p lica ted  in  tu m o r 
cell invasion . M M Ps regu la te  tu m o r invasion  n o t on ly  
by  rem ode ling  inso lub le  com ponen ts o f the b asem en t 
m em b ran e  a n d  in terstitia l m atrix  b u t also  by  re leasing  
E C M -sequestered  g ro w th  factors, w h ich  have  chem o- 
tactic, angiogenic, a n d  g ro w th -p ro m o tin g  effects. For 
exam ple, M M P-9 is a gela tinase  th a t cleaves type  IV

A  LOOSENING OF INTERCELLULAR JUNCTIONS

Cadherins Type IV Laminin Fibronectin Laminin Basement 
collagen receptor receptor membrane

Fig. 6.28 Sequence of events in the invasion of epithelial basement mem
branes by tumor cells. Tumor cells detach from each other because of 
reduced adhesiveness and attract inflammatory cells. Proteases secreted 
from tumor cells and inflammatory cells degrade the basement membrane. 
Binding of tumor cells to proteolytically generated binding sites and tumor 
cell migration follow.
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collagen of the ep ithelia l a n d  vascu lar b asem en t m em 
b ran e  an d  a lso  s tim ula tes release of VEGF from  ECM- 
sequestered  pools. B enign tu m o rs of the  breast, colon, 
a n d  s tom ach  show  little type  IV co llagenase activity , 
w h e reas  their m alig n an t co u n te rp a rts  overexpress th is 
enzym e. C oncurren tly , the  levels of m eta llop ro te inase  
inh ib ito rs are red u ced  so th a t the  balance is tilted  greatly  
to w ard  tissue deg rad a tio n . Indeed , overexpression  of 
M M Ps a n d  o ther p ro teases  has  been  rep o rted  for m any  
m alig n an t tum ors.

• Changes in attachment o f tumor cells to EC M  proteins. 
N o rm al ep ithelia l cells h av e  recep tors, such  as in tegrins, 
for basem en t m em b ran e  lam in in  a n d  collagens th a t are  
p o la rized  a t their basal surface; these recep to rs help  to 
m ain ta in  the  cells in  a resting , d ifferen tia ted  state. Loss 
of ad h esio n  in  n o rm al cells leads to  in d u c tio n  of ap o p 
tosis, w hile , n o t su rp rising ly , tu m o r cells are  resis tan t to 
th is  fo rm  of cell dea th . A dd itiona lly , the m atrix  itself is 
m od ified  in  w ays th a t p ro m o te  invasion  a n d  m etastasis. 
For exam ple, cleavage of the b asem en t m em brane  p ro 
teins, co llagen IV, a n d  lam in in  by M M P-2 o r M M P-9 
generates novel sites th a t b in d  to  recep to rs  o n  tu m o r 
cells a n d  s tim ula te  m igration .

• Locomotion is the final step  of invasion , p ro p e llin g  tu m o r 
cells th ro u g h  the  d eg ra d e d  b asem en t m em branes an d  
zones of m atrix  pro teo lysis. M igration  is a  com plex, m u l
tistep  p rocess th a t involves m an y  fam ilies o f recep to rs 
an d  signaling  p ro te in s  th a t even tua lly  im pinge  o n  the 
actin  cytoskeleton. Such m o v em en t seem s to  be p o ten ti
a ted  a n d  d irec ted  by tu m o r ce ll-d e riv ed  cytokines, such  
as au tocrine  m otility  factors. In  add ition , cleavage p ro d 
uc ts of m atrix  com ponen ts (e.g., collagen, lam inin) an d  
som e g ro w th  factors (e.g., insu lin -like g ro w th  factors I 
an d  II) have  chem otactic  activ ity  for tu m o r cells. S trom al 
cells also  p ro d u ce  parac rine  effectors o f cell m otility , 
such  as hepatocy te  g ro w th  fa c to r/sc a tte r  factor (H G F / 
SCF), w h ich  b in d s  to  recep to rs o n  tu m o r cells. C oncen
tra tions of H G F /S C F  are  e leva ted  a t the  ad v an c in g  
edges of the  h igh ly  invasive  b ra in  tu m o r g liob lastom a 
m ultifo rm e, su p p o rtin g  their ro le  in  m otility .

It also  has becom e clear th a t the strom al cells su rro u n d 
ing  tu m o r cells a re  n o t m erely  a static ba rrie r for tu m o r 
cells to traverse  b u t ra th e r constitu te  a variab le  env iron 
m en t in  w h ich  reciprocal signaling  be tw een  tu m o r cells 
an d  strom al cells such  as fib roblasts an d  im m u n e  cells 
enable m u ltip le  cancer ha llm arks (d iscussed  later). For 
exam ple, a va rie ty  of s tud ies  have  d em o n stra ted  th a t 
tum or-associa ted  fib roblasts exhib it a lte red  expression  of 
genes th a t encode ECM  m olecules, p ro teases, p ro tease  
inh ib ito rs, a n d  v ario u s g ro w th  factors, all of w h ich  can  
influence tu m o r invasion  a n d  ex travasation . The m ost suc
cessful tu m o rs m ay  be those  th a t can  co-opt the activities 
of strom al cells to  their o w n  nefarious pu rposes.

Vascular D issem ination and  H o m in g  o f  Tum or Cells

B ecause o f their in vasive  properties, tum or cells fre
quently  escape their sites o f origin  and enter the circu
lation. It is n o w  recogn ized  from  stud ies  of " liq u id  
b iopsies," b lood  sam ples taken  from  p a tien ts  w ith  solid 
tum ors, th a t m illions of tu m o r cells are  shed  daily  from  
even  sm all cancers; hence bo th  tu m o r cells an d
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tu m o r-d eriv ed  D N A  can  be de tected  in  circulation . M ost 
o f these tu m o r cells circu late  as single cells, w h ile  o thers  
fo rm  em boli by  ag g reg a tin g  a n d  a d h e rin g  to  c ircu la ting  
b lood  e lem ents, p a rticu la rly  p latelets.

G iven  the  ease w ith  w h ich  tu m o r cells access the circula
tion, it is a p p a re n t th a t the ab ility  o f cancers cells to  leave 
the  circu lation , invade , a n d  g row  to clinically  significant 
sizes a t o ther sites in  the b o d y  is (fo rtunate ly  for the patien t) 
h igh ly  inefficient.

Several factors seem  to lim it the m etasta tic  p o ten tia l of 
c ircu la ting  tu m o r cells. W hile in  the  c irculation , tu m o r cells 
a re  vu lnerab le  to  d estru c tio n  by  h o st im m u n e  cells (dis
cussed  later), a n d  the  p rocess o f ad h esio n  to n o rm al vas
cu la r beds a n d  invasion  of no rm al d is tan t tissues m ay  be 
m u ch  m ore  d ifficult th an  the escape of tu m o r cells from  the 
cancer. E ven  fo llow ing  ex travasation , tu m o r cells th a t have 
been  selected  for g ro w th  in  the o rig ina ting  tissue m ay  find  
it d ifficult to  g row  in  a second  site d u e  to  lack of critical 
strom al su p p o rt o r because of recogn ition  a n d  su p p ressio n  
by  res id en t im m u n e  cells. Indeed , the  concep t of tu m o r 
dorm ancy , re ferring  to  the  p ro lo n g ed  su rv iv a l o f m icrom e- 
tastases w ith o u t p rogression , is w ell described  in  m ela
n o m a a n d  in  b reast a n d  p ro s ta te  carcinom a. D orm ancy  of 
tu m o r cells a t d is ta n t sites m ay  w ell be the last defense 
ag a in st clinically  significant m etasta tic  d isease.

D esp ite  these lim iting  factors, if neg lected , v irtua lly  all 
m a lig n an t tu m o rs w ill even tua lly  p ro d u ce  m acroscopic 
m etastases. The site at w h ich  m etastases appear is  related  
to tw o factors: the anatom ic location  and vascular drain
age o f the primary tum or, and the tropism  o f particular 
tum ors for specific tissu es. As m en tio n ed  earlier, m ost 
m etastases occur in  the  first cap illary  bed  availab le to  the 
tum or, hence the frequency  o f m etastases to  liver a n d  lung . 
M any  observations, how ever, suggest th a t n a tu ra l p a th 
w ay s of d ra in ag e  d o  n o t w ho lly  exp lain  the d is trib u tio n  of 
m etastases. For exam ple, p rosta tic  carc inom a p referen 
tially  sp read s to  bone, b ronchogenic carcinom as ten d  to 
invo lve the ad ren a l g lan d s a n d  the  brain , a n d  neu rob las 
tom as sp read  to  the liver an d  bones. Such o rg an  tro p ism  
m ay  be re la ted  to  the fo llow ing  m echanism s:
• T um or cells m ay  have  ad h esio n  m olecu les w hose  

ligands a re  exp ressed  p referen tia lly  o n  the  endo the lia l 
cells of the  ta rge t o rgan.

• C hem okines m ay  h av e  a n  im p o rta n t ro le  in  d e te rm in ing  
the ta rg e t tissues for m etastasis. For instance, m any  
cancers express the chem okine recep to r CXCR4, w h ich  
has been  im p lica ted  in  the ex travasa tion  of c ircu la ting  
tu m o r cells o rig ina ting  from  tu m o rs such  as b reast 
cancer.

• In  som e cases, the  ta rge t tissue m ay  be a nonperm issive  
env ironm en t, "u n favo rab le  soil," so to  speak, for the 
g ro w th  of tu m o r seedlings. For exam ple, a lth o u g h  they 
are  w ell vascu larized , skeletal m uscle a n d  sp leen  are  
rare ly  sites of m etastasis.

It m u s t be ad m itted , how ever, th a t a lth o u g h  p a rticu la r 
tum ors "p re fe r"  ce rta in  m etasta tic  sites, the  precise  local
iza tion  of m etastases can n o t be p red ic ted  in  in d iv id u a l 
pa tien ts  w ith  any  fo rm  of cancer. E vidently , m u ch  to  the 
d ism ay  of m ed ical s tuden ts , m an y  tu m o rs have  n o t read  
the re levan t ch ap te rs  o f p a tho logy  textbooks! A lth o u g h  the 
m olecu lar m echan ism s of co lon iza tion  are  still being
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u nrave led , a  consisten t them e seem s to  be th a t tu m o r cells 
secrete cytokines, g ro w th  factors, a n d  p ro teases th a t act on  
the res id en t strom al cells, w h ich  in  tu rn  m ake  the  m eta 
static site hab itab le  for the cancer cell. W ith  a be tte r m olec
u la r u n d e rs ta n d in g  of the m echan ism s of m etastasis, the 
clin ic ian 's ab ility  to ta rge t th em  therapeu tica lly  w ill be 
greatly  enhanced .

Metastasis

O f cen tra l im portance  in  oncology is the question , w h y  do  
on ly  som e tu m o rs m etastasize? It is sobering  to  realize  th a t 
sa tisfy ing  answ ers  are still lacking. Som e varia tio n  in  
m etastasis  clearly  re la tes to  in h e ren t differences in  the 
b ehav io r of p a rticu la r tum ors; for exam ple, sm all cell car
cinom a of the lu n g  v irtua lly  a lw ays m etastasizes to  d is tan t 
sites, w h ereas w ith  som e tum ors, such  as basal cell carci
nom a, m etastasis  is the exception  ra th e r  th a n  the ru le . In  
general, large  tu m o rs are  m ore  likely to  m etastasize  than  
sm all tum ors, p resu m ab ly  because (all o th e r th ings being  
equal) large  tu m o rs w ill have  been  p re se n t in  the  p a tien t 
for longer p e rio d s  of tim e, p ro v id in g  ad d itio n a l chances 
for m etastasis  to  occur. H ow ever, tu m o r size a n d  type 
canno t ad eq u a te ly  exp la in  the b ehav io r o f in d iv id u a l 
cancers, a n d  it is still o p en  to  q u estio n  w h e th e r  m etastasis  
is m erely  probabilistic  (a m a tte r o f chance m u ltip lied  by 
tu m o r cell n u m b er a n d  tim e) or reflects in h e ren t differ
ences in  m etasta tic  p o ten tia l from  tu m o r to  tu m o r (a de ter
m inistic  m odel).

The de term in istic  m odel p ro p o ses th a t m etastasis  is 
inev itab le  w ith  certa in  tu m o rs because the tu m o r harb o rs  
cells w ith  a specific m etasta tic  p h eno type . As d iscussed  
earlier, as tu m o r cells g row  they ran d o m ly  accum ulate  
m u ta tions, crea ting  subclones w ith  d istinc t com binations 
of m u ta tions. O ne possib ility  is th a t on ly  ra re  tu m o r cells 
accum ulate  all of the m u ta tio n s necessary  for m etastasis, 
a n d  th a t th is accoun ts for the  inefficiency of the  process. 
H ow ever, iden tification  of m etastasis-specific m u ta tio n s 
an d  m etastasis-specific p a tte rn s  of gene expression  has 
p ro v en  to  be difficult. A n  a lte rna tive  id ea  is th a t som e 
tum ors acquire  all o f the m u ta tio n s n eed ed  for m etastasis  
early  in  the ir developm en t, an d  th a t these a re  the tum ors 
th a t a re  fa ted  to be "b a d  actors." M etastasis, accord ing  to 
th is v iew , is n o t d e p e n d e n t o n  the  stochastic g enera tion  of 
m etasta tic  subclones d u rin g  tu m o r p rogression , b u t is an  
in trinsic  p ro p e rty  of the tu m o r th a t develops early  on  
d u rin g  carcinogenesis. These m echan ism s are n o t m u tu a lly  
exclusive, a n d  it cou ld  be th a t aggressive  tu m o rs acquire  a 
m etastasis-perm issive  gene expression  p a tte rn  early  in  
tum origenesis, y e t also  req u ire  som e ad d itio n a l ra n d o m  
m u ta tio n s  to  com plete  the m etasta tic  phen o ty p e . N or can 
all b lam e be p laced  o n  tu m o r cells: as m en tio n ed  earlier, 
there  is ev idence th a t the m ak eu p  of the  strom a, the  p res 
ence of in filtra ting  im m u n e  cells, a n d  the  degree  and  
q ua lity  o f ang iogenesis also  influence m etastasis.

A n o th er o p en  q u estio n  is w h e th e r  there  are genes w hose  
p rinc ipa l o r sole con trib u tio n  is to  contro l p ro g ram s of 
gene exp ression  th a t p ro m o te  m etastasis. This q u estio n  is 
of m ore  th a n  academ ic in terest, because if a lte red  fo rm s of 
certa in  genes p ro m o te  or su p p ress  the  m etasta tic  p h en o 
type, the ir de tec tion  in  a  p rim ary  tu m o r w o u ld  have  bo th  
p rognostic  a n d  the rapeu tic  im plications. A m ong  cand i
dates for such  m etastasis  oncogenes are  those  encod ing

SNAIL a n d  TWIST, transc rip tion  factors w h o se  p rim ary  
function  is to  p ro m o te  ep ithelia l-to -m esenchym al transi
tion  (EMT). In  EMT, carcinom a cells d o w n reg u la te  certa in  
ep ithe lia l m arkers  (e.g., E -cadherin) a n d  u p reg u la te  certa in  
m esenchym al m arkers  (e.g., v im en tin , sm oo th  m uscle 
actin). These m olecu lar changes are accom pan ied  by  p he 
no typ ic  a lte ra tions such  as m orpho log ic  change from  
po lygonal ep ithe lio id  cell shape  to  a sp in d ly  m esenchym al 
shape, a long  w ith  increased  p ro d u c tio n  of p ro teo ly tic  
enzym es th a t p ro m o te  m ig ra tion  an d  invasion. These 
changes are believed  to  favor the d ev e lo p m en t of a  p ro m i
g ra to ry  p h en o ty p e  th a t is essen tia l for m etastasis. Loss of 
E -cadherin  exp ression  seem s to  be a  key ev en t in  EMT, an d  
SNAIL a n d  TW IST are  transcrip tiona l rep resso rs  th a t 
d o w n reg u la te  E -cadherin  expression. H o w  expression  of 
these m aste r reg u la to r tran sc rip tio n  factors is stim u la ted  in  
tu m o rs is n o t clear; how ever, experim en ta l m odels suggest 
th a t in teractions of tu m o r cells w ith  strom al cells are a key 
s tim u lu s for th is change. T hus, acqu isition  of a  m etasta tic  
p h en o ty p e  m ay  n o t requ ire  a set of m u ta tio n s  b u t m ay  be 
an  em erg en t p ro p e rty  a ris in g  from  the  in te rac tions of 
tu m o r cells an d  strom a.

Ä S U M M A R Y

I N V A S I O N  A N D  M E T A S T A S IS

• Ability to invade tissues, a hallmark of malignancy, occurs in 
four steps: loosening of cell-cell contacts, degradation of ECM, 
attachment to novel ECM components, and migration of tumor 
cells.

• Cell-cell contacts are lost by the inactivation of E-cadherin 
through a variety of pathways.

• Basement membrane and interstitial matrix degradation is 
mediated by proteolytic enzymes secreted by tumor cells and 
stromal cells, such as MMPs and cathepsins.

• Proteolytic enzymes also release growth factors sequestered 
in the ECM and generate chemotactic and angiogenic frag
ments from cleavage of ECM glycoproteins.

• The metastatic site of many tumors can be predicted by the 
location of the primary tumor. Many tumors arrest in the first 
capillary bed they encounter (lung and liver, most 
commonly).

• Some tumors show organ tropism, probably due to activation 
of adhesion or chemokine receptors whose ligands are 
expressed by endothelial cells at the metastatic site.

Evasion of Immune Surveillance

Long one o f the "holy grails" o f oncology, the prom ise of 
therapies that enable the h ost im m une system  to recog
n ize  and destroy cancer cells is  finally  com ing to fruition, 
largely due to a clearer understanding o f the m echanism s  
b y  w h ich  cancer cells evade the host response. P au l 
E hrlich  first conceived the id ea  th a t tu m o r cells can  be 
recogn ized  as "fo re ign" a n d  e lim inated  by the  im m u n e  
system . S ubsequently , Lew is T hom as a n d  M acfarlane 
B urnet fo rm alized  th is concep t by  co in ing  the te rm  im m une  
surveillance, based  o n  the p rem ise  th a t a  no rm al function  of 
the im m u n e  system  is to  constan tly  "scan" the bo d y  for 
em erg ing  m alig n an t cells a n d  destroy  them . This idea  has
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been  su p p o rte d  by  m an y  o b se rv a tio n s—the d irec t dem on 
stra tion  of tum or-specific  T cells a n d  an tibod ies in  patien ts; 
da ta  show ing  th a t the  ex ten t a n d  quality  of im m u n e  infil
tra tes in  cancers o ften  corre la tes w ith  outcom e; the 
increased  incidence of certa in  cancers in  im m unodefic ien t 
peop le  a n d  mice; a n d  m ost recen tly  a n d  m ost d irectly , the 
d ram atic  success of im m u n o th e rap y  in  the  trea tm en t of 
several cancers.

The specific factors th a t govern  the ou tcom e of in terac
tions be tw een  tu m o r cells an d  the  ho st im m u n e  system  are  
n u m ero u s  a n d  are  still being  defined . In  the  face of th is 
com plexity , it is he lp fu l to  consider a few  overarch ing  
princip les:
• C ancer cells express a varie ty  of an tigens th a t stim ula te  

the h o st im m u n e  system , w h ich  a p p ea rs  to have  an  
im p o rta n t role in  p rev en tin g  the  em ergence of cancers.

• D esp ite  the  an tigen ic ity  of cancer cells, the im m u n e  
response  to  estab lished  tu m o rs is ineffective, a n d  in  
som e instances m ay  actually  p ro m o te  cancer g row th , 
d u e  to  acqu ired  changes th a t allow  cancer cells to  evade  
an ti-tu m o r responses a n d  foster p ro -tu m o r responses.

• D efin ing  m echan ism s of im m u n e  evasion  a n d  "im m uno- 
m an ip u la tio n "  by cancer cells has  led  to  effective new  
im m u n o th e rap ie s  th a t w o rk  by  reac tiva ting  la ten t ho st 
im m u n e  responses.

T u m o r  A n tig e n s .  A s w e  have  d iscussed , cancer is a d isor
d e r  th a t is caused  by d riv e r m u ta tio n s  in  oncogenes an d  
tu m o r su p p resso r genes, w h ich  in  m o st instances are  
acq u ired  ra th e r th an  inherited . In  a d d itio n  to  pathogen ic  
d riv e r m u ta tions, cancers, d u e  to  their in h e ren t genetic 
instab ility , also  accum ula te  passenger m u ta tions. These 
m ay  be p a rticu la rly  a b u n d a n t in  cancers th a t a re caused  by 
m u tag en ic  exposu res (e.g., sun ligh t, sm oking). A ll o f these 
varied  m u ta tio n s  m ay  genera te  new  p ro te in  sequences 
(neoantigens) th a t the  im m u n e  system  has n o t seen an d  
therefore  is n o t to le ran t of a n d  can  react to.

In  som e instances, u n m u ta te d  p ro te in s  exp ressed  by 
tu m o r cells also  can  stim u la te  the h o st im m u n e  response.
• O ne  such  an tig en  is tyrosinase, an  enzym e invo lved  in  

m elan in  b iosyn thesis  th a t is expressed  on ly  in  no rm al 
m elanocy tes a n d  m elanom as. It m ay  be su rp ris in g  th a t 
the  im m u n e  system  is able to  re sp o n d  to  th is no rm al 
self-antigen. The p robab le  exp lanation  is th a t ty rosinase  
is no rm ally  p ro d u c e d  in  such  sm all am o u n ts  a n d  in  so 
few  n o rm al cells th a t it is n o t recogn ized  by the  im m u n e  
system  a n d  fails to  induce  tolerance.

• A n o th er g ro u p  of tu m o r an tigens, the  cancer-testis anti
gens, a re  encoded  by genes th a t a re  silen t in  all a d u lt 
tissues except germ  cells in  the  te s tis—hence the ir nam e. 
A lth o u g h  the p ro te in  is p re sen t in  the  testis it is no t 
exp ressed  on  the  cell surface in  a fo rm  th a t can  be rec
o gn ized  by C D 8 + T cells, because sp e rm  d o  n o t express 
M H C  class I m olecules. T hus, for all p ractical p u rp o ses  
these an tig en s are  tu m o r specific a n d  are therefore 
capab le  of s tim u la tin g  an ti- tu m o r im m u n e  responses.

A n  ad d itio n a l im p o rta n t class of tu m o r an tigens consists 
of viral p ro te in s  th a t a re  expressed  in  cancer cells trans
fo rm ed  by oncogenic viruses. The m ost p o ten t of these an ti
gens are p ro te in s  p ro d u ced  by  cells th a t are  la ten tly  infected
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w ith  D N A  v iruses, the m o st im p o rtan t o f w h ich  are  h u m an  
p ap illo m a v iru s  (HPV) a n d  E pstein-B arr v iru s  (EBV). There 
is a b u n d a n t ev idence th a t cytotoxic T lym phocy tes (CTLs) 
recognize  v ira l an tigens an d  p lay  im p o rta n t ro les in  surveil
lance ag a in st v iru s-induced  tu m o rs th ro u g h  their ab ility  to 
recognize a n d  kill v irus-infected  cells. M ost no tab ly , m u l
tip le cancers associated  w ith  oncogenic viruses, in c lu d in g  
H PV -associated  cervical carc inom a a n d  EBV -related B cell 
lym phom as, occur a t significantly  h igher ra tes  in  in d iv id u 
als w ith  defective T cell im m un ity , such  as p a tien ts  infected  
w ith  HIV.

E ffe c tiv e  Im m u n e  R e sp o n se s  to  T u m o r  A n tig e n s .  A ssum 
in g  th a t the im m u n e  system  is no rm ally  capable of elim i
n a tin g  em erg ing  cancers, w e  m ay  ask, w h a t a re  the key 
com ponen ts  o f an  effective ho st im m u n e  response? It 
a p p ea rs  likely th a t im m u n e  reactions to  cancers a re  in iti
a ted  by the  d e a th  of in d iv id u a l cancer cells, w h ich  occurs 
a t som e frequency  in  all cancers d u e  to  dysreg u la ted  
g row th , m etabolic  stresses, a n d  hypox ia  d u e  to  insufficient 
b lood  supp ly . W hen  tu m o r cells die they  release "d a n g e r 
signals" (dam age associa ted  m o lecu lar pa tte rn s, see 
C h ap te r 5) th a t stim ula te  inna te  im m u n e  cells, inc lud ing  
re s id en t phagocy tes a n d  an tig en  p re sen tin g  cells. It is 
believed  th a t som e of the d ead  cells a re  p hagocy tosed  by 
d en d ritic  cells, w h ich  m ig ra te  to d ra in in g  ly m p h  nodes 
a n d  p re sen t tu m o r n eoan tigens in  the  context o f M H C  class 
I m olecules, a p rocess te rm ed  cross-p resen ta tion . The d is
p lay ed  tu m o r an tigens are recogn ized  by antigen-specific 
C D 8 + T cells, w h ich  becom e activated , pro lifera te , differ
en tia te  in to  active CTLs, a n d  hom e to the site o f the tum or, 
w h ere  they  recognize an d  kill tu m o r cells p re sen tin g  neo
an tig en s in  the contex t of their o w n  M H C  class I m olecules 
(Fig. 6.29). IFN -y-producing T he lp er cells of the Th1 subset, 
w h ich  m ay  be in d u ced  by  recogn ition  of tu m o r an tigens, 
can  activate  m acrophages a n d  a lso  con tribu te  to  the 
d estru c tio n  of tum ors.

A s w ill be d iscussed  shortly , som e the  s trongest evi
dence for the im portance  of CTL responses in  im m u n o su r- 
veillance stem s from  the  charac teriza tion  of estab lished  
h u m a n  cancers, w h ich  o ften  fea tu re  acq u ired  m u ta tio n s 
th a t p rev en t CTLs from  recogn iz ing  tu m o r cells as 
"fo re ign" . It also  has been  n o ted  in  large  s tud ies  o f a w ide  
varie ty  of h u m a n  tu m o rs th a t h ig h  levels of in filtra ting  
CTLs a n d  Th1 cells correlate  w ith  be tte r clinical ou tcom es. 
W hile  o ther cell types such  as n a tu ra l killer cells also  have  
been  im p lica ted  in  an ti- tu m o r responses, the  q ua lity  and  
s tren g th  of CTL responses are  believed  to  be of p reem in en t 
im portance.

Im m u n e  E v a s io n  b y  C ancers. Since the  im m u n e  system  
is capable of recogn iz ing  a n d  e lim inating  nascen t cancers, 
it fo llow s th a t tu m o rs th a t reach  clinically significant sizes 
m u s t be com posed  of cells th a t are  e ithe r inv isib le  to  the 
ho st im m u n e  system  or th a t express factors th a t actively 
su p p ress  ho st im m unity . The te rm  cancer immunoediting  
has been  u sed  to  describe the ab ility  o f the im m u n e  system  
to p ro m o te  the  d a rw in ian  selection  of the  tu m o r subclones 
th a t a re  m o st able to  av o id  h o st im m u n ity  or even  m a n ip u 
late  the im m u n e  system  for their o w n  m alig n an t p u rp o ses. 
Since CTL responses ap p e a r to  be the m ost im p o rtan t 
defense th a t the h o st h as  aga in st tum ors, it sh o u ld  com e as
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Fig. 6.29 Cross-presentation of tumor antigens and induction of CD 8 + 
cytotoxic T cell antitumor response. ( M o d i f ie d  f r o m  A b b a s  A K ,  L ic h tm a n  A H ,  
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no  su rp rise  th a t tu m o r cells show  a varie ty  of a lte ra tions 
th a t ab rogate  CTL responses. These inc lude  acq u ired  m u ta 
tions in  p 2 -m icrog lobu lin  th a t p re v e n t the assem bly  of 
functional M H C  class I m olecules, a n d  increased  expres
sion of a v arie ty  of p ro te in s  th a t in h ib it CTL function . 
These p ro te in s  w o rk  by  ac tiva ting  w h a t is re ferred  to  as 
im m une checkpoints, inh ib ito ry  p a th w ay s  th a t no rm ally  are  
crucial for m a in ta in in g  self-tolerance a n d  con tro lling  the 
size an d  d u ra tio n  of im m u n e  responses so as to  m in im ize 
collateral tissue dam age.

O ne of the best-characterized  im m u n e  checkpoin ts 
involves a  p ro te in  called PD-L1 (p ro g ram m ed  cell dea th  
ligand  1 ), w h ich  is o ften  expressed  o n  the surface of tu m o r 
cells (F igure 6.30). W hen  PD-L1 engages its recep tor, PD-1, 
on  CTLs, the CTLs becom e u n resp o n siv e  a n d  lose their 
ab ility  to  kill tu m o r cells. E xperim en tal s tud ies  have  iden ti
fied several o th e r im m u n e  checkpo in t p a th w ay s, invo lv ing  
d ifferen t ligands a n d  recep tors, w h ich  also  have  been  
im p licated  in  im m u n o ev asio n  by tum ors. O f these, the best 
charac terized  involves CTLA4, an o th er recep to r expressed  
on  T cells th a t inh ib its  T cell function.

The discovery o f checkpoints that shut o ff anti-tum or 
im m unity  has led  to the d evelop m en t o f antibod ies that

b lock  these checkpoints and release the brakes on  the  
im m une resp on se . C u rren t checkpo in t b lockade therap ies 
h av e  resu lted  in  response  ra tes  of 10-30% in  a varie ty  of 
solid  tu m o rs (m elanom a, lu n g  cancer, b lad d e r cancer, an d  
others), an d  even  h ig h er ra tes in  som e hem ato log ic  m alig 
nancies such  as H o d g k in  ly m p h o m a (C hap ter 12). Because 
these checkpo in ts evo lved  to  p re v e n t responses to  self an ti
gens (C hap ter 5), it is n o t su rp ris in g  th a t p a tien ts  trea ted  
w ith  checkpo in t b lockade th e rap y  develop  v ario u s au to 
im m u n e  m an ifesta tions, such  as colitis a n d  o ther types of 
system ic in flam m ation . M ost o f these reactions can  be con
tro lled  w ith  an ti-in flam m ato ry  agents.

The rem arkab le  response  of ad v an ced  cancers to 
im m u n e  checkpo in t inh ib ito rs has  en erg ized  o ther w o rk  
focused o n  harn essin g  the im m u n e  system  to com bat 
cancer. These inc lude  efforts to  develop  personalized  
tu m o r vaccines u sin g  n eoan tigens iden tified  in  the  tum ors 
of in d iv id u a l pa tien ts, as w ell as new  k in d s  of ad o p tiv e  
im m u n o th erap y . The m ost ad v an ced  of the la tte r are  
p a tien t-d e riv ed  CTLs th a t are eng ineered  to  express chim e
ric an tig en  recep to rs (CARs). CARs have  ex tracellu lar 
d om ains consisting  of an tibod ies  th a t b in d  tu m o r an tigens 
an d  in trace llu la r d om ains th a t de livered  signals th a t acti
va te  CTLs fo llow ing  the ir en g ag em en t w ith  an tig en  on  the 
surface of tu m o r cells. CAR T cells a re  p o te n t k illers of 
tu m o r cells a n d  h av e  p ro d u c e d  long -te rm  rem issions in  
pa tien ts  w ith  certa in  leukem ias, such  as B cell acu te  lym 
phoblastic  leukem ia  (C hap ter 12). H ow ever, CA R T cells 
also  are associa ted  w ith  serious com plications re la ted  to 
cy tokines re leased  from  the activa ted  CTLs, a n d  it rem ains 
to be seen if they  w ill becom e a ro u tin e  p a r t  of cancer 
treatm en t.

B eyond com plications of im m u n o th erap y , it also  shou ld  
be recogn ized  th a t the h o st im m u n e  response  to  tu m o rs is 
n o t a n  u n a lloyed  blessing. For exam ple, tu m o rs release 
incom plete ly  charac terized  factors th a t a lte r the function  of 
certa in  im m u n e  cells, such  as m acrophages an d  Th2 lym 
phocytes, in  a fash ion  th a t is suspec ted  of p ro m o tin g  ang io 
genesis, tissue fibrosis, a n d  the accum ula tion  of a lte rnatively  
ac tivated  (M2) m acrophages, w h ich  y o u  w ill recall from  
C h ap te r 5 a re  associa ted  w ith  su p p ressio n  of the im m u n e  
response  d u rin g  w o u n d  healing . These types of responses 
m ay  p ro m o te  tu m o r g row th , the converse  of w h a t one 
w o u ld  expect from  a p ro tective  an ti- tu m o r im m une 
response.

To sum m arize , w h ile  the fu tu re  a p p ea rs  very  b rig h t for 
cancer im m u n o th erap y , im p o rta n t h u rd le s  rem ain  to  be 
cleared. A t p resen t, response  a n d  resistance to  im m u n e  
checkpo in t inh ib ito rs are  unp red ic tab le , a n d  new  b iom ark 
ers are n eed ed  to  be tte r tailo r therap ies for in d iv id u a l 
patien ts. This w ill en ta il the  d ev e lo p m en t o f new  d iagnos
tic tests to  gauge  bo th  the h o st im m u n e  response  an d  the 
likely m eans of im m u n e  evasion  in  in d iv id u a l cancers. 
There is reason  to  believe th a t im m u n e  checkpo in t inh ib i
to rs m ay  be m ore effective if g iven  before the p a tien t 
receives chem otherapy  (w hich  is im m u n o su p p ressiv e ) o r 
in  com bination  w ith  certa in  ta rg e ted  the rap ies  d irected  
aga in st tu m o r cells, an d  m any  w ell-designed  clinical trials 
w ill need  to  be co nducted  before these questions are 
answ ered . C u rren tly  availab le  im m u n o th erap ies  are  effec
tive in  som e cancers b u t n o t o thers. T hus, there  is a need  
for d ev e lo p m en t o f safe ad ap tiv e  the rap ies  th a t are
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effective in  a w id e  varie ty  of cancers. W ith  all of these 
caveats, it seem s certa in  th a t the field of oncology is on  the 
th resh o ld  of transfo rm ative  the rapeu tic  advances, all m ade  
possib le by  carefu l s tu d y  of the  n o rm al im m u n e  response  
an d  its m y riad  v aria tions in  cancers.

f t  S U M M A R Y

E V A S I O N  O F  I M M U N E  S U R V E IL L A N C E

• Tumor cells can be recognized by the immune system as non
self and destroyed.

• Antitumor activity is mediated by predominantly cell-mediated 
mechanisms. Tumor antigens are presented on the cell surface 
by MHC class I molecules and are recognized by CD8+ CTLs.

• The different classes of tumor antigens include products of 
mutated genes, overexpressed or aberrantly expressed pro
teins, and tumor antigens produced by oncogenic viruses.

• Immunosuppressed patients have an increased risk for devel
opment of cancer, particularly types caused by oncogenic DNA 
viruses.

• In immunocompetent patients, tumors may avoid the immune 
system by several mechanisms, including selective outgrowth 
of antigen-negative variants, loss or reduced expression of 
histocompatibility molecules, and immunosuppression medi
ated by expression of certain factors (e.g., TGF-P, PD-1 ligands) 
by the tumor cells.

• Antibodies that overcome some of these mechanisms of 
immune evasion are now approved for treatment of patients 
with advanced forms of cancer.

G enom ic Instability as an E nab ler o f  M a lig n ancy

The p reced ing  section  iden tified  the  e igh t defin ing  fea tu res 
of m alignancy , all of w h ich  a p p e a r to  be p ro d u c e d  by 
genetic  a lte ra tions invo lv ing  cancer genes. H ow  do  these 
m u ta tio n s  arise? A lth o u g h  h u m a n s  are aw ash  in  env iron 
m en ta l agen ts th a t a re  m u tagen ic  (e.g., chem icals, rad ia 
tion, sun ligh t), cancers a re  re la tively  ra re  ou tcom es of these 
encoun ters. This state of affairs resu lts  from  the ab ility  of 
n o rm a l cells to  sense a n d  rep a ir  D N A  dam age.

The im portance  of D N A  rep a ir in  m a in ta in in g  the  in teg 
rity  of the genom e is h ig h lig h ted  by  several in h erited  d is
o rd e rs  in  w h ich  genes th a t encode p ro te in s  invo lved  in  
D N A  rep a ir  a re  defective. In d iv id u als born w ith  inher
ited  defects in  D N A  repair gen es are at greatly increased  
risk  for the d evelop m en t o f cancer. D efects in  th ree  types 
of D N A  rep a ir  sy s tem s—m ism atch  repair, nuc leo tide  exci
sion  repair, a n d  recom bination  re p a ir—are  p re sen ted  next. 
W hile these d iscussions focus o n  in h erited  syndrom es, a 
p o in t w o rth y  of em p h asis  is tha t spo rad ic  cancers often  
incu r m u ta tio n s in  D N A  rep a ir  genes as w ell; th is in  tu rn  
enab les the accum ula tion  o f m u ta tio n s in  cancer genes tha t 
con tribu te  d irectly  to  d eve lopm en t o f cancer.
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H e re d ita ry  Nonpolyposis Colon 

C ancer Syndrom e

H ereditary n on p o lyp osis co lon  carcinom a (HNPCC) syn
drom e dram atically illustrates the role o f D N A  repair 
gen es in  p red isp osition  to cancer. This d iso rder, charac
te rized  by fam ilial carcinom as of the colon affecting  p re 
d o m in an tly  the cecum  a n d  p rox im al colon (C hap ter 14), 
re su lts  from  defects in  genes in vo lved  in  D N A  m ism atch  
repa ir. W h en  a s tran d  of D N A  is be ing  rep a ired , the p ro d 
uc ts of m ism atch  rep a ir  genes act as "sp e ll checkers." For 
exam ple, if there  is an  e rro n eo u s p a irin g  of G  w ith  T, 
ra th e r th a n  the  n o rm al A  w ith  T, the  m ism atch  rep a ir 
genes correct the  defect. W ith o u t these  "p ro o fread ers ,"  
e rro rs  accum ula te  a t a n  increased  rate. M u ta tions in  a t 
least fou r m ism atch  rep a ir  genes have  been  fo u n d  to  
u n d e rlie  H N P C C  (C hap ter 15). Each affected in d iv id u a l 
inherits  one defective copy  of one of several D N A  m is
m atch  rep a ir  genes a n d  acqu ires the  second  "h it"  in  colonic 
ep ithelia l cells. Thus, D N A  rep a ir genes affect cell g ro w th  
on ly  ind irec tly  — by  a llow ing  m u ta tio n s  in  o ther genes 
d u rin g  the  p rocess o f n o rm al cell d iv ision . A  characteristic  
f ind ing  in  the genom e of p a tien ts  w ith  m ism atch  rep a ir 
defects is microsatellite instability (MSI). M icrosatellites are  
ta n d e m  rep ea ts  o f one to  six nucleo tides fo u n d  th ro u g h o u t 
the  genom e (C hap ter 1). In  n o rm al people , the  leng th  of 
these m icrosate llites rem ains constan t. By con trast, in  
p a tien ts  w ith  H N PC C , these  satellites a re  un stab le  an d  
increase or decrease in  leng th . A lth o u g h  H N P C C  accounts 
for on ly  2% to 4% of all colonic cancers, MSI can  be 
de tec ted  in  ab o u t 15% of sporad ic  cancers d u e  to  acqu ired  
m u ta tio n s  th a t d is ru p t the  function  of m ism atch  rep a ir 
genes.

X e ro d e rm a  Pigm entosum

Xeroderm a p igm en tosu m  is an autosom al recessive d is
order caused by a defect in  D N A  repair that is  associated  
w ith  a greatly increased risk for cancers arising in  sun- 
exp osed  skin . U ltrav io le t (UV) ray s in  su n lig h t cause 
cross-link ing  of p y rim id in e  residues, p rev en tin g  no rm al 
D N A  rep lication . Such D N A  dam age  is rep a ired  by the  
nucleo tide  excision rep a ir  system . Several p ro te in s  are  
invo lved  in  nucleo tide  excision repa ir, a n d  the  inherited  
loss of any  one of these can  give rise to  x eroderm a 
p igm en tosum .

Diseases W ith  D efects in D N A  R epair by 

Hom ologous Recom bination

A g ro u p  of au to so m al recessive d iso rd ers  com prising  
Bloom syndrome, ataxia-telangiectasia, an d  Fanconi anemia is 
charac terized  by h ypersensitiv ity  to  D N A -dam aging  
agents, such  as ion iz ing  rad ia tio n  (in B loom  synd rom e an d  
atax ia-telangiectasia), o r to  D N A  cross-link ing  agents, such  
as n itro g en  m u sta rd  (in  Fanconi anem ia). Their p h en o ty p e  
is com plex  a n d  includes, in  a d d itio n  to  p red isp o sitio n  to  
cancer, fea tu res such  as n e u ra l sym ptom s (in  ataxia- 
telangiectasia), anem ia  (in Fanconi anem ia), a n d  develop 
m en ta l defects (in  Bloom  syndrom e). The gene m u ta te d  in  
atax ia-telangiectasia  is ATM , w h ich  encodes a p ro te in  
k inase  th a t is im p o rtan t in  "sensing" D N A  dam ag e  caused  
by  ion iz ing  rad ia tio n  a n d  th en  d irec ting  p53 to  in itia te  the 
D N A  dam age response, as described  earlier.

E vidence for the  ro le  of D N A  rep a ir genes in  the  orig in  
of cancer also  com es from  the  s tu d y  of h e red ita ry  b reast 
cancer. G erm  lin e m utations in  tw o gen es, BRCA1  and  
BRC A2, account for 50% o f cases o f fam ilia l breast cancer. 
In addition  to breast cancer, w om en  w ith  BRC A1  m uta
tion s have a substantia lly  h igher risk  for d evelop in g  ep i
th elia l ovarian cancers, and m en  have a sligh tly  higher  
risk for d evelop in g  prostate cancer. Likew ise, g erm  line 
m u ta tio n s in  the BRCA2 gene increase the risk  for develop 
ing  b reast cancer in  bo th  m en  a n d  w om en , as w ell as 
cancers o rig ina ting  from  the  ovary , p rosta te , pancreas, bile 
ducts, stom ach, m elanocytes, a n d  B lym phocytes. A lthough  
the functions of BRCA1 a n d  BRCA2 have  n o t been  eluci
d a ted  fully, cells w ith  a defective version  of these  genes 
develop  ch rom osom al b reaks a n d  severe an eup lo idy . 
Indeed , b o th  genes seem  to  function , a t least in  pa rt, in  the 
hom ologous recom bination  D N A  rep a ir  p a th w ay . For 
exam ple, BRCA1 form s a com plex w ith  o ther p ro te in s  in  
the  hom ologous recom bination  p a th w ay  an d  also  is linked  
to the ATM  kinase  p a th w ay . BRCA2 w as iden tified  as one 
of several genes m u ta te d  in  Fanconi anem ia, a n d  the  
BRCA2 p ro te in  has  been  sh o w n  to  b in d  to  RAD51, a p ro te in  
req u ired  for hom ologous recom bination . Sim ilar to  o ther 
tu m o r su p p resso r genes, b o th  copies of BRCA1 a n d  BRCA2 
m u st be inac tiva ted  for cancer to develop . A lth o u g h  linkage 
of BRCA1 a n d  BRCA2 to  fam ilial b reast cancers is w ell 
estab lished , these  genes are  ra re ly  inac tiva ted  in  sporad ic  
cases of b reas t cancer. In  th is regard , BRCA1 a n d  BRCA2 
are  d ifferen t from  o ther tu m o r su p p resso r genes, such  as 
APC a n d  TP53, w h ich  are frequen tly  inac tiva ted  in  spo 
rad ic  cancers.

C ancers Resulting From M u ta tio n s  Induced by R egulated  

G enom ic Instability: Lym phoid N eop lasm s

A  special type o f D N A  dam age plays a central role in  the  
p ath ogen esis o f tum ors o f B cells and T lym phocytes. As
d iscussed  earlier, ad ap tiv e  im m u n ity  relies o n  the  ability  
of B cells a n d  T  cells to  d iversify  the ir an tig en  recep to r 
genes. Im m atu re  B cells a n d  T  p ro g en ito rs  b o th  express a 
p a ir  of gene p ro d u c ts , RAG1 a n d  RAG2, th a t carry  o u t 
V(D)J segm ent recom bination , p e rm ittin g  the assem bly  of 
functional im m u n o g lo b u lin  a n d  T-cell recep to r genes. In  
add ition , after enco u n te rin g  an tigen , m a tu re  B cells express 
a  specia lized  enzym e called  activation-induced cytosine 
deaminase (AID), w h ich  catalyzes bo th  im m unog lobu lin  
gene class sw itch  recom bination  a n d  im m un o g lo b u lin  
d iversification  th ro u g h  som atic h y p erm u ta tio n . E rrors th a t 
occur d u rin g  an tig en  recep to r gene assem bly  an d  im m u 
n o g lobu lin  gene class sw itch ing  a n d  diversification  p ro v id e  
fertile soil for m an y  of the  m u ta tio n s th a t cause ly m pho id  
neop lasm s, d iscussed  in  de ta il in  C h ap te r 12.

A  S U M M A R Y

G E N O M I C  I N S T A B I L IT Y  A S  A N  E N A B L E R  O F  

M A L I G N A N C Y

• Individuals with inherited mutations of genes involved in DNA 
repair systems are at greatly increased risk for the develop
ment of cancer.
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• Patients with HNPCC syndrome have defects in the mismatch 
repair system, leading to development of carcinomas of the 
colon. These patients’ genomes show microsatellite instability 
(MSI), characterized by changes in length of short tandem 
repeating sequences throughout the genome.

• Patients with xeroderma pigmentosum have a defect in the 
nucleotide excision repair pathway. They are at increased risk 
for the development of skin cancers in sites exposed to sun
light because of an inability to repair pyrimidine dimers induced 
by UV light.

• Syndromes involving defects in the homologous recombination 
DNA repair system constitute a group of disorders—Bloom 
syndrome, ataxia-telangiectasia, and Fanconi anemia—that are 
characterized by hypersensitivity to DNA-damaging agents, 
such as ionizing radiation. BRCAI and BRCA2, which are 
mutated in familial breast cancers, also are involved in homolo
gous DNA repair.

• Mutations incurred in lymphocytes expressing gene products 
that induce genomic instability (RAGI, RAG2, AID) are impor
tant in the pathogenesis of lymphoid neoplasms.

Tumor-Promoting Inflammation as an Enabler 
of Malignancy * •

In filtra ting  cancers p rovoke  a chronic in flam m atory  reac
tion. In  pa tien ts  w ith  ad v an ced  cancers, th is  in flam m atory  
reaction  can  be so extensive as to  cause system ic signs an d  
sym ptom s, such  as anem ia  (the so-called "an em ia  of 
chronic d isease"), fatigue, a n d  cachexia. H ow ever, s tud ies 
carried  o u t o n  cancers in  an im al m odels suggest th a t 
in flam m atory  cells also  m od ify  the  tu m o r m icroenv iron 
m en t to  enable m an y  of the  ha llm arks of cancer. These 
effects m ay  stem  from  d irec t in teractions be tw een  inflam 
m ato ry  cells an d  tu m o r cells, o r th ro u g h  ind irec t effects of 
in flam m atory  cells on  o ther res id en t strom al cells, p a rticu 
larly  cancer-associated  fib roblasts a n d  endo the lia l cells. 
P ro p o sed  cancer-enab ling  effects of in flam m atory  cells an d  
re s id en t strom al cells include the  follow ing:
• Release of factors that promote proliferation. In filtra ting  leu 

kocytes a n d  activa ted  strom al cells have been  show n  to 
secrete a  w id e  varie ty  of g ro w th  factors, such  as EGF, 
an d  p ro teases th a t can  liberate  g ro w th  factors from  the 
ex tracellu lar m atrix  (ECM).

• Removal of growth suppressors. A s m en tio n ed  earlier, 
the  g ro w th  of ep ithelia l cells is su p p ressed  by cell-cell 
a n d  cell-E C M  in teractions. P ro teases re leased  by 
in flam m atory  cells can  d eg rad e  the  ad h esio n  m olecules 
th a t m ed ia te  these in teractions, rem ov ing  a ba rrie r to 
g row th .

• Enhanced resistance to cell death D etachm en t o f ep ithelia l 
cells from  b asem en t m em b ran es a n d  from  cell-cell 
in teractions can  lead  to  a p a rticu la r fo rm  of p ro g ram m ed  
cell d ea th  called  anoikis. It is su spec ted  th a t tum or- 
associated  m acrophages m ay  p re v e n t anoik is by 
expressing  ad h esio n  m olecu les such  as in teg rin s  th a t 
p ro m o te  d irec t physical in te rac tions w ith  tu m o r cells.

• Angiogenesis. In flam m atory  cells release n u m ero u s  
factors, in c lu d in g  VEGF, th a t stim ula te  angiogenesis.

• Invasion and metastasis. P ro teases re leased  from  m acro 
phages foster tissue invasion  by rem ode ling  the ECM, 
w h ile  factors such  as TNF a n d  EGF m ay  d irectly  stim u 
late  tu m o r cell m otility . A s m en tio n ed  earlier, o ther 
factors re leased  from  strom al cells such  as TGF-P m ay 
p ro m o te  ep ithelia l-m esenchym al tran sitio n  (EMT), 
w h ich  m ay  be a key even t in  the p rocess o f invasion  an d  
m etastasis.

• Evasion of immune destruction. A varie ty  o f so luble factors 
re leased  by m acrophages an d  o ther strom al cells are 
believed  to  con tribu te  to  a n  im m u n o su p p ress iv e  tu m o r 
m icroenv ironm en t. The lead in g  suspects inc lude  TGF-P 
an d  o th e r factors th a t e ither favor the  rec ru itm en t of 
im m u n o su p p ress iv e  T  reg u la to ry  cells o r su p p ress  the 
function  o f C D 8 + cytotoxic T cells. F u rtherm ore , there  is 
a b u n d a n t evidence in  cancer m odels a n d  em erg ing  evi
dence in  h u m a n  d isease th a t ad v an ced  cancers contain  
m ain ly  a lte rna tive ly  activa ted  (M2) m acrophages 
(C hap ter 3). M2 m acrophages p ro d u ce  cy tok ines th a t 
p ro m o te  angiogenesis, fib rob last p ro lifera tion , a n d  col
lagen  deposition , all of w h ich  are  com m only  observed  
in  invasive  cancers a n d  in  healing  w o u n d s , g iv ing  rise 
to the n o tio n  th a t cancers a re  like "w o u n d s  th a t do  n o t 
heal."

A  th o ro u g h  u n d e rs ta n d in g  of how  cancers "m a n ip u 
late" in flam m atory  cells to  su p p o rt the ir g ro w th  a n d  su r
v ival rem ains elusive. H ow ever, the  resu lts  from  an im al 
s tud ies  a re  in trig u in g  a n d  ra ise  the  possib ility  of therap ies 
d irected  a t tu m o r-in d u ced  in flam m ation  a n d  its d o w n 
stream  consequences. A n exam ple of one such  in te rven tion  
involves asp irin  a n d  o th er COX-2 inh ib ito rs, u se  of w h ich  
is associated  w ith  a decreased  risk  of colorectal cancer in  
several ep idem io log ical stud ies.

Im p o rta n t clinical considera tions em erge from  the p rin 
ciples p resen ted  in  the fo rego ing  d iscussion  of the  hall
m arks of cancer: These ha llm arks p ro v id e  a ro ad  m ap  for 
the d ev e lo p m en t o f new  th e rap eu tic  agen ts for the trea t
m en t o f cancer (Fig. 6.31).

ETIOLOGY OF CANCER: 
C A R C IN O G E N IC  AGENTS

Carcinogenic agents inflict genetic dam age, w h ich  lie s  at 
the heart o f carcinogenesis. T hree classes of carcinogenic 
agen ts  hav e  been  identified: (1 ) chem icals, (2 ) ra d ia n t 
energy , a n d  (3) m icrobial p ro d u c ts . C hem icals a n d  ra d ia n t 
energy  are  d o cu m en ted  causes of cancer in  h um ans, an d  
oncogenic v iru ses are invo lved  in  the pa thogenesis of 
tum ors in  several an im al m odels a n d  som e h u m a n  tum ors. 
In  the fo llow ing  d iscussion, each class o f agen ts is consid 
e red  separately ; o f note, how ever, several m ay  act in  
concert o r sequen tia lly  to  p ro d u ce  the m u ltip le  genetic 
abnorm alities characteristic  o f neop lastic  cells.

Chemical Carcinogens

M ore th an  200 years ago, the L o ndon  su rg eo n  Sir Percival 
P o tt correctly  a ttr ib u ted  scrotal sk in  cancer in  ch im ney  
sw eeps to  chronic exposu re  to  soot. O n  the basis o f th is 
observation , the D an ish  C h im ney  Sw eeps G uild  ru led  tha t
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Fig. 6.31 Therapeutic targeting of the hallmarks of cancer. (F ro m  H a n a h a n  D ,  W e ib e r g  R A : T h e  h a l lm a r k s  o f  c a n c e r :  t h e  n e x t  g e n e r a t io n .  Cell 1 4 4 : 6 4 6 , 2 0 1 1 . )

its m em bers m u s t ba the  daily . N o pub lic  h ea lth  m easu re  
since th a t tim e has ach ieved  so m u ch  in  the con tro l of a 
fo rm  of cancer. S ubsequently , h u n d re d s  of chem icals have  
been  sh o w n  to be carcinogenic in  anim als.

Som e of the m ajor agen ts are p re sen ted  in  Table 6.5. A 
few  com m ents o n  a h a n d fu l of these are o ffered  next.

D irect-Acting  Agents

D irect-acting agents require no m etabolic conversion  to 
becom e carcinogenic. They are  typically  w eak  carcinogens 
b u t are im p o rta n t because som e of th em  are  cancer chem o
th e rap y  d ru g s  (e.g., a lky la ting  agents) u se d  in  reg im ens 
th a t m ay  cu re  certa in  types of cancer (e.g., H o d g k in  lym 
phom a), o n ly  to  evoke a  subsequen t, second  fo rm  of cancer, 
u sua lly  leukem ia. This situ a tio n  is even  m ore tragic w h e n  
the in itial u se  of such  agen ts has been  for non-neop lastic  
d iso rders, such  as rh eu m ato id  a rth ritis  o r g ran u lo m a
tosis w ith  po lyangiitis. The associa ted  risk  for in d u ced  
cancer is low , b u t its existence d ic ta tes ju d ic io u s u se  of 
such  agents.

Indirect-Acting Agents

The design ation  indirect-acting refers to chem icals that 
require m etabolic conversion  to an ultim ate carcinogen.
Som e of the m o st p o te n t ind irec t chem ical carcinogens are  
polycyclic hyd ro carb o n s th a t are  crea ted  w ith  b u rn in g  of 
fossil fuels, p lan t, a n d  an im al m aterial. For exam ple, 
benzo[a]pyrene  a n d  o th er carcinogens fo rm ed  d u rin g  the 
com bustion  of tobacco are im p lica ted  in  the  causa tion  of 
lu n g  cancer, an d  in  o ld en  days, benzo[a]pyrene  created  
d u rin g  the  b u rn in g  of coal w as  likely responsib le  for the 
h ig h  incidence of scrotal cancer in  ch im ney  sw eeps. Poly
cyclic hyd ro carb o n s also  m ay  be p ro d u c e d  from  an im al 
fats d u r in g  the p rocess o f b ro iling  m eats an d  are p re sen t 
in  sm oked  m eats a n d  fish. In  the  body , benzo[a]pyrene is

Table 6.5 M ajor Chem ical Carcinogens 

D ire c t-A c tin g  C arcinogens

A lky la tin g  A gents

p-Propiolactone 
Dimethyl sulfate 
Diepoxybutane
Anti-cancer drugs (cyclophosphamide, chlorambucil, nitrosoureas, and 

others)

A cy la tin g  A gents

1-Acetyl-imidazole 
Dimethylcarbamyl chloride

Procarcinogens T h a t  R equ ire  M eta b o lic  A c tiv a tio n

Polycyclic and H eterocyclic  A ro m a tic  Hydrocarbons

Benz(a)anthracene
Benzo(a)pyrene
Dibenz(a,h)anthracene
3-Methylcholanthrene
7, !2-Dimethylbenz(a)anthracene

A ro m a tic  A m in e s , A m id e s , A z o  Dyes

2-Naphthylamine (ß-naphthylamine)
Benzidine
2-Acetylaminofluorene 
Dimethylaminoazobenzene (butter yellow)

N a tu ra l P lan t and M icrob ia l Products

Aflatoxin B|
Griseofulvin 
Cycasin 
Safrole 
Betel nuts

O th e rs

Nitrosamine and amides 
Vinyl chloride, nickel, chromium 
Insecticides, fungicides 
Polychlorinated biphenyls
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m etabo lized  to  epoxides, w h ich  fo rm  covalen t a d d u c ts  
(add ition  p roducts) w ith  m olecu les in  the  cell, p rinc ipa lly  
D N A , b u t also  w ith  R N A  a n d  p ro te ins.

The arom atic  am ines a n d  azo  dyes constitu te  ano th er 
class o f ind irect-acting  carcinogens. Before its carcinogenic
ity  w as  recognized , P -naph thy lam ine  w as  responsib le  for 
a 50-fold increased  incidence of b la d d e r cancers in  heav ily  
exposed  w o rk ers  in  the an iline  dye a n d  ru b b e r industries . 
E xam ples of o th e r occupational carcinogens are lis ted  in  
Table 6.5. Because ind irect-acting  carcinogens req u ire  m et
abolic ac tiva tion  for their conversion  to  D N A -dam aging  
agents, m u ch  in te rest is focused  o n  the  enzym atic  p a th 
w ays th a t a re  invo lved , such  as th a t m ed ia ted  by the cyto
chrom e P -4 5 0 -d ep en d en t m onooxygenases. The genes th a t 
encode these enzym es are po lym orph ic , an d  enzym e activ 
ity  varies am o n g  in d iv idua ls . It is w id e ly  believed  th a t the 
suscep tib ility  to  chem ical carcinogenesis d e p en d s  a t least 
in  pa rt, o n  the specific allelic fo rm  of the  enzym e th a t is 
inherited . Thus, it m ay  be possib le in  the fu tu re  to  assess 
cancer risk  in  a g iven  in d iv id u a l by  genetic analysis  of 
enzym e po lym orph ism s.

A  few  o ther agen ts m erit b rief m en tion . A flatoxin  B1 is 
of in te rest because it is a  n a tu ra lly  occurring  ag en t p ro 
duced  by som e stra in s of Aspergillus, a  m o ld  th a t g row s on  
im p ro p erly  sto red  g rains a n d  nu ts. A  stro n g  corre la tion  
has been  fo u n d  be tw een  the d ie ta ry  level o f th is food  con
tam in an t a n d  the incidence of hepatoce llu lar carcinom a 
in  som e p a rts  o f A frica a n d  the  Far East. A dd itionally , 
v iny l ch loride, arsenic, nickel, ch rom ium , insecticides, fun 
gicides, a n d  po lych lo rina ted  b ipheny ls  a re  p o ten tia l car
c inogens in  the w orkp lace  a n d  a b o u t the house. Finally, 
n itrites u se d  as food p reserva tives have  caused  concern, 
since they  cause n itro sy la tion  of am ines co n ta ined  in  food. 
The n itro sam ines th u s  fo rm ed  are  suspec ted  to  be 
carcinogenic.

M ech an ism s o f  Action o f  

C hem ical Carcinogens

B ecause m alignant transform ation results from  m uta
tion s, it sh ou ld  com e as no surprise that m ost chem ical 
carcinogens are m utagenic. Indeed , all d irec t a n d  u ltim ate  
carcinogens con ta in  h igh ly  reactive electrophile  g ro u p s 
th a t fo rm  chem ical a d d u c ts  w ith  D N A , as w ell as w ith  
p ro te in s  a n d  RNA. A ny  gene m ay  be the ta rg e t of chem ical 
carcinogens, b u t u n d e rs tan d ab ly  it is the m u ta tio n  of 
im p o rta n t cancer genes, such  as R A S  a n d  TP53, th a t is 
responsib le  for carcinogenesis. Indeed , specific chem ical 
carcinogens, such  as aflatoxin  B1, p ro d u ce  characteristic  
m u ta tio n s  in  TP53, such  th a t de tec tion  o f m u ta tio n s  w ith in  
p a rticu la r codons s trong ly  p o in ts  to w ard  aflatoxin  as the 
causative  agent. Such specific "m u ta tio n a l s igna tu res" also 
exist for cancers caused  by UV light, tobacco sm oke, an d  
o th e r en v iro n m en ta l carcinogens a n d  are  p ro v in g  to  be 
u sefu l tools in  ep idem iologic  s tud ies  of carcinogenesis.

C arcinogenicity  of som e chem icals is a u g m en ted  by 
su b seq u en t ad m in is tra tio n  of promoters (e.g., pho rb o l 
esters, ho rm ones, pheno ls, certa in  d rugs), w h ich  are by 
them selves non tum origen ic . To be effective, rep ea ted  or 
su sta in ed  exposu re  to  the  p ro m o te r m u s t follow  the ap p li
ca tion  of the m u tagen ic  chem ical, o r initiator (Fig. 6.32). The 
in itia tion -p rom otion  sequence of chem ical carcinogenesis
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Fig. 6.32 General schema of events in chemical carcinogenesis. Note that 
promoters cause clonal expansion of the initiated cell, thus producing a 
preneoplastic clone. Further proliferation induced by the promoter or other 
factors causes accumulation of additional mutations and emergence of a 
malignant tumor.

ra ises a n  im p o rtan t question: Since p ro m o te rs  are  n o t 
m u tagen ic , h o w  do  they  con tribu te  to  tum origenesis?  
A lth o u g h  the  effects of tu m o r p ro m o te rs  a re  p leio trop ic, 
in d u ction  o f cell proliferation is  a sine qua non o f tumor 
prom otion. It seem s m ost likely th a t w h ile  the app lica tion  
of a n  in itia to r m ay  cause the m u ta tio n a l activa tion  of an  
oncogene such  as RAS, su b seq u en t app lica tion  of p ro m o t
ers leads to  clonal expansion  of in itia ted  (m u ta ted ) cells. 
Forced to  pro lifera te , the  in itia ted  clone of cells accum u
lates ad d itio n a l m u ta tions, d eve lop ing  even tua lly  in to  a 
m alig n an t tum or. Indeed , the concep t th a t su sta ined  cell 
p ro life ra tion  increases the risk  for m utagenesis, a n d  hence 
p rom otes  neop lastic  transfo rm ation , also  is app licab le  to 
h u m an  carcinogenesis. For exam ple, en d o m etria l h yper
p lasia  (C hap ter 19) a n d  increased  regenera tive  activ ity  th a t 
accom pan ies chronic liver cell in ju ry  are  associa ted  w ith  
the  d ev e lo p m en t of cancer in  these organs. W ere it n o t for 
the D N A  rep a ir m echan ism s d iscussed  earlier, the  inci
dence of chem ically  in d u ced  cancers in  all likelihood  
w o u ld  be m u ch  h igher. A s m en tio n ed  p rev iously , the  ra re  
hered ita ry  d iso rd ers  o f D N A  repair, in c lu d in g  x eroderm a 
p igm en tosum , are associated  w ith  greatly  increased  risk  
for d eve lop ing  cancers in d u ced  by UV ligh t a n d  certa in  
chem icals.
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Ä s U M M A R Y

C H E M I C A L  C A R C I N O G E N S

• Chemical carcinogens have highly reactive electrophile groups 
that directly damage DNA, leading to mutations and eventually 
cancer.

• Direct-acting agents do not require metabolic conversion to 
become carcinogenic, while indirect-acting agents are not 
active until converted to an ultimate carcinogen by endoge
nous metabolic pathways. Hence, polymorphisms of endoge
nous enzymes such as cytochrome P-450 may influence 
carcinogenesis by altering the conversion of indirect-acting 
agents to active carcinogens.

• After exposure of a cell to a mutagen or an initiator, tumori- 
genesis can be enhanced by exposure to promoters, which 
stimulate proliferation of the mutated cells.

• Examples of human carcinogens are direct-acting agents (e.g., 
alkylating agents used for chemotherapy), indirect-acting agents 
(e.g., benzo(a)pyrene, azo dyes, aflatoxin), and tumor 
promoters.

• Tumor promoters act by stimulating cell proliferation. Increased 
proliferation may occur through direct effects of tumor pro
moters on target cells or may be secondary to tissue injury 
and regenerative repair.

Radiation Carcinogenesis

R adiation, w hatever its source (UV rays o f sun light, 
radiographs, nuclear fission , radionuclides), is an estab
lish ed  carcinogen. U n p ro tec ted  m iners o f rad ioac tive  ele
m en ts  have  a 1 0 -fold increased  incidence of lu n g  cancers. 
A  fo llow -up  s tu d y  of su rv ivo rs  o f the atom ic bom bs 
d ro p p e d  on  H iro sh im a a n d  N agasak i d isclosed  a m arked ly  
increased  incidence of leukem ia  after a n  average  la ten t 
p e rio d  of ab o u t 7 years, as w ell as increased  m orta lity  ra tes 
for thy ro id , breast, colon, a n d  lu n g  carcinom as. The nuclear 
p o w e r acciden t a t C hernoby l in  the fo rm er Soviet U n ion  
con tinues to  exact its toll in  the fo rm  of h ig h  cancer inci
dence in  the su rro u n d in g  areas. M ore recently , it is feared  
th a t rad ia tio n  release from  a nuclear p o w er p la n t in  Japan  
d am ag ed  by  a m assive  ea rth q u ak e  an d  tsu n am i w ill re su lt 
in  significantly  increased  cancer incidence in  the  su rro u n d 
ing  geograph ic  areas.

T herapeu tic  irrad ia tio n  of the head  a n d  neck  can  give 
rise to  pap illa ry  th y ro id  cancers y ears  later. The oncogenic 
p ro p e rtie s  of ion iz ing  rad ia tio n  a re re la ted  to  its m utagen ic  
effects; it causes chrom osom e b reakage, ch rom osom al 
rea rran g em en ts  such  as translocations a n d  inversions, and , 
less frequen tly , p o in t m u ta tions. Biologically, doub le 
s tra n d e d  D N A  breaks seem  to be the m o st im p o rtan t fo rm  
of D N A  dam age  caused  by rad ia tion .

The oncogenic effect o f UV rays m erits  special m en tion  
because it h igh ligh ts  the im portance  of D N A  rep a ir  in  
carcinogenesis. N a tu ra l UV rad ia tio n  derived  from  the 
su n  can  cause sk in  cancers (m elanom as, squam ous 
cell carcinom as, an d  basal cell carcinom as). A t g reatest 
risk  a re  fa ir-sk inned  p eop le  w h o  live in  locales such  as 
A ustra lia  a n d  N ew  Z ealand  th a t receive a  g rea t dea l of 
sun ligh t. N o n m elan o m a skin  cancers a re  associa ted  w ith  
to ta l cum ula tive  exposu re  to  UV rad ia tion , w h ereas

m elanom as are  associated  w ith  in tense  in te rm itten t expo
s u re —as occurs w ith  sunbath ing . UV ligh t has several bio
logic effects o n  cells. O f p a rticu la r relevance to 
carcinogenesis is the  ab ility  to  dam ag e  D N A  by form ing  
p y rim id in e  d im ers. This type of D N A  dam ag e  is rep a ired  
by  the nucleo tide  excision rep a ir p a th w ay . W ith  extensive 
exposu re  to UV light, the rep a ir  system s m ay  be over
w helm ed , a n d  sk in  cancer resu lts . A s m en tio n ed  earlier, 
p a tien ts  w ith  the in h erited  d isease xeroderma pigmentosum  
have  a defect in  the  nucleo tide  excision rep a ir p a th w ay . 
A s expected , there  is a  g reatly  increased  p red isp o sitio n  to 
sk in  cancers in  th is d iso rder.

A  S U M M A R Y

R A D I A T I O N  C A R C I N O G E N E S I S

• Ionizing radiation causes chromosome breakage, chromo
some rearrangements, and, less frequently, point mutations, 
any of which may affect cancer genes and thereby drive 
carcinogenesis.

• UV rays in sunlight induce the formation of pyrimidine dimers 
within DNA, leading to mutations that can give rise to squa
mous cell carcinomas and melanomas of the skin.

Viral and Microbial Oncogenesis

M any D N A  a n d  R N A  v iru ses have  p ro v e d  to  be oncogenic 
in  an im als as d isp ara te  as frogs a n d  p rim ates. D espite 
in tense  scru tiny , how ever, on ly  a few  v iru ses have  been 
linked  w ith  h u m a n  cancer. The fo llow ing  d iscussion  
focuses o n  h u m a n  oncogenic v iruses. A lso  d iscussed  is the 
ro le  o f the b ac terium  Helicobacter pylori in  gastric  cancer.

Oncogenic R N A  Viruses

A lth o u g h  the s tu d y  of an im al re tro v iru ses  has  p ro v id ed  
spectacu lar in sigh ts in to  the m o lecu lar basis o f cancer, only  
one h u m a n  re trov iru s, h u m a n  T-cell leukem ia  v iru s  type  1 
(HTLV-1), is firm ly  im p licated  in  the pa thogenesis  of 
cancer in  h um ans.

HTLV-1 causes a d u lt T -cell leu kem ia /lym p h o m a  
(ATLL), a tum or that is endem ic in  certain parts o f Japan, 
the Caribbean basin , South  Am erica, and Africa, and  
fou n d  sporadically e lsew here, in c lu d in g  the U nited  
States. W orldw ide , it is estim ated  th a t 15 to  20 m illion  
peop le  a re  infected  w ith  HTLV-1. Sim ilar to  the h u m an  
im m unodefic iency  v iru s, w h ich  causes AIDS, HTLV-1 has 
tro p ism  for CD4+ T cells, a n d  hence th is subse t o f T cells 
is the  m ajor ta rg e t for neoplastic  transfo rm ation . H u m an  
infection  requ ires transm ission  of infected  T cells via sexual 
in tercourse , b lood  p ro d u c ts , o r b reastfeed ing . L eukem ia 
d evelops in  on ly  3% to 5% of the  infected  in d iv iduals , typ i
cally after a long  la ten t p e rio d  of 40 to 60 years.

T here is little  d o u b t th a t HTLV-1 infection  of T ly m p h o 
cytes is necessary  for leukem ogenesis, b u t the m olecu lar 
m echan ism s of transfo rm ation  are  n o t certain . In  con trast 
to several m u rin e  re trov iruses, HTLV-1 does n o t contain  
an  oncogene, an d  no  consisten t p a tte rn  of p ro v ira l in teg ra 
tion  nex t to  a p ro to -oncogene has been  d iscovered . In  leu 
kem ic cells, how ever, v ira l in teg ra tio n  show s a clonal 
p a tte rn . In  o th e r w o rd s, a lth o u g h  the site of v iral
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in teg ra tio n  in  h o st ch rom osom es is ra n d o m  (the v ira l D N A  
is fo u n d  a t d ifferen t locations in  d iffe ren t cancers), the  site 
o f in teg ra tio n  is iden tical w ith in  all cells o f a g iven  cancer. 
This w o u ld  n o t occur if HTLV-1 w ere  m erely  a p assenger 
th a t infects cells after transfo rm ation ; ra ther, it m eans th a t 
HTLV-1 m u st have  been  p re sen t a t the m o m en t o f trans
fo rm ation , p lacing  it a t the "scene of the  crim e."

The HTLV-1 genom e contains the gag, pol, env, a n d  long- 
te rm ina l-repea t reg ions typ ical o f all re trov iru ses, bu t, in  
co n trast to  o th e r leukem ia  v iruses, it con ta ins an o th er gene 
re ferred  to  as tax. Several aspects o f HTLV-1 ' s transform 
in g  activity are attributable to Tax, the protein product of  
the tax g en e . Tax is essen tial for v ira l rep lication , because 
it stim ula tes tran sc rip tio n  of v ira l R N A  from  the 5 ' long- 
te rm inal repeat. H ow ever, Tax also  a lte rs the  transcrip tion  
of several ho st cell genes a n d  in teracts  w ith  certa in  ho st 
cell s igna ling  p ro te ins. By d o in g  so, Tax con tribu tes to  the 
acqu isition  of several cancer hallm arks, in c lu d in g  the 
follow ing:
• Increased survival and growth of infected cells. Tax ap p ea rs  

to  in te rac t w ith  PI3 k inase  a n d  thereby  stim ula te  the 
d o w n stream  signaling  cascade, w h ich  y o u  w ill recall 
p rom otes  bo th  cell su rv iva l a n d  m etabolic  a lte ra tions 
th a t enhance cell g row th . Tax also  u p reg u la te s  the 
expression  of cyclin D  a n d  rep resses the  expression  of 
m u ltip le  CDK inh ib ito rs, changes th a t p ro m o te  cell 
cycle p rogression . Finally, Tax can  activate the tran 
scrip tion  factor N F-k B, w h ich  p rom otes  the su rv iv a l of 
m any  cell types, in c lu d in g  lym phocytes.

• Increased genomic instability. Tax m ay  also  cause genom ic 
instab ility  by  in te rfering  w ith  D N A -repair functions 
an d  inh ib iting  cell cycle checkpoin ts activa ted  by  D N A  
dam age. In  line w ith  these  defects, H T L V -1-associated  
leukem ias ten d  to  be h igh ly  aneup lo id .

The precise  steps th a t lead  to  the d ev e lo p m en t of a d u lt 
T-cell le u k e m ia /ly m p h o m a  are still n o t know n , b u t a  p la u 
sible scenario  is as follow s. Infection  by HTLV-1 causes the 
expansion  of a  n o n m alig n an t po lyclonal cell p o p u la tio n  
th ro u g h  s tim u la to ry  effects o f Tax o n  cell p ro lifera tion . The 
p ro life ra ting  T  cells are a t increased  risk  for m u ta tio n s  and  
genom ic in stab ility  d u e  to the  effects o f Tax a n d  possib ly  
o ther v ira l factors as w ell. This in stab ility  allow s the accu
m u la tio n  of oncogenic m u ta tio n s  an d  even tua lly  a m ono 
clonal neop lastic  T-cell p o p u la tio n  em erges. The m ost 
com m on d riv e r m u ta tio n s  iden tified  th u s far a re  p red ic ted  
to enhance T cell recep to r signaling  a n d  s tim u la te  N F-kB 
activation .

232 C H A P T E R  6 Neoplasia

®  S U M M A R Y

O N C O G E N I C  R N A  V IR U S E S

• HTLV-1 causes a T cell leukemia that is endemic in Japan and 
the Caribbean.

• The HTLV-1 genome encodes a viral protein called Tax, which 
stimulates proliferation, enhances cell survival, and interferes 
with cell cycle controls. Although this proliferation initially is 
polyclonal, the proliferating T cells are at increased risk for 
secondary mutations that may lead to the outgrowth of a 
monoclonal leukemia.

Immortalization 
Increased cell 

proliferation 
Genomic instability

J
Fig. 6.33 Transforming effects of HPV E6  and E7 proteins. The net effect of 
HPV E6  and E7 proteins is to immortalize cells and remove the restraints 
on cell proliferation.

Oncogenic D N A  Viruses

As w ith  R N A  viruses, several oncogenic D N A  v iru ses th a t 
cause  tu m o rs in  an im als have  been  iden tified . Five D N A  
v iru se s—HPV, Epstein-B arr v iru s  (EBV), K aposi sarcom a 
h erp esv iru s  (KSHV, also  called h u m a n  h e rp esv iru s - 8  

[HHV-8 ]), a p o lyom a v iru s  called  M erkel cell v iru s, and  
h ep a titis  B v iru s  (H BV )—are  of special in te rest because 
they are  strong ly  associa ted  w ith  h u m a n  cancer. KSHV 
an d  K aposi sarcom a are  d iscussed  in  C h ap te r 5. M erkel cell 
v iru s  is associa ted  w ith  a p a rticu la r cancer, M erkel cell 
carcinom a, th a t is too ra re  to  m erit fu rth e r d iscussion. The 
o th ers  a re  p re sen ted  here. W e also  briefly  touch  o n  the 
oncogenic effects of h epatitis  C v iru s, a n  R N A  v irus, d u rin g  
o u r d iscussion  of HBV, since b o th  v iru ses share  a n  associa
tion  w ith  chronic liver in jury  a n d  liver cancer.

H u m a n  P a p il lo m a v ir u s

Scores of genetically  d istinct types of H PV  hav e  been 
iden tified . Som e types (e.g., 1, 2, 4, an d  7) cause  ben ign  
sq u am o u s pap illo m as (w arts) in  h u m a n s  (C hap ters 18 an d  
24). G enita l w arts  have  low  m alig n an t p o ten tia l a n d  are  
a lso  associated  w ith  low -risk  H PV s, p red o m in an tly  H PV - 6  

a n d  HPV-11. By con trast, h igh -risk  H PV s (e.g., types 16 
an d  18) cause several cancers, p a rticu la rly  sq u am o u s cell 
carcinom a of the cervix a n d  anogen ita l region. In  ad d i
tion, a t least 2 0 % of o ro p h ary n g ea l cancers, particu larly  
those a ris in g  in  the  tonsils, a re  associa ted  w ith  h igh-risk  
HPVs.

The oncogenic p o ten tia l of H PV  can  be re la ted  to p ro d 
uc ts of tw o  early  v ira l genes, E6  a n d  E7 (Fig. 6.33), each  of 
w h ich  has several activ ities th a t a re  pro-oncogenic.
• Oncogenic activities of E6. The E6  p ro te in  b in d s  to  an d  

m ed ia tes the d eg rad a tio n  of p53, a n d  also  s tim ula tes the 
exp ression  of TERT, the  cataly tic su b u n it o f telom erase, 
w h ich  y o u  w ill recall con tribu tes to  the im m orta liza tion  
of cells. E6  from  h igh-risk  H PV  types has a h ig h er affin
ity  for p53 th a n  E6  from  low -risk  H PV  types, a p ro p e rty  
th a t is likely to  con tribu te  to  oncogenesis.

• Oncogenic activities of E7. The E7 p ro te in  has  effects th a t 
com plem en t those  of E 6 , all o f w h ich  are  cen tered  on
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speed in g  cells th ro u g h  the G1-S cell cycle checkpoint. It 
b in d s  to  the RB p ro te in  a n d  d isp laces the  E2F transcrip 
tion  factors th a t a re  no rm ally  sequestered  by RB, p ro 
m o tin g  p rog ressio n  th ro u g h  the  cell cycle. As w ith  E 6  

p ro te in s  an d  p53, E7 p ro te in s  from  h igh -risk  H PV  types 
h av e  a h igher affinity  for RB th a n  do  E7 p ro te in s  from  
low -risk  H PV  types. E7 also  inactivates the CDK inh ib i
to rs p21 an d  p27, an d  b inds a n d  p resu m ab ly  activates 
cyclins E a n d  A.

A n  ad d itio n a l factor th a t con tribu tes to  the oncogenic 
p o ten tia l of H PV s is v ira l in teg ra tio n  in to  the  ho st genom e. 
In  ben ign  w arts , the  H PV  genom e is m ain ta in ed  in  a non 
in teg ra ted  ep isom al form , w h ile  in  cancers, the  H PV  
genom e is ran d o m ly  in teg ra ted  in to  the h o st genom e. In te 
g ra tio n  in te rru p ts  a negative  reg u la to ry  reg ion  in  the  v iral
D N A , resu ltin g  in  overexpression  of the  E6  a n d  E7 onco
p ro te ins. F u rtherm ore , cells in  w h ich  the  v ira l genom e has 
in teg ra ted  show  significantly  m ore genom ic instability , 
w h ich  m ay  con tribu te  to  acqu isition  of p ro-oncogenic 
m u ta tio n s in  h o st cancer genes.

To sum m arize , high-risk  H PVs encode oncogenic  
proteins that inactivate RB and p53, activate cyclin / 
CDK com plexes, and com bat cellular senescence. Thus, 
it is ev id en t th a t H PV  p ro te in s  p ro m o te  m any  of the  hall
m arks of cancer. The p rim acy  of H PV  infection  in  the 
causa tion  of cervical cancer is confirm ed  by the effective
ness of H PV  vaccines in  p rev en tin g  it. H ow ever, infec
tion  w ith  H PV  itself is n o t sufficient for carcinogenesis, 
an d  fu ll-b low n  tran sfo rm atio n  requ ires  the  acqu isition  of 
m u ta tio n s  in  ho st cancer genes, such  as RAS. A  h ig h  p ro 
p o rtio n  of w o m en  infected  w ith  H PV  clear the infection  
by  im m unolog ic  m echanism s, b u t o thers do  not, som e 
because of acqu ired  im m u n e  abnorm alities, such  as those 
th a t re su lt from  H IV  infection. A s m ig h t be expected , 
w o m en  w h o  are coinfected  w ith  h igh -risk  H PV  types an d  
H IV  are  a t p articu larly  h ig h  risk  for d eve lop ing  cervical 
cancer.

E p s t e in - B a r r  V i r u s

EBV, a m em ber o f the herpesvirus fam ily , w as the first 
virus lin k ed  to a hum an tum or, Burkitt lym phom a.
B urkitt ly m p h o m a is an  aggressive  tu m o r th a t is endem ic 
in  certa in  p a rts  of A frica a n d  occurs sporad ically  else
w here . In  endem ic areas, the tu m o r cells in  v irtua lly  all 
affected p a tien ts  carry  the EBV genom e. Since its in itial 
d iscovery  in  B urk itt ly m p h o m a som e 50 years ago, EBV 
has been  de tec ted  w ith in  the cells o f a  su rp ris ing ly  d iverse  
list of o ther tum ors, in c lu d in g  m ost n aso p h ary n g ea l carci
nom as a n d  a su b se t of T cell lym phom as, N K  cell ly m p h o 
m as, gastric  carcinom as, a n d  even, in  ra re  instances, 
sarcom as, m ain ly  in  the im m u n o su p p ressed .

The m an n e r in  w h ich  EBV causes B cell tu m o rs such  
as B urk itt ly m p h o m a is com plex  a n d  incom plete ly  u n d e r
stood, b u t best ap p rec ia ted  by  considering  its effects on  
n o rm al B cells. EBV u ses the  co m plem en t recep to r CD21 
to a ttach  to  a n d  infect B cells. In  v itro , such  in fection  leads 
to po lyclonal B cell p ro life ra tion  a n d  genera tion  of im m or
tal B ly m phob lasto id  cell lines. O ne EBV -encoded gene, 
LMP1 (la ten t m em b ran e  p ro te in  1), acts as a n  oncogene, as 
p ro v en  by its ab ility  to  in d u ce  B cell lym p h o m as in  trans
genic m ice. LMP1 p ro m o tes  B cell p ro lifera tion , m im ick ing

the effects of a key surface recep to r k n o w n  as CD40. CD40 
is no rm ally  activa ted  by in te rac tion  w ith  CD40 ligands 
expressed  m ain ly  on  T cells. By contrast, LM P1 is consti
tu tive ly  active a n d  stim ula tes signaling  th ro u g h  the N F -kB 
a n d  JA K /ST A T  p a th w ay s, bo th  of w h ich  p ro m o te  B cell 
p ro life ra tion  an d  surv ival. T hus, the v iru s  "b o rro w s" a 
n o rm al B cell ac tiva tion  p a th w ay  to  p ro m o te  its o w n  rep 
lication  by  ex p an d in g  the poo l of infected  cells. A no ther 
EB V -encoded p ro te in , EBNA2, transac tiva tes several ho st 
genes, in c lu d in g  cyclin D  a n d  the SRC  fam ily  of p ro to 
oncogenes. In  ad d itio n , the EBV genom e con tains a  v iral 
cytokine, vIL-10, th a t w as  p ira ted  from  the h o st genom e. 
This v ira l cytokine can  p re v e n t m acrophages a n d  m ono 
cytes from  activa ting  T cells a n d  killing  v irally  infected  
cells. In  im m unolog ically  n o rm al persons, the EBV -driven 
po lyclonal B cell p ro life ra tion  is read ily  con tro lled  by 
cytotoxic T cells, a n d  the affected  p a tien t e ithe r rem ains 
asym ptom atic  o r experiences a self-lim ited ep isode  of 
in fectious m ononucleosis. H ow ever, a sm all n u m b er of 
EBV-infected B cells d o w n reg u la te  expression  of im m u 
nogenic v ira l p ro te in s  such  as LM P-1 an d  EBNA2 an d  
en ter a long-lived  poo l o f m em ory  B cells th a t pe rsis t 
th ro u g h o u t life.

G iven  these observations, h o w  th en  does EBV contrib 
u te  to  the  genesis o f endem ic B urk itt lym phom a? O ne pos
sibility  is sh o w n  in  Fig. 6.34. In  reg ions of the  w o rld  w h ere
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B urkitt ly m p h o m a is endem ic, concom itan t infections such  
as m alaria  im p a ir  im m u n e  com petence, a llow ing  susta ined  
B-cell p ro lifera tion . E ventually , cytotoxic T cells elim inate  
m ost of the  EBV-infected B cells, b u t a sm all n u m b er 
surv ive. It a p p ea rs  th a t ly m p h o m a cells em erge from  th is 
resid u a l p o p u la tio n  on ly  w ith  the acqu isition  of specific 
m u ta tions, m ost no tab ly  translocations th a t activate the 
M Y C  oncogene. It shou ld  be n o ted  th a t in  nonendem ic  
areas 80% of these tu m o rs a re  u n re la ted  to  EBV, b u t v irtu 
ally all endem ic a n d  spo rad ic  tu m o rs possess the t(8;14) 
translocation  o r o th e r translocations th a t d ysregu la te  M Y C . 
Thus, a lth o u g h  sporad ic  B urk itt ly m p h o m as are  triggered  
by m echan ism s o ther th an  EBV infection, they  ap p e a r to 
develop  th ro u g h  sim ilar oncogenic p a thw ays.

The oncogenic role p layed  by EBV is m ore direct in  
EBV -positive B -cell lym phom as in  im m unosuppressed  
patients. Som e in d iv id u a ls  w ith  AIDS o r w h o  receive 
im m u n o su p p ress iv e  th e rap y  for p rev en tin g  a llog raft rejec
tion  develop  EBV-positive B-cell tum ors, o ften  a t m u ltip le  
sites. These p ro life ra tions are po lyclonal a t the o u tse t b u t 
can  evolve in to  m onoclonal neop lasm s. In  con trast to 
B urk itt lym phom a, the  tu m o rs in  im m u n o su p p ressed  
pa tien ts  u sua lly  lack M Y C  translocations a n d  un ifo rm ly  
express LM P-1 a n d  EBNA2, w hich , as d iscussed , are an ti
genic a n d  can  be recogn ized  by cytotoxic T cells. These 
po ten tia lly  le thal p ro life ra tions can  be su b d u e d  if T cell 
function  can  be resto red , as m ay  occur w ith  w ith d ra w a l of 
im m u n o su p p ress iv e  d ru g s  in  tra n sp la n t recip ients.

Nasopharyngeal carcinoma also  is associated  w ith  EBV 
infection. This tu m o r is endem ic  in  so u th e rn  C hina, in  
som e p a rts  o f Africa, a n d  in  the In u it p o p u la tio n  of the 
A rctic. In  con trast to  B urk itt lym phom a, 100% of n aso p h a 
ryngeal carc inom as ob ta ined  from  all p a rts  o f the  w o rld  
con tain  EBV. The in teg ra tio n  site o f the v ira l genom e is 
iden tical (clonal) in  all o f the tu m o r cells w ith in  in d iv id u a l 
tum ors, exc lud ing  the  possib ility  th a t EBV infection  
occurred  after tu m o r developm ent. The u n ifo rm  associa
tion  of EBV w ith  n aso p h ary n g ea l carcinom a suggests th a t 
EBV has a cen tral ro le  in  the genesis of the tum or, b u t (as 
w ith  B urk itt lym phom a) the restric ted  geograph ic  d is trib u 
tion  ind icates th a t genetic o r en v ironm en ta l cofactors, o r 
both , also  con tribu te  to  tu m o r developm ent. U nlike B urk itt 
lym phom a, LM P-1 is expressed  in  n aso p h ary n g ea l carci
nom a cells and , as in  B cells, activates the N F-k B p a th w ay . 
N F-kB, in  tu rn , u p reg u la te s  the expression  of factors such  
as VEGF a n d  m atrix  m eta llop ro teases th a t m ay  con tribu te  
to oncogenesis.

The re la tionsh ip  of EBV to the p a thogenesis  of H o d g k in  
lym phom a, y e t an o th er EBV -associated tum or, is d iscussed  
in  C h ap te r 12.

®  S U M M A R Y

Neoplasia

O N C O G E N I C  D N A  V IR U S E S

• HPV is associated with benign warts, as well as cervical cancer.
• The oncogenicity of HPV is related to the expression of two 

viral oncoproteins, E6 and E7, which bind to the p53 and RB 
tumor suppressors, respectively, neutralizing their function.

• E6 and E7 from high-risk strains of HPV (which give rise to 
cancers) have higher affinity for their targets than do E6 and

E7 from low-risk strains of HPV (which give rise to benign 
warts).

• EBV is implicated in the pathogenesis of Burkitt lymphomas, 
lymphomas in immunosuppressed patients, Hodgkin lymphoma, 
uncommon T-cell and NK-cell tumors, nasopharyngeal carci
noma, a subset of gastric carcinoma, and rarely sarcomas.

• Certain EBV gene products contribute to oncogenesis 
by stimulating normal B-cell proliferation pathways. Con
comitant compromise of immune competence allows sus
tained B-cell proliferation, leading eventually to development 
of lymphoma.

H e p a t i t is  B  a n d  H e p a t i t is  C  V ir u s e s

The ep idem iologic  ev idence link ing  chronic HBV a n d  h ep 
a titis  C v iru s  (HCV) infection  w ith  hepatoce llu lar carci
n o m a is strong  (C hap ter 16). It is estim ated that 70% to 
85% of hepatocellu lar carcinom as w orld w id e  are caused  
b y  H BV or HCV. H ow ever, the m o d e  of action  of these 
v iru ses  in  tum origenesis  is n o t fu lly  e luc ida ted . The HBV 
an d  H C V  genom es do  n o t encode any  v ira l oncopro te ins, 
a n d  a lth o u g h  the HBV D N A  is in teg ra ted  w ith in  the 
h u m a n  genom e, there  is no  consisten t p a tte rn  of in teg ra 
tion  in  liver cells. Indeed , the  oncogenic effects of HBV an d  
H C V  are  m ultifactorial, b u t the d o m in an t effect seem s to 
be im m unolog ically  m ed ia ted  chronic in flam m ation  w ith  
hepatocy te  dea th , lead in g  to  reg en era tio n  a n d  genom ic 
dam age. A lth o u g h  the im m u n e  system  generally  is th o u g h t 
to be pro tective, recen t w o rk  has d em o n stra ted  th a t in  the 
se tting  of u n reso lv ed  chronic in flam m ation , as occurs in  
v ira l h ep a titis  or chronic gastritis caused  by H. pylori (see 
later), the im m u n e  response  m ay  becom e m aladap tive , 
p ro m o tin g  tum origenesis.

A s w ith  any  cause of hepatoce llu lar in jury , chronic v iral 
in fection  leads to  the com pensa to ry  p ro life ra tion  of hepa- 
tocytes. This regenera tive  p rocess is a id ed  a n d  abe tted  by 
a p le th o ra  of g ro w th  factors, cytokines, chem okines, an d  
o ther b ioactive substances p ro d u ced  by activa ted  im m u n e  
cells th a t p ro m o te  cell surv ival, tissue rem odeling , and  
angiogenesis. The activa ted  im m u n e  cells also  p ro d u ce  
o th e r m ed ia to rs, such  as reactive oxygen  species, th a t are  
genotoxic a n d  m u tagen ic . A  key m o lecu lar step  seem s to 
be ac tiva tion  of the nuclear factor-KB (NF-k B) p a th w ay  in  
hepatocy tes caused  by  m ed ia to rs  d e riv ed  from  the acti
v a te d  im m u n e  cells. A ctivation  of the  N F-kB p a th w ay  
blocks apop tosis , a llow ing  the d iv id in g  hepatocy tes to 
incu r genotoxic stress a n d  to  accum ula te  m u ta tions. 
A lth o u g h  th is seem s to  be the d o m in an t m echan ism  in 
the pa thogenesis  o f v iru s-in d u ced  hepatoce llu lar carci
nom a, bo th  HBV a n d  H C V  also  con tain  p ro te in s  w ith in  
their genom es th a t m ay  m ore  d irectly  p ro m o te  the  devel
o p m en t of cancer. The HBV genom e con tains a gene 
k n o w n  as HBx, a n d  hepatoce llu lar cancers develop  in  m ice 
eng in eered  to  have  HBx transgenes. H Bx  can  d irectly  or 
ind irectly  activate  a varie ty  of tran sc rip tio n  factors an d  
several signal tran sd u c tio n  pa th w ay s, an d  m ay  in terfere  
w ith  p53 function . In  add ition , v ira l in teg ra tio n  can  cause 
secondary  rea rran g em en ts  of chrom osom es, in c lu d in g  
m u ltip le  dele tions th a t m ay  h arb o r u n k n o w n  tu m o r su p 
p resso r genes.
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HCV, a n  R N A  v irus, also  is s trong ly  linked  to  the p a th o 
genesis of liver cancer. The m olecu lar m echan ism s u sed  by 
H C V  are  even  less w ell defined  th an  those for HBV. In 
a d d itio n  to  chronic liver cell in ju ry  a n d  com pensa to ry  
regeneration , co m ponen ts  o f the H C V  genom e, such  as the 
H C V  core p ro te in , m ay  have  a d irec t effect on  tum origen- 
esis, possib ly  by ac tiva ting  a varie ty  of g ro w th -p ro m o tin g  
signal tran sd u c tio n  p a thw ays.

^ S U M M A R Y

H E P A T IT IS  B  A N D  H E P A T IT IS  C  V IR U S E S

• B e tw een  70%  and 85%  o f  h ep a to c e llu la r carcinom as w o r ld 

w id e  a re  due to  in fection  w ith  H B V  o r  H C V .

• T h e  oncogen ic  effects o f H B V  and H C V  a re  m u ltifa c to ria l, b u t 

th e  d o m in a n t effect seem s to  be im m unolog ically  m ed ia ted  

chron ic  in flam m atio n , w ith  h ep a to c e llu la r injury, s tim ula tion  o f  

h ep a to c y te  p ro life ra tio n , and p ro d u c tio n  o f  reactive  oxygen  

species th a t  can dam age D N A .

• T h e  H B x  p ro te in  o f  H B V  and th e  H C V  c o re  p ro te in  can a c ti

v a te  a v a rie ty  o f  signal tra n s d u c tio n  pathw ays th a t  also may 

c o n trib u te  to  carcinogenesis.

H e l i c o b a c t e r  p y lo r i

H. pylori in fection  is  im plicated  in  the gen esis  o f both  
gastric adenocarcinom as and gastric lym phom as. First 
inc rim ina ted  as a  cause of pep tic  ulcers, H. pylori now  has 
acq u ired  the  d u b io u s  d is tinction  of being  the first bacte
r iu m  classified as a  carcinogen.

The scenario  for the  d ev e lo p m en t of gastric  adenocarci
n o m a is sim ilar to  th a t for HBV- an d  H C V -induced  liver 
cancer. It involves increased  ep ithelia l cell p ro life ra tion  on  
a b ack g ro u n d  of chronic in flam m ation . As in  v ira l h ep a ti
tis, the in flam m ato ry  m ilieu  contains n u m ero u s  genotoxic 
agents, such  as reactive oxygen  species. The sequence of 
h is topatho log ic  changes consists o f in itia l d ev e lo p m en t of 
chronic in flam m atio n /g as tritis , fo llow ed by gastric 
a trophy , in testina l m etap lasia  of the lin ing  cells, dysp lasia , 
an d  cancer. This sequence takes decades to  com plete  and  
occurs in  on ly  3% of in fected  patien ts. Like those  of HBV 
an d  HCV, the  H. pylori genom e also  contains genes d irectly  
im p lica ted  in  oncogenesis. S trains associated  w ith  gastric 
adenocarc inom a have  been  sh o w n  to con ta in  a "p a th o g e 
n icity  is land" th a t con ta ins cytotox in-associated  A  gene 
(CagA). A lth o u g h  H. pylori is non invasive , CagA is injected 
in to  gastric  ep ithelia l cells, w h e re  it has  a varie ty  of effects, 
in c lu d in g  the in itia tion  of a signaling  cascade th a t m im ics 
u n reg u la ted  g ro w th  factor stim ulation .

A s m en tio n ed  earlier, H. pylori is associa ted  w ith  an  
increased  risk  for the  d ev e lo p m en t of gastric  lym p h o m as 
as w ell. The gastric  lym phom as are of B-cell orig in , and  
because the transfo rm ed  B cells g row  in  a p a tte rn  resem 
bling  th a t of n o rm al m ucosa-associa ted  ly m p h o id  tissue 
(MALT), they have  been  referred  to  as MALT lymphomas 
(C hap ter 12). T heir m o lecu lar p a thogenesis  is incom pletely  
u n d e rs to o d  b u t seem s to  invo lve strain-specific H. pylori 
factors, as w ell as ho st genetic  factors, such  as p o lym or
p h ism s in  the p ro m o te rs  o f in flam m atory  cy tok ines such  
as IL -ip  a n d  tu m o r necrosis factor (TNF). It is th o u g h t th a t 
H. pylori in fection  leads to  the  activa tion  of H. pylori-reac- 
tive T cells, w h ich  in  tu rn  cause po lyclonal B cell

p ro lifera tion . In  tim e, a  m onoclonal B cell tu m o r em erges 
from  the  p ro life ra tin g  B cells, p e rh a p s  as a re su lt of accu
m u la tio n  of m u ta tio n s  in  g ro w th  reg u la to ry  genes. In 
k eep in g  w ith  th is m odel, early  in  the course of d isease, 
e rad ica tion  of H. pylori w ith  an tib io tics causes reg ression  
of the  ly m p h o m a by rem ov ing  the an tigen ic  s tim u lus for 
T cells. M ALT lym p h o m a is th u s a  rem arkab le  exam ple  of 
a  tu m o r th a t d e p en d s  o n  signals elicited  by in teractions 
w ith  ho st im m u n e  cells for its co n tinued  g ro w th  an d  
surv ival.

®  S U M M A R Y

H E L IC O B A C T E R  P YLO R I

• H. pylori in fection has been im plicated  in bo th  gastric  a d e n o 

carc inom a and M A L T  lym phom a.

• T h e  m echanism  o f  H. pylori-induced  gastric  cancers is m u lti

fac to ria l, including im m unolog ically  m ed ia ted  chron ic  in flam 

m atio n , s tim ula tion  o f  gastric  cell p ro life ra tio n , and p ro d u ctio n  

o f reactive  oxygen species th a t  dam age D N A .  H. pylori p a th o 

gen ic ity  genes, such as CagA, also m ay c o n trib u te  by stim ulating  

g ro w th  fa c to r  pathways.

• It is th o u g h t th a t  H. pylori in fection  leads to  polyclonal B-cell 

p ro life ra tio n s  and th a t  eventually  a m o n oc lon a l B-cell tu m o r  

(M A L T  lym phom a) em erges  as a resu lt o f accum ulation  o f  

m u tations .

CLIN ICAL ASPECTS OF NEOPLASIA

The im portance  of neop lasm s u ltim ate ly  lies in  the ir effects 
on  patien ts. A lth o u g h  m alig n an t tu m o rs are of course 
m ore th rea ten in g  th a n  ben ign  tum ors, m o rb id ity  a n d  m or
tality  m ay  be associa ted  w ith  any  tum or, even  a ben ign  
one. Indeed , b o th  m alig n an t an d  ben ign  tu m o rs m ay  cause 
p rob lem s because o f (1 ) location  an d  im p in g em en t o n  ad ja
cen t struc tu res, (2 ) func tional activ ity  such  as ho rm one 
syn thesis o r the  d ev e lo p m en t o f pa raneop lastic  syndrom es,
(3) b leed ing  a n d  in fections w h e n  the tu m o r u lcerates 
th ro u g h  ad jacen t surfaces, (4) sym ptom s th a t re su lt from  
ru p tu re  o r infarction , a n d  (5) cachexia o r w asting . The fol
low ing  d iscussion  considers the  effects of a tu m o r o n  the 
host, the g rad in g  an d  clinical stag ing  of cancer, a n d  the 
labo ra to ry  d iagnosis of neoplasm s.

Effects of Tumor on Host

Location  is crucial in  bo th  ben ign  a n d  m alig n an t tum ors. 
A  sm all (1-cm) p itu ita ry  ad en o m a  can  com press an d  
d estro y  the su rro u n d in g  n o rm al g land , g iv ing  rise to  h y p o 
p itu ita rism . A  0.5-cm leiom yom a in  the w all o f the renal 
a rte ry  m ay  encroach  on  the b lood  supp ly , lead in g  to  renal 
ischem ia an d  h ypertension . A  com parab ly  sm all carcinom a 
w ith in  the com m on  bile d u c t m ay  in d u ce  fa ta l b iliary  tract 
obstruction .

Signs a n d  sym ptom s re la ted  to  ho rm o n e  p ro d u c tio n  are 
often  seen  in  p a tien ts  w ith  ben ign  a n d  m alig n an t neo
p lasm s a ris in g  in  endocrine  g lands. A denom as a n d  carci
nom as a ris in g  in  the beta cells of the  pancreatic  islets of 
L angerhans can  p ro d u ce  h yperin su lin ism , som etim es fatal. 
S im ilarly, som e ad en o m as a n d  carcinom as of the  ad ren a l
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cortex  d is ru p t hom eosta tic  m echan ism s by e laborating  
ste ro id  h o rm ones (e.g., a ldosterone, w h ich  induces so d iu m  
re ten tion , hypertension , a n d  hypokalem ia). Such h o rm ona l 
activ ity  is m ore  likely w ith  a w ell-d iffe ren tia ted  ben ign  
tu m o r th a n  w ith  a co rresp o n d in g  carcinom a.

A  tu m o r m ay ulcerate  th rough  a surface, w ith  conse
q u en t b leed ing  or secondary  infection. Benign or m alignan t 
neop lasm s tha t p ro tru d e  in to  the g u t lum en  m ay  becom e 
caugh t in  the peristaltic p u ll of the gut, causing  in tussuscep 
tion  (C hapter 15) an d  in testinal obstruction  o r infarction.

C ancer C achexia

M any cancer patients suffer progressive lo ss  o f body fat 
and lean  body m ass, accom panied by profound w eak 
n ess, anorexia, and an em ia—a con d ition  referred to as
cachexia. There is som e corre la tion  be tw een  the size an d  
ex ten t of sp read  of the cancer a n d  the severity  of the 
cachexia. H ow ever, cachexia is n o t caused  by the n u tr i
tional d em a n d s  of the tum or. A lth o u g h  p a tien ts  w ith  
cancer o ften  are anorexic, cu rren t ev idence ind ica tes th a t 
cachexia resu lts  from  the  action  of so luble factors such  as 
cy tokines p ro d u c e d  by the tu m o r an d  the host, ra th e r than  
re d u ced  food  in take. In  p a tien ts  w ith  cancer, calorie expen 
d itu re  rem ains h igh , a n d  basal m etabolic  ra te  is increased , 
desp ite  re d u ced  food  in take. This is in  co n trast w ith  the 
low er m etabolic  ra te  th a t occurs as a n  ad ap tiv e  response  
in  starvation . The basis of these m etabolic  abno rm alities is 
n o t fu lly  u n d ers to o d . It is suspec ted  th a t TNF a n d  o ther 
cy tokines p ro d u c e d  by m acrophages in  response  to  tu m o r 
cells o r by  the tu m o r cells them selves m ed ia te  cachexia. 
TN F sup p resses  ap p e tite  a n d  inh ib its  the  action  o f lipop ro 
tein  lipase, p rev en tin g  the release of free fa tty  acids from  
lipopro te ins. T here is no  satisfactory  trea tm en t fo r cancer 
cachexia o th e r th an  rem oval of the u n d e rly in g  cause, the 
tum or.

Paraneoplastic Syndromes

Sym ptom  com plexes that occur in  patients w ith  cancer 
and that cannot be readily exp lained  b y  local or distant 
spread o f the tum or or by the elaboration o f horm ones  
in d igen ou s to the tissu e o f origin  o f the tum or are referred
to as p a raneop lastic  syndrom es. They ap p e a r in  10% to 
15% of p a tien ts  w ith  cancer, an d  the ir clinical recognition  
is im p o rta n t for several reasons:
• Such synd rom es m ay  rep resen t the earliest m an ifesta 

tion  of a n  occult neoplasm .
• In  affected  patien ts, the  patho log ic  changes m ay  be 

associa ted  w ith  significant clinical illness a n d  m ay  even  
be lethal.

• The sy m p to m  com plex m ay  m im ic m etasta tic  d isease, 
thereby  co n found ing  treatm en t.

The paraneop lastic  synd rom es are  d iverse  a n d  are asso 
ciated  w ith  m an y  d iffe ren t tu m o rs (Table 6 .6 ). The m ost 
com m on paraneoplastic syndrom es are hypercalcem ia, 
C ushing syndrom e, and nonbacterial throm botic endocar
d itis , a n d  the neop lasm s m ost o ften  associa ted  w ith  these 
an d  o ther sy n d ro m es are lu n g  an d  b reast cancers a n d  hem a
tologic m alignancies. H ypercalcem ia in  cancer p a tien ts  is 
m ultifactorial, b u t the m o st im p o rta n t m echan ism  is the 
syn thesis o f a  p a ra th y ro id  h o rm o n e-re la ted  p ro te in  (PTHrP) 
by tu m o r cells. A lso  im p lica ted  are  o th e r tum o r-d eriv ed
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factors, such  as T G F-a an d  the  active fo rm  of v itam in  D. 
A no ther possib le m echan ism  fo r hypercalcem ia is w id e 
sp read  osteolytic m etasta tic  d isease of bone; o f note, 
how ever, hypercalcem ia re su ltin g  from  skeletal m etastases 
is n o t a pa raneop lastic  syndrom e. C u sh in g  synd rom e 
arising  as a  pa raneop lastic  p h en o m en o n  u sually  is re la ted  
to ectopic p ro d u c tio n  of A C TH  o r A C TH -like p o ly p ep tid es  
by cancer cells, as occurs in  sm all cell carc inom a of the lung .

P araneop lastic  synd rom es also  m ay  m an ifest as 
hypercoagu lab ility , lead in g  to  ven o u s th rom bosis and  
nonbacteria l th rom botic  end o card itis  (C hap ter 11). O ther 
m an ifesta tions are c lubb ing  of the fingers a n d  h y p e rtro 
ph ic  o s teo a rth ro p a th y  in  p a tien ts  w ith  lu n g  carcinom as 
(C hap ter 13). Still o thers  a re  d iscussed  in  the considera tion  
of cancers o f the  v a rio u s o rgans of the body.

Grading and Staging of Cancer * •

M ethods to  quan tify  the  p robab le  clinical aggressiveness 
of a g iven  n eo p lasm  an d  its a p p a re n t ex ten t a n d  sp read  in  
the in d iv id u a l p a tien t a re necessary  fo r a rriv in g  a t a n  accu
ra te  p rognosis  a n d  fo r com p arin g  en d  resu lts  o f various 
trea tm en t p rotocols. For instance, the resu lts  of trea ting  
w ell-d ifferen tia ted  th y ro id  adenocarc inom as localized  to 
the th y ro id  g land  w ill o n  average  be very  d iffe ren t from  
those ob ta in ed  from  trea ting  h igh ly  anap lastic  thy ro id  
cancers th a t have  in v ad ed  the  neck  o rgans. System s have  
been  dev e lo p ed  to  express, a t least in  sem iquan tita tive  
term s, the  level o f d ifferen tia tion , o r grade, a n d  ex ten t of 
sp read  of a cancer w ith in  the  pa tien t, o r stage, as pa ram e 
ters o f the clinical g rav ity  of the disease. O f note, w h en  
com pared w ith  grading, staging has proved to be of 
greater clin ical value.
• Grading. G rad in g  of a cancer is based  o n  the  degree  of 

d ifferen tia tion  of the tu m o r cells and , in  som e cancers, 
the n u m b er of m itoses a n d  the  p resence of certa in  archi
tec tu ral featu res. G rad in g  schem es have  evo lved  for 
each type of m alignancy , a n d  generally  range  from  tw o 
categories (low  grade a n d  h ig h  grade) to  fo u r categories. 
C riteria  fo r the  in d iv id u a l g rades va ry  in  d iffe ren t types 
of tu m o rs a n d  so are  n o t d e ta iled  here, b u t all a ttem p t, 
in  essence, to  ju d g e  the ex ten t to  w h ich  the tu m o r cells 
resem ble o r fail to  resem ble  their no rm al co un terparts . 
A lth o u g h  h isto logic g rad in g  is useful, the corre la tion  
be tw een  h isto logic app earan ce  a n d  biologic behav io r is 
less th a n  perfect. In  recogn ition  of th is p ro b lem  a n d  to 
avo id  sp u rio u s  quantification , it is com m on  p ractice to 
characterize  a p a rticu la r n eo p lasm  in  descrip tive  term s, 
for exam ple, w ell-d ifferen tia ted , m ucin -secreting  ad e 
nocarcinom a of the stom ach, o r poo rly  d ifferen tia ted  
pancreatic  adenocarcinom a.

• Staging. The stag ing  of so lid  cancers is based  o n  the  size 
of the p rim ary  lesion, its ex ten t of sp read  to  reg ional 
ly m p h  nodes, a n d  the p resence o r absence of blood- 
b o rne  m etastases. The m ajor stag ing  system  cu rren tly  in  
u se  is the A m erican  Join t C om m ittee  o n  C ancer S taging. 
This system  u ses a classification called  the  T N M  
system — T  for p rim ary  tum or, N  for reg ional ly m p h  n ode  
invo lvem ent, an d  M  fo r m etastases. TN M  stag ing  varies 
for specific fo rm s of cancer, b u t there  are  general p rinci
p les. The p rim ary  lesion is charac terized  as T1 to  T4 
based  o n  increasing  size. T0 is u se d  to  ind ica te  a n  in  situ

http://ebooksmedicine.net

http://ebooksmedicine.net


Clinical Aspects of Neoplasia 237

Table 6 . 6  Paraneoplastic Syndrom es

C lin ica l S yn d ro m e M a jo r F orm s o f N eop las ia Causal M ech an ism (s )/A g en t(s )

Endocrinopath ies

Cushing syndrome Small cell carcinoma of lung 
Pancreatic carcinoma 
Neural tumors

ACTH or ACTH-like substance

Syndrome of inappropriate anti-diuretic 
hormone secretion

Small cell carcinoma of lung; intracranial neoplasms Anti-diuretic hormone or atrial 
natriuretic hormones

Hypercalcemia Squamous cell carcinoma of lung
Breast carcinoma
Renal carcinoma
Adult T cell leukemia/lymphoma

Parathyroid hormone-related protein, 
TGF-a

Hypoglycemia Fibrosarcoma
Other mesenchymal sarcomas 
Ovarian carcinoma

Insulin or insulin-like substance

Polycythemia Renal carcinoma 
Cerebellar hemangioma 
Hepatocellular carcinoma

Erythropoietin

N e rv e  and Muscle Syndrom e

Myasthenia Bronchogenic carcinoma, thymoma Immunologic

Disorders of the central and peripheral 
nervous systems

Breast carcinoma, teratoma Immunologic

D e rm ato lo g ic  D isorders

Acanthosis nigricans Gastric carcinoma 
Lung carcinoma 
Uterine carcinoma

Immunologic; secretion of epidermal 
growth factor

Dermatomyositis Bronchogenic and breast carcinoma Immunologic

Osseous, A rtic u la r, and Soft-Tissue Changes

Hypertrophic osteoarthropathy and 
clubbing of the fingers

Bronchogenic carcinoma Unknown

Vascular and H em ato lo g ic  Changes

Venous thrombosis (Trousseau 
phenomenon)

Pancreatic carcinoma 
Bronchogenic carcinoma 
Other cancers

Tumor products (mucins that activate 
clotting)

Nonbacterial thrombotic endocarditis Advanced cancers Hypercoagulability

Anemia Thymoma Immunologic

O th e rs

Nephrotic syndrome Various cancers Tumor antigens, immune complexes

A C T H , Adrenocorticotropic hormone; IL -1 , interleukin-1 ; T G F-a , transforming growth factor-a; TNF, tumor necrosis factor.

lesion. N 0 w o u ld  m ean  no  n o d a l invo lvem ent, w h ereas 
N 1 to N 3 w o u ld  d eno te  invo lvem en t o f an  increasing  
n u m b er a n d  ran g e  of nodes. M 0 signifies no  d is tan t 
m etastases, w h ereas M1 o r som etim es M2 reflects the 
p resence a n d  estim ated  n u m b er o f m etastases.

In  m o d ern  practice, g rad in g  a n d  stag ing  of tu m o rs are  
being  su p p lem en ted  by m olecu lar characterization , 
described  later.

f t  S U M M A R Y

C L I N I C A L  A S P E C T S  O F  T U M O R S

• Cachexia, defined as progressive loss of body fat and lean body 
mass, accompanied by profound weakness, anorexia, and 
anemia, is caused by release of cytokines by the tumor or host.

• Paraneoplastic syndromes, defined as systemic symptoms that 
cannot be explained by tumor spread or by hormones

appropriate to the tissue, are caused by the ectopic production 
and secretion of bioactive substances such as ACTH, PTHrP, 
or TGF-a.

• Grading of tumors is determined by cytologic appearance and 
is based on the idea that behavior and differentiation are 
related, with poorly differentiated tumors having more aggres
sive behavior.

• Staging (extent of tumor), determined by surgical exploration 
or imaging, is based on size, local and regional lymph node 
spread, and distant metastases. Staging is of greater clinical 
value than grading.

Laboratory Diagnosis of Cancer

E very  y ear the  ap p ro ach  to  labo ra to ry  d iagnosis o f cancer 
becom es m ore com plex, m ore  soph isticated , a n d  m ore spe
cialized. For v irtua lly  every  n eo p lasm  m en tio n ed  in  th is 
text, the experts have  charac terized  several subcategories;
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w e  m u st w alk , how ever, before w e  can  ru n . Each of the 
fo llow ing  sections a ttem p ts  to  p re se n t the  state  o f the  art, 
av o id in g  deta ils o f technologies.

M orpholog ic  M etho d s

In  m o st instances, the  labo ra to ry  d iagnosis of cancer is n o t 
difficult. The tw o  en d s  of the b en ig n -m a lig n a n t sp ec tru m  
pose  n o  problem s; in  the m idd le , how ever, lies a "n o  m a n 's  
lan d "  w h ere  the w ise  tread  cau tiously . C linicians ten d  to 
u n d e res tim a te  the  con tribu tions they  m ake  to  the d iagno 
sis of a  neop lasm . C linical a n d  rad io log ic  d a ta  are in v a lu 
ab le for op tim al pa tho log ic  d iagnosis. R ad iation -induced  
changes in  the sk in  o r m ucosa  can  be sim ilar to  those of 
cancer. Sections taken  from  a hea ling  frac tu re  can  m im ic 
an  osteosarcom a. The labo ra to ry  eva lu a tio n  of a lesion  can 
be on ly  as good  as the specim en su b m itted  for exam ina
tion. The specim en m u st be adeq u a te , rep resen ta tive , and  
p ro p erly  p reserved .

Several sam p lin g  app ro ach es a re  available, inc lud ing  
excision or b iopsy, fine-needle asp ira tion , a n d  cytologic 
sm ears. W hen  excision of a lesion is n o t possib le, selec
tion  of a n  a p p ro p ria te  site for b iopsy  of a large  m ass 
requ ires aw areness  th a t the m arg in s m ay  n o t be rep re 
sen ta tive  a n d  the  cen ter m ay  be largely  necrotic. R equest
in g  frozen section diagnosis is som etim es desirable, as, for 
exam ple, in  d e te rm in in g  the  n a tu re  of a m ass lesion or 
in  ev a lu a tin g  the  reg ional ly m p h  n o d es in  a p a tien t w ith  
cancer for m etastasis. This m ethod , in  w h ic h  a sam ple  
is qu ick -frozen  a n d  sectioned, p e rm its  h isto logic eva lu 
a tio n  w ith in  m inu tes. In  experienced , com p eten t hands, 
frozen  section  d iagnosis is accurate, b u t there  are  p a rticu la r 
instances in  w h ich  the su p erio r h isto logic deta il p ro v id ed  
by m ore tim e-consum ing  ro u tin e  m eth o d s  is needed . In  
such  instances, it is be tte r to  w a it  a few  days, desp ite  the 
d raw backs, th a n  to  pe rfo rm  in ad eq u a te  o r unnecessary  
surgery .

Fine-needle aspiration of tu m o rs is an o th er ap p ro ach  th a t 
is w id e ly  u sed . It involves asp ira tio n  of cells from  a m ass, 
fo llow ed by cytologic exam ination  of the  cells after they 
have  been  sp read  o u t o n  a slide. This p ro ced u re  is u sed  
m ost com m only  w ith  read ily  p a lpab le  lesions affecting  the 
breast, th y ro id  g land , ly m p h  nodes, a n d  salivary  g lands. 
M o d ern  im ag ing  techn iques p e rm it ex tension  of the 
m eth o d  to  d eep er struc tu res, such  as the  liver, pancreas, 
a n d  pelv ic ly m p h  nodes. U se of th is d iagnostic  m odality  
obv iates su rg ery  a n d  its a tte n d a n t risks. A lth o u g h  it en tails 
som e difficulties, such  as sm all sam ple  size a n d  sam p ling  
errors, in  experienced  h a n d s  it can  be reliable, rap id , an d  
useful.

Cytologic (Papanicolaou) smears p ro v id e  an o th er m eth o d  
for the de tec tion  of cancer. H istorically , th is ap p ro ach  has 
been  u sed  w id e ly  for d iscovery  of carcinom a of the  cervix, 
o ften  a t a n  in  situ  stage, b u t now  it is u sed  to  investigate  
m any  o th e r fo rm s of suspec ted  m alignancy , such  as endo 
m etria l carcinom a, b ronchogenic  carcinom a, b la d d e r and  
p ro sta te  tum ors, an d  gastric  carcinom as; for the identifica
tion  of tu m o r cells in  abdom inal, p leu ra l, jo in t, a n d  cere
b ro sp in a l fluids; and , less com m only , for ev a lu a tio n  of 
o th e r fo rm s of neoplasia . N eop lastic  cells are  less cohesive 
th an  o thers  a n d  are  therefore  shed  in to  flu ids o r secretions 
(Fig. 6.35). The shed  cells are  ev a lu a ted  for fea tu res of 
anap lasia  ind icative  of the ir o rig in  from  a tum or. The

ê  %

Fig. 6.35 (A) Normal Papanicolaou smear from the uterine cervix. Large, 
flat cells with small nuclei are typical. (B) Abnormal smear containing a sheet 
of malignant cells with large hyperchromatic nuclei. Nuclear pleomorphism 
is evident, and one cell is in mitosis. A few interspersed neutrophils, much 
smaller in size and with compact, lobate nuclei, are seen. ( C o u r te s y  o f  D r .  

R ic h a r d  M .  D e M a y ,  D e p a r t m e n t  o f  P a th o lo g y ,  U n iv e r s i t y  o f  C h ic a g o ,  C h ic a g o ,  

I l l in o is . )

gra tify ing  contro l o f cervical cancer is the best te s tam en t to 
the  va lue  of the cytologic m ethod .

Immunohistochemistry offers a p o w erfu l ad junct to 
ro u tin e  h isto logic exam ination . D etection  o f cy tokera tin  by 
sta ins p e rfo rm ed  w ith  specific m onoclonal an tibod ies 
po in ts  to  a d iagnosis of un d iffe ren tia ted  carcinom a ra th e r 
th a n  large  cell lym phom a. S im ilarly, detection  of p rosta te- 
specific an tig en  (PSA) in  m etasta tic  deposits  by  im m u n o 
histochem ical sta in ing  allow s defin itive d iagnosis of a 
p rim ary  tu m o r in  the p ro s ta te  g land . Im m unocytochem ical 
detection  of e strogen  recep to rs allow s p rognostica tion  an d  
directs the rapeu tic  in te rv en tio n  in  b reast cancers.

Flow cytometry is u se d  rou tine ly  in  the classification of 
leukem ias an d  lym phom as. In  th is  m ethod , fluorescently  
labeled  an tibod ies ag a in st cell surface m olecu les a n d  dif
fe ren tia tion  an tigens are  u sed  to  ob ta in  the  p h en o ty p e  of 
m alig n an t cells (C hap ter 12).

Tum or M a rk e rs

B iochem ical assays for tum or-assoc ia ted  enzym es, ho r
m ones, a n d  o ther tu m o r m arkers  in  the b lood  canno t 
be u tilized  for defin itive d iagnosis of cancer; how ever, 
they are  u sed  w ith  v a ry in g  success as screening tests
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a n d  have  u tility  in  m o n ito rin g  the response  to the rap y  
o r de tec ting  d isease  recurrence. The app lica tion  of these 
assays is co nsidered  w ith  m any  of the specific fo rm s 
of neop lasia  d iscussed  in  o th e r chap ters, so on ly  a few  
exam ples suffice here. PSA, u sed  to  screen for p rosta tic  
adenocarcinom a, is one of the m ost frequen tly  u sed  tu m o r 
m ark ers  in  clinical practice. P rosta tic  carc inom a can  be 
suspec ted  w h e n  e levated  levels of PSA a re  fo u n d  in  the 
b lood . H ow ever, PSA screen ing  also  h igh ligh ts p rob lem s 
enco u n te red  w ith  use  of v irtua lly  every  tu m o r m arker. 
A lth o u g h  PSA levels o ften  are  e levated  in  cancer, PSA 
levels a lso  m ay  be e leva ted  in  ben ign  p rosta tic  h y p e rp la 
sia (C hap ter 18). F u rtherm ore , there  is no  PSA level th a t 
en su res  th a t a p a tien t does n o t h av e  p ro sta te  cancer. T hus, 
the PSA  test suffers from  both  lo w  sen sitiv ity  and low  
specificity, and its use as a screening too l has becom e  
quite controversial. The PSA assay  is ex trem ely  va lu 
able, how ever, for de tec ting  res id u a l d isease or recurrence 
fo llow ing  trea tm en t for p ro sta te  cancer. O ther tu m o r 
m arkers u sed  in  clinical p ractice inc lude  carcinoem bry- 
onic an tig en  (CEA), w h ich  is e labo ra ted  by carcinom as of 
the colon, pancreas, stom ach, a n d  breast, a n d  a lp h a  feto
p ro te in  (AFP), w h ich  is p ro d u c e d  by hepatoce llu lar carci
nom as, yo lk  sac rem n an ts  in  the gonads, a n d  occasionally  
te ra tocarcinom as a n d  em bryonal cell carcinom as. Like 
PSA, CEA a n d  AFP can  be e levated  in  a varie ty  of non 
neoplastic  cond itions a n d  th u s  a lso  lack the specificity 
a n d  sensitiv ity  req u ired  for the early  de tec tion  of cancers, 
b u t they  m ay  be u sefu l in  m o n ito ring  d isease once the 
d iagnosis is estab lished . W ith  successful resection  of the 
tum or, these m arkers  d isap p ea r from  the  serum ; their 
reap p earan ce  a lm o st a lw ays signifies recurrence. CEA is 
fu rth e r d iscussed  in  C h ap te r 15 a n d  a lp h a  fe top ro te in  in  
C h ap te r 16.

M o lec u la r Diagnosis

A n increasing  n u m b er of m olecu lar techn iques a re  being  
u sed  for the d iagnosis o f tu m o rs a n d  for p red ic tin g  their 
behavior.
• Diagnosis of malignancy. Because each T cell a n d  B cell 

has u n iq u e  an tig en  recep to r gene rearrangem en ts , po ly 
m erase  cha in  reaction  (P C R )-based  detection  of rea r
ran g ed  T-cell recep to r o r im m u n o g lo b u lin  genes a llow s 
m onoclonal (neoplastic) a n d  po lyclonal (reactive) p ro 
lifera tions to  be d is tin g u ish ed . M any hem atopo ietic  
neop lasm s, a s  w ell a s  a few  solid  tum ors, a re  defined  by 
p a rticu la r translocations, so the d iagnosis can  be m ade  
by  detection  of such  translocations. For exam ple, fluo
rescence in  situ  h y b rid iza tio n  (FISH) o r PCR analysis 
(C hap ter 7) can  be u se d  to  de tec t translocations charac
teristic o f E w ing  sarcom a a n d  several leukem ias a n d  
lym phom as. PC R -based de tec tion  of BCR-ABL tran 
scrip ts can  confirm  the  d iagnosis o f chronic m yelo id  
leukem ia  (C hap ter 12). Finally, certa in  hem ato log ic 
m alignancies a re  n o w  defined  by  the p resence of p o in t 
m u ta tio n s in  p a rticu la r oncogenes. For exam ple, as 
m en tioned  earlier, the  d iagnosis of an o th e r m yelo id  
n eo p lasm  called  polycythemia vera req u ires  the iden tifi
ca tion  o f specific m u ta tio n s  in  JAK2, a gene th a t encodes 
a  non recep to r ty rosine  kinase.

• Prognosis and behavior. C erta in  genetic a lte ra tions are 
associa ted  w ith  a  p o o r p rognosis, a n d  th u s  the presence

of these a lte ra tions d e term ines the  p a tie n t 's  su b seq u en t 
th erapy . FISH a n d  PCR m eth o d s  can  be u sed  to  detect 
am plification  of oncogenes such  as HER2 a n d  NMYC, 
w h ich  p ro v id e  the rapeu tic  a n d  p rognostic  in fo rm ation  
for b reast cancers a n d  neurob lastom as, respectively . 
S equencing  of cancer genom es is n o w  ro u tin e  in  som e 
centers, a llow ing  for the  iden tification  of p o in t m u ta 
tions in  cancer genes such  as TP53 th a t p red ic t a poo r 
ou tcom e in  m an y  d ifferen t types of cancer. A lthough  
n o t ye t s ta n d a rd  of care, efforts a re  o ngo ing  to  develop  
tests th a t assess the ho st im m u n e  response  to  tum ors, 
for exam ple, by  qu an tify in g  the n u m b er of in filtra ting  
cytotoxic T  cells, a s  th is too  is help fu l in  gaug ing  
p rognosis.

• Detection of minimal residual disease. A n o th er em erg ing  
use  of m o lecu lar techn iques is for de tec tion  of m in im al 
resid u a l d isease a fte r trea tm en t. For exam ple, detection  
of BCR-ABL tran sc rip ts  by  PCR assay  gives a m easu re  
of resid u a l d isease in  p a tien ts  trea ted  for chronic 
m yelo id  leukem ia. R ecognition  th a t v irtua lly  all 
ad v an ced  tu m o rs a re  associa ted  w ith  bo th  in tac t circu
la ting  tu m o r cells a n d  p ro d u c ts  deriv ed  from  tum ors 
(e.g., cell-free c ircu la ting  tu m o r D N A ) has led  to  in te rest 
in  fo llow ing  tu m o r b u rd e n  th ro u g h  sensitive b lood  tests 
d esigned  to  iden tify  tum or-specific  nucleic acid  
sequences.

• Diagnosis of hereditary predisposition to cancer. G erm  line 
m u ta tio n  of several tu m o r su p p resso r genes, such  as 
BRCA1, increases a p a tie n t 's  risk  for d eve lop ing  certa in  
types of cancer. T hus, de tec tion  of these m u ta te d  alleles 
m ay  a llow  the p a tien t a n d  the physic ian  to  dev ise  an  
aggressive  screen ing  protocol, as  w ell as a n  o p p o rtu 
n ity  for p rophy lac tic  su rgery . In  ad d itio n , such  detec
tion  a llow s genetic counse ling  of re la tives w h o  a re  a t 
risk.

• Therapeutic decision-making. T herap ies th a t d irectly  ta rge t 
specific m u ta tio n s  a re  increasing ly  be ing  developed , 
a n d  th u s  de tec tion  of such  m u ta tio n s in  a tu m o r can 
gu ide  the  d ev e lo p m en t of ta rge ted  therapy , as  d iscussed  
later. It is now  becom ing  ev id en t th a t certa in  targetab le  
m u ta tio n s transg ress m orpho log ic  categories. O ne 
exam ple  invo lves a valine  for g lu tam ate  su b stitu tio n  in  
am in o  acid  600 (V600E) of the  s e r in e /th re o n in e  k inase 
BRAF, w h ich  y o u  w ill recall lies d o w n stream  of RAS in 
the g ro w th  factor signaling  p a th w ay . M elanom as w ith  
the  V600E BRAF m u ta tio n  re sp o n d  w ell to  BRAF inh ib i
tors, w h ereas m elanom as w ith o u t th is  m u ta tio n  show  
no  response. S ubsequently , it w as rea lized  th a t the sam e 
V600E m u ta tio n  is a lso  p re sen t in  a subse t o f m an y  o ther 
d iverse  cancers, in c lu d in g  carcinom as of the co lon  a n d  
thy ro id  g land , m ost hairy  cell leukem ias, a n d  m any  
cases of L angerhans cell h istiocy tosis (Fig. 6.36). These 
tum ors a re  m orpho log ically  d iverse  a n d  have d istinct 
cells of orig in , b u t they  share  iden tical oncogenic lesions 
in  a com m on p ro -g ro w th  p a th w ay .

M o lec u la r Profiling o f  Tumors: The Future o f  

C ancer Diagnostics

U ntil recently , m o lecu lar s tud ies  o f tu m o rs invo lved  the 
analysis  of in d iv id u a l genes. H ow ever, the p a s t few  years 
have seen  the  in tro d u c tio n  of revo lu tio n ary  technologies 
th a t can  rap id ly  sequence a n  en tire  genom e; assess
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Langerhans cell histiocytosis
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Papillary thyroid carcinoma
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Fig. 6.36 Diverse tumor types that share a common mutation, BRAF (V600E), may be candidates for treatment with the same BRAF inhibitors.

epigenetic  m odifications genom e-w ide (the epigenom e); 
quan tify  all o f the R N A s expressed  in  a cell p o p u la tio n  (the 
transcrip tom e); m easu re  m an y  p ro te in s  sim ultaneously  
(the proteom e); an d  take a sn ap sh o t of all o f the  cell's 
m etabo lites (the m etabolom e). T hus, the d iagnosis, m an 
ag em en t an d  s tu d y  of cancer has en te red  the age of "om ics!"

The m ost com m on m eth o d  for large-scale analysis  of 
R N A  expression  in  use  in  research  labora to ries has been  
based  on  D N A  m icroarrays, b u t n ew er m eth o d s invo lv ing  
R N A  sequencing  th a t offer a  m ore  com prehensive  an d  
q u an tita tiv e  assessm en t of R N A  expression  are beg inn ing  
to su p p la n t o ld e r m ethods. H ow ever, R N A  is p ro n e  to 
d eg rad a tio n  a n d  is a m ore  d ifficult ana ly te  to  w o rk  w ith  
th an  D N A  in  clinical practice. F u rtherm ore , D N A  sequenc
ing  is technically  sim pler th a n  R N A  sequencing , p e rm it
ting  the d ev e lo p m en t o f m eth o d s  th a t rely  o n  m assively  
para lle l sequencing  (so-called "n ex t-genera tion  [NextGen] 
sequencing") th a t can  be read ily  p e rfo rm ed  o n  v irtua lly  
any  tissue specim en (C hap ter 7). The increases in  D N A  
sequencing  capacity  a n d  speed  th a t such  m eth o d s  have 
enab led  over the  p a s t decade  have been  b reath tak ing , and  
are  m atched  by an  equally  rem arkab le  decrease in  cost. The 
first reasonab ly  com plete d ra ft o f the sequence of the 
h u m a n  genom e, re leased  in  2003, took  12 y ears  o f w o rk  
an d  cost ab o u t $2,700,000,000. The cost of sequencing  the 
w ho le  genom e has n o w  decreased  to  less th a n  $5000 in  
som e com m ercial laboratories, m ak in g  the test read ily  
affordable. A t p resen t, u sin g  N extG en sequencing , the 
p rocess of w ho le-genom e of in d iv id u a l tu m o rs can  be com 
p le ted  in  as little as a few  w eeks, w h ich  inc ludes the  tim e 
req u ired  for the  ex trao rd inarily  com plex task  of assem 
bling  a n d  an a ly z in g  the sequencing  data.

These advances have enab led  the system atic  sequencing  
an d  cata log ing  of genom ic a lte ra tions in  various h u m an  
cancers, a n  effort sp o n so red  by  the N ational C ancer Insti
tu te  called The C ancer G enom e A tlas (TCGA). The m ain  
im pact of cancer genom e sequencing  to  da te  has been  in  
the area  of research: iden tification  of n ew  m u ta tio n s  th a t

u n d erlie  v a rio u s cancers; descrip tion  of the fu ll p an o p ly  of 
genetic lesions th a t are  fo u n d  in  in d iv id u a l cancers; a n d  a 
g rea ter ap p rec ia tio n  of the  genetic  heterogeneity  th a t exists 
in  in d iv id u a l cancers from  area  to  area. W hile  w hole- 
genom e sequencing  to  m an ag e  p a tien ts  can  be perfo rm ed , 
m ost efforts in  the  clinical rea lm  are  focused  o n  develop ing  
sequencing  m eth o d s  th a t p e rm it iden tification  of th e rap eu 
tically "ac tionab le" genetic  lesions in  a  tim ely  fash ion  a t a 
reasonab le  cost. Such app ro ach es seem  p articu la rly  ap p li
cable to  tum ors, such  as lu n g  carcinom as, th a t are geneti
cally d iverse  a n d  req u ire  a "p erso n a lized "  ap p ro ach  if 
ta rg e ted  th e rap y  is to  succeed (Fig. 6.37). T hus, the cu rren t 
tren d  in  m o lecu lar d iagnostic  laborato ries is to  develop  
m eth o d s th a t p e rm it several h u n d re d  exons of key genes 
to be sequenced  sim u ltaneously  a t sufficient "d e p th "  (fold 
coverage of the  sequence in  question ) to reliab ly  de tec t any  
m u ta tio n s  th a t m ig h t be p re sen t in  as few  as 5% of tu m o r 
cells. A  second  m eth o d  th a t is m o v in g  in to  clinical practice 
involves the u se  of D N A  a rray s to  iden tify  changes in  D N A  
copy n u m b er, such  as am plifications a n d  deletions. A rrays 
con ta in ing  p robes th a t sp a n  the en tire  genom e a t som e 
s ta n d a rd  spacing  can  detect all b u t the sm allest copy 
n u m b er aberra tions, p ro v id in g  in fo rm ation  th a t is com ple
m en ta ry  to  th a t ob ta ined  from  focused  D N A  sequencing. 
O th e r "om ics," such  as p ro teom ics a n d  epigenom ics, are 
cu rren tly  being  u se d  m ain ly  in  the  rea lm  of clinical research , 
b u t w ith  m any  d ru g s  th a t ta rge t the cancer ep igenom e 
m ov ing  in to  the clinic, it can  be an tic ip a ted  th a t tests 
d irected  a t assessing  the  state  o f the  ep igenom e th a t p red ic t 
response  to  such  agen ts are soon  to  follow .

The excitem ent crea ted  by the d ev e lo p m en t of new  tech
n iques for the  global m olecu lar analysis  o f tum ors has led 
som e scientists to  p red ic t th a t the  en d  of h istopatho logy  is 
in  sight. H ow ever, h istopatho log ic  inspec tion  of tum ors 
p ro v id es in fo rm ation  ab o u t im p o rta n t characteristics of 
cancers, such  as anap lasia , invasiveness, a n d  tu m o r hetero 
geneity , th a t canno t be g leaned  from  D N A  sequences. H is- 
topa tho logy  coup led  w ith  in  situ  b iom arker tests perfo rm ed
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Fig. 6.37 Genetic analysis of cancers is being utilized to identify mutations 
that can be targeted by drugs.

o n  tissue sections also  rem ains the best w ay  to  assess 
tu m o r : s trom al cell in teractions, such  as ang iogenesis an d  
h o st im m u n e  responses; the  la tte r m ay  hav e  a n  increas
ing ly  im p o rta n t ro le  in  g u id in g  the rapeu tic  in te rven tions 
th a t are desig n ed  to  coun terac t im m u n e  evasion  by tum ors. 
T hus, w h a t lies ah ead  is n o t the rep lacem en t of one set of 
techn iques by ano ther. O n  the con trary , for the  foreseeable 
fu tu re  the m ost accurate  d iagnosis a n d  assessm en t o f p ro g 
nosis in  cancer p a tien ts  w ill be a rriv ed  a t by  a com bination  
of m orpho log ic  a n d  m o lecu lar techniques.

W ith  all of the  advances in  genom ic analyses a n d  tar
geted  therap ies, o ne  can  safely p red ic t th a t w e  are  o n  the 
cusp  o f the go lden  age o f tu m o r d iagnosis a n d  treatm en t. 
Those o f y o u  w h o  are  in  m ed ical school n o w  can  safely 
assu m e th a t the expecta tions for ra p id  advances in  cancer 
d iagnosis a n d  th e rap y  w ill be rea lized  w h ile  y o u  are  still 
in  p ractice. G et ready!

^ S U M M A R Y

L A B O R A T O R Y  D I A G N O S I S  O F  C A N C E R

• Several sampling approaches exist for the diagnosis of tumors, 
including excision, biopsy, fine-needle aspiration, and cytologic 
smears.

• Immunohistochemistry and flow cytometry studies help in the 
diagnosis and classification of tumors, because distinct protein 
expression patterns define different entities.

• Proteins released by tumors into the serum, such as PSA, can 
be used to screen populations for cancer and to monitor for 
recurrence after treatment.

• Molecular analyses are used to determine diagnosis and prog
nosis, to detect minimal residual disease, and to diagnose 
patients with a hereditary predisposition to cancer.

• Molecular profiling of tumors by RNA expression profiling, 
DNA sequencing, and DNA copy number arrays are useful in 
molecular stratification of otherwise identical tumors or those 
of distinct histogenesis that share a mutation for the purpose 
of targeted treatment and prognostication.

• Assays of circulating tumor cells and of DNA shed into blood, 
stool, sputum, and urine are under development.
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Genetic Diseases

The com pletion  of the h u m a n  genom e pro ject w as  a lan d 
m a rk  ach ievem ent in  the s tu d y  of h u m a n  diseases. It estab 
lished  th a t h u m a n s  have  on ly  ab o u t 25,000 p ro te in -cod ing  
genes, far few er th a n  the 1 0 0 , 0 0 0  p rev iously  estim ated  an d  
a lm ost half the n u m b er in  the low ly  rice p la n t (Oryza 
sativa)! The u n rav e lin g  of th is "genetic  arch itec tu re" is 
b eg in n in g  to  un lock  secrets of in h erited  as w ell as acqu ired  
h u m a n  disease. P ow erfu l technologies n o w  allow  app lica 
tions of the h u m a n  gene sequences to the analysis of h u m an  
d iseases. C u rren t h ig h -th ro u g h p u t "nex t-genera tion" 
sequencing  technologies can  rou tine ly  sequence the h u m an  
exom e (the en tire  co m p en d iu m  of cod ing  genes) in  a couple  
of days for as little as $1000. The speed  a n d  red u ced  costs 
o f D N A  sequencing  are increasing ly  facilita ting  the  ap p li
ca tion  of "p erso n a lized  m ed icine" (also k n o w n  as

"p rec is io n  m ed icine") to  the trea tm en t o f cancer an d  o ther 
d iseases w ith  a genetic com ponent.

Because d iso rd ers  o f ch ildhood  are of genetic orig in , 
d ev e lo p m en ta l a n d  p ed ia tric  d iseases a re  d iscussed  along  
w ith  genetic d iseases in  th is chapter. H ow ever, it m u s t be 
b o rne  in  m in d  th a t n o t all genetic  d iso rd ers  m an ifest in  
in fancy  a n d  ch ildhood , a n d  conversely , m an y  ped ia tric  
d iseases are  n o t of genetic  orig in . To the  la tte r  category  
belong  d iseases re su ltin g  from  im m atu rity  o f o rgan  
system s. In  th is  contex t it is h e lp fu l to  clarify th ree  com 
m on ly  u sed  term s: h e red ita ry , fam ilial, a n d  congenital. 
Hereditary disorders, by  defin ition , are d e riv ed  from  o n e 's  
pa ren ts , a re  tran sm itted  in  the gam etes th ro u g h  the genera 
tions, a n d  therefore  a re  fam ilial. The te rm  congenital sim ply  
im plies "p re se n t a t b irth ."  O f note, som e congenita l
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d iseases are n o t genetic  (e.g., congen ita l syphilis). O n  the 
o th e r h an d , n o t all genetic  d iseases are congenital; the 
exp ression  of H u n tin g to n  d isease, for exam ple, beg ins on ly  
after the th ird  or fo u rth  decade  of life.
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NATURE OF GENETIC  
ABNORMALITIES C O N TR IB U TIN G  
TO  H U M A N  DISEASE

T here a re  several types of genetic abnorm alities th a t affect 
the  s tru c tu re  a n d  function  of p ro te ins, d is ru p tin g  cellu lar 
hom eostasis  a n d  con trib u tin g  to  d isease.

Mutations in Protein-Coding Genes * •

The te rm  m u ta tio n  refers to  p e rm a n e n t changes in  the 
D N A . Those th a t affect g erm  cells are tran sm itted  to  the 
p ro g en y  a n d  m ay  give rise to  in h e rited  d iseases. M uta tions 
in  som atic  cells are  n o t tran sm itted  to  the p ro g en y  b u t are  
im p o rta n t in  the causa tion  of cancers a n d  som e congenital 
m alform ations.

D etails of specific m u ta tio n s  a n d  the ir effects a re  d is
cussed  a long  w ith  the  re lev an t d iso rd ers  th ro u g h o u t th is 
book. C ited  here  a re  som e com m on  exam ples of gene 
m u ta tio n s  a n d  their effects:
• Point mutations re su lt from  the  su b stitu tio n  of a single 

nucleo tide  base  by a d ifferen t base, re su ltin g  in  the 
rep lacem en t of one am ino  acid  by an o th er in  the 
p ro te in  p ro d u c t. The m u ta tio n  in  the  P-globin chain  
of hem o g lo b in  g iv ing  rise  to  sickle cell anem ia  is an  
excellent exam ple of a p o in t m u ta tio n  th a t a lte rs the 
m ean in g  of the genetic  code. Such m u ta tio n s  a re  som e
tim es called  m issense m u ta tions. By contrast, certa in  
p o in t m u ta tio n s  m ay  change a n  am in o  acid  codon  
to a cha in  te rm in a tio n  codon, o r a stop  codon. Such 
"nonsense" mutations in te rru p t transla tion , a n d  in  m ost 
cases R N A s are  ra p id ly  d eg rad ed , a p h en o m en o n  called 
nonsense mediated decay, such  th a t little o r no  p ro te in  is 
form ed.

• Frameshift mutations occur w h e n  the in sertion  o r dele tion  
of one o r tw o  base pa irs  a lte rs the re a d in g  fram e of the 
D N A  strand .

• Trinucleotide repeat mutations belong to a special category, 
because these m u ta tions are characterized  by am plifica
tion  of a sequence of three nucleotides. A lthough  the 
specific nucleotide sequence tha t undergoes am plifica
tion varies w ith  different d isorders, all affected sequences 
share the nucleotides guan ine (G) an d  cytosine (C). For 
exam ple, in  fragile X syndrom e, p ro to typ ical of th is cat
egory  of d isorders, there are 200 to  4000 tan d em  repeats 
o f the  sequence CGG w ith in  a  gene called FMR1. In 
norm al populations, the n u m b er of repea ts is sm all, aver
ag ing  29. The expansions of the trinucleo tide sequences 
p rev en t no rm al expression of the FMR1 gene, thus giving 
rise to m en tal re ta rda tion . A no ther d istingu ish ing  feature 
of trinucleotide rep ea t m u ta tions is th a t they are dynam ic 
(i.e., the degree of am plification  increases d u rin g  gam e- 
togenesis). These features, d iscussed  in  greater detail 
la ter in  th is chapter, influence the p a tte rn  of inheritance

an d  the pheno typ ic  m anifestations of the d iseases caused 
by  this class of m utations.

Alterations in Protein-Coding Genes Other 
Than Mutations

In  a d d itio n  to  a lte ra tions in  D N A  sequence, cod ing  genes 
a lso  can  u n d e rg o  s tru c tu ra l varia tions, such  as copy  n u m b er 
c h a n g e s—amplifications o r deletions—or translocations th a t 
re su lt in  a b e rran t gain  o r loss o f p ro te in  function . A s w ith  
m u ta tions, s tru c tu ra l changes m ay  occur in  the  germ line, 
o r be acq u ired  in  som atic  tissues. In  m an y  instances, p a th o 
genic germ line a lte ra tions involve a con tiguous p o rtio n  
of a ch rom osom e ra th e r  th an  a single gene, such  as in  
the  22q m icrodele tion  syndrom e, d iscussed  later. W ith  
the  w id e sp re a d  availab ility  o f nex t-genera tion  sequencing  
technology  for assessing  D N A  copy  n u m b er va ria tio n  a t 
very  h ig h  reso lu tio n  genom e w ide , p a thogen ic  s tru c tu ra l 
a lte ra tions h av e  n o w  been  d iscovered  in  com m on  d isor
de rs  such  as au tism . C ancers o ften  con tain  som atically  
acq u ired  s tru c tu ra l a ltera tions, in c lu d in g  am plifications, 
deletions, a n d  translocations. The so-called "P h ilad e lp h ia  
ch rom osom e" — translocation  t(9;22) be tw een  the  BCR  an d  
A BL  genes in  chronic m yelo id  leukem ia  (C hap ter 12)—is 
a  classic exam ple.

A lterations in N on-C oding  RNAs

It is w o rth  n o tin g  th a t u n til recen tly  the  m ajor focus of 
gene h u n tin g  h as  been  d iscovery  of genes th a t encode p ro 
teins. R ecent s tud ies  indicate, how ever, th a t a very  large 
n u m b er of genes do  n o t encode p ro te ins. Instead , the  non- 
enco d ed  p ro d u c ts  o f these g en e s—so-called "n o n -cod ing  
R N A s (ncR N A s)"—play  im p o rta n t regu la to ry  functions. 
A lth o u g h  m an y  d istinct fam ilies of ncR N A s exist, the 
tw o  m ost im p o rta n t exam ples, — sm all R N A  m olecules 
called  m icroR N A s (m iRN A s) a n d  long  non -cod ing  RN A s 
(lncR N A s)—are  d iscussed  in  C h ap te r 1.

W ith  th is  b rief rev iew  of the n a tu re  of abnorm alities 
th a t con tribu te  to  the p a thogenesis of h u m a n  diseases, w e 
can  tu rn  o u r a tten tio n  to  the  th ree  m ajor categories of 
genetic d iso rders:
• Mendelian disorders resulting from  mutations in single 

genes. The genetic abnorm alities show  h ig h  penetrance, 
m ean in g  th a t m ost in d iv id u a ls  w h o  in h erit the  anom aly  
show  p h en o ty p ic  effects. These d iseases a re  h e red ita ry  
an d  fam ilial. They inc lude  m an y  unco m m o n  conditions, 
such  as sto rage d iseases a n d  in b o rn  erro rs of 
m etabolism .

• Complex disorders involving multiple genes as well as envi
ronmental influences. These a re  som etim es called  m u lti
factorial d iseases. They include som e of the m ost 
com m on d iso rd ers  of m an k in d , in c lu d in g  h ypertension , 
d iabetes, a n d  allerg ic an d  au to im m u n e  diseases.

• Diseases arising from  chromosomal abnormalities, in c lud ing  
changes in  the n u m b er o r s tru c tu re  of chrom osom es. 
Several ra re  d eve lopm en ta l abnorm alities a re  a ttr ib u t
able to ch rom osom al alterations.

• Other genetic diseases, w h ich  involve single gene m u ta 
tions b u t do  n o t follow  sim ple m endelian  ru les of inheri
tance. These single-gene d isorders w ith  nonclassic
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inheritance pa tte rns include those resu lting  from  triplet 
repea t m utations or from  m utations in  m itochondrial 
D N A , an d  those in  w hich  the transm ission is influenced 
by  an  epigenetic p henom enon  called genom ic im prin ting . 
Each of these four categories is discussed separately.

MENDELIAN DISORDERS: DISEASES 
CAUSED BY SINGLE-GENE DEFECTS

Single-gene defects (m utations) follow  the w e ll-know n 
m en d e lian  p a tte rn s  of inheritance  (Tables 7.1 a n d  7.2). 
A lth o u g h  in d iv id u a lly  rare, toge ther they  accoun t for 
app rox im ate ly  1 % of all a d u lt  adm issions to  h osp ita ls  an d  
a b o u t 6 % to 8 % of all p ed ia tric  h o sp ita l adm issions. L isted 
nex t a re  a few  im p o rta n t tenets a n d  caveats w h e n  consider
in g  m en d e lian  d isorders:
• M utations in v o lv in g  sin g le  gen es fo llo w  one o f three 

patterns o f inheritance: autosom al dom inant, autoso
m al recessive, or X -linked.

• A  single-gene m u ta tio n  m ay  have  m any  p h eno typ ic  
effects (pleiotropy) and , conversely , m u ta tio n s  a t several 
genetic  loci m ay  p ro d u ce  the sam e tra it (genetic hetero
geneity). For exam ple, M arfan  syndrom e, w h ich  resu lts  
from  a basic defect in  connective tissue, is associated  
w ith  w id e sp re a d  effects invo lv ing  the skeleton, eyes, 
an d  card iovascu lar system , all o f w h ich  stem  from  a 
m u ta tio n  in  the gene encod ing  fibrillin, a co m p o n en t of 
connective tissues. O n  the  o th e r h an d , several d ifferen t 
types of m u ta tio n s can  cause re tin itis  p igm entosa , an  
in h erited  d iso rd e r associated  w ith  ab n o rm al re tina l 
p ig m en ta tio n  a n d  consequen t v isua l im pairm en t.

R ecognition  of genetic  he terogeneity  n o t on ly  is im p o r
tan t in  genetic counse ling  b u t also  facilitates u n d e r
s tan d in g  o f the pa thogenesis o f com m on  d iso rd e rs  such  
as d iabetes m ellitu s (C hap ter 20).

• It is now  increasing ly  recogn ized  th a t the p h eno typ ic  
m an ifesta tions of m u ta tio n s  affecting  a k n o w n  single

Table 7.1 Estim ated Prevalence of Selected Mendelian
Disorders A m ong  Live-Born Infants

D is o rd e r E s tim ated  P revalence

A u to som al D o m in an t Inheritance

Familial hypercholesterolemia 1 in 500

Polycystic kidney disease 1 in 1 0 0 0

Hereditary spherocytosis 1 in 5000 (northern Europe)

Marfan syndrome 1 in 5000

Huntington disease 1 in 1 0 , 0 0 0

A u to som al Recessive Inheritance

Sickle cell anemia 1 in 500 (U.S. African Americans)*

Cystic fibrosis 1 in 3200 (U.S. Caucasians)

Tay-Sachs disease 1 in 3500 (U.S. Ashkenazi Jewish; 
French Canadians)

Phenylketonuria 1 in 1 0 , 0 0 0

MPSs— all types 1 in 25,000

Glycogen storage diseases— all 
types

1 in 50,000

Galactosemia 1 in 60,000

X -L in k e d  Inh eritance

Duchenne muscular dystrophy 1 in 3500 (U.S. males)

Hemophilia 1 in 5000 (U.S. males)

*The prevalence of heterozygous sickle cell trait is 1 in 12 for U.S. African Americans. 
MPS, Mucopolysaccharidosis.

Table 7.2 Biochemical Basis and Inheritance Pattern  fo r Selected M endelian Disorders

Disease A b n o rm a l P ro te in P ro te in  Type/Function

A u to som al D o m in an t Inheritance

Familial hypercholesterolemia LDL receptor Receptor transport

Marfan syndrome Fibrillin Structural support: extracellular matrix

Ehler-Danlos syndrome* Collagen Structural support: extracellular matrix

Hereditary spherocytosis Spectrin, ankyrin, or protein 4.1 Structural support: red blood cell membrane

Neurofibromatosis, type 1 Neurofibromin-1 (NF-1) Growth regulation

Adult polycystic kidney disease Polycystin-1 (PKD-1) Cell-cell and cell-matrix interactions

A u to som al Recessive Inheritance

Cystic fibrosis Cystic fibrosis transmembrane regulator Ion channel

Phenylketonuria Phenylalanine hydroxylase Enzyme

Tay-Sachs disease Hexosaminidase Enzyme

Severe combined immunodeficiency Adenosine deaminase Enzyme

a- and p-thalassemias* Hemoglobin Oxygen transport

Sickle cell anemia* Hemoglobin Oxygen transport

X -L in k e d  Recessive Inheritance

Hemophilia A Factor VIII Coagulation

Duchenne/Becker muscular dystrophy Dystrophin Structural support: cell membrane

Fragile X  syndrome FMRP RNA translation

*Some variants of Ehler-Danlos syndrome have an autosomal recessive inheritance pattern.
Âlthough full-blown symptoms require biallelic mutations, heterozygotes for thalassemia and sickle cell anemia may present with mild clinical disease. Thus, these disorders 

sometimes are categorized as “autosomal codominant” entities.
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gene are in fluenced  by o th e r genetic loci, w h ich  are  
called  m odifier genes. A s d iscussed  la te r in  the  section 
o n  cystic fibrosis these  m odifier loci can  affect the  sever
ity  or ex ten t o f the  d isease.

• The u se  of p roactive  p ren a ta l genetic screen ing  in  h igh 
risk  p o p u la tio n s  (e.g., p e rso n s of A shkenazi Jew ish 
descent) has  significantly  red u ced  the incidence (Table 
7.1) of certa in  genetic  d iso rd ers  such  as Tay-Sachs 
disease.

Transmission Patterns of Single-Gene Disorders

Disorders o f  A utosom al D o m in a n t Inheritance  

D isorders o f autosom al dom inant inheritance are m ani
fested  in  the heterozygous state, so at least one parent 
in  an index case u su a lly  is affected. Both m ales and  
fem ales can be affected, and both  sexes can transm it 
the condition . W hen a n  affected  p erso n  m arries  a n  un af
fected one, each  ch ild  has one chance in  tw o  of hav ing  
the d isease. The fo llow ing  fea tu res also  p e rta in  to au to 
som al d o m in an t diseases:
• With any autosomal dominant disorder, some patients do not 

have affected parents. Such p a tien ts  ow e their d iso rd e r to 
new  m u ta tio n s  invo lv ing  e ither the  egg o r the  sperm  
from  w h ich  they  w ere  derived . T heir sib lings a re n e ithe r 
affected no r a t increased  risk  for d ev e lo p m en t o f the 
disease.

• Clinical features can be modified by reduced penetrance and 
variable expressivity. Som e p erso n s in h erit the  m u ta n t 
gene b u t are  pheno typ ica lly  norm al, a p h en o m en o n  
referred  to  as reduced penetrance. The variab les th a t affect 
pene trance  are  n o t clearly  u n d e rs to o d . In  con trast w ith  
penetrance, if a tra it is consisten tly  associa ted  w ith  a 
m u ta n t gene b u t is exp ressed  d ifferen tly  am ong  p ersons 
carry ing  the gene, the p h en o m en o n  is called  variable 
expressivity. For exam ple, m an ifesta tions of neuro fib ro 
m atosis 1  ran g e  from  b ro w n ish  spo ts o n  the  sk in  to 
m u ltip le  tu m o rs a n d  skeletal deform ities.

• In many conditions, the age at onset is delayed, and symptoms 
and signs do not appear until adulthood (as in  H u n tin g to n  
disease).

• In autosomal dominant disorders, a 50% reduction in the 
normal gene product is associated with clinical signs and 
symptoms. Because a  50% loss o f enzym e activ ity  can  be 
co m pensa ted  for, invo lved  genes in  au to som al dom i
n a n t d iso rd ers  u sua lly  do  n o t encode enzym e p ro te ins, 
b u t in stead  fall in to  tw o  o th er categories o f proteins:
• Those invo lved  in  reg u la tio n  of com plex m etabolic 

p a th w ay s, o ften  subject to feedback  con tro l (e.g., 
m em brane  recep tors, tra n sp o rt p ro teins). A n exam ple  
of th is p a thogen ic  m echan ism  is fo u n d  in  fam ilial 
hypercho lestero lem ia, w h ich  resu lts  from  m u ta tio n  
in  the low -density  lip o p ro te in  (LDL) recep to r gene 
(d iscussed  later).

• Key s tru c tu ra l p ro te ins, such  as co llagen a n d  com po 
nen ts of the red  cell m em brane  skele ton  (e.g., spec
trin , abnorm alities of w h ich  re su lt in  hered ita ry  
spherocytosis).

The b iochem ical m echan ism s by w h ich  a 50% re d u c 
tion  in  the levels of such  p ro te in s  resu lts  in  a n  abno rm al
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p h en o ty p e  are  n o t fu lly  u n d e rs to o d . In  som e cases, esp e 
cially w h e n  the gene encodes one su b u n it o f a  m u ltim eric  
p ro te in , the  p ro d u c t of the  m u ta n t allele can  in terfere 
w ith  the  assem bly  of a functionally  n o rm al m u ltim er. For 
exam ple, the co llagen m olecu le is a trim er in  w h ich  the 
th ree  collagen chains a re  a rran g ed  in  a helical configu 
ra tion . The p resence of m u ta te d  collagen chains reduces 
the assem bly  of the  rem ain ing  n o rm al chains, p ro d u c in g  a 
m ark ed  deficiency of collagen. In  th is in stance the m u ta n t 
allele is called dominant negative, because it im pa irs  the 
function  o f a  no rm al allele. This effect is illu stra ted  in  som e 
form s of osteogenesis im perfecta  (C hap ter 21).

Disorders o f  A utosom al Recessive Inheritance  

D isorders o f autosom al recessive inheritance are m ani
fested  in  the hom ozygou s state. T hey occur w h en  both  of 
the a lle les at a g iven  gene locus are m utants. Therefore, 
such  d iso rd ers  a re  charac terized  by the fo llow ing  features: 
(1) The tra it does n o t u sua lly  affect the p aren ts , w h o  are  
carriers o f one d iseased  allele, b u t m u ltip le  sib lings m ay 
show  the d isease; (2 ) sib lings have  one chance in  four of 
be ing  affected (i.e., the  recurrence risk  is 25% for each 
birth); a n d  (3) if the  m u ta n t gene occurs w ith  a low  fre
quency  in  the p o p u la tion , there  is a s trong  likelihood  th a t 
the affected p a tien t (the p ro b an d ) is the p ro d u c t of a con 
sangu ineous m arriage. They m ake  u p  the la rgest g ro u p  of 
m en d e lian  d iso rders.

In  con trast w ith  the  fea tu res  o f au to so m al d o m in an t 
diseases, the fo llow ing  fea tu res  generally  ap p ly  to  m ost 
au to som al recessive d isorders:
• The expression of the defect tends to be more uniform than in 

autosomal dominant disorders.
• Complete penetrance is common.
• Onset is frequently early in life.
• Although new mutations for recessive disorders do occur, they 

are rarely detected clinically. Because the  affected person  
is an  asym ptom atic  he terozygo te , several genera tions 
m ay  p ass  before the  d escendan ts  of such  a pe rson  
m ate  w ith  o th e r he terozygo tes a n d  p ro d u ce  affected 
offspring.

• In many cases, enzymes are affected by the mutation. In 
heterozygo tes, equal am o u n ts  of n o rm al a n d  defective 
enzym e are syn thesized . U sually  the  n a tu ra l "m arg in  of 
safety" ensu res  th a t cells w ith  ha lf o f their com plem en t 
of the enzym e function  norm ally .

X -L in ked  D isorders

The Y chrom osom e is hom e to the te stes-de term in ing  gene 
SRY, w h ich  d irects m ale  sexual d ifferen tiation , b u t ap a rt 
from  very  ra re  instances of Y -linked fam ilial deafness, no  
Y ch ro m o so m e-lin k ed  m en d e lian  d iso rd ers  have  ever 
been  rep o rted . T hus, for the m ost part, sex-lin k ed  disor
ders are X linked . M ost X -linked d iso rd ers  are  X-linked 
recessive a n d  are charac terized  by the fo llow ing  features:
• Heterozygous female carriers transmit them only to sons, who 

of course are hemizygous for the X chromosome.
• Heterozygous females rarely express the full phenotypic 

change, because they have the paired normal allele. A lthough  
one of the  X chrom osom es in  fem ales is inac tiva ted  (see 
fu rth e r text), th is  p rocess o f inac tiva tion  is ran d o m , 
w h ich  typically  a llow s sufficient n u m b ers  of cells w ith  
the n o rm al expressed  allele to  em erge.
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• An affected male does not transmit the disorder to sons, but 
all daughters are carriers. Sons of h e terozygous w o m en  
h av e  one chance in  tw o  of receiv ing  the  m u ta n t gene.

HI S U M M A R Y

T R A N S M I S S I O N  P A T T E R N S  O F  

S I N G L E - G E N E  D I S O R D E R S

• Autosomal dominant disorders are characterized by expres
sion in heterozygous state; they affect males and females 
equally, and both sexes can transmit the disorder.

• Autosomal dominant disorders often invovle dysfunctional 
receptors and structural proteins.

• Autosomal recessive diseases occur when both copies of a 
gene are mutated and frequently involve enzymes. Males and 
females are affected equally.

• X-linked disorders are transmitted by heterozygous females 
to their sons, who manifest the disease. Female carriers usually 
are unaffected because of random inactivation of one X 
chromosome.

Diseases Caused by Mutations in Genes Encoding 
Structural Proteins

M a rfa n  Syndrom e

M arfan syndrom e is an autosom al dom inant disorder of 
connective tissu es, m an ifested  principally  by changes in  
the skeleton , eyes, and cardiovascular system . It is caused  
b y  an inherited  defect in  an extracellular glycoprotein  
ca lled  f ib r illin -l. This g lycopro tein , secreted  by  fibroblasts, 
is the m ajor co m p o n en t o f m icrofibrils fo u n d  in  the extra 
cellu lar m atrix . M icrofibrils serve as scaffo ld ing for the 
deposition  of tropoelastin , a n  in teg ra l com ponen t o f elastic 
fibers. A lth o u g h  m icrofibrils a re  w id e ly  d is tr ib u ted  in  the 
body , they  are  p articu larly  a b u n d a n t in  the  aorta , liga
m ents, a n d  the  ciliary zonu les th a t su p p o rt the ocu lar lens, 
precisely  the tissues th a t are p ro m in en tly  affected  in  
M arfan  syndrom e.

F ibrillin  is enco d ed  by  the  FBN1 gene, w h ich  m ap s  to 
ch rom osom al locus 15q21. M uta tions in  FBN1 are  fo u n d  in  
all p a tien ts  w ith  M arfan  synd rom e. M ore th a n  1800 d istinct 
causative  m u ta tio n s  in  the very  large  FBN1 gene h av e  been 
found , a level of com plexity  th a t com plicates d iagnosis by 
D N A  sequencing . A s a  resu lt, the  d iagnosis is m ain ly  based  
o n  clinical find ings. Because he terozygo tes have  clinical 
sym ptom s, it is th o u g h t th a t the m u ta n t fibrillin  p ro te in  
m ay  act as a d o m in an t negative , p re v en tin g  the  assem bly  
of n o rm al m icrofibrils. The prevalence  of M arfan  synd rom e 
is es tim ated  to  be 1 in  5000. A pprox im ate ly  70% to 85% of 
cases are  fam ilial, a n d  the rest a re  sporad ic , a ris in g  from  
d e  novo  FBN1 m u ta tio n s in  the  g erm  cells of paren ts.

A lth o u g h  m an y  of the abnorm alities in  M arfan  syn 
d rom e can  be exp la ined  o n  the basis of s tru c tu ra l failure 
of connective tissues, som e, such  as o v e rg ro w th  of bones, 
are  difficult to  re la te  to  sim ple  loss o f fibrillin. It is now  
ev id en t th a t loss of m icrofibrils gives rise to  abno rm al 
an d  excessive activa tion  of transfo rm ing  g ro w th  factor-P 
(TGF-P), because n o rm al m icrofibrils sequester TGF-P, 
thereby  con tro lling  the b ioavailab ility  o f th is  cytokine.

Excessive TGF-P signaling  has dele te rious effects o n  vas
cu lar sm oo th  m uscle  d ev e lo p m en t a n d  the  in teg rity  of 
ex tracellu lar m atrix . In  su p p o rt o f th is hypothesis, m u ta 
tions in  the TGF-P type  II recep to r give rise to  a re la ted  
syndrom e, called  M arfan  sy n d ro m e type 2 (MFS2). Fur
therm ore, p a tien ts  w ith  germ line m u ta tio n s in  one isoform  
of TGF-P, called  TGF-P3, p re sen t w ith  a n  in h erited  p red is 
position  to  aortic  an eu ry sm  an d  o th e r card iovascu lar m an 
ifestations sim ilar to those fo u n d  in  "classic" M arfan  
pa tien ts  (see later). O f note, ang io tensin  recep to r blockers, 
w h ich  inh ib it the  activ ity  of TGF-P, im p ro v e  aortic  and  
card iac function  in  m o u se  m odels of M arfan  syndrom e. 
P reven tion  of card iovascu lar d isease en ta ils the use  of 
be ta-aderenerg ic  b lock ing  agents, w h ich  low er b lood  p res 
sure, as w ell as an g io ten sin  recep to r inh ib ito rs, w h ich  n o t 
on ly  low er b lood  p re ssu re  b u t also  in terfere  w ith  TGF-P 
activity.

^  M O R P H O L O G Y

S ke le ta l a b n o rm a lities  are the most obvious feature of 
Marfan syndrome. Patients have a slender, elongated habitus with 
abnormally long legs, arms, and fingers (arachnodactyly); a high- 
arched palate; and hyperextensibility of joints. A variety of spinal 
deformities, such as severe kyphoscoliosis, may be present. The 
chest is deformed, exhibiting either pectus excavatum (i.e., deeply 
depressed sternum) or a pigeon-breast deformity. The most 
characteristic o cu la r change is bilateral dislocation, or sublux
ation, of the lens secondary to weakness of its suspensory liga
ments (e c to p ia  len tis ). Ectopia lentis, particularly if bilateral, is 
highly specific for Marfan syndrome and strongly suggests the 
diagnosis. Most serious, however, is the involvement of the car

d iovascular system . Fragmentation of the elastic fibers in the 
tunica media of the aorta predisposes affected patients to  aneu
rysmal dilation and aortic dissection (Chapter I0).These changes, 
called cystic m ed ionecrosis , are not specific for Marfan syn
drome; similar lesions occur in hypertension and with aging. Loss 
of medial support causes dilation of the aortic valve ring, giving 
rise to aortic incompetence. The cardiac valves, especially the 
mitral valve, may be excessively distensible and regurgitant 
(flo pp y  va lve  syn d ro m e ), giving rise to mitral valve prolapse 
and congestive cardiac failure (Chapter II). Aortic rupture is the 
most common cause of death and may occur at any age. Less 
frequently, cardiac failure is the terminal event.

Although the lesions described are typical of Marfan syn
drome, they are not seen in all cases. There is much variation in 
clinical expression, and some patients may exhibit predominantly 
cardiovascular lesions with minimal skeletal and ocular changes.
It is believed that the variable expressivity is related to different 
mutations in the FBNI gene.

Ä S U M M A R Y

M A R F A N  S Y N D R O M E

• Marfan syndrome is caused by a mutation in the FBNI gene 
encoding fibrillin, which is required for structural integrity of 
connective tissues and activation of TGF-P.

• The major tissues affected are the skeleton, eyes, and cardio
vascular system.
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• Clinical features may include tall stature, long fingers, bilateral 
subluxation of lens, mitral valve prolapse, aortic aneurysm, and 
aortic dissection.

• Prevention of cardiovascular disesae involves the use of drugs 
that lower blood pressure and inhibit TGF-P signaling.

Ehlers-D anlos Syndromes

E hlers-D anlos syndrom es (EDSs) are a group o f d iseases  
characterized by defects in  collagen  syn th esis or struc
ture. A ll are single-gene d iso rders, b u t the m o d e  of inheri
tance encom passes bo th  au to som al d o m in an t a n d  recessive 
p a tte rn s . T here a re  app rox im ate ly  30 d istinct types of col
lagen; all hav e  characteristic  tissue d is trib u tio n s a n d  are  
the p ro d u c ts  o f d iffe ren t genes. To som e extent, the clinical 
heterogeneity  of EDS can  be exp la ined  by m u ta tio n s  in  
d ifferen t collagen genes.

A t least six clinical a n d  genetic  v a rian ts  o f EDS are  rec
ogn ized . Because defective co llagen is the basis for these 
d iso rders, certa in  clinical fea tu res are com m on  to all 
varian ts.
• Tissues rich in collagen, such as skin, ligaments, and joints, 

frequently are affected in most variants of EDS. Because the 
ab n o rm al collagen fibers lack ad eq u a te  tensile  s treng th , 
jo in ts  a re  hyperm obile . These fea tu res p e rm it g ro tesque 
con to rtions, such  as b en d in g  the th u m b  back w ard  to 
touch  the  fo rearm  a n d  b en d in g  the  knee u p w a rd  to 
create a lm ost a r ig h t angle. Indeed , it is believed  th a t 
m ost con to rtion ists  have  som e fo rm  of EDS; how ever, a 
p red isp o sitio n  to  jo in t d islocation  is one of the  prices 
p a id  for th is v irtuosity .

• Skin fragility. The skin is extraordinarily stretchable, 
extremely fragile, and vulnerable to trauma. M inor inju
ries p ro d u ce  gap in g  defects, a n d  su rg ical rep a ir o r 
any  surg ical in te rv en tio n  is accom plished  on ly  w ith  
g rea t difficulty  because of the  lack of n o rm al tensile 
strength .

• Structural failure of organ or tissues. The s tru c tu ra l defect 
in  connective tissue m ay  lead  to serious internal complica
tions, in c lu d in g  ru p tu re  of the  colon a n d  large  a rte ries 
(vascu lar EDS); ocu lar fragility , w ith  ru p tu re  of the 
cornea a n d  re tina l d e tach m en t (kyphoscolio tic  EDS); 
an d  d iap h rag m atic  h ern ias  (classical EDS), am o n g  
others.

The m o lecu lar bases for th ree  of the m ore com m on  vari
an ts are  as follows:
• Deficient synthesis of type III collagen resulting from muta

tions affecting the COL3A1 gene. This varian t, vascu lar 
EDS, is in h erited  as a n  au to som al d o m in an t d iso rd er 
an d  is charac terized  by w eakness of tissues rich  in  type 
III co llagen (e.g., b lood  vessels, bow el w all), p red isp o s 
ing  th em  to ru p tu re .

• Deficiency of the enzyme lysyl hydroxylase. D ecreased 
h y d roxy la tion  of lysy l resid u es in  types I an d  III colla
gen in terferes w ith  the fo rm ation  of crosslinks am o n g  
collagen m olecules. A s m ig h t be expected , th is v a rian t 
(kyphoscolio tic  EDS), re su ltin g  from  an  enzym e defi
ciency, is in h erited  as a n  au to som al recessive d iso rder. 
P a tien ts  typically  m an ifest w ith  congen ita l scoliosis an d  
ocu lar fragility .

• Deficient synthesis of type V collagen resu ltin g  from  
m u ta tio n s  in  COL5A1 a n d  COL5A2 is in h erited  as 
an  au to som al d o m in an t d iso rd e r a n d  resu lts  in  
classical EDS.

Ä S U M M A R Y

E H L E R S - D A N L O S  S Y N D R O M E S

• There are six variants of EDS, all characterized by defects in 
collagen synthesis or assembly. Each of the variants is caused 
by a distinct mutation.

• Clinical features may include fragile, hyperextensible skin vul
nerable to trauma, hypermobile joints, and ruptures involving 
colon, cornea, or large arteries. Wound healing is poor.

Diseases Caused by Mutations in Genes Encoding 
Receptor Proteins or Channels

Fam ilial H ypercho lestero lem ia

Fam ilial hypercholesterolem ia is  a "receptor disease"  
caused by loss-o f-fu n ction  m utations in  the gene encod
in g  the LDL receptor, w h ich  is in vo lved  in  the transport 
and m etabolism  o f cholesterol. A s a consequence o f recep 
to r abnorm alities there  is a loss of feedback  contro l th a t 
no rm ally  ho ld s cholestero l syn thesis in  check. The resu lt
ing  e levated  levels of cholestero l induce  p re m a tu re  a th e ro 
sclerosis a n d  greatly  increase the  risk  of m yocard ia l 
infarction . Fam ilial hypercho leste ro lem ia  is am o n g  the 
m ost com m on  of m en d e lian  d iso rders; the  frequency  o f the 
he te ro zy g o u s cond ition  is 1 in  500 in  the genera l p o p u la 
tion. A pprox im ate ly  7% of the  b o d y 's  cholestero l c irculates 
in  the  p lasm a, p red o m in an tly  in  the fo rm  of LDL. A s m ig h t 
be expected , the  am o u n t of p lasm a  cholestero l is influ 
enced  by  its syn thesis a n d  catabolism , an d  the liver p lays 
a crucial ro le  in  b o th  these processes, as described  later. A 
brief rev iew  of the syn thesis a n d  tra n sp o rt of cholesterol 
follow s.

N o r m a l C h o le s te ro l M e ta b o lis m . C holestero l m ay  be 
d e riv ed  from  the d ie t o r from  en d o g en o u s synthesis. 
D ietary  trig lycerides an d  cholesterol a re  in co rp o ra ted  in to  
chylom icrons in  the in testina l m ucosa  a n d  travel by  w ay  
of the  g u t lym phatics to  the b lood. These chylom icrons are 
h y d ro ly zed  by a n  endo the lia l lip o p ro te in  lipase in  the cap 
illaries o f m uscle  a n d  fat. The chylom icron  rem nan ts , rich  
in  cholesterol, a re  th en  de livered  to  the  liver. Som e of the 
cholestero l en te rs  the m etabolic  poo l (to be described), an d  
som e is excreted  as free cholesterol o r as bile acids in to  the 
b iliary  tract. The en d o g en o u s syn thesis o f cholesterol and  
LDL begins in  the liver (Fig. 7.1). The first step  in  the  syn 
thesis is the secretion  of trig lyceride-rich  very -low -density  
lip o p ro te in  (VLDL) by the liver in to  the  b lood. In  the  capil
laries o f ad ip o se  tissue a n d  m uscle, the  VLDL particle  
u n d e rg o es  lipo lysis a n d  is converted  to  in te rm ed ia te- 
d ensity  lip o p ro te in  (IDL). In  com parison  w ith  VLDL, the 
co n ten t o f trig lyceride  is red u ced  an d  th a t of cholesteryl 
este rs is en riched  in  IDL, b u t IDL re ta in s  o n  its surface the 
V LD L-associated ap o lip o p ro te in s  B-100 a n d  E. F u rth e r 
m etabo lism  of IDL occurs a long  tw o  p a thw ays: M ost o f the
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Fig. 7.l Low-density lipoprotein (LDL) metabolism and the role of the liver 
in its synthesis and clearance. Lipolysis of very-low-density lipoprotein 
(VLDL) by lipoprotein lipase in the capillaries releases triglycerides, which 
are then stored in fat cells and used as a source of energy in skeletal muscles. 
IDL (intermediate-density lipoprotein) remains in the blood and is taken up 
by the liver.

IDL particles are d irectly  taken  u p  by  the  liver th ro u g h  the 
LDL recep to r described  later; o thers  are converted  to 
cholestero l-rich  LDL by a fu rth e r loss of trig lycerides an d  
the loss o f ap o lip o p ro te in  E. In  the liver cells, IDL is recy
cled to  generate  VLDL.

The LDL recep to r p a th w ay  m etabolizes tw o -th ird s  of 
the re su ltan t LDL particles, an d  the re s t is m etabo lized  
by a recep to r for ox id ized  LDL (scavenger receptor), to 
be described  later. The LDL recep to r b inds to  apolipo- 
p ro te in s  B-100 a n d  E an d  th u s  is invo lved  in  the trans
p o rt o f b o th  LDL an d  IDL. A lth o u g h  the LDL recep to rs 
are  w id e ly  d is trib u ted , ap p rox im ate ly  75% are  located  on  
hepatocytes, so the  liver p lays a n  ex trem ely  im p o rtan t 
role in  LDL m etabolism . The first step  in  the recep tor- 
m ed ia ted  tra n sp o rt o f LDL invo lves b in d in g  to  the cell 
surface recep tor, fo llow ed by endocyto tic  in te rna liza tion  
inside  so-called c la th rin -coated  p its  (Fig. 7.2). W ith in  the 
cell, the endocytic  vesicles fuse w ith  the lysosom es, a n d  the 
LDL m olecule is enzym atically  d eg rad ed , resu ltin g  u lti
m ately  in  the  release of free cholestero l in to  the  cytop lasm . 
The exit o f cholesterol from  the  lysosom es requ ires  the 
action  of tw o  p ro te ins, called  N PC 1 a n d  N PC 2 (described 
later). The cholestero l n o t on ly  is u sed  by  the  cell for m em 
b rane  syn thesis b u t also  takes p a r t  in  in trace llu la r choles
tero l hom eostasis by  a soph istica ted  system  of feedback  
control:

• It sup p resses  cholestero l syn thesis by  inh ib iting  the 
activ ity  of the  enzym e 3 -hydroxy -3 -m ethy lg lu tary l- 
coenzym e A  red u c tase  (H M G -C oA  reductase), w h ich  is 
the ra te -lim iting  enzym e in  the  syn thetic  p a thw ay .

• It stim ula tes the  fo rm ation  of cholestero l esters for 
sto rage of excess cholesterol.

• It d o w n reg u la tes  the  syn thesis o f cell surface LDL recep 
tors, th u s  p rev en tin g  excessive accum ula tion  of choles
tero l in side  cells.

The tra n sp o rt o f LDL by  the scavenger recep 
tors, a llu d ed  to  earlier, seem s to  occur in  cells of the 
m ononuclear-phagocy te  system  a n d  possib ly  in  o ther 
cells as w ell. M onocytes a n d  m acrophages have recep 
to rs for chem ically  m odified  (e.g., ace ty la ted  o r oxidized) 
LDLs. The am o u n t catabolized  by  th is scavenger recep 
to r p a th w ay  is d irectly  re la ted  to  the p lasm a cholesterol 
level.

P a th o g e n e s is

In  fam ilia l hypercholesterolem ia, m utations in  the LDL 
receptor protein im pair the intracellular transport and  
catabolism  o f LDL, resu ltin g  in  accum ulation o f LDL 
cholesterol in  the plasm a. In  ad d itio n , the  absence of LDL 
recep to rs on  liver cells im pa irs  the tra n sp o rt o f IDL in to  the 
liver, so a g rea ter p ro p o rtio n  of p lasm a  IDL is converted  
in to  LDL. T hus, pa tien ts  w ith  fam ilial hypercho lestero lem ia 
develop  excessive levels o f se ru m  cholestero l as a  re su lt of 
the com bined  effects of red u ced  catabo lism  a n d  excessive 
b iosyn thesis  (Fig. 7.1). This leads to  a m ark ed  increase of 
cholesterol u p tak e  by the  m onocy te-m acrophages a n d  vas
cu lar w alls  th ro u g h  the scavenger recep tor. This accounts 
for the  ap p earan ce  of sk in  x an thom as a n d  p rem a tu re  
atherosclerosis.

Fam ilial hypercho lestero lem ia is a n  au to so m al dom i
n a n t d isease. H eterozygo tes have a tw ofo ld- to  th reefo ld  
e levation  of p lasm a  cholesterol levels, w h e reas  hom ozy 
gotes m ay  have in  excess o f a fivefold elevation . A lthough  
their cho lestero l levels a re  e levated  from  b irth , he terozy 
gotes rem ain  asym ptom atic  u n til a d u lt life, w h e n  they 
develop  cholestero l deposits  (xan thom as) a long  ten d o n  
sheaths a n d  p re m a tu re  a therosclerosis re su ltin g  in  coro
nary  a rte ry  disease. H om ozygo tes a re  m u ch  m ore severely 
affected, d eve lop ing  cu tan eo u s x an thom as in  ch ildhood  
an d  often  d y in g  of m yocard ia l in farc tion  before the age of 
2 0  years.

A nalysis of the c loned  LDL recep to r gene has show n  
th a t m ore  th a n  900 d iffe ren t m u ta tio n s  can  give rise  to 
fam ilial hypercho lestero lem ia. These can  be d iv id ed  in to  
five categories. C lass I m u ta tio n s a re  uncom m on, a n d  they 
are  associated  w ith  com plete loss o f recep to r synthesis. 
W ith  class II m u ta tions, the m ost p rev a len t type, the recep 
to r p ro te in  is syn thesized , b u t its tra n sp o rt from  the  en d o 
plasm ic re ticu lu m  to the G olgi a p p a ra tu s  is im p a ired  
because of defects in  p ro te in  fo ld ing. C lass III m u ta tio n s 
p ro d u ce  recep to rs th a t are  tran sp o rted  to  the cell surface 
b u t fail to  b in d  LDL norm ally . C lass IV m u ta tio n s  give rise 
to recep to rs th a t fail to  in te rnalize  w ith in  c la th rin  p its  after 
b in d in g  to  LDL, w h ereas class V m u ta tio n s  encode recep 
to rs th a t can  b in d  LDL an d  are  in te rn a lized  b u t a re tra p p e d  
in  endosom es because d issocia tion  of recep to r an d  b o u n d  
LDL does n o t occur.
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Fig. 1 . 1  The LDL receptor pathway and regulation of cholesterol metabolism. The y e l lo w  a r ro w s  show three regulatory functions of free intra
cellular cholesterol: (1) suppression of cholesterol synthesis by inhibition of HMG-CoA reductase, (2) stimulating the storage of excess cho
lesterol as esters, and (3) inhibition of synthesis of LDL receptors. PCSK9 causes intracellular degradation of LDL receptors in liver cells, 
reducing the level of LDL receptors on the cell membrane. H M G - C o A  r e d u c ta s e ,  3-Hydroxy-3-methylglutaryl-coenzyme A reductase; L D L , low-density 
lipoprotein; P C S K 9 , proprotein convertase subtilisin/kexin type 9.

In  recen t years, a new  m echan ism  of p osttransla tiona l 
reg u la tio n  of p lasm a  LDL levels has  been  e lucidated , 
w h ere in  a n  enzym e referred  to  as PCSK9 causes in tracel
lu la r d eg rad a tio n  of LDL recep to rs in  hepatocytes, before 
they reach  the cell surface. W ith  few er LDL recep to rs on  
the cell surface, there  is re d u ced  u p tak e  of p lasm a  LDL, 
lead in g  to  hypercho lestero lem ia. Fam ilies w ith  activat
ing  m u ta tio n s of the gene PCSK9, w h ich  codes for the 
enzym e, have  m any  fea tu res sim ilar to  classic fam ilial 
hypercholestero lem ia.

The discovery o f the critical role o f LDL receptors in  
cholesterol hom eostasis has led  to the rational d esign  of 
the statin fam ily  o f drugs that are n ow  w id e ly  u sed  to 
low er p lasm a cholesterol. They in h ib it the  activ ity  of 
H M G -C oA  reductase  a n d  th u s  p ro m o te  g rea ter syn thesis 
of LDL recep to rs (Fig. 7.2). H ow ever, the u p reg u la tio n  of 
LDL recep to rs is accom pan ied  by a com pensa to ry  increase 
in  PCSK9 levels, w h ich  d am p en s  the  effects of statins. 
Therefore, agen ts th a t an tagon ize  PCSK9 enzym atic  func
tion  hav e  been  developed , an d  large  clinical tria ls have 
sh o w n  the benefits u sin g  such  inh ib ito rs in  p a tien ts  w ith  
refractory  hypercho lestero lem ia.

Ä S U M M A R Y

F A M IL IA L  H Y P E R C H O L E S T E R O L E M I A

• Familial hypercholesterolemia is an autosomal dominant disor
der caused by mutations in the gene encoding the LDL recep
tor. Activating mutations of PCSK9 (far less common), which 
degrades LDL receptors, also cause a similar phenotype.

• Patients develop hypercholesterolemia as a consequence of 
impaired transport of LDL into the cells.

• In heterozygotes, elevated serum cholesterol greatly increases 
the risk of atherosclerosis and resultant coronary artery 
disease; homozygotes have an even greater increase in serum 
cholesterol and a higher frequency of ischemic heart disease. 
Cholesterol also deposits along tendon sheaths to produce 
xanthomas.

Cystic Fibrosis

Cystic fibrosis (CF) is a disorder o f ep ith elia l ion  trans
port affecting flu id  secretion in  exocrine g lands and the  
ep ith elia l lin in g s o f the respiratory, gastrointestinal, and  
reproductive tracts. The ion  tra n sp o rt defects lead  to
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abnorm ally  v iscid  m ucous secretions th a t block the  a irw ays 
an d  the  pancreatic  ducts w h ich  in  tu rn  a re  responsib le  for 
the tw o  m ost im p o rta n t clinical m anifesta tions: recu rren t 
an d  chronic p u lm o n ary  infections a n d  pancreatic  insuffi
ciency. In  ad d itio n , a lth o u g h  the exocrine sw eat g lan d s are 
s truc tu ra lly  n o rm al (and  rem ain  so th ro u g h o u t the  course 
of th is d isease), a high level of sodium chloride in the sweat is 
a consistent and characteristic biochemical abnormality in CF. 
A t the sam e tim e, it m u s t be rem em b ered  th a t CF can 
p re sen t w ith  a  bew ildering ly  variab le  set o f clinical find 
ings. This va ria tio n  in  p h en o ty p e  resu lts  from  d iverse  
m u ta tio n s in  the  C F-associated  gene, tissue-specific effects 
of loss of the CF gene 's  function , a n d  the  influence of 
d isease m odifier genes.

W ith  a n  incidence of 1 in  2500 live b irth s  in  the U nited  
States, CF is the m ost com m on le thal genetic d isease th a t 
affects w h ite  p o p u la tio n s. The carrier frequency  in  the 
U n ited  S tates is 1 in  20 am o n g  C aucasians b u t significantly  
low er am o n g  A frican A m ericans, A sians, a n d  H ispanics. 
CF follow s sim ple  au to som al recessive transm ission , 
a lth o u g h  even  h e terozygous carriers have  a p red isp o sitio n  
to w ard  p u lm o n a ry  a n d  pancreatic  d isease a t h igher ra tes 
th an  the general popu la tion .

P a th o g e n e s is

The primary defect in  CF is reduced production, or abnor
m al fu nction  o f an ep ith elia l chloride channel protein  
encoded  by the CF transm em brane conductance regula
tor (CFTR) gene. D isrup tive  m u ta tio n s  in  CFTR ren d e r the 
ep ithe lia l m em b ran es re la tively  im perm eab le  to  ch loride 
ions (Fig. 7.3). H ow ever, the im pact of th is  defect o n  trans
p o r t func tion  is tissue specific. The m ajor function  of the 
CFTR p ro te in  in  the sw eat g land  d u c ts  is to  reabsorb  
lum inal ch lo ride  ions a n d  au g m en t so d iu m  reab so rp tio n  
th ro u g h  the  ep ithelia l so d iu m  channel (ENaC). Therefore, 
in  the sw eat ducts, loss of CFTR function  leads to  decreased  
reab so rp tio n  of so d iu m  ch lo ride  a n d  p ro d u c tio n  of h yper
tonic ("salty") sw eat (Fig. 7.3, top). In  con trast to  sw eat 
g lands, CFTR in  the re sp ira to ry  a n d  in testina l ep ith e liu m  
is one of the m ost im p o rta n t avenues for active lum inal 
secretion  of ch loride. A t these sites, CFTR m u ta tio n s  resu lt 
in  loss o r red u c tio n  of ch lo ride  secretion  in to  the lu m en  
(Fig. 7.3, bottom ). A ctive lu m in a l so d iu m  abso rp tion  
th ro u g h  EN aC s also  is increased , a n d  bo th  of these ion  
changes increase passive  w a te r reab so rp tio n  from  the 
lum en , low ering  the w a te r  con ten t o f the  surface flu id  layer 
coa ting  m ucosal cells. T hus, un like  the  sw eat ducts, there

NORMAL CYSTIC FIBROSIS

LUMEN OF SWEAT DUCT LUMEN OF SWEAT DUCT

NORMAL

Cl Na-

CYSTIC FIBROSIS

AIRWAY AIRWAY

Cl- Na-

Normal
mucus

Cl- Na+ H2O

Fig. 7.3 (T o p ) In CF, a chloride channel defect in the sweat duct causes increased chloride and sodium concentration in sweat. ( B o t to m )  Patients with CF 
have decreased chloride secretion and increased sodium and water reabsorption in the airways, leading to dehydration of the mucus layer coating epithelial 
cells, defective mucociliary action, and mucous plugging. C F T R , Cystic fibrosis transmembrane conductance regulator; E N a C ,  epithelial sodium channel respon
sible for intracellular sodium conduction.
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is no  d ifference in  the salt concen tra tion  o f the surface flu id  
layer coating  the  resp ira to ry  a n d  in testina l m ucosal cells in  
n o rm a l pe rso n s a n d  in  those w ith  CF. Instead , re sp ira to ry  
a n d  in testina l com plications in  CF seem  to stem  from  d ehy 
d ra tio n  of surface flu id  layer. In  the lungs, th is d eh y d ra tio n  
leads to  defective m ucociliary  action  an d  the accum ula tion  
of concen tra ted , viscid secretions th a t o b stru c t the a ir pas 
sages a n d  p red isp o se  to recu rren t p u lm o n ary  infections. In 
a d d itio n  to  ch loride, CFTR also  regu la tes  secretion  of bicar
bona te  ions. In  fact, certa in  CFTR v arian ts  m an ifest only  
w ith  abno rm al b icarbonate  tra n sp o rt w h ile  ch lo ride  ion  
tra n sp o rt is largely  p reserved . Pancreatic  insufficiency, a 
fea tu re  of classic CF, is v irtua lly  a lw ays p re se n t in  pa tien ts  
w h o  carry  CFTR m u ta tio n s  w ith  abno rm al b icarbonate 
conductance.

Since the CFTR gene w as  c loned  in  1989, m ore  th a n  1800 
d isease-causing  m u ta tio n s  have  been  iden tified . They can 
be classified o n  the basis o f clinical course  of CF o r the 
n a tu re  of the  u n d e rly in g  defect. M echanistically , they  m ay  
re su lt in  red u ced  q u an tity  of functional CFTR th a t reaches 
the cell surface or re d u ced  function  of CFTR th a t reaches 
the  cell surface. As w e  shall see these d ifferences im pact 
on  the d ev e lo p m en t of trea tm en t strateg ies. They can  also 
be classified as severe o r m ild , d e p e n d in g  o n  the clinical 
phen o ty p e . Severe m u ta tio n s are  associa ted  w ith  com plete  
loss o f CFTR p ro te in  function , w h ereas m ild  m u ta tio n s 
allow  som e resid u a l function . The m ost com m on  severe 
CFTR m u ta tio n  is a  de le tion  of th ree  nucleo tides cod ing  for 
p h en y la lan in e  a t am ino  acid po sitio n  508 (AF508). This 
causes m isfo ld ing  a n d  to ta l loss o f the  CFTR. W orldw ide , 
AF508 m u ta tio n  is fo u n d  in  ap p rox im ate ly  70% of pa tien ts  
w ith  CF. Since CF is an  au to som al recessive d isease, 
affected p ersons h a rb o r m u ta tio n s  o n  bo th  alleles. A s d is
cussed  later, the n a tu re  of m u ta tio n s on  the tw o  alleles 
in fluences the  overall p h eno type , as w ell as organ-specific 
m anifesta tions. A lth o u g h  CF rem ains one of the  best- 
k n o w n  exam ples of the  "one  g en e -o n e  d isease" axiom , 
there  is increasing  ev idence th a t o ther genes m odify  the 
frequency  a n d  severity  o f organ-specific m anifesta tions. 
E xam ples of m odifier genes inc lude  m annose-b ind ing  
lectin  2 (MBL2) a n d  transfo rm ing  g ro w th  fac to r-p i (TGF- 
p i) . It is p o s tu la ted  th a t p o ly m o rp h ism s in  these genes 
influence the ab ility  of the  lu n g s to  to lerate  in fections w ith  
v iru len t m icrobes (see later), th u s  m od ify ing  the n a tu ra l 
h isto ry  of CF.

M O R P H O L O G Y

Even “classic” CF can present with a multitude of manifestations 
(Fig. 7.4). P an creatic  a b n o rm a lities  are present in 85% to 90% 
of patients. In the milder cases, there may be only accumulations 
of mucus in the small ducts, with some dilation of the exocrine 
glands. In more advanced cases, usually seen in older children or 
adolescents, the ducts are totally plugged, causing atrophy of the 
exocrine glands and progressive fibrosis (Fig. 7.5). The total loss 
of pancreatic exocrine secretion impairs fat absorption and may 
lead to vitamin A deficiency. This may contribute to squamous 
metaplasia of the lining epithelium of the pancreatic ducts, which 
may exacerbate injury caused by the inspissated mucus secre
tions. Thick viscid plugs of mucus also may be found in the small

Rg. 7 . 4  Tissues affected in patients with CF. ( A d a p t e d  f r o m  C u t t in g  G R : C y s t ic  

f ib r o s is  g e n e t ic s :  f r o m  m o le c u la r  u n d e r s t a n d in g  to  c l in ic a l  a p p l ic a t io n .  Nat Rev 
Genet 1 6 : 4 5 , 2 0 1 5 . )

intestine of infants. Sometimes these cause small bowel obstruc
tion, known as m ec o n iu m  ileus.

The p u lm o n a ry  changes are the most serious complica
tions of this disease (Fig. 7.6). These changes stem from obstruc
tion of the air passages by the viscous mucus secretions of 
submucosal glands and superimposed infections.The bronchioles 
often are distended with thick mucus, associated with marked 
hyperplasia and hypertrophy of the mucus-secreting cells. Super
imposed infections give rise to severe chronic bronchitis and

Rg. 7 . 5  Mild to moderate changes of CF in the pancreas. The ducts are 
dilated and plugged with eosinophilic mucin, and the parenchymal glands are 
atrophic and replaced by fibrous tissue.

http://ebooksmedicine.net

http://ebooksmedicine.net


Mendelian Disorders: Diseases Caused by Single-Gene Defects 253

Fig. 7.6 Lungs of a patient who died of cystic fibrosis. Extensive mucous 
plugging and dilation of the tracheobronchial tree are apparent. The pul
monary parenchyma is consolidated by a combination of both secretions 
and pneumonia; the greenish discoloration is the product of P s e u d o m o 

n a s  infections. ( C o u r te s y  o f  D r .  E d u a r d o  Y u n is : C h ild re n 's  H o s p i t a l  o f  P it t s b u r g h ,  

P i t ts b u r g h ,  P e n n s y lv a n ia . )

bronchiectasis. Development of lung abscesses is common. Staph
ylococcus aureus, Haemophilus influenzae, and Pseudomonas aeru
ginosa are the three most common organisms responsible for 
lung infections. Even more sinister is the increasing frequency of 
infection with another pseudomonad, Burkholderia cepacia. This 
opportunistic bacterium is particularly hardy, and infection with 
this organism has been associated with fulminant illness (“cepacia 
syndrome”). The liver invo lvem ent follows the same basic 
pattern. Bile canaliculi are plugged by mucinous material, accom
panied by ductular proliferation and portal inflammation. Hepatic 
steatosis (“ fatty liver”) is a common finding in liver biopsies. 
With time, cirrhosis develops, resulting in diffuse hepatic nodu
larity. Such severe hepatic involvement is encountered in less 
than 10% of patients. A z o o s p e rm ia  and in fe rt ility  are found 
in 95% of the affected males who survive to adulthood; b ila te ra l 

absence o f th e  vas deferens is a frequent finding in these 
patients. In some males, this may be the only feature suggesting 
an underlying CFTR mutation.

C lin ic a l  C o u r s e

In  few  ch ildhood  d iseases a re  clinical m an ifesta tions as 
p ro te a n  as those of CF (Fig. 7.4). A pprox im ate ly  5% to 10% 
of the cases com e to  clinical a tten tio n  a t b irth  o r soon  after 
because of an  a ttack  of m econ ium  ileus. Exocrine pancre 
atic  insufficiency occurs in  a  m ajority  (85% to 90%) of 
p a tien ts  a n d  is associa ted  w ith  "severe" CFTR m u ta tio n s 
o n  b o th  alleles (e.g., AF508/AF508). By contrast, 10% to 15% 
of patien ts, w h o  have  one "severe" an d  one "m ild "  CFTR 
m u ta tio n , o r tw o "m ild "  CFTR m uta tions, re ta in  sufficient 
pancrea tic  exocrine function  th a t enzym e su p p lem en ta tio n

is n o t req u ired  — the pancreas-sufficien t phen o ty p e . 
Pancreatic  insufficiency is associa ted  w ith  m alabso rp tion  
of p ro te in  an d  fa t a n d  increased  fecal loss. M anifesta tions 
of m alab so rp tio n  (e.g., large, fou l-sm elling  stools; abdom i
nal d isten tion ; p o o r w e ig h t gain) ap p e a r d u rin g  the first 
y ea r of life. The fau lty  fa t ab so rp tio n  m ay  in d u ce  defi
ciency states of the fat-soluble v itam ins, re su ltin g  in  m an i
festa tions of av itam inosis A, D, o r K. H y p o p ro te in em ia  
m ay  be severe en o u g h  to  cause generalized  edem a. P ersis
ten t d ia rrh ea  m ay  re su lt in  rectal p ro lap se  in  as m an y  as 
10% of ch ild ren  w ith  CF. The pancreas-sufficien t p h en o 
type u sually  is n o t associated  w ith  o th e r gastro in testina l 
com plications, a n d  in  general, these  p a tien ts  dem o n stra te  
excellent g ro w th  a n d  developm ent. In  co n trast to  exocrine 
insufficiency, endocrine  insufficiency (i.e., d iabetes) is 
unco m m o n  in  CF an d  occurs late  in  the course of the 
d isease especially  w ith  im p ro v ed  su rv iv a l of p a tien ts  w ith  
CF.

C ard io resp ira to ry  com plications, such  as chronic cough, 
p e rs is ten t lu n g  infections, obstruc tive  p u lm o n ary  d isease, 
an d  cor p u lm onale , constitu te  the m o st com m on cause of 
d ea th  (accounting  for app rox im ate ly  80% of fatalities) in  
p a tien ts  w h o  receive fo llow -up care in  m o st CF centers 
in  the U n ited  States. By 18 years of age, 80% of pa tien ts  
w ith  classic CF h arb o r P. aeruginosa, a n d  3.5% harb o r B. 
cepacia. W ith  the ind iscrim inate  u se  of an tib io tic  p ro p h y 
laxis, there  has  been  an  u n fo rtu n a te  resu rgence  of resis
ta n t stra in s of Pseudomonas in  m an y  patien ts. S ignificant 
liver d isease occurs late  in  the n a tu ra l h isto ry  of CF an d  
is fo reshadow ed  by p u lm o n a ry  an d  pancrea tic  involve
m ent; w ith  increasing  life expectancy, liver d isease is 
now  the th ird  m ost com m on  cause of d e a th  in  p a tien ts  
w ith  CF (after c a rd io p u lm o n ary  an d  tran sp lan t-re la ted  
com plications). M ore extensive D N A  sequencing  has 
sh o w n  th a t the sp ec tru m  of d iseases caused  by  germ line  
CFTR m u ta tio n s  (either biallelic o r in  he te ro zy g o u s car
riers) is b ro ad e r th a n  the "classic" m u ltisy stem  disease 
described  earlier. For exam ple, som e p a tien ts  suffering  
from  re c u rren t bou ts  o f abdom ina l p a in  a n d  p ancrea titis  
since ch ildhood  w h o  w ere  p rev io u sly  classified as hav in g  
"id io p ath ic"  chronic p ancrea titis  a re  n o w  k n o w n  to ha rb o r 
biallelic CFTR v arian ts  th a t are d istinct from  those seen in  
"classic" CF. P a tien ts  w ith  iso la ted  p an crea titis  o r b ilateral 
absence of vas deferens (see earlier) re su ltin g  from  CFTR 
m u ta tio n s  a re  in c lu d ed  u n d e r  the  um bre lla  o f "CFTR- 
opath ies."  S im ilarly, w h e reas  CF carriers w ere  in itially  
th o u g h t to  be asym ptom atic , s tud ies  sug g est th a t they 
have  an  increased  lifetim e risk  for chronic lu n g  disease 
(especially  bronchiectasis) a n d  recu rren t s inonasal po lyps. 
In  m ost cases, the d iagnosis o f CF is based  o n  p ersis ten tly  
e levated  sw eat electro ly te concen tra tions (often the  m o th er 
m akes the  d iagnosis because h e r in fan t " tastes  salty"), 
characteristic  clinical find ings (sino p u lm o n ary  d isease 
an d  gastro in testina l m anifestations), o r a  fam ily  h isto ry . 
S equencing  the CFTR gene is the  go ld  s ta n d a rd  for d iagnosis 
of CF.

T here have  been  m ajor im p ro v em en ts  in  the m anage 
m en t o f acu te  a n d  chronic com plications of CF, inc lud ing  
m ore p o te n t an ti-m icrobial therap ies, pancrea tic  enzym e 
rep lacem ent, a n d  b ila tera l lu n g  tran sp lan ta tio n . Im p o r
tantly , tw o  n ew  fo rm s of trea tm en t a im ed  a t increasing  
CFTR p ro te in  function  in  certa in  CFTR v arian ts  have  been
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a p p ro v ed . For exam ple, a g ro u p  of agen ts  k n o w n  as CFTR 
"p o ten tia to rs"  are u se d  in  a  m ino rity  (~3% to 5%) of CF 
p a tien ts  w h o  h arb o r a G155D m u ta tio n  in  the CFTR gene. 
In  th is v arian t, functionally  defective CFTR is p re sen t in  
o therw ise  n o rm al am o u n ts  a t the cell m em brane; the  o rally  
b ioavailab le  CFTR "p o ten tia to r"  p a rtia lly  resto res the  criti
cal ion  tra n sp o rt functions to  the  defective channel. A no ther 
a p p ro v e d  d ru g  contains a  com bination  o f tw o  agen ts — one 
the a fo rem en tioned  p o ten tia to r a n d  the  second  a d ru g  tha t 
increases the tra n sp o rt of the defective A508 CFTR p ro te in  
to the cell m em brane . It is too early  d e term ine  the im pact 
of the  em erg ing  m o lecu lar the rap ies  on  p rognosis  a n d  su r
v ival. O verall, im p ro v ed  m an ag em en t o f CF have  ex tended  
the  m ed ian  life expectancy to  close to  40 y ears  and , is 
stead ily  chang ing  a le thal d isease of ch ildhood  in to  a 
chronic d isease of adu lts .

f t  S U M M A R Y
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C Y S T I C  F IB R O S IS

• CF is an autosomal recessive disease caused by mutations in 
the CFTR gene encoding the CF transmembrane regulator.

• The principal defect is of chloride ion transport, resulting in 
high salt concentrations in sweat and in viscous luminal secre
tions in respiratory and gastrointestinal tracts.

• CFTR mutations can be severe (AF508), resulting in multisys
tem disease, or mild, with limited disease extent and severity.

• Cardiopulmonary complications constitute the most common 
cause of death; pulmonary infections, especially with resistant 
Pseudomonas or Burkholderia species, are frequent. Bronchiec
tasis and right-sided heart failure are long-term sequelae.

• Pancreatic insufficiency is extremely common; infertility caused 
by congenital bilateral absence of vas deferens is a character
istic finding in adult patients with CF.

• Liver disease, including cirrhosis, is increasing in frequency as 
life expectancy increases.

• Molecular therapies that enhance the transport or stability of 
mutant CFTR protein are useful in patients who harbor certain 
CFTR alleles.

Diseases Caused by Mutations in Genes Encoding 
Enzyme Proteins

Phenylketonuria (P K U )

PKU resu lts from  m utations that cause a severe lack  
o f the enzym e phen yla lan in e hydroxylase (PAH). It
affects 1  in  1 0 , 0 0 0  live-born  w h ite  in fan ts a n d  there  a re  
several v a rian ts  of th is disease. The m ost com m on  form , 
re ferred  to  as classic phen y lk e to n u ria , is com m on  in 
p e rso n s of S cand inav ian  descen t a n d  is d istinctly  uncom 
m o n  in  A frican-A m erican  a n d  Jew ish  popu la tions.

H om ozygo tes w ith  th is au to som al recessive d iso rd er 
classically have  a severe lack of PA H , lead in g  to hyperp h e- 
ny la lan inem ia  an d  PKU. A ffected in fan ts are  n o rm al a t 
b irth  b u t w ith in  a few  w eek s exhib it a rising  p lasm a 
p h eny la lan ine  level, w h ic h  im p a irs  b ra in  developm en t. 
U sually , by  6  m o n th s  of life, severe m en ta l re ta rd a tio n  
becom es all too ev ident; less th a n  4% of u n tre a te d  pheny l- 
k e tonu ric  ch ild ren  have  in telligence q u o tien ts  (IQs) g reater

th a n  60. A bou t one-th ird  of these ch ild ren  a re  n ev er able 
to  w alk , a n d  tw o -th ird s  canno t talk. Seizures, o ther n eu ro 
logic abnorm alities, decreased  p ig m en ta tio n  of h a ir  a n d  
skin, a n d  eczem a o ften  accom pany  the  m en ta l re ta rd a tio n  
in  u n tre a te d  ch ild ren . H yperp h en y la lan in em ia  a n d  the 
re su ltan t m en ta l re ta rd a tio n  can  be av o id ed  by  restric ting  
p h en y la lan in e  in take early  in  life. H ence, several screening 
p ro ced u res  a re  rou tine ly  p e rfo rm ed  to  detect PKU in  the 
im m ed ia te  p o stn a ta l period .

M any  fem ale p a tien ts  w ith  PKU w h o  receive d ie ta ry  
trea tm en t b eg inn ing  early  in  life reach  ch ildbearing  age 
a n d  are  clinically norm al. M ost o f th em  have  m ark ed  
hyperp h en y la lan in em ia , because d ie ta ry  trea tm en t is d is
co n tin u ed  after they  reach  ad u lth o o d . B etw een 75% an d  
90% of ch ild ren  b o rn  to  such  w o m en  are m en ta lly  re ta rd ed  
a n d  m icrocephalic , a n d  15% have  congen ita l h ea rt d isease, 
ev en  th o u g h  the in fan ts them selves a re  heterozygo tes. This 
synd rom e, te rm ed  m ate rn a l PKU, resu lts  from  the te ra to 
genic effects of p h eny la lan ine  o r its m etabo lites th a t cross 
the  p lacen ta  a n d  affect specific fetal o rgans d u rin g  devel
o pm en t. The p resence a n d  severity  o f the  fetal anom alies 
d irectly  corre la te  w ith  the m a te rn a l p h en y la lan in e  level, so 
it is im pera tive  th a t m ate rn a l d ie ta ry  restric tion  of ph en y l
a lan ine  be in itia ted  before concep tion  a n d  con tinued  
th ro u g h o u t p regnancy .

The b iochem ical abnorm ality in  PKU is an in ab ility  to 
convert phen yla lan in e into tyrosin e . In  n o rm al ch ild ren , 
less th an  50% of the d ie ta ry  in take  of p h eny la lan ine  is 
necessary  for p ro te in  synthesis. The rem a in d e r is converted  
to  ty rosine  by  the p h eny la lan ine  hydroxy lase  system  (Fig. 
7.7). W hen  p h eny la lan ine  m etabo lism  is b locked  because 
of a  lack of PA H  enzym e, sh u n t p a th w a y s  com e in to  play, 
y ie ld in g  several in te rm ed ia tes  th a t a re  excreted  in  large 
a m o u n ts  in  the  u rin e  a n d  in  the sw eat. These im p a rt a 
stro n g  m u sty  or m ousy  o d o r to  affected  in fants. It is 
believed  th a t excess p h eny la lan ine  o r its m etabo lites con
trib u te  to  the b ra in  dam ag e  in  PKU. C oncom itan t lack of 
ty rosine  (Fig. 7.7), a p recu rso r o f m elan in , is responsib le  
for the ligh t color o f ha ir a n d  skin.

A t the m o lecu lar level, ap p ro x im ate ly  500 m u ta n t 
alleles o f the P A H  gene have  been  iden tified , on ly  som e 
of w h ich  cause a severe deficiency of the  enzym e. In fan ts 
w ith  m u ta tio n s  re su ltin g  in  a severe lack of PA H  activ ity  
p re sen t w ith  the classic fea tu res o f PKU, w h ereas  those 
w ith  som e resid u a l activ ity  p resen t w ith  m ilder d isease 
o r m ay  be asym ptom atic , a  cond ition  re ferred  to  as benign 
hyperphenylalaninemia. Because the n u m ero u s  disease- 
causing  alleles o f the  P AH  gene, com plicate  m olecu lar 
d iagnosis, m easu rem en t o f se ru m  p h eny la lan ine  levels 
is u sed  to  d ifferen tia te  ben ign  hyperp h en y la lan in em ia  
from  PKU; the levels in  the  la tte r  d iso rd er typically  a re  >5 
tim es h igher th a n  norm al. A fter a  b iochem ical d iagnosis 
is estab lished , the specific m u ta tio n  causing  PKU can  be 
de te rm in ed . W ith  th is in form ation , carrier testing  o f at-risk  
fam ily  m em bers can  be perfo rm ed . C urren tly , enzym e 
rep lacem en t th e rap y  is being  tried  as a m eth o d  for red u c 
in g  c ircu la ting  p h eny la lan ine  levels in  p a tien ts  w ith  classic 
PKU. The rep lacem en t enzym e, k n o w n  as  p h eny la lan ine  
am m on ia  lyase (or PAL), converts  excess phen y la lan in e  to 
am m on ia  a n d  o ther nontoxic m etabolites.

A lth o u g h  98% of cases of h y p erp h en y la lan in em ia  are  
a ttrib u tab le  to  m u ta tio n s  in  PA H , ap p rox im ate ly  2% arise
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Phenylalanine — Tetrahydrobiopterin ; j t  NAD
+ 0 2  - X (BH 4 )

Phenylalanine Dihydropteridine
hydroxylase (PAH) reductase (DHPR)

Tyrosine Dihydrobiopterin — NADH
+ H20 (BH2)

Fig. I . 7  The phenylalanine hydroxylase system. N A D H ,  Nicotinamide adenine dinucleotide, reduced form.

from  abno rm alities in  syn thesis o r recycling  of the cofactor 
te trah y d ro b io p te rin  (Fig. 7.7). C linical recogn ition  of these 
v a rian t fo rm s is im p o rta n t because these pa tien ts  canno t 
be trea ted  by  d ie ta ry  restric tion  of p h eny la lan ine  alone, b u t 
also  req u ire  su p p lem en ta tio n  w ith  te trah y d ro b io p te rin , 
certa in  n eu ro tran sm itte r p recurso rs, a n d  folic acid.

^ S U M M A R Y

P H E N Y L K E T O N U R I A

• PKU is an autosomal recessive disorder caused by a lack of 

the enzyme phenylalanine hydroxylase and a consequent inabil

ity to  metabolize phenylalanine.

• Clinical features of untreated PKU may include severe mental 

retardation, seizures, and decreased pigmentation of skin, 

which can be avoided by restricting the intake of phenylalanine 

in the diet.

• Female patients with PKU who discontinue dietary treatment 

can give birth to  children with malformations and neurologic 

impairment resulting from transplacental passage of phenylala

nine metabolites.

G alactosem ia

G alactosem ia is  an autosom al recessive disorder o f galac
tose m etab olism  resu ltin g  from  a m utation in  the gene  
en cod in g  the enzym e galactose-1-phosphate uridyltrans- 
ferase (GALT). It affects 1 in  60,000 live-born  infants. N or
m ally , lactase splits lactose, the m ajor carb o h y d ra te  of 
m am m alian  m ilk, in to  glucose an d  galactose in  the  in testi
na l m icrovilli. G alactose is th en  converted  to  g lucose in  
several steps, in  one of w h ich  the enzym e GALT is requ ired . 
A s a re su lt of th is transferase  deficiency, galactose-1-phos
p h a te  a n d  o ther m etabolites, in c lu d in g  galactitol, accum u
late  in  m an y  tissues, in c lu d in g  the liver, sp leen, lens of the 
eye, k idney , a n d  cerebral cortex.

The liver, eyes, and brain bear the brunt o f the dam age. 
The early -onse t h epatom egaly  resu lts  largely  from  fatty  
change, b u t in  tim e w id e sp re a d  scarring  th a t closely 
resem bles the cirrhosis o f alcohol abuse  m ay  superv en e  
(C hap ter 16). O pacification  of the lens (cataract) develops, 
p robab ly  because the lens absorbs w a te r  a n d  sw ells as 
galactitol, p ro d u ced  by a lte rna tive  m etabolic  pa th w ay s, 
accum ulates a n d  increases its tonicity . N onspecific a ltera 
tions ap p e a r in  the cen tra l n e rv o u s  system  (CNS), inc lud 
ing  loss o f nerve  cells, gliosis, a n d  edem a. T here is still no

clear u n d e rs ta n d in g  of the  m echan ism  of in ju ry  to  the 
brain , a lth o u g h  e levated  galactito l levels in  n eu ro n a l 
tissues suggests th a t th is m ay  con tribu te  to  the  dam age.

A lm ost from  b irth , affected  in fan ts fail to  th rive. V om it
in g  a n d  d ia rrh ea  ap p e a r w ith in  a few  days of m ilk  inges
tion. Jaundice  a n d  h epatom egaly  u sua lly  becom e ev id en t 
d u r in g  the  first w eek  of life. A ccum ula tion  of galactose an d  
galactose- 1 -p h o sp h a te  in  the k id n ey  im p a irs  am ino  acid 
tran sp o rt, re su ltin g  in  am inoacidu ria . F u lm inan t Esche
richia coli sep ticem ia occurs w ith  increased  frequency. 
N ew b o rn  screen ing  tests are w id e ly  u tilized  in  the U nited  
States. They d e p e n d  o n  fluo rom etric  assay  of GALT enzym e 
activ ity  on  a d ried  b lood  spot. A  positive  screen ing  test 
m u s t be confirm ed by  assay  of GALT levels in  RBC. A nte
n a ta l d iagnosis is possib le  by  assay  of G ALT activ ity  in  
c u ltu red  am nio tic  flu id  cells o r de te rm in a tio n  of galactito l 
level in  am nio tic  flu id  su p ern a tan t.

M any o f the clin ical and m orphologic changes of 
galactosem ia can be prevented or am eliorated by rem oval 
o f galactose from  the d iet for at least the first 2 years of 
life . If in stitu ted  soon  after b irth , th is d ie t p rev en ts  cata
racts a n d  liver dam age  a n d  p erm its  a lm ost n o rm al devel
o pm en t. Even w ith  d ie ta ry  restrictions, how ever, o lder 
pa tien ts  frequen tly  a re  affected by  a speech  d iso rd e r an d  
g o n ad a l fa ilu re  (especially  p rem a tu re  o v arian  failure) and , 
less com m only , by  a n  ataxic condition .

Ä S U M M A R Y

G A L A C T O S E M I A

• Galactosemia is an autosomal recessive disorder caused by 

lack of the GALT enzyme, leading to  the accumulation of 

galactose-1 -phosphate and its metabolites in tissues.

• Clinical features may include jaundice, liver damage, cataracts, 

neural damage, vomiting and diarrhea, and E  c o l i sepsis. Dietary 

restriction of galactose can prevent at least some of the more 

severe complications.

Lysosomal Storage Diseases

Lysosom es, the  d igestive  system  of the  cells, con ta in  a 
varie ty  of h yd ro ly tic  enzym es th a t a re  invo lved  in  the 
b reak d o w n  of com plex  substra tes, such  as sph in g o lip id s  
an d  m ucopo lysaccharides, in to  soluble en d  p ro d u c ts . 
These large  m olecu les m ay  be deriv ed  from  the tu rn o v e r 
of in trace llu la r o rganelles th a t en te r the  lysosom es by 
autophagy, o r they  m ay  be acq u ired  from  o u tsid e  the cell

http://ebooksmedicine.net

http://ebooksmedicine.net


by phagocytosis. W ith  a n  in h erited  lack of a  lysosom al 
enzym e, catabo lism  of its substra te  rem ains incom plete, 
lead in g  to  accum ula tion  of the partia lly  d eg rad ed  inso lu 
ble m etabo lites w ith in  the lysosom es (Fig. 7.8). This is 
called  primary storage. S tuffed  w ith  incom plete ly  d igested  
m acrom olecules, lysosom es becom e large an d  n u m ero u s  
en o u g h  to  in terfere  w ith  n o rm al cell functions. Because 
lysosom al function  is also  essen tia l for au to p h ag y , im p a ired  
au to p h ag y  gives rise to  secondary storage of au to p h ag ic  sub 
stra tes such  as p o ly u b iq u in a ted  p ro te in s  a n d  o ld  a n d  effete 
m itochondria . The absence of th is quality -con tro l m echa
n ism  causes accum ula tion  of dysfunctional m itochondria , 
w h ich  can  trigger the  genera tion  of free rad icals  and  
apoptosis.

A pprox im ate ly  60 lysosom al sto rage d iseases have  
been  iden tified . These m ay  re su lt from  abnorm alities of
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Complex substrate

Normal lysosomal 
degradation

Lysosomal enzyme 
deficiency

PRIMARY Stored nonmetabolized 
STORAGE | products

Defective fusion of autophagosome with lysosome

Defective degradation of intracellular organelles
:

Accumulation of 
toxic proteins

SECONDARY
STORAGE

Accumulation 
of aberrant 
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Induction of 
cell damage CELL DEATH

Generation of 
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Fig. 7.8 Pathogenesis of lysosomal storage diseases. In this example, a 
complex substrate is normally degraded by a series of lysosomal enzymes 
into soluble end products ( A, B and C). If there is a deficiency or malfunction 
of one of the enzymes (e.g., B), catabolism is incomplete, and insoluble inter
mediates accumulate in the lysosomes. In addition to this primary storage, 
secondary storage and toxic effects result from defective autophagy.

ly sosom al enzym es or p ro te in s  in vo lved  in  substra te  deg 
rad a tio n , endosom al sorting , o r lysosom al m em brane  
in teg rity . L ysosom al sto rage d iso rd ers  are d iv id ed  in to  cat
egories based  on  the b iochem ical n a tu re  of the substra tes 
a n d  the  accum ula ted  m etabolites. (Table 7.3). W ith in  each 
g ro u p  are  several entities, each resu ltin g  from  the defi
ciency of a  specific enzym e.

Although the combined frequency of lysosomal storage disor
ders (LSDs) is about 1 in 5000 live births, lysosomal dysfunction 
may be involved in the etiology of several more-common diseases. 
For exam ple, a n  im p o rta n t genetic risk  factor for develop 
in g  P ark in so n  d isease is the carrier sta te  for G aucher 
disease, a n d  v irtu a lly  all G aucher d isease p a tien ts  develop  
P ark in so n  disease. N iem an n  Pick C is an o th e r LSD con
nec ted  to  the  risk  for A lzheim er disease. Such in tercon 
nec tedness stem s from  the  m ultifunctionality  o f the 
lysosom e. For exam ple, lysosom es p lay  critical roles in  (i) 
au to p h ag y , resu ltin g  from  fusion  w ith  the au tophagosom e; 
(ii) im m un ity , as they  fuse w ith  phagosom es; a n d  (iii) m em 
b rane  repair, th ro u g h  fu sion  w ith  the p lasm a  m em brane.

LSDs are  typ ically  fatal, w ith  m an y  d isp lay in g  p ro fo u n d  
neuro log ic  im p a irm en t th a t beg ins in  ch ildhood . S tud ies 
show  th a t several n eu ro d eg en era tiv e  LSDs also  a re  associ
a ted  w ith  a d y sreg u la tio n  of the im m u n e  system . For 
exam ple, im m u n o su p p ress io n  occurs in  G aucher d isease 
a n d  m ucopo lysaccharidoses VII, w h e reas  in  N iem an n  
P ick  disease-type-C 1, h y p erac tiv a tio n  of the  im m u n e  
system  is seen. The m echanistic  basis of linkage to  im m u 
nologic changes rem ains to  be deciphered .

D esp ite  th is com plexity , certa in  fea tu res are com m on  to 
m o st d iseases in  th is group:
• A u tosom al recessive transm ission
• P a tien t p o p u la tio n  consisting  of in fan ts a n d  y o u n g  

ch ild ren
• S torage of inso lub le  in te rm ed ia tes  in  the  m ononuclear 

phagocy te  system , g iv ing  rise to  hepato sp lenom egaly
• F req u en t CNS invo lv em en t w ith  associa ted  n eu ro n a l 

dam age
• C ellu lar dysfunction  caused  n o t on ly  by sto rage of u n d i

gested  m ateria l, b u t also  by  a cascade of secondary  
events, for exam ple, m acrophage  ac tiva tion  a n d  release 
of cy tokines

M ost o f these cond itions are  very  rare, a n d  the ir deta iled  
d esc rip tion  is be tte r re lega ted  to  specialized  texts and  
rev iew s. O n ly  a  few  of the  m ore com m on  cond itions are 
considered  here.

T a y -S a c h s  D is e a s e  ( G M 2  G a n g lio s id o s is :  D e f ic ie n c y  in  

H e x o s a m in id a s e  P  S u b u n it )

G an gliosid oses are characterized b y  accum ulation of 
gan g lio sid es, principally  in  the brain, as a result o f a 
deficiency o f one o f the lysosom al enzym es that catabo- 
liz e  th ese  g lyco lip id s. D ep en d in g  on  the ganglioside  
involved , these d iso rd ers  are  subclassified  in to  GM 1 and  
GM 2 categories. Tay-Sachs disease, by  far the m o st com m on 
of all gangliosidoses, is caused  by loss-of-function  m u ta 
tions of the P su b u n it o f the enzym e hexosaminidase A, 
w h ich  is necessary  for the  d eg rad a tio n  of GM2. M ore than  
1 0 0  m u ta tio n s  have  been  described; m ost d is ru p t p ro te in  
fo ld ing  o r in trace llu la r tran sp o rt. Tay-Sachs disease, sim ilar 
to o th e r lip id  sto rage d iso rders, is m o st com m on  am ong
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Table 7.3 Lysosomal Storage Disorders

Disease E n zy m e  D efic ien cy M a jo r A c c u m u la tin g  M eta b o lite s

Glycogenosis, type 2-Pompe 
disease

a-l,4-Glucosidase (lysosomal 
glucosidase)

Glycogen

Sphingolipidoses
GMI gangliosidosis 

Type 1— infantile, generalized 
Type 2—juvenile 

GM2 gangliosidosis

GMl ganglioside p-galactosidase GMI ganglioside, galactose-containing oligosaccharides

Tay-Sachs disease 
Sandhoff disease 
GM2 gangliosidosis variant AB

Hexosaminidase, a  subunit 
Hexosaminidase, p subunit 
Ganglioside activator protein

GM2 ganglioside
GM2 ganglioside, globoside
GM2 ganglioside

Sulfatidoses
Metachromatic leukodystrophy 
Multiple sulfatase deficiency

Krabbe disease 
Fabry disease 
Gaucher disease
Niemann-Pick disease: types A and B

Arylsulfatase A
Arylsulfatase A, B, C; steroid sulfatase; 

iduronate sulfatase; heparan 
N-sulfatase 

Galactosylceramidase 
a-Galactosidase A 
Glucocerebrosidase 
Sphingomyelinase

Sulfatide
Sulfatide, steroid sulfate, heparan sulfate, dermatan 

sulfate

Galactocerebroside 
Ceramide trihexoside 
Glucocerebroside 
Sphingomyelin

Mucopolysaccharidoses (MPSs)
MPS I H (Hurler)
MPS II (Hunter)

a-L-Iduronidase 
l-Iduronosulfate sulfatase

Dermatan sulfate, heparan sulfate

Mucolipidoses (MLs)
I-cell disease (ML II) and pseudo-Hurler 

polydystrophy
Deficiency of phosphorylating enzymes 

essential for the formation of 
mannose-6 -phosphate recognition 
marker; acid hydrolases lacking the 
recognition marker cannot be 
targeted to the lysosomes but are 
secreted extracellularly

Mucopolysaccharide, glycolipid

O ther diseases of complex 
carbohydrates

Fucosidosis
Mannosidosis
Aspartylglycosaminuria

a-Fucosidase
a-Mannosidase
Aspartylglycosamine amide hydrolase

Fucose-containing sphingolipids and glycoprotein 
fragments

Mannose-containing oligosaccharides 
Aspartyl-2-deoxy-2-acetamido-glycosylamine

O ther lysosomal storage diseases
Wolman disease
Acid phosphate deficiency

Acid lipase
Lysosomal acid phosphatase

Cholesterol esters, triglycerides 
Phosphate esters

A shkenazi Jews, am o n g  w h o m  the frequency  of he terozy 
gous carriers is es tim ated  to  be 1 in  30. H eterozygo te  car
rie rs can  be de tec ted  by  m easu rin g  the  level of 
hexosam in idase  in  the  se ru m  o r by  D N A  sequencing.

In  the  absence of hexosam in idase  A, G M 2  ganglioside  
accum ula tes in  m an y  tissues (e.g., heart, liver, sp leen, 
n e rv o u s  system ), b u t the in volvem en t o f neurons in  the  
central and autonom ic nervous system s and retina dom i
nates the clin ical picture. The accum ula tion  of GM 2 occurs 
w ith in  neu rons, axon  cy linders of nerves, a n d  glial cells 
th ro u g h o u t the  CNS. A ffected cells ap p e a r sw ollen  an d  
som etim es foam y (Fig. 7.9A). E lectron m icroscopy  show s 
w h o rled  onionsk in-like configurations w ith in  lysosom es 
com posed  of layers o f m em branes (Fig. 7.9B). These p a th o 
logic changes a re  fo u n d  th ro u g h o u t the CNS (includ ing  the 
sp ina l cord), p e rip h e ra l nerves, a n d  au tonom ic  n erv o u s 
system . The re tina  u sua lly  is in vo lved  as w ell, w h e re  the 
p a llo r p ro d u c e d  by  sw ollen  g ang lion  cells in  the  p e rip h era l 
re tin a  resu lts  in  a con trasting  "ch erry  red "  sp o t in  the rela 
tively  unaffected  cen tra l m acula.

The m o lecu lar basis for n eu ro n a l in ju ry  is n o t fully  
u n d e rs to o d . Because in  m an y  cases the m u ta n t p ro te in  is

m isfo lded , it in d u ces the so-called "u n fo ld ed  p ro te in "  
response  (C hap ter 2). If such  m isfo lded  enzym es are n o t 
stab ilized  by chaperones, they  u n d e rg o  p ro teaso m al deg 
rad a tio n , lead in g  to  accum ula tion  of toxic substra tes an d  
in te rm ed ia tes  w ith in  neu rons. These find ings have  sp u rred  
clinical trials o f m o lecu lar chaperone  th e rap y  for som e 
v arian ts  of la te r-onse t Tay-Sachs a n d  o th er selected  lyso
som al sto rage d iseases. Such th e rap y  involves the u se  of 
syn thetic  chaperones th a t can  cross the  b lo o d -b ra in  barrier, 
b in d  to  the m u ta te d  p ro te in , a n d  enable its p ro p e r fo ld ing. 
Sufficient functional enzym e can  th en  be rescued  to  am e
lio ra te  the  effects of the in b o rn  error.

In  the  m ost com m on acu te  in fan tile  v a rian t o f Tay-Sachs 
disease, in fan ts a p p e a r no rm al a t b irth , b u t m o to r w eak 
ness beg ins a t 3 to  6  m o n th s of age, fo llow ed by  neuro log ic  
im p a irm en t, o n se t o f b lindness, a n d  p rogressive ly  m ore 
severe neuro log ic  dysfunctions. D eath  occurs w ith in  2 to  3 
years.

N ie m a n n - P ic k  D is e a s e  T y p e s  A  a n d  B

Type A  and type B N iem ann-P ick d iseases are related  
entities characterized by a primary deficiency o f acid
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Fig. 7.9 Ganglion cells in Tay-Sachs disease. (A) Under the light microscope, a large neuron has obvious lipid vacuolation. (B) A portion of a neuron under 
the electron microscope shows prominent lysosomes with whorled configurations just below part of the nucleus. (A , C o u r te s y  o f  D r .  A r t h u r  W e in b e r g ,  D e p a r t 

m e n t  o f  P a th o lo g y ,  U n iv e r s i t y  o f  T e x a s  S o u th w e s te rn  M e d ic a l  C e n te r ,  D a lla s ,  T e x a s . B , C o u r te s y  o f  D r .  J o e  R u t le d g e ,  C h ild re n 's  R e g io n a l M e d ic a l  C e n te r ,  S e a tt le ,  

W a s h in g to n . )

sphingomyelinase and the resultant accum ulation of 
sp h in gom yelin . A s w ith  Tay-Sachs disease, N iem ann-P ick  
d isease types A  a n d  B are  com m on  in  A shkenazi Jews. The 
gene for acid  sph ingom yelinase  m ap s  to  chrom osom e 
11p15.4 a n d  is one of the im p rin te d  genes th a t is p referen 
tially  expressed  from  the  m a te rn a l ch rom osom e as a resu lt 
of ep igenetic  silencing of the p a te rn a l gene (d iscussed  
later).

In  type A, charac terized  by a severe deficiency of 
sph ingom yelinase , the  b reak d o w n  of sph ingom yelin  
in to  ceram ide a n d  p hospho ry lcho line  is im p a ired , an d  
excess sph ingom yelin  accum ula tes in  phagocytic  cells an d  
in  neu rons. M acrophages becom e stu ffed  w ith  d ro p le ts  
o r partic les of the com plex lip id , im p artin g  a fine vacu 
o la tion  o r foam iness to  the cy top lasm  (Fig. 7.10). E lectron 
m icroscopy  show s engo rged  secondary  lysosom es th a t 
o ften  con tain  m em b ran o u s cy top lasm ic bod ies resem bling  
concentric lam ella ted  m yelin  figures, som etim es called 
"zeb ra" bodies. Because of their h ig h  con ten t of p h ag o 
cytic cells, the o rgans m ost severely  affected are  the  spleen, 
liver, bone m arrow , ly m p h  nodes, a n d  lungs. The splenic 
en largem en t m ay  be strik ing . In  ad d itio n , the en tire  CNS, 
in c lu d in g  the sp ina l cord  an d  ganglia, is invo lved  in  th is 
inexorab le process. The affected  n eu ro n s  are en la rg ed  an d  
vacuo la ted  as a re su lt o f the accum ula tion  of lip ids. This 
v a rian t m an ifests in  in fancy  w ith  m assive  o rganom egaly  
an d  severe neuro log ic  de terio ra tion . D ea th  u sua lly  occurs 
w ith in  the first 3 years of life. By com parison , pa tien ts  
w ith  the  type  B varian t, w h ich  is associa ted  w ith  m u ta n t 
sph igom yelinase  w ith  som e resid u a l activity , have  o rgano 
m egaly  b u t no  neuro log ic  m an ifesta tions. E stim ation  of 
sph ingom yelinase  activ ity  in  the  leukocytes can  be u sed  
for d iagnosis of su spec ted  cases, as w ell as for detection  
of carriers. M olecular genetic tests are also  availab le for 
d iagnosis a t specialized  centers.

N ie m a n n - P ic k  D is e a s e  T y p e  C

A lth o u g h  p rev iously  considered  to be re la ted  to  type  A 
a n d  type  B N iem ann-P ick  d isease type C (NPC) is qu ite  
d istinct a t the b iochem ical a n d  m o lecu lar levels a n d  is 
m ore  com m on  th an  types A  an d  B com bined . M u ta tio n s in  
tw o  re la ted  genes, N PC 1 a n d  NPC2, can  give rise  to  th is

d iso rder, w ith  N PC 1 being  responsib le  for a m ajority  of 
cases. U nlike m ost o th e r lysosom al sto rage diseases, N PC  
resu lts  from  a p rim ary  defect in  lip id  tran sp o rt. A ffected 
cells accum ula te  cholesterol as w ell as gang liosides such  as 
GM 1 a n d  GM 2. B oth N PC 1 a n d  N PC 2 are  in vo lved  in  the 
tra n sp o rt of free cholesterol from  the  lysosom es to the  cyto
p lasm . N PC  is clinically heterogeneous. The m o st com m on 
fo rm  m anifests in  ch ildhood  a n d  is m ark ed  by  ataxia, verti
cal su p ran u c lea r gaze palsy , dyston ia , dysarth ria , a n d  p sy 
chom otor regression .

G a u c h e r  D is e a s e

Gaucher d isease results from  m utation in  the gene that 
encodes glucocerebrosidase, and the resultant deficiency  
o f th is enzym e leads to an accum ulation o f glucocer- 
ebroside, an interm ediate in  g lyco lip id  m etabolism , 
in  the m ononuclear phagocytic cells. T here are th ree  
au to som al recessive v a rian ts  o f G aucher d isease resu lt
ing  from  d istinct allelic m u ta tions. C om m on  to all is 
deficient activ ity  of a g lucocerebrosidase  th a t cleaves the 
glucose resid u e  from  ceram ide. N orm ally , m acrophages,

Fig. 7 . l °  Niemann-Pick disease in liver. The hepatocytes and Kupffer cells 
have a foamy, vacuolated appearance resulting from deposition of lipids.
( C o u r te s y  o f  D r .  A r t h u r  W e in b e r g ,  D e p a r t m e n t  o f  P a th o lo g y ,  U n iv e r s i t y  o f  T e x a s  

S o u th w e s te r n  M e d ic a l  C e n te r ,  D a lla s ,  T e x a s .)
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p articu larly  in  the  liver, sp leen, an d  bone m arrow , sequen 
tially  d eg rad e  g lyco lip ids d e riv ed  from  the  b reak d o w n  
of senescent b lood  cells. In  G aucher d isease, the  deg ra 
d a tio n  s tops a t the level of g lucocerebrosides, w h ich  
accum ulate  in  m acrophages. These ce lls—the so-called 
"G aucher cells" — becom e en larged , w ith  som e reach ing  
a d iam ete r as g rea t as 1 0 0  |im , because of the p resence of 
d is ten d ed  lysosom es, a n d  they  acquire  a p a thognom on ic  
cy top lasm ic app earan ce  charac terized  as "w rin k led  tissue 
p ap e r"  (Fig. 7.11). It is ev id en t n o w  th a t G aucher d isease 
is caused  n o t ju s t by  the b u rd e n  of sto rage m ateria l b u t 
also  by ac tiva tion  of the m acrophages. H ig h  levels of 
m acro phage-derived  cytokines, such  as in te rleuk in s (IL-1, 
IL-6 ) a n d  tu m o r necrosis factor (TNF), a re  fo u n d  in  affected 
tissues.

One variant, type 1, also called the chronic nonneurono- 
pathic form, accounts for 99% of cases of Gaucher disease. It 
is charac terized  by clinical o r rad io g rap h ic  bone involve
m en t (osteopenia, focal lytic lesions, an d  osteonecrosis) 
in  70% to 100% of cases. A d d itio n a l fea tu res a re  hepa- 
to sp lenom egaly  a n d  the absence of CNS invo lvem ent. 
The sp leen  o ften  en larges to  m assive  p ro p o rtio n s, filling 
the en tire  abdom en . G aucher cells a re  fo u n d  in  the liver, 
sp leen, ly m p h  nodes, a n d  bone m arrow . M arrow  rep lace
m en t an d  cortical e rosion  m ay  p ro d u ce  rad iog raph ica lly  
visible skeletal lesions, a n d  p erip h e ra l b lood  cy topenias. 
It is believed  th a t bone changes are caused  by the afore
m en tioned  m acro p h ag e-d eriv ed  cytokines. Type 1 is m ost 
com m on in  A shkenazi Jews; un like  o th e r varian ts, it is 
com patib le  w ith  long  life. N euro log ic  signs a n d  sym ptom s 
characterize  types 2 a n d  3 varian ts. In  type  2, these m an i
festations ap p e a r d u rin g  infancy (acute infantile neurono- 
pathic form) a n d  are  m ore  severe, w h ereas  in  type  3, they 
em erge la te r a n d  are  m ilder (chronic neuronopathic form) . 
A lth o u g h  the liver a n d  sp leen  also  a re  involved , the clinical 
fea tu res in  types 2 a n d  3 a re  d o m in a ted  by neuro log ic  d is
tu rbances, in c lu d in g  convu lsions a n d  p rog ressive  m en ta l 
de terio ra tion . A s m en tio n ed  earlier m u ta tio n  of the  gluco- 
cerebroside  gene is a very  im p o rta n t risk  factor for P ark in 
son  disease. P a tien ts w ith  G aucher d isease have  a 20 fold 
h igher risk  of d eve lop ing  P ark in so n  d isease  (com pared  to 
controls) a n d  5-10% of p a tien ts  w ith  P ark in so n  disease 
have  m u ta tio n s in  the  gene encod ing  g lucocerebrosidase.

There is a reciprocal re la tionsh ip  be tw een  the level of th is 
enzym e a n d  a lp h a  synuclein . The la tte r  is in vo lved  in  
the  pa thogenesis  o f P ark in son  d isease (C hap ter 24). The 
level of g lucocerebrosides in  leukocytes o r cu ltu red  fibro
b lasts is h e lp fu l in  d iagnosis a n d  in  the de tec tion  of he t
e rozygo te  carriers. D N A  testing  is also  availab le in  select 
popu la tions.

C urren tly , there  are tw o  ap p ro v e d  therap ies for type I 
G aucher disease. The first is lifelong enzym e rep lacem en t 
th e rap y  v ia  in fu sion  of recom binan t g lucocerebrosidase. 
The second, k n o w n  as substrate reduction therapy, involves 
o ral in take  of a n  inh ib ito r of the  enzym e glucosy lceram ide 
syn thase. This leads to  red u ced  system ic levels of gluco- 
cerebroside, the  su b stra te  for the  defective enzym e in 
G aucher disease. C linical tria ls have  confirm ed  th a t sub 
stra te  red u c tio n  th e rap y  leads to  red u ced  sp leen  a n d  liver 
sizes, im p ro v ed  b lood  counts, a n d  enhanced  skeletal func
tion. O ther em erg ing  trea tm en ts  inc lude  gene the rap y  
th ro u g h  tra n sp lan t o f hem atopo ie tic  stem  cells con ta in ing  
the corrected  enzym e.

M u c o p o ly s a c c h a r id o s e s

M ucopolysaccharidoses (MPSs) are characterized by  
defective degradation and excessive storage o f m uco
polysaccharides in  various tissu es. Recall th a t m ucopo ly 
saccharides a re  p a r t  of the  extracellu lar m atrix  a n d  are  
syn thesized  by connective tissue fibroblasts. M ost m uco 
po lysaccharide  is secreted , b u t a  certa in  fraction  is d eg rad ed  
w ith in  lysosom e th ro u g h  a catabolic p a th w a y  invo lv ing  
m u ltip le  enzym es. Several clinical v a rian ts  of MPS, classi
fied num erically  from  M PS I to  MPS VII, have  been 
described, each  re su ltin g  from  the deficiency of one spe
cific enzym e in  th is p a th w ay . The m ucopo lysaccharides 
th a t accum ula te  w ith in  the  tissues include d erm a tan  
sulfate, h e p a ra n  sulfate, k e ra tan  sulfate, a n d  (in som e 
cases) ch o n d ro itin  sulfate.

Hepatosplenomegaly, skeletal deformities, lesions of heart 
valves, subendothelial arterial deposits, particularly in the coro
nary arteries, and lesions in the brain, are features that are seen in 
all of the MPSs. In  m any  of the m ore p ro trac ted  syndrom es, 
coronary  subendothelial lesions lead  to m yocard ial ische
m ia. Thus, m yocard ial infarction an d  cardiac decom pensa
tion are  im p o rtan t causes of death . M ost cases are associated

Fig. 7. l l  Gaucher disease involving the bone marrow. (A) Gaucher cells with abundant lipid-laden “wrinkled” cytoplasm. (B) Electron micrograph of Gaucher 
cells with elongated distended lysosomes. ( C o u r te s y  o f  D r .  M a t t h e w  F r ie s ,  D e p a r t m e n t  o f  P a th o lo g y ,  U n iv e r s i t y  o f  T e x a s  S o u th w e s te rn  M e d ic a l  C e n te r ,  D a l la s ,  T e x a s .)
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w ith  coarse facial features, c louding  of the cornea, joint 
stiffness, an d  m ental re tardation . U rinary  excretion of the 
accum ulated  m ucopolysaccharides often  is increased. W ith  
all of these d iso rders except one, the m ode of inheritance 
is au tosom al recessive; the  exception, H u n te r syndrom e, is 
a n  X-linked recessive disease. O f the seven recognized vari
ants, only  tw o w ell-characterized syndrom es are discussed 
briefly here.
• MPS type I, also known as Hurler syndrome, is caused by a 

deficiency of a-L-iduronidase. In  H u rle r syndrom e, affected 
ch ild ren  have  a life expectancy of 6  to  1 0  years, an d  
d e a th  is o ften  a re su lt o f card iac  com plications. A ccu
m u la tio n  of d e rm a tan  sulfate  a n d  h e p a ra n  sulfate  is 
seen in  cells of the m o nonuclear phagocy te  system , in  
fibroblasts, a n d  w ith in  en d o th e liu m  a n d  sm oo th  m uscle 
cells o f the  vascu lar w all. The affected  cells a re  sw ollen  
an d  have  clear cytop lasm , re su ltin g  from  the accum ula 
tion  of m ateria l positive  for p eriod ic  acid-S chiff sta in ing  
w ith in  engo rged , vacuo la ted  lysosom es. L ysosom al 
inclusions also  are fo u n d  in  neurons, accoun ting  for the 
m en ta l re ta rda tion .

• MPS type II or Hunter syndrome, differs from Hurler syn
drome in its mode of inheritance (X-linked), the absence of 
corneal clouding, and often its milder clinical course. A s in 
H u rle r syndrom e, the accum ula ted  m ucopolysaccha
rides  in  H u n te r  synd rom e are h e p a ra n  sulfate  an d  d er
m a tan  sulfate, b u t th is  resu lts  from  a deficiency of 
L -idu ronate  sulfatase. D esp ite  the  d ifference in  enzym e 
deficiency, a n  accum ula tion  of iden tical substra tes 
occurs because b rea k d o w n  of h e p a ra n  sulfate  a n d  der
m a ta n  sulfate  requ ires b o th  a -L -id u ro n id ase  a n d  the 
sulfatase; if e ither one is m issing , fu rth e r d e g rad a tio n  is 
blocked. D iagnosis is m ad e  by  m easu rin g  the level of 
enzym e in  leukocytes. D N A  d iagnosis is n o t rou tine ly  
em p loyed  because of the large  n u m b er of alellic 
m uta tions.

®  S U M M A R Y
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• Tay-Sachs disease is caused by an inability to metabolize GM2 
gangliosides because of a lack of the P subunit of lysosomal 
hexosaminidase. GM2 gangliosides accumulate in the CNS and 
cause severe mental retardation, blindness, motor weakness, 
and death by 2 to 3 years of age.

• Niemann-Pick disease types A and B are caused by a deficiency 
of sphingomyelinase. In the more severe, type A variant, accu
mulation of sphingomyelin in the nervous system results in 
neuronal damage. Sphingomyelin also is stored in phagocytes 
within the liver, spleen, bone marrow, and lymph nodes, causing 
their enlargement. In type B, neuronal damage is not present.

• Niemann-Pick disease type C is caused by a defect in choles
terol transport and resultant accumulation of cholesterol and 
gangliosides in the nervous system. Affected children exhibit 
ataxia, dysarthria, and psychomotor regression.

• Gaucher disease results from lack of the lysosomal enzyme 
glucocerebrosidase and accumulation of glucocerebroside in 
mononuclear phagocytic cells. In the most common, type 1 
variant, affected phagocytes become enlarged (Gaucher cells) 
and accumulate in liver, spleen, and bone marrow, causing

hepatosplenomegaly and bone erosion.Types 2 and 3 are char
acterized by variable neuronal involvement.

• MPSs result from accumulation of mucopolysaccharides in 
many tissues including liver, spleen, heart, blood vessels, brain, 
cornea, and joints. Affected patients in all forms have coarse 
facial features. Manifestations of Hurler syndrome include 
corneal clouding, coronary arterial and valvular deposits, and 
death in childhood. Hunter syndrome is associated with a 
milder clinical course.

Glycogen Storage Diseases (Glycogenoses)

A n inherited  deficiency o f any one o f the enzym es  
in v o lv ed  in  g lycogen  syn th esis or degradation can result 
in  excessive accum ulation o f g lycogen  or som e abnorm al 
form  o f g lycogen  in  various tissu es. The type  of glycogen 
stored , its in trace llu la r location, a n d  the tissue d is trib u tio n  
of the affected cells va ry  d e p e n d in g  o n  the  specific enzym e 
deficiency. R egard less of the tissue o r cells affected, the 
g lycogen m ost o ften  is s to red  w ith in  the  cy top lasm , or 
som etim es w ith in  nuclei. O ne varian t, P om pe disease, is a 
fo rm  of lysosom al sto rage disease, because  the  m issing  
enzym e is localized  to  lysosom es. M ost g lycogenoses are  
in h erited  as au to som al recessive diseases, as is com m on 
w ith  "m issing  enzym e" syndrom es.

A pprox im ate ly  a d o zen  form s of g lycogenoses have  
been  described  in  associa tion  w ith  specific enzym e defi
ciencies. Based o n  pa thophysio log ic  findings, they can  be 
g ro u p ed  in to  th ree  categories (Table 7.4):
• Hepatic type. Liver contains several enzym es th a t syn the

size g lycogen for sto rage a n d  also  b reak  it d o w n  in to  
free glucose. H ence, a deficiency of the  hepatic  enzym es 
invo lved  in  g lycogen  m etabo lism  is associa ted  w ith  tw o 
m ajor clinical effects: en la rg em en t of the liver d u e  to 
sto rage of g lycogen a n d  hypog lycem ia d u e  to  a failu re 
of g lucose p ro d u c tio n  (Fig. 7.12). Von Gierke disease (type 
I glycogenosis), re su ltin g  from  a lack of g lucose- 6 - 
phosp h a tase , is the  m ost im p o rtan t exam ple  of the 
hepatic  fo rm  of g lycogenosis (Table 7.4).

• Myopathic type. In  stria ted  m uscle, g lycogen is a n  im p o r
tan t source of energy . N o t su rp rising ly , m ost fo rm s of 
g lycogen storage d isease affect m uscles. W h en  enzym es 
tha t a re  in vo lved  in  glycolysis are deficient, glycogen 
storage occurs in  m uscles a n d  there  is a n  associated  
m uscle w eakness  d u e  to  im p a ired  energy  p roduc tion . 
Typically, the  m y opath ic  fo rm s of g lycogen sto rage d is
eases a re  m ark ed  b y  m uscle  c ram ps after exercise, m yo
g lob inuria , an d  fa ilu re  of exercise to  induce  a n  elevation  
in  b lood  lactate levels because of a b lock  in  glycolysis. 
McArdle disease (type V glycogenosis), re su ltin g  from  a 
deficiency of m uscle phospho ry lase , is the  p ro to ty p e  of 
m yopath ic  glycogenoses.

• T ype II g lycogenosis (Pompe disease) is caused  by  a defi
ciency of lysosom al acid  m altase  a n d  is associa ted  w ith  
dep o sitio n  of g lycogen  in  v irtua lly  every  o rgan , b u t car- 
d iom egaly  is m ost p rom inen t. M ost affected  p a tien ts  die 
w ith in  2  y ears o f onset o f ca rd io resp ira to ry  failure. 
T herapy  w ith  the m issing  enzym e (glucosidase) can 
reverse  card iac  m uscle dam age an d  m odestly  increase 
longevity .
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Table 7.4 Principal Subgroups of Glycogenoses

C lin ico patho log ic
C a te g o ry Specific  Type

E n zym e
D efic ien cy M orph o lo g ic  Changes C lin ica l Features

Hepatic type Hepatorenal (von 
Gierke disease, 
type l)

Glucose-6 -
phosphatase

Hepatomegaly: intracytoplasmic 
accumulations of glycogen 
and small amounts of lipid; 
intranuclear glycogen 

Renomegaly: intracytoplasmic 
accumulations of glycogen in 
cortical tubular epithelial cells

In untreated patients, failure to 
thrive, stunted growth, 
hepatomegaly, and renomegaly 

Hypoglycemia resulting from failure 
of glucose mobilization, often 
leading to convulsions 

Hyperlipidemia and hyperuricemia 
resulting from deranged glucose 
metabolism; many patients develop 
gout and skin xanthomas 

Bleeding tendency caused by platelet 
dysfunction

With treatment (providing
continuous source of glucose), 
most patients survive and develop 
late complications (e.g., hepatic 
adenomas)

Myopathic type McArdle disease 
(type V)

Muscle
phosphorylase

Skeletal muscle only:
accumulations of glycogen 
predominant in 
subsarcolemmal location

Painful cramps associated with 
strenuous exercise 

Myoglobinuria occurs in 50% of 
cases

Onset in adulthood (>20 year) 
Muscular exercise fails to raise 

lactate level in venous blood 
Compatible with normal longevity

Miscellaneous type Generalized 
glycogenosis 
(Pompe disease, 
type II)

Lysosomal 
glucosidase (acid 
maltase)

Mild hepatomegaly: ballooning 
of lysosomes with glycogen 
creating lacy cytoplasmic 
pattern

Cardiomegaly: glycogen within 
sarcoplasm as well as 
membrane-bound 

Skeletal muscle: similar to heart 
(see earlier, under 
cardiomegaly)

Massive cardiomegaly, muscle 
hypotonia, and cardiorespiratory 
failure before age 2  

Milder adult form with only skeletal 
muscle involvement manifests with 
chronic myopathy

^ S U M M A R Y

G L Y C O G E N  S T O R A G E  D IS E A S E S

• Inherited deficiency of enzymes involved in glycogen metabo
lism can result in storage of normal or abnormal forms of 
glycogen, predominantly in liver or muscles or in all tissues.

• In the hepatic form (von Gierke disease), liver cells store gly
cogen because of a lack of hepatic glucose-6-phosphatase.

• There are several myopathic forms, including McArdle disease, 
in which lack of muscle phosphorylase gives rise to storage in 
skeletal muscles and cramps after exercise.

• In Pompe disease there is lack of lysosomal acid maltase, and 
all organs are affected, but heart involvement is predominant.

Diseases Caused by Mutations in Genes Encoding 
Proteins That Regulate Cell Growth

A s d e ta iled  in  C h ap te r 6 , tw o  classes of genes, p ro toonco 
genes a n d  tu m o r su p p resso r genes, regu la te  n o rm al cell 
g row th . M u ta tions affecting  these genes, m ost o ften  in  
som atic  cells, are  in vo lved  in  the p a thogenesis o f tum ors. 
In  app rox im ate ly  5% to 10% of all cancers, how ever, m u ta 
tions affecting  certa in  tu m o r su p p resso r genes a re  p resen t 
in  all cells o f the body, in c lu d in g  germ  cells, a n d  hence can

be tran sm itted  to  the  offspring . These m u ta n t genes p re 
d ispose  the offsp ring  to  h e red ita ry  tum ors, a  topic d is
cussed  in  grea ter de ta il in  C h ap te r 6 . A  few  salien t exam ples 
of fam ilial neop lasm s a ris in g  in  ch ild ren  a re  d iscussed  la ter 
in  th is chapter.

COMPLEX MULTIGENIC DISORDERS

C om plex m u ltigen ic d iso r d e r s-so -c a lle d  "m ultifactorial 
or polygen ic  d iso rd ers" -a re  caused  b y  interactions 
b etw een  genetic variants and environm ental factors. A
genetic  v a ria n t th a t occurs in  a t least 1 % of the p o p u la tio n  
is called a  po lym orph ism . A ccord ing  to  the com m on 
d isease -co m m o n  v a rian t hypo thesis , com plex  m ultigen ic  
d iso rd ers  occur w h e n  m an y  p o lym orph ism s, each w ith  a  
m odest effect a n d  low  penetrance , a re  co inherited . Tw o 
ad d itio n a l im p o rtan t facts have em erg ed  from  stud ies  of 
com m on  com plex d iso rd ers  such  as type 1  diabetes:
• A lth o u g h  com plex d iso rd ers  re su lt from  the collective 

inheritance  of m any  p o lym orph ism s, d ifferen t p o lym or
p h ism s vary  in  significance. For exam ple, o f the 20 to  30 
genes im p licated  in  type 1 d iabetes, 6  o r 7 a re  m ost 
im p o rtan t, a n d  a few  H LA  alleles con tribu te  m ore  than  
50% of the risk  (C hap ter 20).
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Fig. 7.12 (T o p )  A simplified scheme of normal glycogen metabolism in the 
liver and skeletal muscles. ( M id d le )  The effects of an inherited deficiency of 
hepatic enzymes involved in glycogen metabolism. ( B o t to m )  The conse
quences of a genetic deficiency in the enzymes that metabolize glycogen in 
skeletal muscles.

• Som e p o ly m o rp h ism s are com m on  to m u ltip le  d iseases 
of the sam e type, w h ereas  o thers are disease-specific. 
This o bserva tion  is w ell illu stra ted  in  im m u n e-m ed ia ted  
in flam m ato ry  d iseases (C hap ter 5).

• M any  of the d isease-associa ted  p o ly m o rp h ism s are  in  
n o n co d in g  reg ions so they  likely affect ep igenetic  reg u 
la tion  of gene expression.

Several no rm al p h en o ty p ic  characteristics are governed  
by m ultigen ic  inheritance, such  as ha ir color, eye color, 
sk in  color, heigh t, a n d  in telligence. These characteristics 
(also k n o w n  as qu an tita tiv e  tra it loci [QTLs]) show  a con
tin u o u s va ria tio n  w ith in , as w ell as across, all p o p u la tio n  
g roups. E nv ironm en ta l influences, how ever, significantly  
m odify  the  p h eno typ ic  exp ression  of com plex  traits. For 
exam ple, type  2  d iabetes m ellitu s has  m an y  of the  fea tu res 
of a com plex  m u ltigen ic  d iso rder. It is w ell recognized  
clinically th a t affected  p erso n s often  first exh ib it clinical 
m an ifesta tions of th is d isease after w e ig h t gain. T hus, 
obesity , as w ell as o th e r en v iro n m en ta l influences, u n m ask s 
the d iabetic  genetic  trait. A ssign ing  a d isease to th is  m ode

of inheritance  m u s t be d one  w ith  cau tion . Such a ttrib u tio n  
d e p en d s  o n  m an y  factors b u t first o n  fam ilial c luste ring  
an d  the exclusion  of m en d e lian  a n d  ch rom osom al m odes 
of transm ission . A  range  of levels of severity  of a  d isease 
is suggestive  of a com plex  m u ltigen ic  d iso rder, bu t, as 
p o in ted  o u t earlier, variab le  expressiv ity  a n d  red u ced  p en 
e trance of single m u ta n t genes also  m ay  accoun t for th is 
ph en o m en o n . Because of these issues, it is som etim es dif
ficult to  d is tin g u ish  be tw een  m en d e lian  a n d  m ultifacto ria l 
d iso rders.

CYTO GENETIC DISORDERS

C hrom osom al abnorm alities occur m u ch  m ore frequen tly  
th a n  is generally  ap p rec ia ted . It is estim ated  th a t app rox i
m ate ly  1  in  2 0 0  n ew b o rn  in fan ts has  som e fo rm  of chrom o
som al abnorm ality . The figure is m u ch  h ig h er in  fetuses 
th a t do  n o t su rv ive to  term ; in  as m an y  as 50% of first
trim ester sp o n tan eo u s abortions, the  fe tus m ay  have  a 
ch rom osom al abnorm ality . C ytogenetic  d iso rd ers  resu lt 
from  alte ra tions in  the n u m b er or s tru c tu re  of chrom o
som es a n d  m ay  affect au to som es or sex chrom osom es.

Before em b ark in g  o n  a d iscussion  of ch rom osom al 
aberra tions, it is a p p ro p ria te  to  rev iew  k ary o ty p in g  as the 
basic too l o f the cytogeneticist. A  karyotype is  a photo
graphic representation o f a sta ined  m etaphase spread in  
w h ich  the chrom osom es are arranged in  order o f decreas
in g  length . A varie ty  of techn iques for sta in ing  chrom o
som es has been  developed . W ith  the w id e ly  u sed  G iem sa 
sta in  (G band ing ) technique, each ch rom osom e set can  be 
seen to  possess a d istinctive  p a tte rn  of a lte rn a tin g  ligh t 
a n d  d a rk  b an d s  of variab le  w id th s  (Fig. 7.13). The u se  of 
b an d in g  techn iques a llow s iden tification  of each  chrom o
som e, a n d  can  de tec t a n d  localize s tru c tu ra l abnorm alities 
large e n o u g h  to  p ro d u ce  changes in  b an d in g  p a tte rn  
(described  later).

Numeric Abnormalities

In  h u m an s, the n o rm al ch rom osom e co u n t is 46 (i.e., 2n  = 
46). A ny  exact m u ltip le  of the h ap lo id  n u m b er (n) is 
called  euploid. C hrom osom e n u m b ers  such  as 3n  a n d  4n 
are  called  po lyp lo id . P o lyp lo idy  generally  resu lts  in  a 
sp o n tan eo u s abortion . A ny n u m b er th a t is n o t a n  exact 
m u ltip le  o f n  is called  aneuploid. The chief cause of aneu- 
p lo id y  is n ond isjunction  of a hom ologous p a ir  of chrom o
som es a t the  first m eiotic d iv ision  o r a failu re of sister 
ch rom atid s  to  separa te  d u rin g  the second m eiotic  d iv i
sion. The la tte r  also  m ay  occur d u rin g  m itosis in  som atic 
cells, lead in g  to  the p ro d u c tio n  of tw o an eu p lo id  cells. 
F ailure of p a irin g  of hom ologous ch rom osom es fo llow ed 
by ra n d o m  asso rtm en t (anaphase  lag) also  can  lead  to 
an eup lo idy . W hen  n ond isjunction  occurs a t the  tim e of 
m eiosis, the  gam etes fo rm ed  have  e ither a n  ex tra  chrom o
som e (n + 1) o r one less chrom osom e (n -  1). Fertilization  
of such  gam etes by  no rm al gam etes w o u ld  re su lt in  tw o 
types of zygotes: trisom ic, w ith  an  ex tra  chrom osom e (2 n  
+ 1), o r m onosom ic (2n -  1). M onosom y invo lv ing  an  
au to som e is incom patib le  w ith  life, w h e reas  trisom ies of 
certa in  au to som es a n d  m onosom y  invo lv ing  sex chrom o
som es are  com patib le  w ith  life. These, as w e  shall see, are
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Fig. 7 .I3  G -banded karyotype from a normal male (46,XY). Also shown is the banding pattern of the X-chromosome with nomenclature of arms, regions, 
bands, and subbands. ( K a r y o ty p e  c o u r te s y  o f  D r .  S t u a r t  S c h w a r tz ,  D e p a r t m e n t  o f  P a th o lo g y ,  U n iv e r s i t y  o f  C h ic a g o ,  C h ic a g o ,  I l l in o is . )

associa ted  w ith  variab le  degrees of p heno typ ic  abno rm al
ity. Mosaicism is a  te rm  u sed  to  describe the  p resence of 
tw o or m ore  p o p u la tio n s  of cells w ith  d ifferen t com ple
m en ts  of ch rom osom es in  the sam e in d iv idua l. In  the 
contex t o f ch rom osom e num bers, postzygo tic  m ito tic 
n o nd isjunction  w o u ld  re su lt in  the  p ro d u c tio n  of a triso- 
m ic a n d  a m onosom ic d a u g h te r  cell; the d escendan ts  of 
these cells w o u ld  th en  p ro d u ce  a m osaic. As d iscussed  
later, m osaic ism  affecting  sex ch rom osom es is com m on, 
w h ereas au to so m al m osaic ism  is not.

Structural Abnormalities

Structural changes in  the chrom osom es typ ically  result 
from  chrom osom al breakage fo llo w ed  by loss or rear
rangem ent o f m aterial. Such changes u su a lly  are desig 
n a te d  u s in g  a cytogenetic  sh o rth an d  in  w h ich  p  (French, 
petit) d eno tes the sh o rt a rm  of a chrom osom e, an d  q, the 
lo n g  a rm . Each a rm  is th en  d iv id ed  in to  n u m b ered  reg ions 
(1, 2, 3, an d  so on) from  cen trom ere  o u tw ard , a n d  w ith in  
each  reg ion  the b an d s  are num erica lly  o rd e red  (Fig. 7.13). 
T hus, 2q34 ind icates chrom osom e 2, long  arm , reg ion  3, 
b an d  4. The p a tte rn s  of ch rom osom al rea rran g em en t after 
b reakage  (Fig. 7.14) a re  as follows:
• Translocation im plies transfer of a p a r t  o f one chrom o

som e to an o th e r chrom osom e. T he p rocess is u sua lly  
reciprocal (i.e., fragm en ts  a re  exchanged  be tw een  tw o 
chrom osom es). In  genetic sh o rth an d , translocations are  
ind ica ted  by t fo llow ed  by the invo lved  chrom osom es 
in  n um eric  o rd e r—for exam ple, 46,XX,t(2;5)(q31;p14). 
This n o ta tio n  w o u ld  ind icate  a reciprocal translocation

invo lv ing  the  long  a rm  (q) o f ch rom osom e 2  a t reg ion  
3, b a n d  1, a n d  the sh o rt a rm  of ch rom osom e 5, reg ion  1, 
b a n d  4. W hen  the  en tire  b roken  fragm en ts  are exchanged, 
the  re su ltin g  balanced reciprocal translocation (Fig. 7.14) is 
n o t h a rm fu l to  the  carrier, w h o  has the no rm al n u m b er 
of chrom osom es a n d  the  full co m plem en t o f genetic 
m ateria l. H ow ever, d u rin g  gam etogenesis, abno rm al 
(unbalanced) gam etes a re  form ed, re su ltin g  in  abno rm al 
zygotes. A  special p a tte rn  of translocation  invo lv ing  
tw o  acrocentric  ch rom osom es is called  centric fusion 
type, or robertsonian, translocation. The b reaks typically  
occur close to  the  cen trom ere , affecting  the sh o rt a rm s 
of b o th  chrom osom es. T ransfer o f the  segm ents leads to 
one very  large  chrom osom e a n d  one ex trem ely  sm all 
one (Fig. 7.14). The sh o rt fragm en ts are lost, a n d  the 
carrie r has  45 chrom osom es. Because the sh o rt a rm s of 
all acrocentric  ch rom osom es carry  h igh ly  re d u n d a n t 
genes (e.g., ribosom al R N A  genes), such  loss is com pat
ible w ith  surv ival. H ow ever, d ifficulties arise d u rin g  
gam etogenesis, re su ltin g  in  the  fo rm ation  of unbalanced  
gam etes th a t cou ld  lead  to  abno rm al offspring.

• Isochromosomes re su lt w h e n  the cen trom ere  d iv ides hori
zon ta lly  ra th e r  th a n  vertically . O ne  of the  tw o  arm s of 
the ch rom osom e is th en  lost, a n d  the  rem ain in g  a rm  is 
dup lica ted , re su ltin g  in  a ch rom osom e w ith  on ly  tw o 
sh o rt a rm s or tw o  lo n g  arm s. The m o st com m on  iso
chrom osom e p re se n t in  live b irth s  involves the long  a rm  
of the X chrom osom e a n d  is desig n a ted  i(Xq). W hen  
fertiliza tion  occurs by  a gam ete  th a t con ta ins a no rm al 
X chrom osom e, the resu lt is m onosom y  for genes o n  Xp 
an d  trisom y for genes on  Xq.
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Fig. 7.14 Types of chromosomal rearrangements.

• Deletion involves loss of a p o rtio n  of a chrom osom e. A 
single b reak  m ay  dele te  a  te rm inal segm ent. Tw o in ter
stitia l breaks, w ith  reu n io n  of the p rox im al a n d  d ista l 
segm ents, m ay  re su lt in  loss of a n  in te rn a l segm ent. The 
iso la ted  fragm ent, w h ich  lacks a cen trom ere, a lm ost 
never su rv ives, a n d  th u s  m an y  genes are lost.

• Inversions occur w h e n  there  a re  tw o  in terstitia l b reaks in  
a chrom osom e, a n d  the  segm ent reu n ites  after a com 
p le te  tu rn a ro u n d .

• A  ring chromosome is a v a rian t of a deletion . A fter loss 
of segm ents from  each en d  of the chrom osom e, the  a rm s 
u n ite  to  fo rm  a ring.

General Features of Chromosomal Disorders •

• C h rom osom al d iso rd ers  m ay  be associa ted  w ith  absence 
(deletion , m onosom y), excess (trisom y), o r abno rm al 
rea rran g em en ts  (translocations) o f chrom osom es.

• In  general, a loss o f ch rom osom al m ateria l p ro d u ces 
m ore severe defects th an  does a ga in  of ch rom osom al 
m aterial.

• Excess ch rom osom al m ateria l m ay  re su lt from  a com 
p le te  chrom osom e (as in  trisom y) or from  p a r t o f a chro 
m osom e (as in  R obertson ian  translocation).

• Im balances of sex chrom osom es (excess o r loss) are  tol
e ra ted  m u ch  be tte r th a n  are  sim ilar im balances of 
au tosom es.

• Sex ch rom osom al d iso rd ers  o ften  p ro d u ce  sub tle  abno r
m alities, som etim es n o t de tected  a t b irth . Infertility , 
a  com m on m anifesta tion , canno t be d iag n o sed  un til 
adolescence.

• In  m ost cases, ch rom osom al d iso rd ers  re su lt from  de 
novo  changes (i.e., p a ren ts  are  norm al, a n d  risk  of

recurrence in  sib lings is low ). The translocation  fo rm  of 
D o w n  synd rom e (described  later) exhibits an  uncom 
m o n  b u t im p o rta n t exception  to  th is p rincip le.

Som e specific exam ples o f d iseases invo lv ing  changes in  
the ka ry o ty p e  are p resen ted  next.

Cytogenetic Disorders Involving Autosomes

T hree au to som al trisom ies (21, 18, a n d  13) a n d  one dele
tion  synd rom e (cri d u  ch a t syndrom e), w h ich  resu lts  
from  p a rtia l dele tion  of the sh o rt a rm  of chrom osom e 
5, w ere  the  first ch rom osom al abno rm alities iden tified . 
M ore recently , several ad d itio n a l trisom ies a n d  dele tion  
sy n d ro m es (such as those affecting  2 2 q) have  been 
described. M ost of these d iso rd ers  a re  qu ite  uncom m on, 
b u t their clinical fea tu res sh o u ld  p e rm it read y  recogn ition  
(Fig. 7.15).

O nly  trisom y 21 a n d  22q11.2 dele tions occur w ith  suf
ficient frequency  to m erit fu rth e r consideration .

Trisomy 2 1  (D ow n  Syndrom e)

D o w n  syndrom e, characterized by extra copy o f gen es on  
chrom osom e 21, is  the m ost com m on o f the chrom osom al 
disorders . A b o u t 95% of affected perso n s have  trisom y 21, 
so their ch rom osom e co u n t is 47. A s m en tio n ed  earlier, the 
m ost com m on  cause of trisom y, a n d  therefore  of D o w n  
synd rom e, is m eiotic nond isjunction . The p a ren ts  o f such  
ch ild ren  are  n o rm al in  all respects. M ate rna l age has a 
stro n g  influence o n  the incidence of D o w n  syndrom e. It 
occurs in  1 in  1550 live b irth s  in  w o m en  y o u n g e r th a n  20 
years, in  con trast w ith  1 in  25 live b irth s  in  w o m en  o lder 
th an  45 years. The co rre la tion  w ith  m a te rn a l age suggests
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Micrognathia
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Umbilical
hernia

Microcephaly and 
mental retardation

Cleft lip and palate

Renal defects TRISOMY 13: PATAU SYNDROME

Incidence: 1 in 15,000 births 
Karyotypes:

Trisomy 13 type: 47,XX, +13
Translocation type: 46,XX,+13,der(13;14)(q10;q10)
Mosaic type: 46,XX/47,XX, +13

Rocker-bottom feet

Rocker-bottom feet

Hypotonia

TRISOMY 21: DOWN SYNDROME

Incidence: 1 in 700 births 
Karyotypes:

Trisomy 21 type: 
Translocation type: 
Mosaic type:

47,XX, +21
46,XX,der(14;21)(q10;q10),+21 
46,XX/47,XX, +21

Prominent occiput
Mental retardation

Gap between first and second toe

TRISOMY 18: EDWARDS SYNDROME

Incidence: 1 in 8000 births 
Karyotypes:

Trisomy 18 type: 47,XX, +18 
Mosaic type: 46,XX/47,Xx , +18

Congenital
heart

defects

Renal malformations 

Limited hip abduction

Epicanthic 
folds and flat 
facial profile

v ^  Simian 
crease

Intestinal
stenosis

Low set ears 

Short neck

Overlapping 
fingers

Congenital 
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Mental
retardation
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neck skin

Umbilical hernia

Predisposition 
to leukemia

Fig. 7 . l 5  Clinical features and karyotypes of the three most common autosomal trisomies.
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th a t in  m ost cases the m eiotic  n o nd isjunction  of chrom o
som e 21 occurs in  the ovum . Indeed , in  95% of cases the 
ex tra  ch rom osom e is of m a te rn a l orig in . The reaso n  for the 
increased  suscep tib ility  o f the o v u m  to nond isjunction  
w ith  ag ing  is n o t fu lly  u n d e rs to o d . N o  effect o f p a te rn a l 
age has been  fo u n d  in  those  cases in  w h ic h  the  ex tra  chro 
m osom e is d e riv ed  from  the  father.

In  ab o u t 4% of all p a tien ts  w ith  trisom y 21, the extra  
ch rom osom al m ateria l is p resen t as a transloca tion  of 
the  long  a rm  of ch rom osom e 2 1  to  ch rom osom e 2 2  o r 
14. Such cases frequen tly  (bu t n o t a lw ays) a re  fam ilial, 
an d  the  transloca ted  chrom osom e is in h erited  from  one 
of the p aren ts , w h o  typically  is a carrier o f a R obertso 
n ia n  translocation . A pprox im ate ly  1% of p a tien ts  w ith  
trisom y 21 are m osaics, u su a lly  h av in g  a m ix tu re  of 46- 
a n d  47-chrom osom e cells. These cases re su lt from  m itotic  
nond isjunction  of ch rom osom e 2 1  d u rin g  a n  early  stage 
of em bryogenesis. C linical m an ifesta tions in  such  cases 
are  variab le  a n d  m ilder, d e p e n d in g  o n  the  p ro p o rtio n  of 
abno rm al cells.

The d iagnostic  clinical fea tu res  of th is c o n d it io n - f la t  
facial profile, ob lique p a lp eb ra l fissures, a n d  ep ican th ic 
fo lds (Fig. 7.15) - a r e  u sua lly  read ily  ev iden t, ev en  a t b irth . 
D o w n  synd rom e is a lead in g  cause of severe m en ta l re ta r
dation ; ap p rox im ate ly  80% of those  afflicted have  a n  IQ  of 
25 to  50. By contrast, som e m osaics w ith  D ow n  synd rom e 
have m ild  p h en o ty p ic  changes a n d  no rm al o r near-no rm al 
intelligence. In  ad d itio n  to  the  p h eno typ ic  abnorm alities 
an d  the  m en ta l re ta rd a tio n  a lread y  no ted , som e o th e r clini
cal fea tu res  a re  w o rth y  of m ention:
• Approximately 40% of the patients have congenital heart 

disease, m o st com m only  defects of the endocard ia l 
cush ion , in c lu d in g  a tria l sep ta l defects, a trioven tricu 
lar valve  m alfo rm ations, a n d  ven tricu la r sep ta l defects 
(C hap ter 11). C ard iac  p rob lem s are  responsib le  for a 
m ajority  o f the  d ea th s  in  in fancy  a n d  early  ch ildhood . 
Several o ther congen ita l m alfo rm ations, in c lu d in g  
a tresias o f the  e so p h ag u s a n d  sm all bow el, also  are  
com m on.

• C h ild ren  w ith  trisom y 21 have  a tenfold- to twentyfold 
increased risk of developing acute leukemia. B oth acu te  lym 
phoblastic  leukem ias a n d  acu te  m yelo id  leukem ias 
occur (C hap ter 12).

• V irtually  all p a tien ts  w ith  trisom y 21 o lder th a n  age 
40 develop  neuropathologic changes characteristic  of 
A lzheim er disease, a degenera tive  d iso rd e r o f the b rain  
(C hap ter 23).

• P a tien ts  w ith  D ow n  synd rom e dem o n stra te  abnormal 
immune responses th a t p red isp o se  th em  to serious infec
tions, p a rticu la rly  of the  lungs, a n d  to  th y ro id  au to 
im m u n ity  (C hap ter 20). A lth o u g h  several abnorm alities, 
affecting  m ain ly  T  cell functions, have been  repo rted , 
the  basis for the  im m unolog ic  d is tu rbances is n o t clear.

D esp ite  all of these  p roblem s, im p ro v ed  m ed ical care 
has increased  the  longev ity  of p ersons w ith  trisom y 2 1 . 
C u rren tly  the  m ed ian  age a t d ea th  is 60 years (up  from  25 
years in  1983). A lth o u g h  the  ka ry o ty p e  of D ow n  synd rom e 
has been  k n o w n  for decades, the  m o lecu lar basis for th is  
d isease rem ains elusive. S tud ies o f h u m an s w ith  p artia l 
trisom y of ch rom osom e 2 1  an d  m ouse  m ode ls  o f trisom y 
have iden tified  the  critical reg ion  of h u m a n  chrom osom e
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21 th a t is invo lved  in  the  pathogenesis. Based on  these  
stud ies, several gene clusters, each  of w h ich  is p red ic ted  to  
p a rtic ip a te  in  the  sam e biologic p a th w ay , have been  im pli
cated . For exam ple, 16 genes a re  in vo lved  in  the m itochon 
d ria l energy  p a th w ay , several a re  likely to  influence CNS 
developm en t, a n d  one g ro u p  is invo lved  in  folate m etabo 
lism . It is no t k n o w n  how  each of these g ro u p s  of genes is 
re la ted  to  D o w n  syndrom e. A d d in g  com plexity  is the  fact 
th a t several m iR N A  genes reside  on  ch rom osom e 21 th a t 
can  sh u t d o w n  tran s la tio n  of genes th a t m ap  e lsew here  in  
the  genom e.

M uch  p rog ress  is being  m ad e  in  the m olecu lar d iagnosis 
o f D o w n  synd rom e p renata lly . A pprox im ate ly  5% to  10% 
of the  to ta l cell free D N A  in  m ate rn a l b lood  is de rived  from  
the  fe tus a n d  can  be iden tified  by p o lym orph ic  genetic 
m arkers. By u sin g  nex t-genera tion  sequencing , the  gene 
dosage  of ch rom osom e 21-linked genes in  fetal D N A  can 
be d e te rm in ed  w ith  great p recision . This has em erg ed  as a 
sensitive a n d  specific non invasive  m e th o d  ("liqu id  b iopsy") 
for p ren a ta l d iagnosis of trisom y  2 1  as w e ll as o ther triso 
m ies. C urren tly , all cases of trisom y  21 iden tified  by such  
liq u id  b iopsies are confirm ed by  conven tional cytogenetics 
o n  fetal cells ob ta in ed  by am niocentesis.

2 2 q l l . 2  D eletion  Syndrom e

The 22q11.2 d eletion  syndrom e encom passes a spectrum  
o f disorders that result from  a sm all interstitial deletion  
o f band 11 on  the lo n g  arm o f chrom osom e 22. The clinical 
fea tu res of th is sy n d ro m e include congenita l heart d isease 
affecting  the  ou tflow  tracts, abnorm alities o f the  palate , 
facial dy sm o rp h ism , d eve lopm en ta l delay, thym ic hy p o 
p lasia  w ith  im p a ired  T  cell im m u n ity  (C hap ter 5), an d  
p a ra th y ro id  h y pop lasia  resu ltin g  in  hypocalcem ia (C hap ter 
20). P rev iously , these clinical fea tu res w ere  believed  to  rep 
resen t tw o  d iffe ren t d iso rders: D iG eorge synd rom e an d  
velocard iofacial syndrom e. H ow ever, it is n o w  kn o w n  
th a t bo th  a re  caused  by 22q11.2 deletion . V ariations in  
the  size a n d  p o sition  of the  dele tion  are th o u g h t to  be 
responsib le  for the  d iffering  clinical m an ifesta tions. W hen  
T cell im m unodefic iency  a n d  hypocalcem ia are  the dom i
n a n t features, the  p a tien ts  are sa id  to  have  DiGeorge syn
drome, w h ereas p a tien ts  w ith  the so-called velocardiofacial 
syndrome have m ild  im m unodefic iency  a n d  p ro n o u n ced  
d y sm orpho logy  a n d  card iac  defects. In  a d d itio n  to  these 
m alfo rm ations, pa tien ts  w ith  2 2 q 1 1 . 2  de le tion  are  a t h igh  
risk  for sch izophren ia  an d  b ipo lar d iso rder. In  fact, it is 
estim ated  th a t sch izophren ia  develops in  approx im ate ly  
25% of a d u lts  w ith  th is  syndrom e. C onversely , dele tions 
of the  reg ion  can  be fo u n d  in  2% to  3% of in d iv id u a ls  
w ith  ch ildhood-onse t sch izophren ia . The m o lecu lar basis 
for th is  synd rom e is n o t fu lly  u n d e rs to o d . The affected 
reg ion  of chrom osom e 11 encodes m an y  genes. A m ong  
these, a tran sc rip tio n  factor gene called  TBX1 is suspected  
to  be one of the  responsib le  cand ida tes, because its loss 
seem s to  corre la te  w ith  the  occurrence of D iG eorge syn 
d rom e. C learly  there  a re  o ther genes th a t con tribu te  to  
the  behav io ral a n d  psychiatric  d iso rd ers  th a t rem ain  to  be 
identified .

The d iagnosis of th is  cond ition  m ay  be suspec ted  on  
clinical g ro u n d s  b u t can  be estab lished  on ly  by  detection  
of the  deletion , typ ically  by fluorescence in  situ  hyb rid iza 
tion  (FISH) (see Fig. 7.38B).
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Ä s U M M A R Y

C Y T O G E N E T I C  D IS O R D E R S  

I N V O L V I N G  A U T O S O M E S

• Down syndrome is associated with an extra copy of genes on 
chromosome 21, most commonly due to trisomy 21 and less 
frequently from translocation of extra chromosomal material 
from chromosome 21 to other chromosomes or from 
mosaicism.

• Patients with Down syndrome have severe mental retardation, 
flat facial profile, epicanthic folds, cardiac malformations, higher 
risk of leukemia and infections, and premature development of 
Alzheimer disease.

• Deletion of genes at chromosomal locus 22qll.2 gives rise to 
malformations affecting the face, heart, thymus, and parathy
roids. The resulting disorders are recognized as (1) DiGeorge 
syndrome (thymic hypoplasia with diminished T-cell immunity 
and parathyroid hypoplasia with hypocalcemia), and (2) velo- 
cardiofacial syndrome (congenital heart disease involving 
outflow tracts, facial dysmorphism, and developmental delay).

Cytogenetic Disorders Involving 
Sex Chromosomes

A  num ber o f abnorm al karyotypes in v o lv in g  the sex chro
m osom es, ranging from  45,X to 49,XXXXY, are com patible  
w ith  l i f e . Indeed , pheno typ ica lly  n o rm al m ales w ith  tw o 
a n d  even  th ree  Y chrom osom es have  been  iden tified . Such 
ex trem e karyo typ ic  dev ia tions are n o t en co u n te red  w ith  the 
au tosom es. In  large  pa rt, th is la titu d e  relates to  tw o  factors:
(1) lyon iza tion  of X chrom osom es an d
(2) the  sm all am o u n t of genetic in fo rm ation  carried  by  the Y 
chrom osom e. The considera tion  of lyon iza tion  m u st beg in  
w ith  M ary Lyon, w h o  in  1962 p ro p o se d  th a t in  fem ales, only  
one X chrom osom e is genetically  active. X inac tivation  
occurs early  in  fetal life, ab o u t 16 days after conception. 
E ither the  p a te rn a l o r the m ate rn a l X chrom osom e is ran 
dom ly  inac tiva ted  in  each  cell of the  d eve lop ing  em bryo . 
O nce inactivated , the sam e X chrom osom e rem ains inactive 
in  all of the  p ro g en y  of these cells. M oreover, a ll b u t one X 
chrom osom e is inactivated , an d  so a 48,XXXX fem ale has 
on ly  one active X chrom osom e. This p h en o m en o n  explains 
w h y  n o rm al fem ales do  n o t have  a doub le  dose (com pared  
w ith  m ales) o f p h en o ty p ic  a ttr ib u te s  encoded  o n  the  X chro 
m osom e. The L yon h ypo thesis  also  explains w h y  no rm al 
fem ales are  in  rea lity  m osaics, con ta in ing  tw o  cell p o p u la 
tions: one w ith  a n  active m ate rn a l X, the  o ther w ith  a n  active 
p a te rn a l X. The m olecu lar basis o f X inac tivation  involves a 
lo n g  n o n -c o d in g  R N A  th a t is encoded  by the X IS T  gene. 
This n o n -c o d in g  R N A  is re ta in ed  in  the nucleus, w h ere  it 
"coa ts"  the X chrom osom e th a t it is transcribed  from  an d  
silences the genes o n  th a t chrom osom e. The o th er X IST  
allele is sw itched  off in  the  active X, a llow ing  genes encoded  
one one X chrom osom e to be expressed .

A lth o u g h  essen tially  accurate, the L yon  h yp o th esis  sub 
sequen tly  has  been  som ew h at m odified . M ost im p o rtan t, 
the in itial p re su m p tio n  th a t all o f the genes on  the inactive 
X are  "sw itch ed  off" has  been  rev ised , as ro u g h ly  21% of 
genes o n  Xp, an d  a sm aller n u m b er (3%) on  Xq, escape X 
inactivation . This observa tion  has im plications for

m onosom ic X chrom osom e d iso rders, o r T u rn er syndrom e, 
as d iscussed  later.

E xtra  Y chrom osom es are  read ily  to le ra ted  because the 
on ly  in fo rm ation  k n o w n  to be carried  o n  the  Y chrom o
som e seem s to  re la te  to  m ale  d ifferen tia tion . O f note, w h a t
ever the n u m b er of X chrom osom es, the  p resence of a Y 
invariab ly  d ictates the m ale p h en o ty p e . The gene for m ale 
d ifferen tia tion  (SRY, sex -de term in ing  reg ion  of Y chrom o
som e) is located  o n  the sh o rt a rm  of the  Y.

D escribed  briefly  nex t are  tw o  d iso rders, K linefelter 
synd rom e a n d  T u rn er syndrom e, th a t re su lt from  aberra 
tions of sex chrom osom es.

K linefe lter Syndrom e

K linefelter syndrom e is defined  as m ale hyp ogon ad ism  
that d evelop s w h en  there are at least tw o X chrom osom es  
and one or m ore Y chrom osom es. It is the  m ost com m on 
cause of h y p o g o n ad ism  in  m ales. M ost affected pa tien ts  
h av e  a 47,XXY karyo type . This k a ry o ty p e  resu lts  from  non 
d isjunction  of sex chrom osom es d u r in g  m eiosis. The extra  
X chrom osom e m ay  be of e ither m ate rn a l o r p a te rn a l 
orig in . A dvanced  m a te rn a l age an d  a h is to ry  of irrad ia tio n  
in  e ithe r p a re n t m ay  con tribu te  to  the m eiotic e rro r resu lt
in g  in  th is condition . A pprox im ate ly  15% of the pa tien ts  
show  m osaic p a tte rn s , in c lu d in g  46,XY/47,XXY, 
47,XXY/48,XXXY, a n d  varia tions on  th is them e. The p res 
ence of a  46,XY line in  m osaics u sua lly  is associa ted  w ith  
a m ild e r clinical condition .

K linefelter synd rom e is associa ted  w ith  a w id e  range  of 
clinical m an ifesta tions. In  som e p erso n s it m ay  be expressed  
on ly  as hy p o g o n ad ism , b u t m o st p a tien ts  have  a  d istinctive  
body  h ab itu s  w ith  a n  increase in  leng th  be tw een  the 
soles a n d  the pub ic  bone, w h ich  creates the app earan ce  
of a n  e longated  body . A lso characteristic  is eunu ch o id  
body  hab itus. R educed  facial, body , a n d  pub ic  h a ir  an d  
gynecom astia  a lso  are frequen tly  seen. The testes a re  m ark 
ed ly  re d u ced  in  size, som etim es to  on ly  2  cm  in  g reatest 
d im ension . In  k eep ing  w ith  the  testicu lar a tro p h y , the 
se ru m  testoste rone  levels a re  low er th an  norm al, an d  
u rin a ry  g o n ad o tro p in  levels a re  elevated .

O n ly  ra re ly  a re  p a tien ts  w ith  the K linefelter synd rom e 
fertile, an d  p resu m ab ly  such  p erso n s a re  m osaics w ith  a 
large p ro p o rtio n  of 46,XY cells. The sterility  is d u e  to 
im p a ired  sperm atogenesis, som etim es to  the ex ten t of to tal 
azoosperm ia . H isto log ic exam ination  show s hyalin iza tion  
of tubu les, w h ich  ap p e a r as ghostlike s tru c tu res  o n  tissue 
section. By con trast, L eydig  cells a re  p rom inen t, as a resu lt 
of e ither h y p erp lasia  o r a n  a p p a re n t increase re la ted  to loss 
of tubu les. A lth o u g h  K linefelter synd rom e m ay  be associ
a ted  w ith  m en ta l re ta rd a tio n , the degree  of in te llectual 
im p a irm en t typ ically  is m ild , a n d  in  som e cases, no  deficit 
is detectable. The red u c tio n  in  in telligence is corre la ted  
w ith  the n u m b er of extra  X chrom osom es. K linefelter syn 
d rom e is associa ted  w ith  a h igher frequency  of several 
d iso rders , in c lu d in g  b reast cancer (seen 2 0  tim es m ore 
com m only  th a n  in  n o rm a l m ales), ex trag o n ad a l germ -cell 
tum ors, a n d  au to im m u n e  d iseases such  as system ic lu p u s  
ery them atosus.

Turner Syndrom e

Turner syndrom e, characterized by primary h yp ogo
nadism  in  phenotyp ic fem ales, resu lts from  partial or
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com plete m onosom y o f the short arm o f the X chrom o
som e. W ith  ro u tin e  cytogenetic  m ethods, the en tire  X 
chrom osom e is fo u n d  to  be m issing  in  57% of patien ts, 
re su ltin g  in  a 45,X karyo type . These p a tien ts  are  the m ost 
severely  affected, a n d  the d iagnosis o ften  can  be m ad e  a t 
b irth  o r early  in  ch ildhood . Typical clinical features asso
ciated with 45,X Turner syndrome include g ro w th  re ta rd a 
tion, lead in g  to  abnorm ally  sh o rt s ta tu re  (below  the  th ird  
percentile); sw elling  of the n ap e  of the neck  because of 
d is ten d ed  lym phatic  channels (in  infancy) th a t is seen as 
w eb b in g  of the neck in  o lder ch ild ren ; low  posterio r hair
line; cub itu s  v a lg u s (an  increase in  the  carry ing  angle  o f the 
arm s); sh ield like chest w ith  w id e ly  spaced  nipp les; high- 
a rched  palate; ly m p h ed em a  of the h an d s  a n d  feet; an d  
a varie ty  of congenita l m alfo rm ations such  as horseshoe 
k idney , b icusp id  aortic  valve, a n d  coarcta tion  of the  ao rta  
(Fig. 7.16). Cardiovascular abnormalities are the most common 
cause of death in childhood. In  adolescence, affected girls fail
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Incidence: 1 in 3000 female births 
Karyotypes:

Classic: 45,X
Defective 

second X
chromosome: 46,X,i(Xq)

46,XXq- 
46,XXp- 
46,X, r(X)

Mosaic type: 45,X/46,Xx

Fig. 7 . I 6  Clinical features and karyotypes of Turner syndrome.

to  develop  n o rm al secondary  sex characteristics; the  geni
talia  rem ain  infantile, b reast d ev e lo p m en t is m in im al, an d  
little  pub ic  h a ir  appears. Most patients have primary amenor
rhea, and morphologic examination shows transformation of the 
ovaries into white streaks of fibrous stroma devoid of follicles. The 
m en ta l s ta tu s  of these p a tien ts  u sua lly  is n o rm al, b u t sub tle  
defects in  v isu a l-sp a tia l in fo rm ation  p rocessing  have  been 
no ted . C uriously , h y p o th y ro id ism  caused  by au to an tib o d 
ies occurs, especially  in  w o m en  w ith  isochrom osom e Xp. 
A s m any  as 50% of these  p a tien ts  develop  clinical h y p o th y 
ro id ism . In  a d u lt patien ts, a com bination  of sh o rt s ta tu re  
an d  p rim ary  am en o rrh ea  sh o u ld  p ro m p t stro n g  susp ic ion  
for T u rn er syndrom e. The d iagnosis is estab lished  by 
karyo typ ing .

A pprox im ate ly  43% of p a tien ts  w ith  T u rn er synd rom e 
e ithe r are m osaics (one of the  cell lines be ing  45,X) or have  
s tru c tu ra l abnorm alities o f the X chrom osom e. The m ost 
com m on is de le tion  of the sho rt a rm , re su ltin g  in  the  for
m atio n  of a n  isochrom osom e of the long  arm , 46,X,i(X) 
(q10). The n e t effect o f the associa ted  s tru c tu ra l abno r
m alities is to  p ro d u ce  p a rtia l m onosom y of the X chro 
m osom e. C om binations of dele tions a n d  m osaic ism  also 
occur. It is im p o rtan t to  ap p rec ia te  the karyo typ ic  he tero 
geneity  associated  w ith  T u rn er synd rom e because it is 
responsib le  for significant v a ria tions in  the phen o ty p e . In 
con trast w ith  the p a tien ts  w ith  m onosom y X, those w h o  
are  m osaics o r have  de le tion  v arian ts  m ay  have  an  a lm ost 
n o rm al ap p earan ce  a n d  m ay  p resen t on ly  w ith  p rim ary  
am enorrhea .

The m o lecu lar pa thogenesis  of T u rner synd rom e is no t 
com pletely  u n d e rs to o d , b u t s tud ies  have  b eg u n  to  shed 
som e light. A s m en tio n ed  earlier, bo th  X chrom osom es are  
active d u rin g  oogenesis a n d  are  essen tia l for n o rm al devel
o p m e n t of the ovaries. D u rin g  n o rm al fetal developm en t, 
ovaries con ta in  as m an y  as 7 m illion  oocytes. The oocytes 
g rad u a lly  d isap p ea r so th a t by  m enarche  their n u m b ers  
have  d w in d led  to  a m ere  400,000, a n d  w h e n  m en o p au se  
occurs few er th an  10,000 rem ain . In  T u rn er synd rom e, fetal 
ovaries develop  no rm ally  early  in  em bryogenesis, b u t the 
absence of the  second  X chrom osom e leads to  a n  acceler
a ted  loss of oocytes, w h ich  is com plete  by  age 2  years. 
In  a  sense, therefore, "m en o p au se  occurs before m en 
arche," a n d  the  ovaries are red u ced  to  a troph ic  fibrous 
s tran d s, devo id  of ova a n d  follicles (streak ovaries). Because 
pa tien ts  w ith  T u rner synd rom e also  have  o th er (nongo
nadal) abnorm alities, it fo llow s tha t genes req u ired  for 
n o rm al g ro w th  a n d  d ev e lo p m en t of som atic  tissues also 
m u st reside  o n  the X chrom osom e. A m o n g  the genes 
invo lved  in  the  T u rner p h en o ty p e  is the sho rt sta tu re  
hom eobox  (SHOX) gene a t Xp22.33. This is one o f the genes 
tha t rem ain  active in  bo th  X chrom osom es an d  is u n iq u e  
in  h av in g  an  active h om ologue  o n  the sh o rt a rm  of the Y 
chrom osom e. T hus, bo th  n o rm al m ales a n d  fem ales have  
tw o  active copies o f th is gene. Loss of one copy  of SHOX 
gives rise  to  sho rt s ta tu re . Indeed , dele tions of the  SHOX 
gene are n o ted  in  2% to 5% of o therw ise  n o rm al ch ild ren  
w ith  sh o rt sta tu re . W hereas loss o f one copy  of SHOX can 
exp lain  the  g ro w th  deficit in  T u rn er synd rom e, it cannot 
exp lain  o ther im p o rtan t clinical fea tu res  such  as card iac 
m alfo rm ations an d  endocrine  abnorm alities. C learly, 
several o th e r genes located  o n  the X chrom osom e also  are  
involved .
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^ S U M M A R Y

C Y T O G E N E T I C  D I S O R D E R S  I N V O L V I N G  

S E X  C H R O M O S O M E S

• In females, one X chromosome, maternal or paternal, is ran
domly inactivated during development (Lyon hypothesis).

• In Klinefelter syndrome, there are two or more X chromo
somes with one Y chromosome as a result of nondisjunction 
of sex chromosomes. Patients have testicular atrophy, sterility, 
reduced body hair, gynecomastia, and eunuchoid body habitus. 
It is the most common cause of male sterility.

• In Turner syndrome, there is partial or complete monosomy 
of genes on the short arm of the X chromosome, most com
monly caused by the absence of one X chromosome (45,X) 
and less commonly by mosaicism, or by deletions involving the 
short arm of the X chromosome. Short stature, webbing of 
the neck, cubitus valgus, cardiovascular malformations, amen
orrhea, lack of secondary sex characteristics, and fibrotic 
ovaries are typical clinical features.

SINGLE-GENE DISORDERS W IT H  
ATYPICAL PATTERNS OF 
INHERITANCE

T hree g ro u p s  of d iseases resu ltin g  from  m u ta tio n s affect
in g  single genes do  n o t follow  the m en d e lian  ru les  of 
inheritance:
• D iseases caused  by trip le t re p e a t m u ta tio n s
• D iseases caused  by m u ta tio n s  in  m itochondria l genes
• D iseases associa ted  w ith  a lte ra tio n  o f im p rin ted  reg ions 

of the genom e

Triplet Repeat Mutations 

Fragile X  Syndrom e

Fragile X syndrom e is the prototype o f d iseases in  w h ich  
the causative m utation occurs in  a lo n g  repeating sequence  
o f three nucleotides. O ther exam ples of d iseases associated  
w ith  trinuc leo tide  rep ea t m u ta tio n s a re  H u n tin g to n  d isease 
a n d  m yotonic  d y stro p h y . This type  of m u ta tio n  is now  
k n o w n  to cause ab o u t 40 d iseases, a n d  all d iso rd ers  d iscov
e red  so far are associa ted  w ith  n eu ro d eg en era tiv e  changes. 
In  each  of these conditions, am plification  of specific sets of 
th ree  nucleo tides w ith in  the  gene d isru p ts  its function . 
C erta in  u n iq u e  fea tu res of trinuc leo tide  rep ea t m u ta tions, 
described  later, a re  responsib le  for the  a typ ica l p a tte rn  of 
inheritance  of the associa ted  diseases.

Fragile X syndrom e results from  a m utation in  the FMR1 
gene, w hich  m aps to Xq27.3 and is the second m ost com m on  
genetic cause of m ental retardation, after D ow n  syndrom e. 
It has a frequency of 1 in  1550 for m ales an d  1 in  8000 for 
females. The syndrom e derives its nam e from  the karyotypic 
appearance of the X chrom osom e in  the original m ethod  
of diagnosis. C u ltu ring  pa tien t cells in  a  folate-deficient 
m ed iu m  typically show ed a discontinuity  of staining o r con
striction in  the long  arm  of the X chrom osom e. This m ethod  
has now  been supp lan ted  by  D N A -based analysis of triplet 
repea t size, as discussed later. Clinically affected m ales have 
m oderate  to  severe m ental retardation , a lthough  the extent of

im pairm en t is highly  variable. It is n o t u n u su a l for som e chil
d ren  to  initially be d iagnosed  w ith  autism -like sym ptom s. 
The typical physical pheno type includes a long face w ith  a 
large m andible, large everted  ears, an d  large testicles (mac
roorchidism). A lthough  characteristic of fragile X syndrom e, 
these abnorm alities are no t alw ays p resen t o r m ay  be quite 
subtle. The only distinctive physical abnorm ality  tha t can  be 
detected  in  a t least 90% of postpuberta l m ales w ith  fragile X 
syndrom e is m acroorchidism .

A s w ith  all X -linked diseases, fragile X synd rom e p re 
d o m inan tly  affects m ales. A nalysis o f several ped ig rees, 
how ever, show s som e p a tte rn s  of transm ission  n o t typ i
cally associa ted  w ith  o th e r X -linked recessive d iso rd ers  
(Fig. 7.17). These inc lude  the follow ing:
• Carrier males. A pprox im ate ly  20% of m ales w ho , by 

ped ig ree  analysis, are  k n o w n  to carry  a fragile X m u ta 
tion  do  n o t m an ifest the typical neu ro log ical sym ptom s 
or physical characteristics o f fragile X d u rin g  ch ildhood . 
As d iscussed  below , these  carrier m ales (also k n o w n  as 
" tra n sm ittin g  m ales") h a rb o r a detectab le  m olecu lar 
abno rm ality  a t the FMR1 locus b u t n o t the fu ll-fledged 
m u ta tio n  observed  in  sym ptom atic  ch ild ren .

• Affected females. F rom  30% to 50% of carrie r w o m en  w ith  
the fragile  X m u ta tio n  o n  one ch rom osom e m ig h t show  
fea tu res o f m ild  cognitive im p a irm en t o r o ther behav 
ioral d istu rbances. A pprox im ate ly  20% develop  fea tu res 
of p re m a tu re  rep ro d u c tiv e  fa ilu re  (see below ). The p res 
ence of sym ptom s in  carrier fem ales, albeit m ild , is 
u n u su a l for a n  X -linked recessive d isease.

• Anticipation. This te rm  refers to  the p h en o m en o n  
w h ereb y  clinical fea tu res o f fragile  X synd rom e w o rsen  
w ith  each successive generation , as if the m u ta tio n  
becom es increasing ly  de le te rious as it is tran sm itted  
from  a m a n  to  h is  g ran d so n s a n d  g rea t-g randsons.

These u n u su a l fea tu res have  b een  re la ted  to  the  dynam ic  
n a tu re  of the m u ta tion . In  the  n o rm al po p u la tio n , the 
n u m b er of rep ea ts  o f the  sequence CG G  in  the  FMR1 gene 
is sm all, averag ing  a ro u n d  29, w h ereas  affected  p ersons 
have  200 to  4000 repeats. These so-called " fu ll m u ta tio n s"  
are  believed  to  arise  th ro u g h  a n  in te rm ed ia te  stage of p re 
m u ta tio n s charac terized  by 52 to  200 C G G  repeats. C arrie r 
m ales a n d  fem ales have  p rem u ta tio n s. D u rin g  oogenesis 
(bu t n o t sperm atogenesis), the  p rem u ta tio n s  can  be con
verted  to  full m u ta tio n s by  fu rth e r am plification  of the 
C G G  repeats, w h ich  can  then  be tran sm itted  to bo th  the 
sons a n d  the  d au g h te rs  o f the carrier fem ale. These obser
vations p ro v id e  an  exp lan a tio n  for w h y  som e carrier m ales 
are  unaffected  (they  hav e  p rem u ta tions), a n d  certa in  carrier 
fem ales are affected (they  in h e rit full m utations).

P a th o g e n e s is

The m o lecu lar basis for fragile X sy n d ro m e is b eg inn ing  to 
be u n d e rs to o d  a n d  re la tes to  silencing o f the  p ro d u c t of the 
FMR1 gene, fam ilial m en ta l re ta rd a tio n  p ro te in  (FMRP). 
The n o rm al FMR1 gene con tains C G G  rep ea ts  in  its 5 ' 
u n tra n s la te d  reg ion . W hen  the n u m b er of trinuc leo tide  
rep ea ts  exceeds app rox im ate ly  230, the  D N A  of the  en tire  5' 
reg ion  of the  gene becom es abno rm ally  m ethy la ted . M eth- 
y la tion  also  ex tends u p s tre a m  in to  the p ro m o te r reg ion  of 
the  gene, re su ltin g  in  transc rip tiona l su p p ressio n  of FMR1. 
The resu ltin g  absence of FM RP is believed  to  cause the
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CARRIER MALE NORMAL FEMALE

X Chromosomes---------------------------------- Full mutation Normal/full mutation Normal Normal
50% of females

Phenotype------------------------------------------ Affected affected, often mildly Normal Normal

Fig. 7.17 Fragile X  pedigree. X  and Y chromosomes are shown. Note that in the first generation, all sons are normal and all females are carriers (harbor a 
premutation). During oogenesis in the carrier female, premutation expands to full mutation; hence, in the next generation, all males who inherit the X  with 
full mutation are affected. However, only 50% of females who inherit the full mutation are affected, and often only mildly. (B a s e d  o n  a n  o r ig in a l  s k e tc h  c o u r te s y  

o f  D r .  N a n c y  S c h n e id e r ,  D e p a r t m e n t  o f  P a th o lo g y ,  U n iv e r s i t y  o f  T e x a s  S o u th w e s te rn  M e d ic a l  S c h o o l,  D a l la s ,  T e x a s .)

p h en o ty p ic  changes. FM RP is w id e ly  expressed  in  no rm al 
tissues, b u t h igher levels a re  fo u n d  in  the b ra in  a n d  the 
testis. It is a n  R N A -b ind ing  p ro te in  th a t is tran sp o rted  from  
the  cy top lasm  to the nucleus, w h ere  it b inds specific m R N A s 
a n d  tran sp o rts  th em  to the axons a n d  d en d rite s  (Fig. 7.18). 
It is in  the synapses th a t FM R P-m R N A  com plexes pe rfo rm  
critical ro les in  reg u la tin g  the tran sla tio n  of specific m R N A s 
in vo lved  in  contro l o f synap tic  functions. The absence of 
th is  finely co o rd in a ted  " sh u ttle "  function  seem s to  u n d erlie  
the  fragile X syndrom e.

Fragile X  T rem or/A tax ia

A lthough in itia lly  assum ed to be innocuous, CGG premu
tations in  the FMR1 gene can cause a d isease that 
is  phenotypically  different from  fragile X syndrom e 
through a distinct m echanism  in vo lv in g  a toxic "gain-of- 
function." This disease w as d iscovered w h en  it w as no ted  
th a t approxim ately  2 0 % of fem ales carry ing  the p rem u ta tion  
(carrier fem ales) have m ild  cognitive im pairm en t an d  p re 
m atu re  ovarian  failure (before the age of 40 years), an d  m ore 
th an  50% of p rem utation-carry ing  m ales (transm itting  
m ales) exhibit a p rogressive  neurodegenerative  syndrom e 
starting  in  their sixth decade. This syndrom e, referred  to  as 
fragile X  tremor/ataxia, is characterized  by in ten tion  trem ors 
an d  cerebellar ataxia an d  m ay  p rogress to parkinsonism .

H o w  do  p rem u ta tio n s  cause disease? In  these patien ts, 
the  FMR1 gene in stead  of being  m eth y la ted  a n d  silenced 
con tinues to be transcribed . C G G -contain ing  FMR1 
m R N A s so fo rm ed  are  "toxic." They accum ula te  in  the 
n ucleus a n d  fo rm  in tran u c lea r inclusions. In  th is  p rocess 
the  agg reg a ted  m R N A  recru its  R N A -b ind ing  p ro te in s.

Fig. 7 . l 8  A model for the action of familial mental retardation protein 
(FMRP) in neurons. FMRP plays a critical role in regulating the translation of 
axonal proteins from bound RNAs. These locally produced proteins, in turn, 
play diverse roles in the microenvironment of the synapse. ( A d a p t e d  f r o m  

H in  P, W a r r e n  S T : N e w  in s ig h ts  in to  f r a g i le  X  s y n d r o m e :  f r o m  m o le c u le s  t o  n e u 

r o b e h a v io r , Trends Biochem Sci 2 8 : 1 5 2 ,  2 0 0 3 . )
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P erh ap s sequestra tion  of these p ro te in s  a t ab n o rm al loca
tions leads to  even ts th a t a re  toxic to  the cell.

As no ted , earlier m an y  o th er n eu ro d eg en era tiv e  d is
eases re la ted  to  trinuc leo tide  re p e a t expansions a re  recog
n ized . Som e general p rinc ip les follow:
• In  all cases, gene functions are  a lte red  by  a n  expansion  

of the  repeats, b u t the  precise th resho ld  a t w h ich  p re 
m u ta tio n s a re  converted  to  fu ll m u ta tio n s  differs w ith  
each d iso rder.

• W hereas the expansion  in  fragile X synd rom e occurs 
d u r in g  oogenesis, in  o ther d iso rd ers  such  as H u n tin g to n  
disease, p rem u ta tio n s  are converted  to  fu ll m u ta tio n s 
d u rin g  sperm atogenesis.

• The expansion  m ay  invo lve any  p a r t of the gene, an d  
the range  of possib ilities can  be d iv id ed  in to  tw o  b road  
categories: those th a t affect u n tra n s la te d  reg ions (as in  
fragile  X syndrom e) a n d  those th a t affect cod ing  reg ions 
(as in  H u n tin g to n  disease) (Fig. 7.19). W hen  m u ta tio n s 
affect n o ncod ing  regions, there  is "loss of function ," 
because p ro te in  syn thesis is su p p ressed  (e.g., FMRP). By 
contrast, m u ta tio n s  invo lv ing  tran s la ted  p a rts  o f the 
gene give rise to  m isfo lded  p ro te in s  (e.g., H u n tin g to n  
disease). M any of these so-called "toxic gain-of- 
function" m u ta tio n s  involve C A G  rep ea ts  th a t encode 
p o lyg lu tam ine  tracts, a n d  the  re su lta n t d iseases are  
som etim es re ferred  to as p o ly g lu tam in e  d iseases, affect
ing  p rim arily  the n e rv o u s  system . A ccum ula tion  o f m is- 
fo lded  p ro te in s  in  agg regates w ith in  the cy top lasm  is a 
com m on fea tu re  of such  diseases.

®  S U M M A R Y

F R A G IL E  X  S Y N D R O M E  A N D  F R A G IL E  X  

T R E M O R / A T A X I A

• Pathologic amplification of trinucleotide repeats causes loss- 
of-function (fragile X syndrome) or gain-of-function mutations 
(Huntington disease). Most such mutations produce neuro
degenerative disorders.

• Fragile X syndrome results from loss of FMRI gene function 
and is characterized by mental retardation, macroorchidism, 
and abnormal facial features.

• In the normal population, there are about 29 CGG repeats in 
the FMRI gene. The genomes of carrier males and females 
contain premutations with 52 to 200 CGG repeats that can 
expand to 4000 repeats (full mutations) during oogenesis.

When full mutations are transmitted to progeny, fragile X 
syndrome occurs.

• Fragile X tremor/ataxia resulting from expression of a FMRI 
gene bearing premutation develops in some males and females. 
The accumulation of corresponding mRNA in the nucleus 
binds and sequesters certain proteins that are essential for 
normal neuronal functions

Diseases Caused by Mutations in 
Mitochondrial Genes

M itochondria  contain  several genes th a t encode enzym es 
involved  in  oxidative phosphory la tion . Inheritance of m ito
chondria l D N A  differs from  tha t of nuclear D N A  in  tha t the 
form er is associated w ith  m aternal inheritance. The reason  
for this peculiarity  is tha t ova contain  the norm al com ple
m en t of m itochondria  w ith in  their ab u n d a n t cytoplasm , 
w hereas sperm atozoa contain  few, if any, m itochondria . The 
m itochondrial D N A  of the zygote is therefore derived  
entirely  from  the  ovum . Thus, only  m others transm it m ito
chondria l genes to their offspring, bo th  m ale a n d  female.

D iseases caused  by  m u ta tio n s  in  m ito ch o n d ria l genes 
a re  rare. Because m itochondria l D N A  encodes enzym es 
invo lved  in  ox idative  pho sp h o ry la tio n , d iseases caused  by 
m u ta tio n s in  such  genes affect o rgans m ost d ep e n d e n t on  
ox idative  p h o sp h o ry la tio n  (CNS, skeletal m uscle, card iac 
m uscle, liver, a n d  k idney). Leber hereditary optic neuropathy 
is the p ro to typ ica l d iso rd e r in  th is g roup . This n eu ro d eg en 
era tive  d isease m anifests as  p rog ressive  b ila tera l loss of 
cen tra l v ision  tha t leads in  d u e  course  to  b lindness.

Diseases Caused by Alterations of Imprinted 
Regions: Prader-Willi and Angelman Syndromes

A ll h u m an s in h erit tw o  copies o f each gene (except, of 
course, the sex chrom osom e genes in  m ales), carried  on  
hom ologous m ate rn a l a n d  p a te rn a l chrom osom es. It w as 
long  a ssu m e d  th a t there  w as  n o  d ifference b e tw een  n o rm al 
hom ologous genes d e riv ed  from  the  m o th er a n d  the  father. 
Indeed , th is is true  for m ost genes. It has been  estab lished , 
how ever, th a t functional differences exist be tw een  the 
p a te rn a l a n d  the  m a te rn a l copies o f som e genes. The d if
ferences arise from  an ep igenetic  process called  genomic 
imprinting, w hereby certain h om ologou s gen es are d if
ferentia lly  "inactivated" during paternal and maternal

Promoter UTR Intron Exon UTR

Expansions

Sequences CCCCGCCCCGCG  
12 mer

Disease Myoclonus*
epilepsy

A A A
CGG GAA CAG CTG
triplet triplet triplet triplet

Fragile X Friedreich Huntington Myotonic
syndrome ataxia disease dystrophy

3'

Fig. 7 . l 9  Sites of expansion and the affected sequence in selected diseases caused by nucleotide repeat mutations. U T R , Untranslated region. *Although not 
strictly a trinucleotide-repeat disease, progressive myoclonus epilepsy is caused, like others in this group, by a heritable DNA expansion. The expanded segment 
is in the promoter region of the gene.
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gam etogen esis . T hus, m a te rn a l im p rin tin g  refers to  tran 
scrip tional silencing of the m a te rn a l allele, w h e reas  p a te r
nal im p rin tin g  im plies th a t the p a te rn a l allele is inactivated . 
A t the  m o lecu lar level, im p rin tin g  is associa ted  w ith  m eth- 
y la tion  o f the gene p rom oter, as w ell as re la ted  even ts such  
as m odification  of D N A -b ind ing  h istone  p ro te ins, the  su m  
to ta l effect of w h ich  is to  silence the  gene. Im p rin tin g  
occurs in  ova o r sp erm  a n d  is th en  stab ly  tran sm itted  to  all 
som atic cells de rived  from  the zygote.

G enom ic im p rin tin g  is best illu s tra ted  by considering  
tw o  unco m m o n  genetic d iso rders, P rader-W illi synd rom e 
an d  A ng e lm an  syndrom e.

M ental retardation, short stature, hypotonia, obesity, 
sm all hands and feet, and hypogonadism  characterize 
Prader-W illi syndrom e. In  60% to 75% of cases, a n  in tersti
tial deletion  of b an d  q 1 2  in  the  long  arm  of chrom osom e 
15 — del(15)(q11;q13)—can be detected. In  m any  patien ts 
w ith o u t a detectable cytogenetic abnorm ality , FISH analysis 
show s sm aller deletions w ith in  the sam e region. It is strik ing 
tha t in  all cases, the deletion  affects the paternally  derived  
chrom osom e 15. In  con trast to  Prader-W illi syndrom e, 
patien ts w ith  the phenotypically  d istinct A ngelm an  syn
drom e are bo rn  w ith  a deletion  of the sam e chrom osom al 
region derived  from  their m others. Patients w ith  A ngelm an  
syndrom e also are m entally  retarded, but in  addition they  
present w ith  ataxic gait, seizures, and inappropriate laugh
ter. Because of the laugh ter an d  ataxia, this syndrom e has 
been called the h ap p y  p u p p e t syndrom e. A  com parison  of 
these tw o syndrom es clearly dem onstra tes the "parent-of- 
orig in" effects on  gene function. If all the pa te rn a l and  
m aternal genes contained  w ith in  chrom osom e 15 w ere  
expressed in  a n  identical fashion, clinical features resu lting

C H A P T E R  7 Genetic and Pediatric Diseases

from  these deletions w o u ld  be expected  to  be identical 
regard less o f the paren ta l o rig in  of chrom osom e 15.

The m olecular basis of these tw o syndrom es can  be 
u n derstood  in  the context of im prin ting  (Fig. 7.20). A  set of 
genes o n  the m aterna l chrom osom e a t 15q12 is im prin ted  
(and hence silenced), so the pa terna l chrom osom e p rov ides 
the only functional alleles. W hen  these are lost as a resu lt of 
a deletion  (in the pa te rna l chrom osom e), the p a tien t devel
ops Prader-W illi syndrom e. A m ong  the set of genes tha t are 
deleted  in  Prader-W illi syndrom e, the m ost likely cu lp rit is 
believed to  be a gene cluster encod ing  m ultip le  distinct 
sm all nucleolar RN A s (snoRNAs), w h ich  are  involved  in  
m essenger RNA processing. C onversely, a d istinct gene, 
UBE3A, th a t also m aps to the sam e reg ion  of chrom osom e 
15 is im prin ted  on  the pa terna l chrom osom e. UBE3A  encodes 
for a  ub iqu itin  ligase, a fam ily of enzym es th a t targets o ther 
cellular p ro te ins for p ro teasom al d eg radation  (C hapter 1) 
th rough  the ad d itio n  of ub iqu itin  m oieties. O nly the m ater
nally  derived  allele of the gene norm ally  is active. D eletion 
of th is m aternal gene on  chrom osom e 15 gives rise to the 
A ngelm an syndrom e. The neurologic m anifestations of 
A ngelm an are principally  because of a lack of UBE3A 
expression in  specific regions of the brain.

M olecular stud ies of cytogenetically norm al patien ts w ith  
Prader-W illi syndrom e have show n tha t in  som e cases, both  
of the structurally  norm al copies of chrom osom e 15 are 
derived  from  the m other. Inheritance of bo th  chrom osom es 
of a pair from  one p aren t is called uniparental disomy. The net 
effect is the sam e (i.e., the patien t does no t have a functional 
set of genes from  the [nonim printed] pa ternal chrom osom e 
15). A ngelm an syndrom e, as m igh t be expected, also can 
resu lt from  un iparen ta l disom y of paternal chrom osom e 15.

MATERNAL PATERNAL 
(M) (P)

Imprinted Prader-Willi 
genes l

Active Angelman " 
gene

Active Prader-Willi 
genes

Imprinted Angelman 
gene

(M) (P)

Site of deletion I

Deletion in maternal 
chromosome

Active Prader-Willi 
genes

' Imprinted Angelman 
gene

Deletion in paternal 
chromosome

Imprinted Prader-Willi 
genes

Active Angelman 
gene

(M) (P)

Site of deletion

ANGELMAN SYNDROME PRADER-WILLI SYNDROME

Fig. 7.20 Genetics of Angelman and Prader-Willi syndromes.
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^ S U M M A R Y

G E N O M I C  I M P R I N T I N G

• Imprinting involves transcriptional silencing of the paternal or 
maternal copies of certain genes during gametogenesis. For 
such genes only one functional copy exists in the individual. 
Loss of the functional allele (not imprinted) by deletions gives 
rise to diseases.

• Prader-Willi syndrome results from deletion of paternal chro
mosomal region I5ql2 and is characterized by mental retarda
tion, short stature, hypotonia, obesity, and hypogonadism.

• Angelman syndrome results from deletion of maternal chro
mosomal region I5qI2 and is characterized by mental retarda
tion, ataxia, seizures, and inappropriate laughter.

Pediatric Diseases

A s m en tio n ed  earlier a n d  as illu s tra ted  by  several exam 
ples, m an y  d iseases o f infancy a n d  ch ildhood  a re  o f genetic 
orig in . O thers, a lth o u g h  n o t genetic, e ither are u n iq u e  to 
ch ild ren  o r take d istinctive  fo rm s in  th is p a tien t p o p u la tio n  
a n d  th u s  m erit the d esignation  p ed ia tric  d iseases. D uring  
each stage of developm ent, in fan ts a n d  ch ild ren  are p rey  
to  a so m ew h at d ifferen t g ro u p  of d iseases (Table 7.5). 
C learly , d iseases of infancy (i.e., in  the  first y ea r of life) 
pose  the h ighest risk  of dea th . D u rin g  th is phase , the neo
na ta l p e rio d  (the first 4 w eeks of life) is un q u estio n ab ly  the 
m o st h a za rd o u s  tim e.

A fter the in fan t su rv ives the first year of life, the o u tlook  
b righ tens considerab ly . H ow ever, it is sobering  to  no te  tha t 
be tw een  1 y ear an d  14 years o f age, in juries resu ltin g  from  
acciden ts are the lead in g  cause of death . N o t all cond itions 
lis ted  in  Table 7.5 a re  described  in  th is chapter; on ly  a select 
few  th a t are m o st com m on  are considered  here. A lth o u g h  
general p rinc ip les o f neoplastic  d isease a n d  specific tum ors 
are  d iscussed  e lsew here, a  few  tu m o rs of ch ild ren  are 
described, to  h ig h lig h t the  d ifferences be tw een  p ed ia tric  
an d  a d u lt  neoplasm s.

C O NG ENITAL ANOMALIES

C ongen ita l anom alies a re  s tru c tu ra l defects th a t a re  p re sen t 
a t b irth , a lth o u g h  som e, such  as card iac defects a n d  renal 
anom alies, m ay  n o t becom e clinically a p p a re n t u n til years 
later. As w ill be ev id en t from  the en su in g  d iscussion, the 
te rm  congen ita l does n o t im p ly  o r exclude a genetic  basis. 
It is es tim ated  th a t a b o u t 120,000 babies a re  b o rn  w ith  a 
b irth  defect each y ear in  the U n ited  States, a n  incidence of 
1 in  33. A s in d ica ted  in  Table 7.5, congen ita l anom alies are  
a n  im p o rta n t cause o f in fan t m orta lity . M oreover, they  con
tin u e  to  be a  significant source of illness, d isability , an d  
d ea th  th ro u g h o u t the  early  y ears  o f life.

Before considering  the e tio logy a n d  p a thogenesis  of 
congenita l anom alies, it is essen tia l to  define som e of the 
term s u sed  to  describe e rro rs  in  m orphogenesis.
• Malformations are primary errors o f morphogenesis. In  o ther 

w o rd s, there  is a n  in trinsically  abno rm al developm en ta l 
process. M alfo rm ations u sua lly  a re  m ultifactorial, ra th e r 
th an  the re su lt o f a single gene o r ch rom osom al defect.

Table 7.5 Causes of D eath  by Age

Causes* R ate* Causes* R ate*

Y ounger than  1 year 582.1 1-4 Years— cont'd 28.3

Congenital malformations, deformations, and chromosomal 
anomalies

Malignant neoplasms 
Diseases of the heart*

Disorders related to short gestation and low birth weight 
Sudden infant death syndrome (SIDS)
Newborn affected by maternal complications of pregnancy 
Accidents (unintentional injuries)
Newborn affected by complications of placenta, cord, and 

membranes

5 -9  Years 12.5

Accidents (unintentional injuries)
Malignant neoplasms
Congenital malformations, deformations, and chromosomal 

abnormalities
Bacterial sepsis of newborn 
Respiratory distress of newborn

Assault (homicide) 
Influenza and pneumonia

Diseases of the circulatory system 
Neonatal hemorrhage

10-14  Years 15.7

Accidents (unintentional injuries) 
Malignant neoplasms1-4  Years 24

Accidents (unintentional injuries)
Congenital malformations, deformations, and chromosomal 

abnormalities

Intentional self-harm (suicide)
Assault (homicide)
Congenital malformations, deformations, and chromosomal

Assault (homicide) anomalies

*Causes are listed in decreasing order of frequency. All causes and rates are based on 2008 (final) and 2009 (preliminary) data. 
tRates are expressed per 100,000 population from all causes within each age group.
^Excludes congenital heart disease.
Data source: Centers for Disease Control and Prevention/NCHS, National Vital Statistics System: mortality, 2014. www.cdc.gov/nchs/data/dvs/lcwkI_20I4.pdf.
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Fig. 7.21 Examples of malformations. Malformations can range in severity from the incidental to the lethal. (A) Polydactyly (one or more extra digits) and 
syndactyly (fusion of digits) have little functional consequence when they occur in isolation. (B) Similarly, cleft lip, with or without associated cleft palate, is 
compatible with life when it occurs as an isolated anomaly; in this case, however, the child had an underlying malformation syndrome (trisomy 13) and expired 
because of severe cardiac defects. (C) Stillbirth associated with a lethal malformation, in which the midface structures are fused or ill-formed; in almost all 
cases, this degree of external dysmorphogenesis is associated with severe internal anomalies such as maldevelopment of the brain and cardiac defects. (A  a n d  

C , C o u r te s y  o f  D r .  R e a d e  Q u in to n ,  D e p a r t m e n t  o f  P a th o lo g y , U n iv e r s i t y  o f  T e x a s  S o u th w e s te rn  M e d ic a l  C e n te r ,  D a lla s ,  T e x a s . B , C o u r te s y  o f  D r .  B e v e r ly  R o g e rs ,  D e p a r t m e n t  

o f  P a th o lo g y ,  U n iv e r s i t y  o f  T e x a s  S o u th w e s te r n  M e d ic a l  C e n te r ,  D a lla s ,  Texas.)

They m ay  m an ifest in  any  of several p a tte rn s . In  som e 
p resen ta tions, such  as congenita l h e a rt d iseases, single 
body  system s m ay  be invo lved , w h ereas  in  o thers, m u l
tip le m alfo rm ations invo lv ing  m an y  o rgans a n d  tissues 
m ay  coexist (Fig. 7.21).

• Disruptions result from secondary destruction of an organ or 
body region that was previously normal in development; 
thus, in  con trast w ith  m alfo rm ations, d is ru p tio n s  arise 
from  a n  extrinsic d is tu rbance  in  m orphogenesis. A m ni
otic bands, stem m ing  from  ru p tu re  of am n io n  w ith  
re su lta n t fo rm ation  of "b an d s"  th a t encircle, com press, 
o r a ttach  to p a rts  of the d eve lop ing  fetus, constitu te  the 
classic exam ple  of a d is ru p tio n  (Fig. 7.22). A  varie ty  of 
env ironm en ta l agen ts m ay  cause d isru p tio n s  (see later). 
D isru p tio n s are n o t heritab le, of course, an d  th u s  a re  n o t 
associa ted  w ith  risk  of recurrence in  su b seq u en t 
pregnancies.

• Deformations, like disruptions, also represent an extrinsic 
disturbance of development rather than an intrinsic error of 
morphogenesis. D eform ations are  com m on, affecting 
app rox im ate ly  2 % of n ew b o rn  in fan ts to  various degrees. 
T hey are caused  by  localized  o r genera lized  com pres
sion of the  g row ing  fetus by ab n o rm al b iom echanical 
forces, lead in g  even tua lly  to  a varie ty  of s tru c tu ra l 
abnorm alities. The m ost com m on  cause of defo rm ations 
is u te rin e  constra in t. B etw een w eeks 35 an d  38 of gesta
tion, ra p id  increase in  the size of the  fe tus ou tpaces the 
g ro w th  of the u te ru s, a n d  the re la tive  am o u n t o f am n i
o tic flu id  (w hich  norm ally  acts as a  cushion) also 
decreases. T hus, ev en  the  n o rm al fe tus is subjected  to 
som e degree  of u te rin e  constra in t. H ow ever, several 
variab les increase the likelihood  of excessive com pres
sion of the fetus, in c lu d in g  m a te rn a l cond itions such  as 
first p regnancy , sm all u te ru s , m alfo rm ed  (b icornuate) 
u te ru s , a n d  leiom yom as. C auses re la ting  to  the fetus, 
such  as p resence of m u ltip le  fetuses, o ligohydram nios, 
an d  ab n o rm al fetal p resen ta tion , also  m ay  be involved .

• Sequence refers to multiple congenital anomalies that result 
from secondary effects of a single localized aberration in

organogenesis. The in itia ting  even t m ay  be a m alfo rm a
tion, defo rm ation , or d isru p tio n . A n excellent exam ple  
is the o ligohydram nios (or Potter) sequence (Fig. 7.23A). 
O ligohydram nios (decreased  am nio tic  flu id) m ay  be 
caused  by a varie ty  of m aternal, p lacen tal, o r fetal 
abnorm alities, in c lu d in g  chronic leakage of am nio tic  
flu id  because of ru p tu re  of the am nion; u te rop lacen ta l 
insufficiency re su ltin g  from  m a te rn a l h y p erten sio n  or 
severe toxem ia; a n d  ren a l agenesis in  the fe tus (because 
fetal u rin e  is a m ajor co n stitu en t o f am nio tic  fluid). The 
fetal com pression  associa ted  w ith  o ligohydram nios in  
tu rn  resu lts  in  a classic p h en o ty p e  in  the n ew b o rn  in fan t 
consisting  of fla ttened  faces a n d  positiona l abnorm ali
ties of the  h a n d s  an d  feet (Fig. 7.23B). The h ip s  m ay  be 
d islocated . G ro w th  of the chest w all a n d  the  lungs also 
is com prom ised , som etim es to  such  a n  ex ten t tha t

Fig. 7.22 Disruption due to amniotic bands. In the specimen shown, the 
placenta is at the right, and the band of amnion extends from the top portion 
of the amniotic sac to encircle the leg of the fetus. ( C o u r te s y  o f  D r .  T h e o n ia  

B o y d , C h i ld r e n ’s  H o s p i t a l  o f  B o s to n ,  B o s to n ,  M a s s a c h u s e t t s . )
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Renal Amniotic
agenesis leak Others

Pulmonary Altered 
hypoplasia facies

A

Positioning Breech 
defects presentation 
of feet, 
hands

Fig. 7.23 (A) Pathogenesis of the oligohydramnios (Potter) sequence. 
(B) Infant with oligohydramnios (Potter) sequence. Note flattened facial 
features and deformed foot (talipes equinovarus).

su rv iv a l is n o t possib le. If the em bryologie connection  
be tw een  these defects a n d  the  in itia ting  even t is n o t 
recogn ized , a sequence m ay  be m istaken  for a m alfor
m ation  syndrom e.

• Malformation syndrome refers to the presence of several 
defects that cannot be explained on the basis of a single local
izing initiating error in morphogenesis. S yndrom es m ost 
o ften  arise from  a single causative  cond ition  (e.g., v iral 
in fection  o r a specific ch rom osom al abnorm ality ) th a t 
s im u ltaneously  affects several tissues.

• In addition to these global definitions, some general terms are 
applied to organ-specific malformations. Agenesis refers to 
the com plete absence of a n  o rg an  or its anlage, w hereas 
ap lasia  a n d  h ypop lasia  ind icate  incom plete  develop 
m en t a n d  u n d erd ev e lo p m en t, respectively . Atresia 
describes the absence of a n  o pen ing , u sua lly  of a hollow  
v isceral o rg an  or d u c t such  as in testines an d  bile ducts.

Etiology

K now n  causes of e rro rs  in  h u m a n  m alfo rm ations can  be 
g ro u p ed  in to  th ree  m ajor categories: genetic, env ironm en 
tal, a n d  m u ltifacto ria l (Table 7.6). The cause has n o t been 
iden tified  for a lm ost ha lf of the  rep o rte d  cases.

Genetic causes of m alfo rm ations include all of the  p rev i
ously  d iscussed  m echan ism s of genetic  disease. V irtually  
all ch rom osom al synd rom es are associated  w ith  congenital 
m alfo rm ations. E xam ples are D ow n  synd rom e an d  o ther 
trisom ies, T u rn er synd rom e, an d  K linefelter synd rom e. 
M ost ch rom osom al d iso rd ers  arise  d u rin g  gam etogenesis 
an d  hence are n o t fam ilial. Single-gene m u ta tions, charac
te rized  by  m en d e lian  inheritance, m ay  u n d e rlie  m ajor m al
fo rm ations. For exam ple, h o lop rosencephaly  is the m ost 
com m on d eve lopm en ta l defect of the fo reb ra in  a n d  m idface 
in  h u m an s (see C h ap te r 23). The H ed g eh o g  signaling  
p a th w ay  p lays a critical role in  the m orphogenesis o f these 
struc tu res, a n d  loss-of-function  m u ta tions of in d iv id u a l 
com ponen ts w ith in  this p a th w ay  are  rep o rted  in  fam ilies 
w ith  a h isto ry  of recu rren t ho loprosencephaly .

Environmental influences, such  as v ira l infections, d rugs, 
an d  rad ia tio n  to  w h ich  the  m o th er w as exposed  d u rin g  
p regnancy , m ay  cause fetal m alfo rm ations (the appe lla tion  
of "m alfo rm ation" is u se d  loosely in  th is context, because 
technically , these anom alies rep re sen t d isrup tions). A m ong  
the  v ira l infections lis ted  in  Table 7.6, rube lla  w as  a m ajor

Table 7.6 Causes of Congenital M alform ations in Hum ans

Cause
Frequ ency  of 
M alfo rm a tio n s *  (%)

G enetic

Chromosomal aberrations 10-15

Mendelian inheritance 2 - 1 0

E nvironm ental

Maternal/placental infections 
Rubella
Toxoplasmosis
Syphilis
Cytomegalovirus infection 
Human immunodeficiency virus 

infection
Zika virus infection

2-3

Maternal disease states 
Diabetes 
Phenylketonuria 
Endocrinopathies

6 - 8

Drugs and chemicals ~l
Alcohol
Folic acid antagonists
Androgens
Phenytoin
Thalidomide
Warfarin
13-Cis-retinoic acid 
Others

Irradiation ~l

M ultifac toria l 2 0 -2 5

U nknow n 4 0 -6 0

*Live births.
Data from Stevenson RE, Hall JG, Goodman RM, editors: H u m a n  m a lfo rm a t io n s  a n d  

re la te d  anom a lie s , New York, 1993, Oxford University Press, p 115.
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scourge of the  19th a n d  early  20th cen turies. F ortunate ly , 
maternal rubella a n d  the re su ltan t rubella  em bryopa thy  
h av e  been  v irtua lly  e lim inated  in  d eveloped  coun tries as a 
re su lt of vaccination . As m en tioned  later, m a te rn a l infec
tion  w ith  Z ika V irus can  give rise  to  severe m alfo rm ations 
of the  cen tra l n e rv o u s system . A  varie ty  of drugs and chemi
cals hav e  been  su spec ted  to  be teratogenic, b u t p e rh a p s  less 
th a n  1 % of congenita l m alfo rm ations are  caused  by these 
agents. The list inc ludes thalidom ide , alcohol, an ti
convu lsan ts, w a rfa rin  (oral an ti-coagulan t), a n d  13-cis- 
re tino ic  acid, w h ich  is u se d  in  the trea tm en t o f severe acne. 
For exam ple, thalidomide, fo rm erly  u se d  as a tran q u ilize r in  
E u rope  a n d  cu rren tly  u sed  for trea tm en t o f certa in  cancers, 
causes a n  ex trem ely  h ig h  incidence (50% to 80%) of lim b 
m alfo rm ations. Alcohol, p e rh a p s  the  m ost w id e ly  u sed  
ag en t today , is an  im p o rta n t en v iro n m en ta l teratogen . 
In fan ts b o rn  of m o th ers  w h o  abuse  alcohol show  p ren a ta l 
a n d  p o stn a ta l g ro w th  re ta rd a tio n , facial anom alies (m icro
cephaly , sh o rt p a lp eb ra l fissures, m axillary  hypoplasia), 
a n d  p sychom oto r d istu rbances. These fea tu res  in  com bina
tion  are  desig n a ted  the fetal alcohol syndrome. A lthough  
cigarette smoke-derived nicotine has n o t been  convincingly  
d em o n stra ted  to  be a tera togen , there  is a h ig h  incidence 
of sp o n tan eo u s abortions, p re m a tu re  labor, a n d  p lacen ta l 
abno rm alities am o n g  p re g n a n t sm okers, a n d  babies bo rn  
to  m o thers  w h o  sm oke o ften  have  a low  b irth  w e ig h t an d  
m ay  be p ro n e  to  the su d d e n  in fan t d e a th  sy n d ro m e (SIDS). 
In  ligh t o f these find ings, it is best to  avo id  n ico tine  expo 
su re  a ltoge ther d u rin g  p regnancy . A m ong  m a te rn a l cond i
tions listed  in  Table 7.6, diabetes mellitus is a  com m on  en tity , 
a n d  desp ite  advances in  an ten a ta l obste tric  m o n ito rin g  an d  
g lucose contro l, the incidence of m ajor m alfo rm ations in  
in fan ts of diabetic  m o thers  stan d s be tw een  6 % a n d  1 0 % in 
m o st rep o rte d  series. M aternal h y p erg ly cem ia-in d u ced  
fetal h y p erin su lin em ia  resu lts  in  fetal m acrosom ia (organo 
m egaly  a n d  increased  b o d y  fa t a n d  m uscle m ass); card iac 
anom alies, n eu ra l tube defects, a n d  o ther CNS m alfo rm a
tions are  som e of the  m ajor anom alies seen  in  d iabetic  
em bryopathy .

Multifactorial inheritance, w h ich  im plies the in teraction  
of en v iro n m en ta l influences w ith  tw o  o r m ore  genes of 
sm all effect, is the  m ost com m on  genetic cause of con
gen ita l m alfo rm ations. In c luded  in  th is category  are som e 
re la tively  com m on  m alfo rm ations such  as cleft lip  an d  
pa la te  an d  n eu ra l tube  defects. The im portance  of env i
ro n m en ta l co n tribu tions to  m u ltifacto ria l inheritance  is 
u n d e rsco red  by the d ram atic  red u c tio n  in  the incidence of 
n e u ra l tube defects by  periconcep tional in take of folic 
acid  in  the d iet. The recurrence risks a n d  m o d e  of trans
m ission  of m u ltifacto ria l d iso rd ers  are  described  earlie r in  
th is  chapter.

P a th o g e n e s is

The p a thogenesis of congenita l anom alies is com plex an d  
still poo rly  u n d e rs to o d , b u t tw o  general p rinc ip les are  rel
ev a n t reg ard less  of the etiologic agent:
1. The timing of the prenatal teratogenic insult has an important 

impact on the occurrence and the type of anomaly produced. 
The in trau te rin e  d ev e lo p m en t of h u m a n s  can  be d iv id ed  
in to  tw o  phases: (1 ) the em bryonic  period , occupy ing  
the first 9 w eeks of p regnancy , a n d  (2) the  fetal period , 
te rm in a tin g  a t b irth .
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• In  the early embryonic period (first 3 w eeks after fertil
ization), an  in ju rious ag en t dam ages e ither en o u g h  
cells to cause d e a th  a n d  abo rtion  o r on ly  a few  cells, 
p resu m ab ly  a llow ing  the em bryo  to  recover w ith o u t 
develop ing  defects. Between the third and the ninth 
weeks, the embryo is extremely susceptible to teratogene- 
sis, w ith  the p eak  sensitiv ity  occu rring  be tw een  the 
fo u rth  a n d  the fifth  w eeks. D u rin g  th is p e rio d  o rgans 
are  being  crafted  o u t o f the germ -cell layers.

• The fetal period th a t fo llow s o rganogenesis is m ark ed  
chiefly by  the fu rth e r g ro w th  a n d  m a tu ra tio n  of the 
organs, w ith  greatly  red u ced  suscep tib ility  to  te ra to 
genic agents. Instead , the  fe tus is suscep tib le  to 
g ro w th  re ta rd a tio n  o r in jury  to  a lread y  fo rm ed  
organs. It is therefore  possib le for a  g iven  agen t to 
p ro d u ce  d iffe ren t anom alies if exposu re  occurs a t d if
feren t tim es of gestation .

2. The com plex in te rp lay  be tw een  en v iro n m en ta l te ra to 
gens a n d  in trinsic  genetic defects is exem plified  by the 
fact th a t fea tu res o f d y sm orphogenesis  caused  by  env i
ro n m en ta l in su lts  o ften  can  be recap itu la ted  by genetic 
defects in  the p a th w ay s  ta rge ted  by these teratogens. 
Som e rep resen ta tive  exam ples follow:
• Cyclopamine is a p la n t tera togen . P reg n an t sheep  th a t 

feed  o n  p lan ts  con ta in ing  cyclopam ine give b irth  to 
lam bs th a t hav e  severe craniofacial abnorm alities 
in c lu d in g  ho lop rosencephaly  an d  cyclopia (single 
fu sed  eye — hence the o rig in  of the m on iker cyclopa
m ine). This co m p o u n d  is an  inh ib ito r o f H ed g eh o g  
signaling  in  the em bryo , and , as sta ted  prev iously , 
m u ta tio n s of H ed g eh o g  genes a re  p re sen t in  subsets 
of fe tuses w ith  ho loprosencephaly .

• Valproic acid is a n  an ti-ep ilep tic  a n d  a recognized  
teratogen . V alproic acid  d is ru p ts  expression  of a 
fam ily of h igh ly  conserved  developm en ta lly  criti
cal tran sc rip tio n  factors k n o w n  as homeobox (HOX) 
pro te ins. In  verteb rates, HOX p ro te in s  have  been 
im p licated  in  the  p a tte rn in g  of lim bs, vertebrae , an d  
craniofacial struc tu res. N o t su rp rising ly , m u ta tio n s 
in  the HOX gene fam ily are responsib le  for con
gen ital anom alies th a t m im ic fea tu res observed  in  
valproic acid embryopathy.

• The v itam in  A  (retinol) d e riva tive  all-trans-retinoic acid 
is essen tia l for n o rm al d ev e lo p m en t a n d  differen tia 
tion, a n d  its absence d u rin g  em bryogenesis resu lts  in  
a conste lla tion  of m alfo rm ations affecting  m u ltip le  
o rg an  system s, in c lu d in g  the eyes, gen itou rinary  
system , card iovascu lar system , d iap h rag m , a n d  lungs 
(see C h ap te r 8  for v itam in  A  deficiency in  the p o stn a 
tal period). C onversely , excessive exposu re  to  retinoic 
acid  also  is teratogenic. In fan ts b o rn  to  m o thers  trea ted  
w ith  retino ic acid  for severe acne have  a p red ic tab le  
p h en o ty p e  (retinoic acid embryopathy), in c lu d in g  CNS, 
cardiac, an d  craniofacial defects, such  as cleft lip  an d  
cleft palate . The last en tity  m ay  stem  from  retinoic 
a c id -m e d ia te d  d ereg u la tio n  of com ponen ts o f the 
tran sfo rm in g  g ro w th  factor-P (TGF-P) signaling  
p a th w ay , w h ich  is invo lved  in  pala togenesis. M ice 
w ith  k n ockou t of the  TGFB3 gene un ifo rm ly  develop  
cleft pala te , once aga in  illu stra tin g  the  functional rela 
tionsh ip  be tw een  tera togen ic  exposu re  a n d  signaling  
p a th w ay s  in  the  causa tion  of congen ita l anom alies.
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Ä S U M M A R Y

C O N G E N I T A L  A N O M A L I E S

• Congenital anomalies result from intrinsic abnormalities (mal
formations) as well as extrinsic disturbances (deformations, 
disruptions).

• Congenital anomalies can result from genetic (chromosomal 
abnormalities, gene mutations), environmental (infections, 
drugs, alcohol), and multifactorial causes.

• The timing of the in utero insult has profound influence on the 
extent of congenital anomalies, with earlier events usually 
having greater impact.

• The interplay between genetic and environmental causes of 
anomalies is emphasized by the fact that teratogens often 
target signaling pathways in which mutations have been 
reported as a cause for the same anomalies. * •

PERINATAL INFECTIONS

Infections of the  fe tus a n d  neo n a te  m ay  be acq u ired  trans-
cervically  (ascend ing  infections) o r transp lacen ta lly  (hem a
tologic infections).
• Transcervical, or ascending, infections are  caused  by  sp read  

of m icrobes from  the cerv icovaginal canal a n d  m ay  be 
acq u ired  in  u te ro  o r d u rin g  b irth . M ost bacterial infec
tions (e.g., a -hem oly tic  streptococcal infection) a n d  a 
few  v ira l infections (e.g., he rp es sim plex) a re  acqu ired  
in  th is m anner. In  general, the  fe tus acqu ires the  infec
tion  by "in h a lin g "  infected  am nio tic  flu id  in to  the lungs 
or by  p assin g  th ro u g h  a n  in fected  b irth  canal d u rin g  
delivery . Fetal in fection  u sua lly  is associa ted  w ith  
in flam m ation  of the  p lacen ta l m em branes (chorioam - 
n ionitis) a n d  in flam m ation  o f the um bilical co rd  (funisi- 
tis). This m o d e  of sp read  is typ ical for p n eu m o n ia  and , 
in  severe cases, sepsis an d  m eningitis.

• Transplacental infections gain  access to  the fetal b lood 
s tream  by crossing  the p lacen ta  via the  chorionic 
villi, a n d  m ay  occur a t any  tim e d u rin g  gesta tion  or 
occasionally , as m ay  be the  case w ith  h epatitis  B an d  
h u m a n  im m unodefic iency  v irus, a t the  tim e of delivery  
via m aternal-to -fe ta l transfusion . M ost parasitic  (e.g., 
toxoplasm a, m alaria) an d  v ira l infections, a n d  a few  
bacteria l in fections (i.e., Listeria a n d  Treponema), follow  
th is  m o d e  of h em atogenous transm ission . The clinical 
m an ifesta tions of these infections are h igh ly  variable, 
d e p e n d in g  largely  o n  the  gesta tional tim ing  a n d  the 
m icroo rgan ism  involved . The m ost im p o rta n t trans
p lacen ta l in fections can  be conven ien tly  rem em bered  
by  the  ac ronym  TORCH. The elem en ts o f the TORCH 
com plex  are  T oxoplasm a (T), rube lla  v iru s  (R), cyto
m ega lov iru s  (C), h e rp esv iru s  (H), a n d  any  of a n u m b er 
of o th e r (O) m icrobes such  as Treponema pallidum. These 
agen ts  a re  g ro u p ed  together because they  m ay  evoke 
sim ilar clinical a n d  patho log ic  m an ifesta tions. TORCH 
infections occurring  early  in  g esta tion  m ay  cause chronic 
sequelae  in  the child , in c lu d in g  g ro w th  restriction , 
m en ta l re ta rd a tio n , cataracts, a n d  congen ita l card iac 
anom alies, w h e reas  in fections la te r in  p reg n an cy  resu lt 
p rim arily  in  tissue in ju ry  accom pan ied  by in flam m a
tion  (encephalitis, chorioretin itis, hepatosp lenom egaly ,

p n eu m o n ia , an d  m yocard itis). M ore recently , Z ika v iru s  
has  em erg ed  as an o th e r ag en t th a t can  be tran sm itted  
by  p re g n a n t fem ales to  the ir o ffsp ring  w ith  d evasta ting  
consequences such  as m icrocephaly  a n d  b ra in  dam age.

PREMATURITY A N D  FETAL G R O W TH  
RESTRICTION

Prem aturity is  defined  by a gestational age less  than 37 
w eek s and is the second m ost com m on cause o f neonatal 
m ortality (second on ly  to  congen ita l anom alies). A s m ig h t 
be expected , in fan ts b o rn  before com ple tion  of gesta tion  
a lso  w e ig h  less th an  n o rm al (<2500 gm ). The m ajor risk  
factors for p rem a tu rity  include p re te rm  p re m a tu re  ru p tu re  
of m em branes; in trau te rin e  infection  lead in g  to  in flam m a
tion  of the p lacen ta l m em branes (chorioam nionitis); struc
tu ra l abno rm alities of the  u te ru s, cervix, an d  placenta; an d  
m u ltip le  gesta tion  (e.g., tw in  pregnancy). C h ild ren  bo rn  
before com ple tion  of the full p e rio d  of gesta tion  have 
h igher m o rb id ity  a n d  m orta lity  ra tes th a n  fu ll-term  infants. 
The im m atu rity  o f o rg an  system s in  p re te rm  in fan ts m akes 
them  especially  v u lnerab le  to  several im p o rtan t 
com plications:
• R esp ira to ry  d istress syndrom e, also  called hyaline 

m em brane  disease
• N ecro tiz ing  en terocolitis
• Sepsis
• In trav en tricu la r a n d  germ inal m atrix  hem orrhage  

(C hap ter 23)
• L ong-term  sequelae, in c lu d in g  d eve lopm en ta l delay

A lth o u g h  b irth  w e ig h t is low  in  p re te rm  infants, it 
u sua lly  is ap p ro p ria te  after ad ju s tm en t for gesta tional age. 
By con trast, as m an y  as o n e-th ird  of in fan ts w h o  w e ig h  less 
th an  2500 gm  are  b o rn  a t te rm  a n d  are  therefore  u n d e r
g ro w n  ra th e r th a n  im m atu re . These sm all-for-gestational- 
age (SGA) in fan ts suffer from  fetal growth restriction. Fetal 
g ro w th  restric tion  m ay  resu lt from  fetal, m aternal, o r p la 
cen ta l abnorm alities, a lth o u g h  in  m an y  cases the specific 
cause  is u n know n .
• Fetal abnormalities: This category  consists o f cond itions 

th a t in trinsically  reduce  g ro w th  p o ten tia l o f the fetus 
desp ite  a n  ad eq u a te  su p p ly  of n u trien ts  from  the m other. 
P ro m in en t am o n g  such  fetal cond itions are chrom o
som al d iso rders , congenita l anom alies, a n d  congenital 
infections. C hrom osom al abnorm alities m ay  be detected  
in  as m an y  as 17% of fe tuses ev a lu a ted  for fetal g ro w th  
restric tion  a n d  in  as m any  as 66% of fetuses w ith  docu 
m en ted  u ltraso n o g rap h ic  m alfo rm ations. Fetal infection  
shou ld  be considered  in  all g row th -restric ted  neonates, 
w ith  the TO RCH  g ro u p  of in fections (see earlier) being  
a com m on  cause. W hen  the causa tion  is in trinsic  to  the 
fetus, fetal g ro w th  restric tion  is sym m etric  (i.e., affects 
all o rg an  system s equally).

• Placental abnormalities: P lacental causes inc lude  any 
factor th a t com prom ises the u te rop lacen ta l b lood 
supp ly . E xam ples inc lude  p lacen ta  p rev ia  (low  im p lan 
ta tion  of the  p lacenta), p lacen ta l ab ru p tio n  (separa tion  
of p lacen ta  from  the dec idua  by a re trop lacen ta l clot), 
o r p lacen ta l infarction . W ith  p lacen ta l (and  m aternal) 
abnorm alities, the  fetal g ro w th  restric tion  is asym m etric
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(i.e., the b ra in  is sp a red  re la tive  to  v isceral o rg an s such  
as the  liver).

• Maternal factors: This category com prises by  far the m ost 
com m on causes of the g row th  deficit in  SGA infants. 
Im portan t exam ples are vascu lar diseases such as pre
eclampsia ("toxem ia of p regnancy") (C hapter 19) and  
chronic hypertension. A no ther class of m aternal diseases 
increasingly being  recognized in  the setting  of fetal 
g ro w th  restriction  is acqu ired  or inherited  d iseases of 
hypercoagulab ility  (i.e., throm bophilias) (C hapter 4). The 
list of o ther m aterna l conditions associated w ith  fetal 
g ro w th  restriction  is long, bu t som e of the avoidable 
influences are m aterna l narcotic abuse, alcohol intake, 
an d  heavy  cigarette sm oking  (as no ted  previously , m any 
of these sam e causes also are  involved  in  the pa thogen 
esis of congenital anom alies). D rugs causing  fetal g row th  
restriction  in  sim ilar fashion include teratogens, such as 
the  com m only adm in iste red  an ti-convulsan t pheny to in  
(D ilantin), as w ell as nonteratogenic agents. M aternal 
m alnu trition  (in  particular, p ro longed  hypoglycem ia) 
also m ay  affect fetal grow th.

N o t on ly  is the  g row th -restric ted  in fan t h a n d icap p ed  in  
the  p e rin a ta l period , b u t the  deficits p e rsis t in to  ch ildhood  
a n d  a d u lt life. A ffected p erso n s a re  th u s  m ore likely to 
have cerebral dysfunction , lea rn in g  d isabilities, and  
sensory  (i.e., v isu a l a n d  hearing) im pairm en t.
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RESPIRATORY DISTRESS SYNDROME  
OF THE NEW BO RN

The m ost com m on cause o f respiratory distress in  the  
new born  is respiratory distress syndrome (RDS), also  
k n ow  as hyaline membrane disease because o f the forma
tion  o f "membranes" in  the peripheral air spaces observed  
in  infants w h o  succum b to th is condition . A n estim ated  
24,000 cases of RDS are  rep o rte d  ann u a lly  in  the U nited  
States. Im provem en ts  in  m an ag em en t o f th is cond ition  
have  sh arp ly  decreased  d ea th s  d u e  to  resp ira to ry  insuffi
ciency from  as m an y  as 5000 p e r  y ear a decade  ago  to  few er 
th an  900 cases yearly . It is p rim arily  a d iso rd er of p rem a
tu re  in fan ts. Less com m on causes inc lude  excessive seda
tion  of the m other, fetal h ead  in ju ry  d u rin g  delivery , 
a sp ira tio n  of b lood  or am nio tic  flu id , a n d  in trau te rin e  
hypox ia  secondary  to  com pression  from  coiling  of the 
um bilical cord  a b o u t the  neck.

P a th o g e n e s is

RDS occurs in  ab o u t 60% of in fan ts b o rn  a t less than  
28 w eek s ' gestation , 30% of those  b o rn  be tw een  28 to  34 
w eek s ' gestation , a n d  less th a n  5% of those  b o rn  after 34 
w eek s ' gestation . T here are also  stro n g  th o u g h  n o t invari
ab le associations w ith  male gender, maternal diabetes, an d  
de livery  by cesarean section.

The fundam ental defect in  RDS is the in ab ility  o f the  
im m ature lu n g  to syn th esize  sufficient surfactant. Surfac
tan t is a com plex of surface-active p h o sp h o lip id s , p rinci
pa lly  d ip a lm itoy lphospha tidy lcho line  (lecithin) a n d  a t 
least tw o  g ro u p s  of su rfactan t-associa ted  p ro te in s. The 
im portance  of su rfactan t-associa ted  p ro te in s  in  no rm al 
lu n g  function  can  be g auged  by the  occurrence of severe

resp ira to ry  fa ilu re  in  neonates w ith  congen ita l deficiency 
of su rfac tan t caused  by m u ta tio n s in  the co rresp o n d in g  
genes. S urfactan t is syn thesized  by type  II p neum ocy tes 
an d , w ith  the  hea lthy  n ew b o rn 's  first b rea th , ra p id ly  coats 
the  surface of alveoli, red u c in g  surface tension  a n d  th u s 
decreasing  the p ressu re  req u ired  to  keep the alveoli open . 
In  a lu n g  deficient in  surfactan t, a lveoli ten d  to collapse, 
an d  a re la tively  greater in sp ira to ry  effort is req u ired  w ith  
each  b rea th  to  o p en  the alveoli. The in fan t rap id ly  tires 
from  b rea th in g  a n d  generalized  a telectasis sets in. The 
resu ltin g  hypox ia  sets in to  m o tion  a sequence of even ts 
th a t leads to  ep ithelia l a n d  endo the lia l dam age  a n d  even 
tua lly  to  the fo rm ation  of hyaline  m em branes (Fig. 7.24). 
A s d iscussed  later, th is classical p ic tu re  of su rfac tan t defi
ciency is g reatly  m odified  by su rfac tan t treatm en t.

Hormones regulate surfactant synthesis. C orticostero ids 
stim ula te  the  fo rm ation  of su rfac tan t lip id s a n d  associated  
p ro te ins. T herefore, cond itions associa ted  w ith  in trau te r
ine stress a n d  fetal g ro w th  restric tion , w h ich  increase cor
ticostero id  release, low er the  risk  of d eve lop ing  RDS. 
C onversely , the  com pensa to ry  h ig h  b lood  levels of in su lin  
in  in fan ts of d iabetic  m o th ers  can  su p p ress  su rfac tan t syn 
thesis, co u n terac ting  the  effects o f stero ids. This m ay  
explain , in  pa rt, w h y  in fan ts o f d iabetic  m o th ers  are  a t 
h ig h er risk  for d eve lop ing  RDS. Labor is k n o w n  to increase 
su rfac tan t synthesis; accord ing ly , cesarean  section  p er
fo rm ed  before the onse t o f labor also  m ay  be associated  
w ith  increased  risk  for RDS.

M O R P H O L O G Y

The lungs in infants with RDS are of normal size but are heavy 
and relatively airless. They have a mottled purple color, and on 
microscopic examination the tissue appears solid, with poorly 
developed, generally collapsed (atelectatic) alveoli. If the infant 
dies within the first several hours of life, only necrotic cellular 
debris will be present in the terminal bronchioles and alveolar 
ducts. Later in the course, characteristic eosinophilic  hyaline  

m e m b ra n e s  line the respiratory bronchioles, alveolar ducts, and 
random alveoli (Fig. 7.25). These “membranes” contain necrotic 
epithelial cells admixed with extravasated plasma proteins. There 
is a remarkable paucity of neutrophilic inflammatory reaction 
associated with these membranes. The lesions of hyaline mem
brane disease are never seen in stillborn infants or in live-born 
infants who die within a few hours of birth. If the infant with 
RDS dies after several days, evidence of reparative changes, 
including proliferation of type II pneumocytes and interstitial 
fibrosis, is seen.

C lin ic a l  F e a tu r e s

The classic clinical p re sen ta tio n  before the e ra  of trea tm en t 
w ith  exogenous su rfac tan t w as described  earlier. C u r
ren tly , the ac tua l clinical course a n d  p rognosis  for neonata l 
RDS vary , d e p en d in g  o n  the  m a tu rity  a n d  b irth  w e ig h t of 
the in fan t a n d  the  p ro m p tn ess  of therapy . The con tro l of 
RDS focuses o n  p reven tion , e ither by  de lay ing  labor un til 
the fetal lu n g  reaches m a tu rity  o r by  in d u c in g  m a tu ra tio n  
of the lu n g  in  the a t-risk  fetus. C ritical to  these objectives 
is the ab ility  to  assess fetal lu n g  m atu rity  accurately . 
Because p u lm o n ary  secretions are d ischarged  in to  the 
am nio tic  flu id , analysis of am nio tic  flu id  p h o sp h o lip id s
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PREMATURITY

♦
Reduced surfactant synthesis, storage, and release

Plasma leak----- ► -  Fibrin + necrotic cells
into alveoli (hyaline membrane)

Fig. 7.24 Pathophysiology of respiratory distress syndrome (see text).

Fig. 7.25 Hyaline membrane disease (hematoxylin-eosin stain). Alternating 
atelectasis and dilation of the alveoli can be seen. Note the eosinophilic thick 
hyaline membranes lining the dilated alveoli.

In  u ncom plica ted  cases, recovery  beg ins to  occur w ith in  
3 o r 4 days. In  affected  infants, oxygen  is requ ired . U se of 
h ig h  concen tra tions of v en tila to r-ad m in iste red  oxygen  for 
p ro lo n g ed  periods, how ever, is associated  w ith  tw o w ell- 
k n o w n  com plications: re tro len ta l fib rop lasia  (also called 
re tin o p a th y  of p rem atu rity ) in  the eyes; a n d  b ronchopu l
m o n ary  dysp lasia . F ortunate ly , b o th  com plications are  
now  significantly  less com m on as a re su lt of gen tler ven ti
la tion  techniques, an ten a ta l glucocorticoid  th erapy , and  
p rophy lac tic  su rfac tan t trea tm en ts. H ence they  are 
described  briefly:
• R etinopathy  of p rem a tu rity  has  a  tw o-phase  p a th o g en 

esis. D u rin g  the hyperox ic  phase  of RDS th erap y  (phase
I) , expression  of the p roang iogen ic  vascu lar endo the lia l 
g ro w th  factor (VEGF) is m ark ed ly  decreased , causing  
endo the lia l cell apop tosis . VEGF levels re b o u n d  after 
re tu rn  to  re la tively  hypoxic  ro o m  air ven tila tion  (phase
II) , in d u c in g  re tina l vessel p ro life ra tion  (neovasculariza
tion) characteristic  o f the  lesions in  the  retina.

• The m ajor abno rm ality  in  b ro n ch o p u lm o n ary  dysp lasia  
is a s trik ing  decrease in  a lveo lar sep ta tion  (m anifested  
as large, sim plified  a lveo lar s tructu res) a n d  a d ysm or
ph ic  cap illary  configuration . M u ltip le  fa c to rs -h y p e ro x -  
em ia, h yperven tila tion , p rem atu rity , in flam m atory  
cytokines, a n d  v ascu lar m a ld e v e lo p m e n t-c o n tr ib u te  to 
b ro n ch o p u lm o n ary  dysp lasia  a n d  p robab ly  act ad d i
tively or synergistically  to  p ro m o te  injury.

In fan ts w h o  recover from  RDS also  are  a t increased  
risk  for d eve lop ing  a v arie ty  of o th e r com plications 
associated  w ith  p re te rm  birth ; m ost im p o rta n t am ong  
these are  patent ductus arteriosus, intraventricular hemor
rhage, and necrotizing enterocolitis. Thus, a lth o u g h  tech
nologic advances he lp  save the lives of m an y  in fan ts 
w ith  RDS, they also  b rin g  to the surface the exquisite  
frag ility  o f the  im m atu re  neonate .

Ä S U M M A R Y

N E O N A T A L  R E S P IR A T O R Y  D IS T R E S S  S Y N D R O M E

• Neonatal RDS (hyaline membrane disease) is a disease of 
prematurity; most cases occur in neonates born before 28 
weeks’ gestational age.

• The fundamental abnormality in RDS is insufficient pulmonary 
surfactant, which results in failure of lungs to inflate after birth.

• The characteristic morphologic pattern in RDS is the presence 
of hyaline membranes (consisting of necrotic epithelial cells 
and plasma proteins) lining the airways.

• RDS can be ameliorated by prophylactic administration of 
steroids, surfactant therapy, and by improved ventilation 
techniques.

• Long-term sequelae associated with RDS therapy include reti
nopathy of prematurity and bronchopulmonary dysplasia; the 
incidence of both complications has decreased with improve
ments in management of RDS.

p ro v id es a good  estim ate  of the level o f su rfac tan t in  the 
alveo lar lining. P rophy lactic  ad m in is tra tio n  a t b irth  of 
exogenous su rfac tan t to  ex trem ely  p rem a tu re  in fan ts (born  
before 28 w eeks ' gesta tional age) has  p ro v en  very  benefi
cial, such  th a t it is n o w  unco m m o n  for in fan ts to  die of 
acu te  RDS.

NECRO TIZING  ENTEROCOLITIS

N ecrotizin g  enterocolitis (NEC) m ost com m only occurs 
in  premature infants, w ith  the incidence o f the disease  
b ein g  inversely  proportional to the gestational age. It
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occurs in  app rox im ate ly  1  of 1 0  very -low -b irth -w eigh t 
in fan ts (<1500 gm ). In  ad d itio n  to  p rem atu rity , m ost cases 
are  associated  w ith  en tera l feeding, suggesting  th a t som e 
p o stn a ta l in su lt (such  as the in tro d u c tio n  of bacteria) 
sets in  m o tio n  the cascade cu lm in a tin g  in  tissue d estruc 
tion. A lth o u g h  in fectious agen ts  are  likely to  p lay  a role 
in  N EC pathogenesis, no  single bacterial p a th o g en  has 
been  linked  to  the disease. A  large n u m b er of in flam m a
tory  m ed ia to rs  hav e  been  associated  w ith  pa thogenesis  of 
N EC. O ne p a rticu la r m ed ia to r, p la te le t-ac tiva ting  factor, 
has been  im p lica ted  in  increasing  m ucosal perm eab il
ity  by p ro m o tin g  en terocyte  ap o p to sis  a n d  com prom is
in g  in te rce llu la r tigh t junctions, thereby  " a d d in g  fuel to 
the  fire."

N EC  typically  involves the term inal ileum , cecum , 
an d  rig h t colon, a lth o u g h  any  p a r t of the sm all o r large 
in testine  m ay  be invo lved . The invo lved  segm ent typ i
cally is d is ten d ed , friable, a n d  congested  (Fig. 7.26), o r 
it can  be frank ly  gangrenous; in testina l p e rfo ra tion  w ith  
accom pany ing  periton itis  m ay  be seen. O n  m icroscopic 
exam ination , m ucosal o r tran sm u ra l coagu lative  necro
sis, u lceration , bacterial colonization , a n d  subm ucosa l gas 
bubb les are all fea tu res  associated  w ith  N EC. Evidence 
of rep ara tiv e  changes, such  as g ran u la tio n  tissue an d  
fibrosis, m ay  be seen shortly  after reso lu tion  of the acu te 
episode.

The clinical course  is fairly  typical, w ith  the onse t of 
b loody  stools, ab d o m in a l d isten tion , an d  d ev e lo p m en t of 
c ircu la tory  collapse. A bdom inal ra d io g rap h s  often  dem 
o n stra te  gas w ith in  the  in testina l w all (pneumatosis intes
tinalis). W hen  de tec ted  early, N EC o ften  can  be m anaged  
conservatively , b u t m an y  cases (2 0 % to 60%) requ ire  opera 
tive in te rv en tio n  in c lu d in g  resection  of the necrotic seg
m en ts of bow el. N EC  is associa ted  w ith  h ig h  p erina ta l 
m ortality ; in fan ts w h o  su rv ive  often  develop  post-N EC  
stric tu res from  fibrosis caused  by  the healing  process.

SUDDEN INFANT DEATH 
SYNDROME (SIDS)

A ccord ing  to  the N ational In stitu te  o f C h ild  H ea lth  an d  
H u m a n  D evelopm ent, SID S  is defined  as "the sudden  
death o f an infant under 1 year o f age w h ich  rem ains 
u n exp la in ed  after a thorough case investigation , includ 
in g  perform ance o f a com plete autopsy, exam ination of 
the death scene, and rev iew  o f the clin ical h istory ." It is 
im p o rta n t to  em phasize  th a t m an y  cases of su d d e n  d ea th  
in  infancy are  fo u n d  to  have a n  ana tom ic  or b iochem ical 
basis a t au to p sy  (Table 7.7); these sh o u ld  n o t be labeled  as 
SIDS, b u t ra th e r as su d d e n  unexpected  in fan t d e a th  (SUID). 
The C enters for D isease C on tro l a n d  P reven tion  estim ates 
th a t SIDS accoun ts for app rox im ate ly  half o f the cases of 
SUID in  the U n ited  States. A n  aspec t of SIDS th a t is n o t 
stressed  in  the defin ition  is th a t the  in fan t u sua lly  d ies 
w h ile  a s le e p —hence the lay  te rm s crib d e a th  a n d  cot death . 
SIDS is the lead in g  cause of d e a th  be tw een  the  ages of 1 
m o n th  a n d  1 y ear in  U.S. infants, a n d  the th ird  lead ing  
cause of d e a th  overall in  th is age g roup , after congenital 
anom alies a n d  d iseases of p rem a tu rity  a n d  low  b irth  
w eigh t. In  90% of cases, the  in fan t is y o u n g e r th a n  6  

m onths; m o st are  be tw een  the  ages o f 2 an d  4 m on ths. SIDS 
in  a n  earlier sib ling  is associa ted  w ith  a fivefold  relative 
risk  of recurrence; traumatic child abuse m ust be carefully 
excluded under these circumstances.

P a th o g e n e s is

SID S is m ultifactorial condition , w ith  a m ixture o f con
tributing causes in  a g iven  case. Three interacting vari
ab les have b een  proposed: (1) a vu lnerable infant, (2) a 
critical developm ental period  in  hom eostatic control, and
(3) one or m ore exogenous stressors. A ccord ing  to  th is 
m odel, several factors m ake  the in fan t vu lnerab le  to  su d d e n

Fig. 7.26 Necrotizing enterocolitis. (A) At postmortem examination in a severe case, the entire small bowel was markedly distended and perilously thin 
(usually this appearance implies impending perforation). (B) The congested portion of the ileum corresponds to areas of hemorrhagic infarction and transmural 
necrosis. Submucosal gas bubbles (pneumatosis intestinalis) can be seen in several areas ( a r r o w s ) .
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Table 7.7 Factors Associated W ith  Sudden Infant Death  
Syndrom e (S ID S)

Parental

Young maternal age (age younger than 20 years)
Maternal smoking during pregnancy
Drug abuse in e i t h e r  parent, specifically paternal marijuana and 

maternal opiate, cocaine use 
Short intergestational intervals 
Late or no prenatal care 
Low socioeconomic group
African-American and American Indian ethnicity (socioeconomic 

factors)

In fan t

Brain stem abnormalities, associated with delayed development of 
arousal and cardiorespiratory control 

Prematurity and/or low birth weight 
Male sex
Product of a multiple birth 
SIDS in a previous sibling 
Antecedent respiratory infections
Germline polymorphisms in autonomic nervous system genes

E nvironm ent

Prone or side sleep position 
Sleeping on a soft surface 
Hyperthermia
Cosleeping in first 3 months of life

P o s tm o rte m  A b n o rm a litie s  D e tec te d  in Cases of 
Sudden U nexp ected  In fan t D eath  (S U ID )*

Infections 
Viral myocarditis 
Bronchopneumonia 
Unsuspected congenital anomaly 
Congenital aortic stenosis
Anomalous origin of the left coronary artery from the pulmonary 

artery
Traumatic child abuse 
Intentional suffocation (filicide)
Genetic and metabolic defects
Long QT syndrome ( S C N 5 A  and K C N Q 1  mutations)
Fatty acid oxidation disorders (MCAD, L C H A D ,  S C H A D  mutations) 
Histiocytoid cardiomyopathy ( M T C Y B  mutations)
Abnormal inflammatory responsiveness (partial deletions in C 4 a  and 

C 4 b )

*SIDS is not the only cause of SUIDs, but rather is a d iagnos is  o f  ex c lu s io n .Therefore, 
performance of an autopsy may often show findings that would explain the cause of 
an SUID. These cases should n o t, strictly speaking, be labeled as “SIDS"
S C N 5A , Sodium channel, voltage-gated, type V, alpha polypeptide; K C N Q 1 , potassium 
voltage-gated channel, KQT-like subfamily, member 1 ; M C A D , medium-chain acyl 
coenzyme A dehydrogenase; LC H A D , long-chain 3-hydroxyacyl coenzyme A 
dehydrogenase; S C H A D , short-chain 3-hydroxyacyl coenzyme A dehydrogenase; 
M T C Y B , mitochondrial cytochrome b; C4, complement component 4.

d e a th  d u r in g  the critical d eve lopm en ta l p e rio d  (i.e., 1  

m o n th  to  1 year). These v u lnerab ility  factors m ay  be spe
cific to  the p a ren ts  or the infant, w h ereas the exogenous 
stressor or stresso rs a re  a ttrib u tab le  to  the en v iro n m en t 
(Table 7.7). A lth o u g h  n u m ero u s  factors have  been  p ro 
p o sed  to  accoun t for a v u lnerab le  in fan t, the most compelling 
hypothesis is that SIDS reflects a delayed development of arousal 
and cardiorespiratory control. The b ra in  stem  and , in  p a rticu 
lar, the m ed u lla  ob longata  p lay  a critical ro le  in  the b o d y 's  
"a ro u sa l"  response  to  nox ious stim uli such  as ep isod ic 
hypercarb ia , hypoxia, an d  therm al stress encoun tered  
d u r in g  sleep. The sero tonerg ic  (5-HT) system  of the 
m ed u lla  is im p licated  in  these "a ro u sa l"  responses as w ell 
as reg u la tio n  of o th e r critical hom eosta tic  functions such

as resp ira to ry  d rive , b lood  p ressu re , an d  u p p e r  a irw ay  
reflexes. A bnorm alities in  se ro to n in -d ep en d en t signaling  
in  the b ra in  stem  m ay  be the u n d e rly in g  basis for SIDS in 
som e infants.

A m o n g  the p o ten tia l environmental causes, p ro n e  sleep
ing  position , s leep ing  o n  soft surfaces, an d  therm al stress 
a re  possib ly  the m ost im p o rta n t m odifiab le  risk  factors for 
SIDS. M any stu d ies  have  clearly  sh o w n  increased  risk  for 
SIDS in  in fan ts w h o  sleep in  a p ro n e  position , p ro m p tin g  
the  Am erican A cadem y o f Pediatrics to recom m end  
placin g  healthy infants on  their backs w h en  lay in g  them  
d ow n  to sleep . T his "Back to Sleep" cam paign has 
resu lted  in  substantial decreases in  SID S-related deaths 
since its incep tion  in  1994. The p ro n e  position  increases 
the  in fan t's  v u lnerab ility  to  one or m ore  recogn ized  noxious 
stim uli (hypoxia, hypercarb ia , an d  therm al stress) d u rin g  
sleep. In  add ition , the p ro n e  p o sition  also  is associated  
w ith  decreased  a ro u sa l responsiveness com pared  w ith  the 
sup ine  position .

O f note, SIDS is n o t the on ly  cause of su d d e n  unex 
pec ted  d e a th  in  infancy. Therefore, SIDS is a diagnosis of 
exclusion, requiring careful examination of the death scene and 
a complete postmortem examination. The la tte r can  show  an  
u n su sp ec ted  cause of su d d e n  d e a th  in  as m any  as 2 0 % or 
m ore of babies p re su m ed  to  have  d ied  of SIDS (Table 7.7). 
Infections (e.g., v ira l m yocard itis  o r b ronchopneum on ia) 
a re  the m o st com m on  causes of SUID, fo llow ed by  a con
gen ital anom aly . A s a re su lt of ad v ancem en ts  in  m olecu lar 
d iagnostics, several genetic causes of SUID have  em erged . 
For exam ple, fatty  acid  ox ida tion  d iso rders, characterized  
by defects in  m itochondria l fa tty  acid ox idative  enzym es, 
m ay  be responsib le  for as m any  as 5% of su d d e n  d ea th s  in  
infancy; of these, a deficiency in  m ed ium -cha in  acyl- 
coenzym e A  deh y d ro g en ase  is the m ost com m on. R etro
spective analyses in  cases of su d d e n  in fan t d e a th  orig inally  
desig n a ted  SIDS also  have revealed  m u ta tio n s  of cardiac 
so d iu m  an d  p o ta ss iu m  channels, w h ich  re su lt in  a fo rm  of 
card iac  a rrh y th m ia  charac terized  by p ro lo n g ed  Q T in ter
vals; these cases accoun t for no  m ore th a n  1% of SUIDs.

M O R P H O L O G Y

Anatomic studies of victims have yielded inconsistent histologic 

findings. M u ltip le  p e te c h ia e  are the most common finding in 

the typical SIDS autopsy (in approximately 80% of cases); these 

usually are present on the thymus, visceral and parietal pleura, 

and epicardium. The lungs usually are congested, and vascular 

engorgement with or without p u lm o n a ry  e d e m a  is present in 

a majority of cases. Sophisticated morphometric studies have 

shown quantitative brain stem abnormalities such as hypoplasia  

of th e  a rc u a te  nucleus or a subtle decrease in brain stem 

neuronal populations in several cases; these observations are not 

uniform, however, and the use of such studies is not feasible in 

most “routine” autopsy procedures.

A  S UMMARY

SU DDEN INFANT DEATH SYNDROME

• SIDS is a disorder of unknown cause, defined as the sudden 

death of an infant younger than 1 year of age that remains 

unexplained after a thorough case investigation including
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performance of an autopsy. Most SIDS deaths occur between 

the ages of 2 and 4 months.

• The most likely basis for SIDS is a delayed development of 

arousal reflexes and cardiorespiratory control.

• Numerous environmental risk factors have been proposed, of 

which the prone sleeping position is best recognized— hence 

the success of the “Back to Sleep” program in reducing the 

incidence of SIDS.

FETAL HYDROPS

Fetal hydrops refers to the accum ulation o f edem a flu id  
in  the fetus during intrauterine grow th . The causes of 
fetal h y d ro p s  a re  m anifold ; the m ost im p o rta n t a re  listed  
in  Table 7.8. In  the  past, hem oly tic  anem ia  caused  by Rh 
b lood  g ro u p  incom patib ility  be tw een  m o th e r an d  fetus 
(im m une hyd ro p s) w as the m ost com m on cause, b u t w ith  
the  successful p rophy lax is  of th is d iso rd e r d u rin g  p reg 
nancy , o ther causes of n o n im m u n e  h y d ro p s  have  em erged  
as the  p rinc ipa l cu lprits. The flu id  accum ula tion  can  be 
q u ite  variable, ran g in g  in  degree  from  progressive , gener
a lized  ed em a of the fetus (hydrops fetalis), 
a  u sua lly  le thal condition , to  m ore  localized  a n d  less 
m ark ed  ed em ato u s processes, such  as iso la ted  p leu ra l an d  
p erito n ea l effusions o r p o s tn u ch a l flu id  collections (cystic 
hygroma), th a t o ften  are  com patib le  w ith  life (Fig. 7.27). The 
m echan ism  of im m u n e  h y d ro p s  is d iscussed  first, fo llow ed 
by o th e r im p o rta n t causes of fetal h y d rops.

Table 7.8 M ajor Causes of Fetal Hydrops*

C ard iovascular

Malformations 
Tachyarrhythmia 
High-output failure

C hrom osom al

Turner syndrome 
Trisomy 21, trisomy 18

T ho rac ic  Causes

Cystic adenomatoid malformation 
Diaphragmatic hernia

Fetal A n e m ia

Homozygous a-thalassemia 
Parvovirus BI9
Immune hydrops (Rh and ABO)

Twin G estation

Twin-to-twin transfusion

Infection  (excluding parvovirus)

Cytomegalovirus
Syphilis
Toxoplasmosis

G e n ito u rin a ry  T rac t M alfo rm ations  

Tum ors

G en etic /M e tab o lic  D isorders

*The cause of fetal hydrops may be undetermined (“idiopathic”) in up to 20% of 
cases.
Data from Machin GA: Hydrops, cystic hygroma, hydrothorax, pericardial effusions, 
and fetal ascites. In Gilbert-Barness E, et al, editors: Potte r ’s p a th o lo g y  o f  th e  fe tus , 

in fa n t, a n d  ch ild , St. Louis, 2007, Mosby, pp 33.

Fig. 7.27 Hydrops fetalis. (A) Generalized accumulation of fluid in the fetus. (B) Fluid accumulation particularly prominent in the soft tissues of the neck. 
This condition has been termed c y s t ic  h y g r o m a . Cystic hygromas are characteristically seen with, but not limited to, constitutional chromosomal anomalies 
such as 45,X karyotypes. ( C o u r te s y  o f  D r .  B e v e r ly  R o g e rs ,  D e p a r t m e n t  o f  P a th o lo g y ,  U n iv e r s i t y  o f  T e x a s  S o u th w e s te rn  M e d ic a l  C e n te r ,  D a lla s ,  T e x a s .)
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Immune Hydrops

Im m une hydrops results from  an antibody-induced  
hem olytic  d isease in  the new born that is caused by b lood  
group incom patib ility  b etw een  m other and fetus. Such an  
incom patib ility  occurs w h e n  the fe tus in h erits  re d  cell an ti
genic d e te rm in an ts  from  the fa ther th a t are foreign  to  the 
m o ther. The m ost com m on  an tig en s to  re su lt in  clinically 
significan t hem olysis a re  the  R h a n d  ABO b lood  g roup  
an tigens. O f the n u m ero u s  an tigens in c lu d ed  in  the Rh 
system , on ly  the D  an tig en  is a  m ajor cause of R h incom pat
ibility. Fetal re d  cells m ay  reach  the m a te rn a l circu lation  
d u rin g  the  last trim ester of p regnancy , w h e n  the  cytotro- 
p h o b last is no  longer p re sen t as a barrier, o r d u rin g  ch ild 
b irth  itself (fe tom aternal bleed). The m o th e r th en  becom es 
sensitized  to  the foreign  an tig en  a n d  p ro d u ces an tibod ies 
that, in  fu tu re  p regnancies, can  freely  traverse  the p lacen ta  
to  the fetus, in  w h ich  they  cause red  cell destruc tion . W ith  
in itia tion  of im m u n e  hem olysis, p rog ressive  anem ia  in  the 
fetus leads to  tissue ischem ia, in trau te rin e  card iac  failure, 
a n d  p erip h e ra l poo ling  of flu id  (edem a). A s d iscussed  
later, card iac fa ilu re  m ay  be the  final p a th w a y  by w h ich  
ed em a occurs in  m an y  cases of n o n im m u n e  h y d ro p s  as 
well.

Several factors influence the  im m u n e  response  to 
R h-positive fetal re d  cells th a t reach  the  m aterna l 
circulation:
• C o n cu rren t ABO incom patib ility  p ro tec ts  the  m o th er 

aga in st Rh im m un iza tion , because the fetal re d  cells are  
p ro m p tly  coated  by isohem agg lu tin in s (p refo rm ed  
anti-A  o r anti-B  an tibod ies) a n d  rem o v ed  from  the 
m a te rn a l circulation .

• The an tib o d y  response  d e p en d s  o n  the  dose of im m u 
n iz ing  an tigen , so hem olytic  d isease develops only  
w h e n  the m o th er has  experienced  a significant tran sp la 
cen ta l b leed  (m ore th a n  1 m L of R h-positive red  cells).

• The iso type o f the an tib o d y  is im p o rtan t, because im m u 
n o g lobu lin  G  (IgG) (bu t n o t IgM ) an tibod ies can  cross 
the  p lacen ta. The in itial exposu re  to R h an tig en  evokes 
the  fo rm ation  of IgM  an tibod ies, so R h d isease is very  
u n co m m o n  w ith  the first p regnancy . S ubsequen t expo 
su re  d u rin g  the second  or th ird  p reg n an cy  generally  
leads to  a  b risk  IgG  an tib o d y  response.

A pprecia tion  of the role of p rev ious sensitization  in  
the  pathogenesis of Rh-hem olytic disease of the new born  
has led  to  its therapeu tic  control. C urrently , R h-negative 
m others are given Rh im m une g lobulin  (RhIg) a t 28 w eeks 
a n d  w ith in  72 hou rs after delivery  of an  R h-positive baby. 
The RhIg m asks the antigenic sites on  the fetal red  cells 
th a t m ay  have leaked  in to  the m aternal circulation du ring  
childbirth , th u s p reven ting  long-lasting sensitization  to  Rh 
antigens.

A s a re su lt o f the  rem arkab le  success ach ieved  in  p re 
v en tio n  of Rh hem olysis, fe tom aterna l ABO incom patib il
ity  cu rren tly  is the m ost com m on  cause of im m une 
hem oly tic  d isease  of the  new born . A lth o u g h  ABO incom 
patib ility  occurs in  app rox im ate ly  20% to 25% of p reg n an 
cies, hem olysis develops in  on ly  a sm all fraction  of in fan ts 
b o rn  subsequen tly , a n d  in  genera l the d isease is m uch  
m ild e r th an  Rh incom patib ility . In  p a r t  the  less severe 
course  of d isease can  be a ttr ib u te d  to  the exp ression  of A

an d  B an tigens o n  m an y  cells o th e r th an  red  cells w h ich  act 
like sponge for the transferred  an tibody . ABO hem olytic  
d isease occurs a lm ost exclusively in  in fan ts of b lood  g ro u p  
A  o r B w h o  are b o rn  to  m o thers  o f b lood  g ro u p  O. The 
n o rm al anti-A  a n d  anti-B isohem agg lu tin in s in  g ro u p  O 
m o th ers  u su a lly  a re  o f the  IgM  type  a n d  therefore  do  n o t 
cross the p lacen ta. H ow ever, for reasons n o t w ell u n d e r
stood, certa in  g ro u p  O  w o m en  possess IgG  an tibod ies 
d irected  ag a in st g ro u p  A  or B an tigens (or both) even  
w ith o u t p rev io u s sensitization . Therefore, the firstborn  
m ay  be affected. T here is no  effective m e th o d  of p rev en tin g  
hem olytic  d isease re su ltin g  from  ABO incom patib ility .

Nonimmune Hydrops

The major causes o f non im m une hydrops inclu d e those  
disorders associated  w ith  cardiovascular defects, chro
m osom al anom alies, and fetal anem ia.
• Structural cardiovascular defects and functional abnormali

ties (i.e., a rrhy thm ias) m ay  re su lt in  in trau te rin e  card iac 
failu re a n d  h y d rops. A m ong  the ch rom osom al anom a
lies, 45,X k ary o ty p e  (T urner syndrom e) a n d  trisom ies 21 
a n d  18 are  associa ted  w ith  fetal h yd rops; the  basis for 
th is d iso rd e r u sua lly  is the  presence of u n d erly in g  struc
tu ra l card iac anom alies, a lth o u g h  in  T u rner synd rom e 
there  m ay  be a n  ab no rm ality  of lym phatic  d ra inage  
from  the neck  lead ing  to p o stn u ch a l flu id  accum ulation  
(resu lting  in  cystic hygromas).

• Fetal anemias re su ltin g  from  causes o th e r th an  R h or 
ABO incom patib ility  also  m ay  re su lt in  h y d rops. In  fact, 
in  som e p a rts  o f the w o rld  (e.g., S ou theast Asia), severe 
fetal anem ia  caused  by hom o zy g o u s a -tha lassem ia  
p robab ly  is the m ost com m on cause of fetal hyd rops.

• Transplacental infection by p a rv o v iru s  B19 is increasing ly  
recogn ized  as a n  im p o rtan t cause of fetal h y d rops. The 
v iru s  ga in s en try  in to  e ry th ro id  p recu rso rs  (norm o
blasts), w h e re  it replicates. The en su in g  cellu lar in ju ry  
leads to  the d e a th  of the n o rm ob lasts  a n d  ap lastic  
anem ia. P arvov ira l in tran u c lea r inclusions can  be seen 
w ith in  c ircu la ting  a n d  m arro w  e ry th ro id  p recu rso rs  
(Fig. 7.28).

Fig. 7.28 Bone marrow from an infant infected with parvovirus BI9. The 
a r r o w s  point to two erythroid precursors with large homogeneous intra
nuclear inclusions and a surrounding peripheral rim of residual chromatin.
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The basis for h y d ro p s  in  fetal anem ia  of im m u n e  and  
n o n im m u n e  causes is tissue ischem ia w ith  secondary  m yo
card ia l d ysfunction  a n d  c ircu la to ry  failure. A dd itionally , 
secondary  liver failu re m ay  occur, w ith  loss o f syn thetic  
function  con trib u tin g  to  h y poa lbum inem ia , red u ced  
p lasm a osm otic  p ressu re , a n d  edem a.
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The anatomic findings in fetuses with intrauterine fluid accumula

tion vary with both the severity of the disease and the underly

ing etiology. As previously noted, hydrops feta lis  represents 

the most severe and generalized manifestation (Fig. 7.27), and 

lesser degrees of edema such as isolated pleural, peritoneal, 

or postnuchal fluid collections can occur. Accordingly, infants 

may be stillborn, die within the first few days, or recover com

pletely. The presence of dysmorphic features suggests under

lying constitutional chromosomal abnormalities; postmortem  

examination may show a cardiac anomaly. In hydrops associated 

with fetal anemia, both fetus and placenta are characteristically 

pale; in most cases, the liver and spleen are enlarged as a con

sequence of card iac fa ilu re  and congestion. Additionally, the 

bone marrow shows compensatory hyperplasia of erythroid pre

cursors (parvovirus-associated aplastic anemia being a notable 

exception), and e x tra m e d u lla ry  hem atopo ies is  is present 

in the liver, the spleen, and possibly in other tissues such as the 

kidneys, the lungs, the lymph nodes, and even the heart (Fig. 7.29). 

The increased hematopoietic activity accounts for the presence 

in the peripheral circulation of large numbers of normoblasts, 

and even more immature erythroblasts (ery th ro b las tos is  

feta lis).

The presence of hemolysis in Rh or ABO incompatibility is 

associated with the added complication of increased circulating 

bilirubin from the red cell breakdown. The CNS may be damaged 

when hyperbilirubinemia is marked (usually greater than 2 0  mg/ 

dL in full-term infants, but often less in premature infants). The 

circulating unconjugated bilirubin is taken up into the brain, on 

which it apparently exerts a toxic effect. The basal ganglia and 

brain stem are particularly prone to deposition of bilirubin 

pigment, which imparts a characteristic yellow hue to the paren

chyma (ke rn ic te ru s ) (Fig. 7.30).

C lin ic a l  C o u r s e

Early recogn ition  of fetal h y d ro p s  is im perative , because 
even  severe cases can  som etim es be sa lvaged  w ith  tim ely 
therapy . Im m u n e  h y d ro p s  th a t resu lts  from  Rh incom pat
ibility  can  be p red ic ted  w ith  reasonab le  certain ty , because 
its severity  corre la tes w ell w ith  ra p id ly  ris ing  Rh an tibody  
titers in  the m o th e r d u rin g  p regnancy . A n tenata l iden ti
fication a n d  m an ag em en t of the  at-risk  fe tus h av e  been  
facilita ted  by  am niocen tesis an d  the a d v e n t of chorionic 
v illus an d  fetal b lood  sam pling . The d irec t an ti-g lobu lin  
test (d irect C oom bs test) (C hap ter 12) u sin g  fetal cord  
b lood  y ie lds a positive  re su lt if the red  cells have been 
coated  by  m a te rn a l an tibody . In  ad d itio n , clon ing  of the 
RHD  gene has resu lted  in  efforts to  d e term ine  fetal Rh 
s ta tu s  by  sequencing  cell free D N A  in  m ate rn a l blood. 
W hen  iden tified , cases of severe in trau te rin e  hem olysis 
m ay  be trea ted  by fetal in travascu la r transfu sions via

Fig. 7.29 Numerous islands of extramedullary hematopoiesis ( s m a l l  b lu e  

c e lls ) are scattered among mature hepatocytes in this histologic preparation 
from an infant with nonimmune hydrops fetalis.

the  um bilical cord  a n d  early  delivery . Postnatally , p h o 
to th e rap y  is helpfu l, because visible ligh t converts b iliru 
b in  to  read ily  excreted  d ipyrro les. A s a lread y  discussed , 
in  a n  o verw he lm ing  m ajority  of cases, ad m in is tra tio n  of 
R hIg to  the m o th e r can  p re v e n t the  occurrence of im m une 
h y d ro p s  in  su b seq u en t p regnancies. G roup  ABO hem o
lytic d isease is m ore  d ifficult to  p red ic t b u t is read ily  
an tic ip a ted  by  aw areness  of the  b lood  incom patib ility  
be tw een  m o th e r a n d  fa th e r a n d  by hem oglob in  an d  bili
ru b in  de te rm in a tio n s in  the vu lnerab le  new born . In  fatal 
cases of fetal h y d ro p s, a  th o ro u g h  p o stm o rtem  exam ina
tion  is im pera tive  to  d e term ine  the cause an d  to  exclude 
a po ten tia lly  recu rrin g  cause such  as a ch rom osom al 
abnorm ality .

Fig. 7.30 Kernicterus. Severe hyperbilirubinemia in the neonatal period—  
for example, secondary to immune hydrolysis— results in deposition of bili
rubin pigment ( a r r o w s )  in the brain parenchyma. This occurs because the 
blood-brain barrier is less developed in the neonatal period than it is in 
adulthood. Infants who survive develop long-term neurologic sequelae.
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F E T A L  H Y D R O P S

• Fetal hydrops refers to  the accumulation of edema fluid in the 

fetus during intrauterine growth.

• The degree of fluid accumulation is variable, from generalized 

hydrops fetalis to localized cystic hygromas.

• The most common causes of fetal hydrops are nonimmune 

(chromosomal abnormalities, cardiovascular defects, and fetal 

anemia), whereas immune hydrops has become less frequent 

as a result of Rh antibody prophylaxis.

• Erythroblastosis fetalis (circulating immature erythroid precur

sors) is a characteristic finding of fetal anemia-associated 

hydrops.

• Hemolysis-induced hyperbilirubinemia can result in bilirubin 

toxicity (kernicterus) in the basal ganglia and brain stem, par

ticularly in premature infants.

TUMORS A N D  TUMORLIKE LESIONS 
OF INFANCY A N D  C H IL D H O O D

M alignant neop lasm s constitute the second  m ost com m on  
cause o f death in  ch ildren  b etw een  the ages o f 4 and 14 
years; on ly  acciden ts exact a  h igher toll. B enign tu m o rs are  
ev en  m ore com m on th a n  cancers.

It is som etim es difficult to segregate, on  m orpho log ic  
g ro u n d s, true  tu m o rs from  tum orlike  lesions in  the  in fan t 
a n d  child . In  th is context, tw o  special categories o f tu m o r
like lesions sh o u ld  be recognized:
• Heterotopia or choristoma refers to  m icroscopically  n o rm al 

cells o r  tissues th a t a re  p re sen t in  ab n o rm al locations. 
E xam ples a re  a p ancreatic  tissue "re s t"  fo u n d  in  the w all 
o f the stom ach  o r sm all in testine  a n d  a sm all m ass of 
ad ren a l cells fo u n d  in  the  k idney , lungs, ovaries, o r 
e lsew here. H etero top ic  rests u sua lly  are  o f little clinical 
significance, b u t on  the  basis of the ir ap p earan ce  they 
can  be confused  w ith  neoplasm s.

• Hamartoma refers to a n  excessive b u t focal o v erg ro w th  
of cells a n d  tissues n ative  to the o rg a n  in  w h ich  it occurs. 
A lth o u g h  the  cellu lar e lem en ts are m a tu re  a n d  iden tical 
to those fo u n d  in  the rem a in d e r o f the o rgan , they  do 
n o t rep ro d u ce  the n o rm al arch itec tu re  o f the su rro u n d 
in g  tissue. The line of dem arca tion  be tw een  a h am ar
tom a a n d  a ben ign  neop lasm  frequen tly  is ten u o u s an d  
is v a riously  in te rp re ted . H em ang iom as, ly m phang io 
m as, rh ab d o m y o m as o f the heart, a n d  ad en o m as o f the 
liver a re  co nsidered  by som e researchers to be h am arto 
m as a n d  by o th ers  to be tru e  neoplasm s.

Benign Neoplasms

V irtually  any  n eo p lasm  m ay  be en co u n te red  in  the p ed ia t
ric age g roup , b u t th re e -h e m a n g io m a s , lym phang iom as, 
a n d  te ra to m a s -d e s e rv e  special m en tio n  here.

Hemangiomas are the m ost com m on neop lasm s of 
in fan cy . B oth cavernous a n d  cap illary  h em ang iom as m ay  
be encoun te red  (C hap ter 10), a lth o u g h  the la tte r o ften  are 
m ore cellu lar th a n  in  a d u lts  a n d  th u s  m ay  a p p e a r decep 
tively w orrisom e. In  ch ild ren , m o st h em ang iom as are

located  in  the skin, p articu larly  o n  the face an d  scalp, 
w h ere  they  p ro d u ce  flat to  elevated , irregu lar, red -b lue 
m asses; the flat, la rger lesions are re ferred  to  as port-wine 
stains. H em ang iom as m ay  en large as the  ch ild  ages, b u t in  
m an y  instances they  spon taneously  reg ress (Fig. 7.31). The 
v as t m ajority  of superficial h em ang iom as have  no  m ore 
th a n  a cosm etic significance; rarely , they  m ay  be the m an i
festa tion  of a  h e red ita ry  d iso rd e r associa ted  w ith  disease 
w ith in  in te rn a l o rgans, such  as the v o n  H ippe l-L indau  syn 
d ro m e (C hap ter 10). A  su b se t of CNS cavernous hem ang io 
m as can  occur in  the fam ilial setting; affected  fam ilies 
h a rb o r m u ta tio n s  in  one of th ree  cerebral cavernous malfor
mation (CCM ) genes.

L ym phangiom as represent the lym phatic counterpart 
o f hem angiom as. M icroscopic exam ination  show s cystic 
a n d  cavernous spaces lined  by  endo the lia l cells a n d  su r
ro u n d e d  by ly m p h o id  aggregates; the  spaces usua lly  
con ta in  pale  fluid. They m ay  occur o n  the sk in  bu t, m ore  
im portan tly , they  also  are en co u n te red  in  the  deeper 
reg ions of the neck, axilla, m ed iastinum , a n d  re troperito - 
neum . A lth o u g h  histologically  ben ign , they  ten d  to  increase 
in  size after b irth  a n d  m ay  encroach  o n  m ed iastina l struc 
tu re s  o r nerve  tru n k s  in  axilla.

Teratom as m ay occur as b en ign , w ell-d ifferen tiated  
cystic le s io n s (mature teratom as), as le s io n s o f indeterm i
nate potential (immature teratom as), or as unequivocally

A

B

Fig. 7.31 Congenital capillary hemangioma (A) at birth and (B) at 2 years 
of age after the lesion had undergone spontaneous regression. ( C o u r te s y  o f  

D r .  E d u a r d o  Y u n is ,  C h i ld r e n ’s  H o s p i t a l  o f  P i t t s b u r g h ,  P i t t s b u r g h ,  P e n n s y lv a n ia . )
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m alignant teratom as (usually  adm ixed w ith  another 
germ  cell tum or com ponent such as an endoderm al sinus  
tum or). Sacrococcygeal te ra tom as are the m ost com m on 
te ra tom as of ch ildhood , accoun ting  for 40% o r m ore of 
cases (Fig. 7.32). In  v iew  of the  overlap  in  the m echan ism s 
u n d e rly in g  congenita l m alfo rm ations a n d  oncogenesis, 
it is in te restin g  th a t app rox im ate ly  1 0 % of sacrococcy
geal te ra tom as are associa ted  w ith  congenita l anom alies, 
p rim arily  defects of the h in d g u t a n d  cloacal reg ion  an d  
o th e r m id line  defects (e.g., m eningocele, sp ina  bifida) n o t 
believed  to  re su lt from  local effects of the  tum or. A pprox i
m ate ly  75% of these tu m o rs a re  m a tu re  te ra tom as w ith  a 
ben ig n  course, a n d  ab o u t 1 2 % are  u nm istakab ly  m alig 
n a n t a n d  le thal (C hap ter 18). The rem a in d e r a re  desig 
n a ted  im m atu re  tera tom as, an d  their m alig n an t po ten tia l 
correlates w ith  the  a m o u n t o f im m atu re  tissue e lem en ts 
p resen t. M ost o f the ben ign  te ra tom as are encoun 
te red  in  y o u n g e r in fan ts (4 m o n th s  of age or younger), 
w h ereas ch ild ren  w ith  m alig n an t lesions ten d  to be 
som ew h at older.

Malignant Neoplasms

The o rg an  system s in vo lved  m o st com m only  by m alig n an t 
neop lasm s in  infancy a n d  ch ildhood  are  the hem atopo ietic  
system , n eu ra l tissue, an d  soft tissues (Table 7.9). This d is
trib u tio n  is in  sharp  con trast w ith  th a t in  adu lts , in  w h o m  
ep ithelia l tu m o rs of the lung , heart, p rosta te , an d  colon are  
the m ost com m on  form s. M alignan t n eop lasm s of infancy 
an d  ch ildhood  d iffer biologically  an d  h isto logically  from  
those  in  adu lts . The m ain  d ifferences a re  as follows:
• R elatively freq u en t d em o n stra tio n  of a close re la tion 

sh ip  be tw een  abno rm al d ev e lo p m en t (teratogenesis) 
a n d  tu m o r in d u c tio n  (oncogenesis), suggesting  a 
com m on  stem  cell defect.

• P revalence of genetic  abnorm alities o r fam ilial syn 
d ro m es th a t p red isp o se  to  cancer

• T endency  of fetal a n d  n eonata l m alignancies to  regress 
spon tan eo u sly  or to  u n d e rg o  "d iffe ren tia tion" in to  
m a tu re  e lem en ts

286 C H A P T E R  7 Genetic and Pediatric Diseases

Fig. 7.32 Sacrococcygeal teratoma. Note the size of the lesion compared 
with that of the infant.

Table 7.9 C om m on M alignant Neoplasm s of Infancy 
and Childhood

0 -4  Years o f A g e 5 -9  Years o f A g e
1 0 -14  Years of 
A g e

Leukemia Leukemia Hepatocellular
Retinoblastoma Retinoblastoma carcinoma
Neuroblastoma Neuroblastoma Soft tissue sarcoma
Wilms tumor Hepatocellular Osteogenic sarcoma
Hepatoblastoma carcinoma Thyroid carcinoma
Soft tissue sarcoma Soft tissue sarcoma Hodgkin disease

(especially Ewing tumor
rhabdomyosarcoma) CNS tumors
Teratomas Lymphoma
CNS tumors

CN S, Central nervous system.

• B etter su rv iva l o r cu re  of m any  ch ildhood  tum ors, so 
th a t m u ch  a tten tio n  is n o w  p a id  to  m in im iz ing  the 
ad v erse  delayed  effects of chem otherapy  an d  rad io th e r
apy  in  su rv ivors, in c lu d in g  the  d ev e lo p m en t o f second 
m alignancies

M any m alignan t ped ia tric  neoplasm s are  histologically 
un ique. In  general, they tend  to exhibit a p rim itive (embryo
nal) ra th e r than  p leom orphic-anaplastic  m icroscopic appear
ance, an d  frequently  they exhibit features of o rganogenesis 
specific to  the site of tu m o r origin. Because o f their prim i
tive h istologic appearance, m any ch ildhood tum ors have  
been  collectively referred to as sm all, round, b lue-cell 
tumors. Sheets of cells w ith  sm all, ro u n d  nuclei characterize 
these tum ors, w hich include neuroblastom a, lym phom a, 
rhabdom yosarcom a, E w ing sarcom a (peripheral neuroecto 
derm al tum or), an d  som e cases of W ilm s tum or. Sufficient 
distinctive features usually  are  p resen t to p e rm it definitive 
d iagnosis o n  the  basis of histologic exam ination  alone, b u t 
m olecular stud ies are  becom ing increasingly useful, both  for 
d iagnosis an d  p rognosis o f ch ildhood  cancers. Three 
com m on tu m o rs—neuroblastom a, retinoblastom a, and  
W ilm s tu m o r—are described here to  h igh ligh t the differ
ences be tw een  pediatric  tum ors an d  those in  adults.

N eu ro b las tom a

The term  neuroblastic inclu d es tum ors o f the sym pa
thetic ganglia and adrenal m edulla  that are derived  from  
prim ordial neural crest cells pop u latin g  th ese  sites; neu 
roblastom a is the m ost im portant m em ber o f th is fam ily.
It is the second  m o st com m on solid  m alignancy  of ch ild 
h o o d  after b ra in  tum ors, accoun ting  for 7% to 10% of all 
p ed ia tric  neop lasm s, a n d  as m an y  as 50% of m alignancies 
d iag n o sed  in  infancy. N eu rob lastom as d em o n stra te  several 
u n iq u e  fea tu res in  the ir n a tu ra l h isto ry , in c lu d in g  sp o n ta 
neous reg ression  a n d  sp o n tan eo u s o r the rap y -in d u ced  
m atu ra tio n . M ost occur sporad ically , b u t 1% to 2% are  
fam ilial, w ith  au to som al d o m in an t transm ission , a n d  in  
such cases the neop lasm s m ay  involve bo th  of the ad ren a ls  
o r m u ltip le  p rim ary  au tonom ic  sites. G erm line  m u ta tio n s 
in  the anap lastic  ly m p h o m a kinase  (ALK) gene have  been 
linked  to  the  fam ilial p red isp o sitio n  to  neurob lastom a. 
Som atic gain-of-function  A L K  m u ta tio n s  a re  also  observed  
in  8 % to 1 0 % of spo rad ic  neurob lastom as, a n d  are  m arkers 
o f ad v erse  prognosis. C linical trials u sin g  inh ib ito rs th a t 
ta rg e t the  m u ta te d  ALK ty rosine  k inase  are  u n d erw ay .
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In ch ild ho od , a b o u t 4 0 %  o f n eu ro b lastom as arise in th e  adrena l 

m ed u lla . T h e  re m a in d e r o cc u r a n y w h e re  along th e  sym pathetic  

chain, w ith  th e  m o s t co m m o n  locations being th e  p araverteb ra l 

region o f th e  abd om en  (25% ) and p o s te r io r  m ed iastinum  (15% ). 

M acroscopically, n eu ro b lastom as range in size fro m  clinically  

silent m in u te  nodules (in situ lesions) to  large masses w eighing  

m o re  than  1 kg. In situ n eurob lastom as a re  re p o r te d  to  be 4 0  

tim e s  m o re  fre q u e n t than  tu m o rs  w ith  clinical sym ptom s. T h e  

g re a t m a jo rity  o f  these  s ilent lesions spontaneously  regress, 

leaving only a focus o f  fibrosis o r  calcification in th e  adu lt. Som e  

n eu ro b lastom as a re  sharply d em arca ted  w ith  a fib rou s  p seudo 

capsule, b u t o th e rs  a re  in filtra tive  and invade surrounding  s tru c 

tu res , including th e  kidneys, renal ve in , and vena cava, and envelop  

th e  a o rta . O n  tra n s e c tio n , th e y  a re  com posed  o f soft, g ray-tan, 

bra in like  tissue. L arg e r tu m o rs  have areas o f  necrosis, cystic 

softening, and h e m o rrh a g e .

H isto log ically , classic n eurob lastom as a re  com po sed  o f small, 

p rim itive -ap p earin g  cells w ith  d a rk  nuclei, scant cytoplasm , and 

p o o rly  defined  cell b o rd e rs  g ro w in g  in solid sheets ( Fig. 7 .3 3 A ). 

M ito tic  activity, n uc lear b re a k d o w n  (“ k a ry o rrh e x is ” ), and p leo - 

m o rp h is m  m ay be p ro m in e n t. T h e  background o ften  d e m o n 

s tra tes  a faintly  eosinophilic  fib r illa ry  m a te ria l (n e u ro p il) th a t  

corresp on ds  to  n eu ritic  p rocesses o f th e  p rim itiv e  neuroblasts. 

Typically, so-called  H o m e r -W r ig h t  pseudorosettes  can be  

fou nd , in w h ich  th e  tu m o r  cells a re  con cen trica lly  arranged  a b o u t 

a cen tra l space filled  w ith  n eu ro p il (th e  absence o f an actual 

cen tra l lum en g arners  th e  designation p s e u d o - ). O t h e r  helpful 

fea tu res  include im m un och em ica l d e te c tio n  o f  nerual m arkers , 

such as neuron-specific  eno lase , and d em o n s tra tio n  on u ltra 

s tru c tu ra l studies o f  small, m e m b ra n e -b o u n d , cytoplasm ic  

c a tech o lam in e -co n ta in in g  s e c re to ry  granules.

Som e neoplasm s sho w  signs o f m a tu ra tio n , e ith e r  spo n ta 

neous o r  th e ra p y -in d u c e d . Larger cells having m o re  abundant 

cytoplasm  w ith  large vesicu lar nuclei and a p ro m in e n t nucleolus, 

rep resen ting  ganglion cells in various  stages o f m a tu ra tio n , may 

be found in tu m o rs  adm ixed  w ith  p rim itiv e  neuroblasts  (gan 

g lio n e u ro b la s to m a). Lesions th a t  a re  even b e t te r  d iffe re n ti

a ted  con tain  m any m o re  large cells resem bling  m a tu re  ganglion  

cells in th e  absence o f  residual neuroblasts; such neoplasm s m e r it  

th e  designation g a n g l io n e u r o m a  ( Fig. 7 .3 3 B ). M a tu ra tio n  o f n eu 

roblasts in to  ganglion cells usually is accom panied  by th e  appear

ance o f  Schwann cells. * •

Clinical C o u rse  and Prognosis

M any factors influence prognosis, but the m ost im portant 
are the stage o f the tum or and the age o f the patient.
• Staging of neuroblastomas (Table 7.10) assu m es g rea t 

im portance  in  estab lish ing  a p rognosis. Special no te  
sh o u ld  be taken  of stage 4S (S m eans special), because 
the  ou tlook  for these p a tien ts  is excellent, desp ite  the 
sp read  of disease. A s n o ted  in  Table 7.10, the p rim ary  
tu m o r w o u ld  be classified as stage 1  o r 2  b u t for the 
p resence of m etastases, w h ich  are lim ited  to  liver, skin, 
a n d  bone m arrow , w ith o u t bone invo lvem ent. In fan ts 
w ith  4S tu m o rs h av e  a n  excellent p rognosis  w ith  
m in im al therapy , a n d  it is no t u n co m m o n  for the 
p rim ary  o r m etasta tic  tu m o rs to  u n d e rg o  sp o n tan eo u s 
regression . The biologic basis for th is w elcom e behav io r 
is n o t clear. U nfortunate ly , m ost (60% to 80%) ch ild ren

Fig. 7.33 (A) Neuroblastoma. This tumor is composed of small cells embed
ded in a finely fibrillar matrix (neuropil). A Homer-Wright pseudorosette 
(tumor cells arranged concentrically around a central core of neuropil) is 
seen in the upper right corner. (B) Ganglioneuromas, arising from spontane
ous or therapy-induced maturation of neuroblastomas, are characterized by 
clusters of large ganglion cells with vesicular nuclei and abundant eosinophilic 
cytoplasm ( a r r o w ) .  Spindle-shaped Schwann cells are present in the back
ground stroma.

p re se n t w ith  stage 3 or 4 tum ors, a n d  on ly  20% to 40% 
p re se n t w ith  stage 1, 2A, 2B, o r 4S neurob lastom as.

• Age is the other important determinant of outcome. The 
ou tlook  for ch ild ren  y o u n g e r th a n  18 m o n th s is m uch  
m ore favorab le  th a n  for o lder ch ild ren  a t a com parab le  
stage of disease. M ost n eop lasm s d iag n o sed  in  ch ild ren  
d u r in g  the  first 18 m o n th s  o f life are  stage 1  o r 2 , o r stage 
4S ("low " risk  category  in  Table 7.10), w h e reas  neo
p lasm s in  o ld er ch ild ren  fall in to  the " in term ed ia te"  o r 
"h ig h "  category  of risk.

• Histology is a n  in d e p e n d e n t p rognostic  variab le  in  neu- 
rob lastic  tum ors; ev idence of schw ann ian  strom a an d  
gangliocytic  d iffe ren tia tion  is ind ica tive  of a favorable 
p rognosis.

• Amplification of the MYCN oncogene has p ro fo u n d  
im p ac t o n  prognosis. MYCN is located  on  the d ista l 
sho rt a rm  of chrom osom e 2. MYCN am plification  is 
p re se n t in  a b o u t 25% to 30% of p rim ary  tum ors, m ost in  
advanced -stage  d isease; the g rea ter the  n u m b er of 
copies, the  w o rse  the p rognosis. A m plification  of MYCN 
does n o t karyo typ ically  m an ifest at the resid en t 2p23- 
p24 site, b u t ra th e r as ex trachrom osom al doub le  m in u te  
chrom osom es or hom ogeneously  sta in ing  reg ions on
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Table 7.10 International N eurob lastom a Staging System

Stage 1 Localized tumor completely excised, with or without 
microscopic residual disease; representative ipsilateral 
nonadherent lymph nodes negative for tumor (nodes 
adherent to the primary tumor may be positive for 
tumor)

Stage
2A

Localized tumor resected incompletely grossly;
representative ipsilateral nonadherent lymph nodes 
negative for tumor microscopically

Stage
2B

Localized tumor with or without complete gross excision, 
ipsilateral nonadherent lymph nodes positive for tumor; 
enlarged contralateral lymph nodes, which are negative 
for tumor microscopically

Stage 3 Unresectable unilateral tumor infiltrating across the 
midline with or without regional lymph node 
involvement; or localized unilateral tumor with 
contralateral regional lymph node involvement

Stage 4 Any primary tumor with dissemination to distant lymph 
nodes, bone, bone marrow, liver, skin, and/or other 
organs (except as defined for stage 4S)

Stage 4S Localized primary tumor (as defined for stage 1,2A, or 
2B) with dissemination limited to skin, liver, and/or bone 
marrow (< 1 0 % of nucleated cells are constituted by 
neoplastic cells; > 1 0 % involvement of bone marrow is 
considered as stage 4); stage 4S limited to infants 
younger than 1 year of age

S, Special.
Adapted from Brodeur GM, Pritchard J, Berthold F, et al: Revisions of the 
international neuroblastoma diagnosis, staging, and response to treatment,J  C lin  O n co l 

11:1466, 1993.

o th e r chrom osom es (Fig. 7.34). MYCN am plification is  
currently the m ost im portant genetic abnorm ality  
u sed  in  risk stratification o f neuroblastic tum ors and  
autom atically renders a tum or as "high" risk, irrespec
tive  o f stage or age.

• D N A  p lo id y  is an o th e r p rognostic  factor, w ith  tum ors 
th a t a re  h y p e rd ip lo id  (w ith  w ho le  ch rom osom e gains) 
h av in g  m ore favorab le  p rognosis  th a n  tu m o rs th a t are  
near-d ip lo id . The la tte r subset, a lth o u g h  closer to  d ip- 
lo idy  o n  abso lu te  nu m b er, ten d s to have  m u ltip le  struc
tu ra l rea rran g em en ts  betw een , a n d  w ith in , chrom osom es 
th a t can  re su lt in  ad v erse  m o lecu lar events, such  as 
M Y C N  am plification .

• A lth o u g h  age, stage, M Y C N  s ta tus, a n d  p lo id y  are  u sed  
clinically for assign ing  p rognostication , m an y  o th e r 
"ex p erim en ta l"  m o lecu lar aberra tions have  been  iden ti
fied th a t m ig h t also  have p rognostic  bearings, o r be 
p o ten tia l can d id a tes  for ta rge ted  therapy . For exam ple, 
exp ression  of TrkA , a  h igh-affin ity  recep to r for nerve 
g ro w th  factor th a t is ind icative  o f d ifferen tia tion  to w ard  
sym pathe tic  ganglia  lineage, is associated  w ith  favor
ab le p rognosis. O verall, besides M Y C N  am plification  
a n d  A L K  m u ta tio n s (la tter in  ~10%), de  novo  neu rob las 
tom as have  few  re cu rren t "h o tsp o t"  m u ta tions. H ow 
ever, a very  h ig h  frequency  of re lap sed  neu rob lastom as 
(>75%) have  m u ta tio n s  in  the  RAS-M AP kinase  signal
ing  p a th w ay , suggesting  th a t re lap sed  tu m o rs m ig h t 
be ta rge ted  w ith  therap ies ag a in st these oncogenic 
p a thw ays.

C h ild ren  y o u n g e r th a n  2 years w ith  neu rob lastom as
generally  p re sen t w ith  a  p ro tu b e ra n t ab d o m en  resu lting
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Fig. 7.34 (A) FISH using a fluorescein-labeled cosmid probe for N - m y c  on 
a tissue section containing neuroblastoma attached to the kidney. Note the 
neuroblastoma cells on the upper half of the photo with large areas of stain
ing ( y e l lo w - g r e e n ) ;this corresponds to amplified N - M Y C  in the form of homo
geneously staining regions. Renal tubular epithelial cells in the lower half of 
the photograph show no nuclear staining and background ( g re e n )  cytoplasmic 
staining. (B) A Kaplan-Meier survival curve of infants younger than 1 year of 
age with metastatic neuroblastoma. The 3-year event-free survival of infants 
whose tumors lacked M Y C N  amplification was 93%, whereas those with 
tumors that had M Y C N  amplification had only a 10% event-free survival. (A , 

C o u r te s y  D r .  T im o t h y  T r ic h e ,  C h ild re n 's  H o s p i t a l ,  L o s  A n g e le s ,  C a li fo r n ia .  B , R e p ro 

d u c e d  w i th  p e r m is s io n  f r o m  B r o d e u r  G M :  N e u r o b la s t o m a :  b io lo g ic a l  in s ig h ts  in to  a  

c l in ic a l  e n ig m a , Nat Rev Cancer 3 : 2 0 3 - 2 1 6 , 2 0 0 3 . )

from  a n  ab d o m in a l m ass, fever, a n d  w e ig h t loss. In  o lder 
ch ild ren  the  neu ro b lasto m as m ay  rem ain  u n no ticed  un til 
m etastases cause hepatom egaly , ascites, a n d  bone pain . 
N eu ro b lasto m as m ay  m etastasize  w id e ly  th ro u g h  the 
h em atogenous a n d  lym phatic  system s, p articu larly  to 
liver, lungs, bones, a n d  the bone m arrow . In  neonates, d is
sem inated  n eu rob lastom as m ay  m an ifest w ith  m u ltip le  
cu tan eo u s m etastases associa ted  w ith  deep  b lue  d iscolor
a tio n  to  the sk in  (earn ing  the ra th e r u n fo rtu n a te  m oniker 
o f "b lu eb e rry  m uffin  baby"). A b o u t 90% of neu rob lasto 
m as, regard less of location, p ro d u ce  catecholam ines 
(sim ilar to  the catecholam ines associa ted  w ith  pheochro- 
m ocytom as), w h ich  constitu tes a n  im p o rta n t d iagnostic  
fea tu re  (i.e., e levated  b lood  levels of catecholam ines an d  
e levated  u rin e  levels of catecholam ine m etabo lites such  as
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vanilly lm andelic  acid  [VMA] a n d  hom ovanillic  acid 
[HVA]). D esp ite  the e labo ra tion  of catecholam ines, h y p er
ten sion  is m u ch  less freq u en t w ith  these  neop lasm s than  
w ith  pheochrom ocy tom as (C hap ter 20).

ÜI S U M M A R Y

N E U R O B L A S T O M A

• Neuroblastomas and related tumors arise from neural crest- 

derived cells in the sympathetic ganglia and adrenal medulla.

• Neuroblastomas are undifferentiated, whereas ganglioneuro

blastomas and ganglioneuromas demonstrate evidence of 

differentiation (schwannian stroma and ganglion cells). Homer- 

W right pseudorosettes are characteristic of neuroblastomas.

• Age, stage, and M Y C N  amplification and ploidy are the most 

important prognostic features; children younger than 18 

months usually have a better prognosis than older children, 

whereas children with higher-stage tumors or M Y C N  amplifica

tion fare worse. A  high frequency of relapsed neuroblastomas 

have mutations in the RAS-MAP kinase pathway.

• Neuroblastomas secrete catecholamines, whose metabolites 

(VMA/HVA) can be used for screening patients.

R etinoblastom a

R etinoblastom a is the m ost com m on primary intraocu
lar m alignancy o f ch ildren . The m o lecu lar genetics of 
re tinob lastom a has been  d iscussed  p rev iously  (C hap ter 
6 ). A pprox im ate ly  40% of the  tu m o rs are associa ted  w ith  
a  germ line m u ta tio n  in  the RB gene a n d  are therefore  her
itable. The rem ain in g  60% of the tu m o rs develop  sp o rad i
cally, a n d  these have  som atic RB gene m u ta tions. Fam ilial 
cases typically  are  associated  w ith  d eve lopm en t of m u lti
p le  tu m o rs th a t are  b ilateral, a lth o u g h  they  m ay  be un ifo 
cal an d  un ila tera l. A ll of the sporad ic , nonheritab le  
tu m o rs are  u n ila te ra l a n d  unifocal. P atien ts w ith  fam ilial 
re tinob lastom a also  a re  a t increased  risk  for the develop 
m en t o f osteosarcom a a n d  o ther soft tissue tum ors.

^  M O R P H O L O G Y

Retinoblastomas tend to  be nodular masses, usually in the pos

terio r retina, often with satellite seedings (Fig. 7.35A). On micro

scopic examination, undifferentiated areas of these tumors are 

found to be composed of small, round cells with large hyper

chromatic nuclei and scant cytoplasm, resembling undifferenti

ated retinoblasts.

Differentiated structures are found within many retinoblas

tomas, the most characteristic of these being F lexner- 

W in te r s te in e r  rosettes  (Fig. 7.35B). These structures consist 

of clusters of cuboidal or short columnar cells arranged around 

a central lumen (in contrast with the pseudorosettes of neuro

blastoma, which lack a central lumen). The nuclei are displaced 

away from the lumen, which by light microscopy appears to have 

a limiting membrane resembling the external limiting membrane 

of the retina.

Tumor cells may disseminate beyond the eye through the 

optic nerve or subarachnoid space. The most common sites of 

distant metastases are the CNS, skull, distal bones, and lymph 

nodes.

C lin ic a l  F e a tu r e s

The p resen tin g  find ings inc lude  p o o r v ision, strab ism us, 
a  w h itish  h u e  to  the  p u p il ("ca t's  eye reflex"), a n d  p a in  
an d  tenderness  in  the eye. The m ed ian  age at p resen ta 
tion  is 2  years, a lth o u g h  the  tu m o r m ay  be p re se n t a t 
b irth . U n trea ted , the tu m o rs u sua lly  are fatal, b u t w h e n  
trea ted  w ith  chem otherapy , rad io th erap y , a n d  (in locally 
ad v an ced  tum ors) enucleation , su rv iva l is the ru le . As 
n o ted  earlier, som e tu m o rs spon tan eo u sly  regress, an d  
pa tien ts  w ith  fam ilial re tinob lastom a are a t increased  risk  
for the d eve lopm en t o f osteosarcom a a n d  o th e r soft tissue 
tum ors.

W ilm s  Tum or

W ilm s tum or, or nephroblastom a, is  the m ost com m on  
prim ary tum or o f the k id n ey  in  children, w ith  m o st cases 
occu rring  in  ch ild ren  be tw een  2 an d  5 years o f age. This 
tu m o r illu stra tes several im p o rtan t concepts of ch ildhood  
tum ors: the re la tionsh ip  be tw een  congen ita l m alfo rm ation  
a n d  increased  risk  of tum ors; the h isto logic sim ilarity  
be tw een  tu m o r a n d  develop ing  organ; an d  finally, the 
rem arkab le  success in  the trea tm en t o f ch ildhood  tum ors. 
Each of these concepts is p resen ted  in  the fo llow ing  
discussion.

T hree g ro u p s  of congenita l m alfo rm ations a re  associated  
w ith  a n  increased  risk  for W ilm s tum or. These are WAGR 
syndrome (i.e., Wilms tumor, aniridia, genital abnormalities, and 
mental retardation); Denys-Drash syndrome (DDS), and Beck- 
with-Wiedemann syndrome (BWS). O f pa tien ts  w ith  WAGR 
syndrome app rox im ate ly  one in  th ree  w ill go o n  to  develop  
th is  tum or. A no ther g ro u p  of p atien ts, those w ith  so-called 
"Denys-Drash syndrome" (DDS), have  a n  even  h ig h er risk  
(approx im ate ly  90%) of W ilm s tum or. P atien ts w ith  the 
W A G R  syndrom e, as the  nam e indicates, hav e  W ilm s 
tum or, an irid ia , gen ita l abnorm alities a n d  m en ta l re ta rd a 
tion. D D  synd rom e is charac terized  by g onadal dysgenesis 
a n d  early  onse t n e p h ro p a th y  lead in g  to  ren a l failure. Both 
of these cond itions are associa ted  w ith  abnorm alities of 
the  W ilm s tu m o r 1 (WT1) gene, located  on  11p13. The 
n a tu re  of the  genetic  ab erra tio n  differs, how ever: P atien ts 
w ith  W A G R  synd rom e dem o n stra te  loss of genetic  m ate 
ria l (i.e., deletions) of WT1, w h ile  p e rso n s w ith  DDS harb o r 
a  d o m in an t negative  inac tiva ting  m u ta tio n  in  W T1 tha t 
in terferes w ith  the function  of n o rm al W T1 p ro te in  m ade  
from  the  o th e r WT1 allele. WT1 is critical to  n o rm al renal 
a n d  g onadal developm ent; it is no t su rp ris ing , therefore, 
th a t constitu tiona l inac tiva tion  of one copy  of th is  gene 
resu lts  in  g en ito u rin a ry  abnorm alities in  hum ans.

A  th ird  g ro u p  of patien ts, those w ith  Beckwith- 
Wiedemann syndrome (BWS), also  are a t increased  risk  for 
the  d eve lopm en t of W ilm s tum or. These p a tien ts  exhibit 
en la rgem en t o f in d iv id u a l body  o rgans (e.g., tongue, 
k idneys, o r liver) o r en tire  bo d y  segm ents (hem ihypertro - 
phy); en largem en t o f a d ren a l cortical cells (ad renal cyto- 
m egaly) is a characteristic  m icroscopic featu re . BWS is an  
exam ple  of a d iso rd er o f genom ic im p rin tin g  (see earlier). 
The genetic locus tha t is invo lved  in  these p a tien ts  is in  
b a n d  p15.5 of ch rom osom e 11 d is ta l to  the WT1 locus. 
A lth o u g h  th is locus is called  "W T2" for the second  W ilm s 
tu m o r locus, the gene invo lved  has n o t been  iden tified . 
This reg ion  con tains a t least 10 genes th a t no rm ally  are  
exp ressed  from  only  one of the  tw o  p aren ta l alleles, w ith
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Fig. 7.35 Retinoblastoma. (A) Poorly cohesive tumor in retina is seen abutting the optic nerve. (B) Higher-power view showing Flexner-Wintersteiner 
rosettes ( a r r o w )  and numerous mitotic figures.

tran scrip tiona l silencing of the o th e r p a ren ta l hom ologue  
by m ethy la tion  o f the  p ro m o te r reg ion  located  u p s tre a m  of 
the tran sc rip tio n  s ta rt site. O f all c an d id a te  "W T2" genes, 
im p rin tin g  abnorm alities of in su lin like  g ro w th  factor - 2  

(IGF2) have  the s trongest re la tionsh ip  to  tu m o r p red isp o 
sition  in  p e rso n s w ith  BWS. IGF2 no rm ally  is expressed  
solely from  the  p a te rn a l allele, w h ereas the m a te rn a l allele 
is im p rin ted . In  som e W ilm s tum ors, loss o f im p rin tin g  
(i.e., reexpression  of IGF2 by the m a te rn a l allele) can  be 
dem onstra ted , lead in g  to  overexpression  of the IGF2 
p ro te in , w h ich  is p o s tu la ted  to  re su lt in  b o th  o rg an  en large
m en t a n d  tum origenesis. T hus, these associations suggest 
th a t in  som e cases, congenita l m alfo rm ations a n d  tum ors 
rep resen t re la ted  m an ifesta tions of genetic lesions affect
ing  a single gene o r closely linked  genes. In  ad d itio n  to 
W ilm s tum ors, p a tien ts  w ith  BWS also  are  a t increased  
risk  for the d ev e lo p m en t o f hepatob lastom a, ad ren o 
cortical tum ors, rhabdom yosarcom as, a n d  pancreatic  
tum ors.

In  con trast to  synd rom ic  W ilm s tum ors, the m olecu lar 
abnorm alities u n d e rly in g  sporad ic  (i.e., nonsyndrom ic) 
tum ors, w h ich  accoun t for 90% of cases overall in  chil
d ren , are  on ly  recen tly  being  e lucidated . Som e of them  
are  associated  w ith  specific h isto logic fea tu res described  
later. For exam ple, gain-of-function  m u ta tio n s  of the gene 
encod ing  P-catenin (C hap ter 6 ) have  been  d em o n stra ted  
in  app rox im ate ly  10% of sporad ic  W ilm s tum ors. O ther 
recu rren t m u ta tio n s occur in  genes encod ing  p ro te in s  
invo lved  in  m icroR N A  processing  (DROSHA, DGCR 8 , 
an d  DICER1); these  a re  seen  in  15% to 20% of W ilm s 
tum ors w ith  p red o m in an tly  b lastem al h isto logy  (see later). 
It is p o s tu la ted  th a t aberra tions in  m icroR N A  process
ing  lead  to  red u ced  levels o f m an y  m a tu re  m icroR N A s, 
in  p a rticu la r in  the  miR-200 fam ily, w h ich  is invo lved  
in  "m esenchym al to  ep ithelia l transfo rm ation" d u rin g  
rena l m orphogenesis. The lack of m esenchym al to  ep i
thelial transfo rm ation  likely leads to  p e rsis ten t b lastem al

"rests"  in  the  k id n ey  (see the follow ing), w h ich  evolve 
in to  W ilm s tum ors. Finally, tu m o rs w ith  TP53 m u ta tio n s 
a re  associated  w ith  a n  especially  p o o r p rognosis  and  
often  have  a d istinctive  anap lastic  h isto logic appearance, 
described  later.

M O R P H O L O G Y

W ilms tum or typically is a large, solitary, well-circumscribed 

mass, although 1 0 % are either bilateral or multicentric at the 

time of diagnosis. On cut section, the tum or is soft, homoge

neous, and tan to gray, with occasional foci of hemorrhage, 

cystic degeneration, and necrosis (Fig. 7.36).

On microscopic examination, Wilms tumors are character

ized by recognizable attempts to recapitulate different stages of 

nephrogenesis. The classic triphas ic  com b in a tio n  of blastemal, 

stromal, and epithelial cell types is observed in most lesions, 

although the percentage of each component is variable (Fig. 

7.37A). Sheets of small blue cells, with few distinctive features, 

characterize the b las tem al co m p o n e n t. Epithelial “differentia

tion” usually takes the form of a b o rtiv e  tubules  o r  g lo m eru li. 

Stromal cells are usually fibrocytic or myxoid in nature, although 

skeletal muscle “differentiation” is not uncommon. Approxi

mately 5% of tumors contain foci of anaplasia (cells with large, 

hyperchromatic, pleomorphic nuclei and abnormal mitoses) (Fig 

7.37B). The presence of anaplasia correlates with the presence 

of acquired T P 5 3  mutations and the emergence of resistance to  

chemotherapy. The pattern of distribution of anaplastic cells 

within the primary tum or (focal versus diffuse) has important 

implications for prognosis (see further text).

N ep h ro g en ic  rests are putative precursor lesions of 

W ilms tumors and are sometimes present in the renal paren

chyma adjacent to the tumor. Nephrogenic rests have a spectrum 

of histologic appearances, from expansile masses that resemble 

W ilms tumors (hyperplastic rests) to sclerotic rests consisting 

predominantly of fibrous tissue with occasional admixed
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Fig. 7.36 Wilms tumor in the lower pole of the kidney with the character
istic tan to gray color and well-circumscribed margins.

immature tubules or glomeruli. It is important to  document the 

presence of nephrogenic rests in the resected specimen, because 

these patients are at an increased risk for the development of 

W ilms tumors in the contralateral kidney.

C lin ic a l  C o u r s e

P atien ts  typically  p re se n t w ith  a  p a lpab le  abdom ina l m ass, 
w h ich  m ay  ex tend  across the  m id line  a n d  d o w n  in to  the 
pelv is. Less often, the  p re sen tin g  fea tu res are  fever and  
abdom ina l pain , h em atu ria  or, occasionally , in testina l 
ob stru c tio n  as a re su lt o f p ressu re  from  the  tum or. The 
p rognosis  for W ilm s tu m o r generally  is very  good , an d  
excellent resu lts  are  ob ta in ed  w ith  a com bination  of 
nep h rec to m y  a n d  chem otherapy . A nap lasia  is a h a rb inger 
o f adverse  p rognosis, b u t on ly  if it is diffuse. If the  an ap la 
sia is focal a n d  confined  w ith in  the  resected  neph rec tom y

Ä S U M M A R Y

W I L M S  T U M O R

• W ilms tum or is the most common renal neoplasm of 

childhood.

• Patients with three syndromes are at increased risk for Wilms 

tumors: Denys-Drash, Beckwith-Wiedemann, and Wilms 

tumor, aniridia, genital abnormalities, and mental retardation 

(W G AR) syndrome.

• W AG R syndrome and DDS are associated with W T I inactiva

tion, whereas Beckwith-Wiedemann arises through imprinting 

abnormalities at the W T 2  locus, principally involving the IG F 2  

gene.

• The morphologic components of Wilms tum or include blastema 

(small, round blue cells) and epithelial and stromal elements.

• Nephrogenic rests are precursor lesions of W ilms tumors.

specim en, the ou tcom e is no  d iffe ren t from  th a t for tum ors 
w ith o u t ev idence of anap lasia .

MOLECULAR DIAGNOSIS OF 
MENDELIAN A N D  COMPLEX  
DISORDERS

In  the  e ra  p re d a tin g  the read y  availab ility  o f m olecu lar 
d iagnostic  assays, re n d e rin g  the d iagnosis of a  genetic d is
o rd e r  d e p e n d e d  o n  the  iden tification  of ab n o rm al gene 
p ro d u c ts  (e.g., m u ta n t hem og lob in  o r abno rm al m etabo 
lites) o r their clinical effects, such  as m en ta l re ta rd a tio n  
(e.g., in  PKU). Several factors hav e  since enab led  the  rap id  
expansion  of m olecu lar d iagnostics from  the  rea lm  of 
research  to a n  a lm ost u b iq u ito u s  p resence in  bo th  academ ic 
a n d  com m ercial p a tho logy  laboratories. These inc lude  (1) 
the sequencing  of the h u m a n  genom e a n d  the deposition  
of these d a ta  in  pub lic ly  availab le  databases; (2 ) the 
availab ility  of n u m ero u s  "off-the-shelf" po lym erase  chain

Fig. 7.37 (A) Wilms tumor with tightly packed blue cells consistent with the blastemal component and interspersed primitive tubules, representing the epithelial 
component. (B) Focal anaplasia was present in other areas within this Wilms tumor, characterized by cells with hyperchromatic, pleomorphic nuclei, and an 
abnormal mitosis (center of field). Predominance of blastemal morphology and diffuse anaplasia are associated with specific molecular lesions (see text).
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reaction  (PCR) kits ta ilo r-m ade  for the iden tification  of spe
cific genetic d iso rders; (3) the availab ility  o f h igh -reso lu tion  
m icroarrays ("gene ch ips") th a t can  in te rroga te  bo th  D N A  
a n d  R N A  on  a genom ew ide  scale u sin g  a single p latform ; 
an d , finally, (4) the  em ergence of au to m ated , h igh- 
th ro u g h p u t, nex t-genera tion  ("N extG en") sequencing  tech
nologies. The last tw o  advances h ave  been  especially  u sefu l 
in  the  contex t of n ew  research  to  e lucidate  the genetic basis 
for b o th  m en d e lian  a n d  com plex  d iso rders. A lth o u g h  a 
deta iled  d iscussion  of m olecu lar d iagnostics is beyond  the 
scope of th is book, som e of the  be tte r-k n o w n  ap p roaches 
a re  h ig h lig h ted  in  the  en su in g  p arag rap h s . Irrespective  of 
the techn ique u sed , the  genetic  ab erra tio n  being  queried  
can  be either in  the germ line  (i.e., p resen t in  each a n d  every  
cell of the affected  person , as w ith  a  CFTR m u ta tio n  in  a 
p a tie n t w ith  CF) or som atic (i.e., restric ted  to  specific tissue 
types o r lesions, as w ith  M Y C N  am plification  in  n eu rob las 
tom a cells). This considera tion  d e term ines the n a tu re  o f the 
sam ple  (e.g., p e rip h e ra l b lood  lym phocy tes [PBLs], saliva, 
tu m o r tissue) u sed  for the  assay.

Indications for Genetic Analysis

In  general, ind ications for genetic analysis  can  be d iv id ed  
in to  in h erited  cond itions a n d  acq u ired  conditions. W ith in  
in h erited  conditions, genetic testing  can  be o ffered  a t either 
the p ren a ta l or p o stn a ta l stages. It m ay  involve conven 
tional cytogenetics, FISH, m olecu lar d iagnostics, o r a com 
b ina tion  of these  techniques.

P ren a ta l genetic  analysis sh o u ld  be offered  to  all pa tien ts 
w h o  are  a t risk  of h av in g  cy togenetically  ab n o rm al p rogeny . 
It can  be perfo rm ed  on  cells ob ta ined  by  am niocentesis, on  
chorionic v illu s b iopsy  m aterial, or increasing ly  in  " liq u id
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m olecular d iagnostics laboratories, especially  w ith  the 
ad v e n t of ta rg e ted  therap ies. A lth o u g h  single gene tests 
(m u ta tions of EGFR or BRAF, am plification  of HER2) have  
been  u sed  for a w h ile  to in fo rm  trea tm en t decisions, the 
a d v e n t o f cost-effective nex t-genera tion  sequencing  
app ro ach es has now  allow ed  in terrogations of large 
n u m b ers  o f cod ing  genes (often  in  the 1 0 0 s), as w ell as 
cancer-relevan t translocations, in  a single assay. The clini
cal team  typically  receives a "genom ic  re p o rt"  on  
the  p a tie n t 's  cancer, in c lu d in g  p o ten tia l m olecu larly  tar
ge ted  trea tm en t recom m endations. A no ther m ajor focus of 
m olecu lar d iagnostics has  been  the  ra p id  iden tification  of 
in fectious diseases, such  as su spec ted  tubercu losis o r v iru 
len t p a th o g en s such  as Ebola, u sin g  D N A -based  approaches. 
In  general, these app ro ach es have  cu t d o w n  the  tim e 
re q u ire d  for d iagnosis from  w eeks to  a m a tte r of days. 
Besides de novo  iden tification  of pa thogens, m olecu lar 
d iagnostics labora to ries can  also  con tribu te  to  the  iden tifi
ca tion  of trea tm en t resistance (e.g., acq u ired  m u ta tio n s  in  
in fluenza  v iru ses  th a t re n d e r th em  resis tan t to  anti-v irals), 
a n d  to  the m o n ito rin g  of trea tm en t efficacy u sin g  assays 
for "v ira l load" in  the b lood. Sim ilar p a ram ete rs  (m easur
in g  efficacy of th e rap y  a n d  em ergence of resistance) are 
a lso  w id e ly  u se d  in  cancer patien ts.

Because of the  ra p id  advances in  m olecu lar diagnostics, 
te rm s such  as "p erso n a lized  th e rap y "  a n d  "p rec is io n  m ed i
cine" are  be ing  increasing ly  u se d  to  ind ica te  th e rap y  tai
lo red  to the  n eeds of the  in d iv id u a l pa tien t. It is h o p ed  th a t 
such  expecta tions w ill be m et in  the foreseeable fu tu re . W e 
w ill n o w  d iscuss som e of the  com m on  app ro ach es u se d  in  
m olecu lar d iagnostics laborato ries for assessm en t of inher
ited  a n d  acqu ired  ind ications.

b iopsies" o n  m a te rn a l b lood  p a ire d  w ith  nex t-generation  
sequencing . Som e im p o rta n t ind ica tions a re  the follow ing:
• A dvan ced  m a te rn a l age (beyond  34 years), w h ich  is 

associa ted  w ith  g rea ter risk  of trisom ies
• C onfirm ed  carrier s ta tu s  for a ba lanced  reciprocal trans

location, ro b ertso n ian  translocation , o r inversion  (in 
such  cases, the  gam etes m ay  be unbalanced , so the 
p ro g en y  w o u ld  be a t risk  for ch rom osom al d iso rders)

• Fetal abnorm alities observed  on  u ltra so u n d , or an  
abno rm al resu lt o n  ro u tin e  m a te rn a l b lood  screen ing

• A  chrom osom al abno rm ality  o r m en d e lian  d iso rd er 
affecting  a p rev io u s child

• D e te rm ina tion  of fetal sex w h e n  the  p a tien t o r p a rtn e r 
is a confirm ed carrier of a n  X -linked genetic d iso rder

P ostna ta l genetic analysis  u sua lly  is perfo rm ed  on  
p erip h e ra l b lood  lym phocytes. Ind ications are as follows:
• M ultip le  congenita l anom alies
• Susp ic ion  of a  m etabolic  synd rom e
• U nexp la ined  m en ta l re ta rd a tio n  a n d /o r  developm en ta l 

delay
• S uspected  a n eu p lo id y  (e.g., fea tu res of D o w n  syn 

drom e) o r o ther synd rom ic  ch rom osom al abnorm ality  
(e.g., deletions, inversions)

• S uspected  m onogen ic  d isease, w h e th e r  p rev iously  
described  o r u n k n o w n

A cquired  genetic  a ltera tions, such  as som atic m u ta tio n s 
in  cancer, are  increasing ly  becom ing  a large  focus a rea  in

Molecular Diagnosis of Copy 
Number Abnormalities

A s a lread y  d iscussed  in  th is chap ter, v a rio u s d iseases m ay 
occur as a re su lt o f copy n u m b er abnorm alities, a t the level 
o f the en tire  ch rom osom e (trisom y 2 1 ), ch rom osom al seg
m en ts  (2 2 q 1 1  de le tion  syndrom e), o r subm icroscopic in tra 
genic de le tions (W AGR syndrom e). K aryo type analysis of 
chrom osom es by G  b an d in g  rem ains the classic ap p ro ach  
for iden tify ing  changes a t the ch rom osom al level; how ever, 
as m ig h t be expected , the reso lu tion  w ith  th is techn ique is 
fairly  low . To iden tify  subchrom osom al a ltera tions, bo th  
focused  analysis  of ch rom osom al reg ions by FISH an d  
global genom ic app ro ach es such  as com para tive  genom ic 
h y b rid iza tio n  (CGH) are  com m only  used .

Fluorescence in Situ H ybrid iza tion

FISH uses D N A  p robes th a t recognize sequences specific 
to  ch rom osom al reg ions of g rea ter th a n  1 0 0  k ilobases in  
size, w h ich  defines the lim it o f reso lu tion  w ith  th is tech
n ique  for iden tify ing  ch rom osom al changes. Such p robes 
a re  labeled  w ith  fluo rescen t dyes a n d  are  ap p lied  to  m eta 
phase  sp read s  o r in te rp h ase  nuclei. The p robe  hyb rid izes  
to its com plem en tary  sequence on  the chrom osom e an d  
th u s labels the  specific ch rom osom al reg ion  th a t can  then  
be v isua lized  u n d e r  a fluorescence m icroscope. The ability  
of FISH to c ircum ven t the need  for d iv id in g  cells is in v a lu 
able w h e n  a ra p id  d iagnosis is w a rra n te d  (e.g., in  a criti
cally ill in fan t su spec ted  of hav in g  a n  u n d e rly in g  genetic
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disorder). Such analysis can  be p e rfo rm ed  o n  p ren a ta l 
sam ples (e.g., cells ob ta in ed  by am niocentesis, chorionic 
v illus b iopsy , o r um bilical co rd  b lood), p e rip h e ra l b lood 
lym phocytes, a n d  even  arch ival tissue sections. FISH is 
u sed  for the de tec tion  o f n um eric  abnorm alities of chrom o
som es (aneup lo idy) (Fig. 7.38A), sub tle  m icrodele tions 
(Fig. 7.38B) a n d  com plex translocations n o t indentifiab le  by 
ro u tin e  karyo typ ing , a n d  gene am plification  (e.g., M Y C N  
am plification  in  neurob lastom as).

A rray-B ased G enom ic H ybrid iza tion

FISH requ ires  p rev io u s k now ledge  of the one o r few  spe
cific ch rom osom al reg ions suspec ted  of be ing  a lte red  in  
the test sam ple. H ow ever, genom ic abnorm alities can  also 
be de tec ted  w ith o u t p rev io u s kno w led g e  by u sin g  m icro 
a rray  technology  to  p e rfo rm  a g lobal genom ic survey . 
F irst-generation  p la tfo rm s w ere  designed  for com para tive  
genom ic h y b rid iza tio n  (CGH), w h ereas  n ew er p la tfo rm s 
inco rpo ra te  single nucleo tide  p o ly m o rp h ism  (SNP) geno- 
ty p in g  approaches, offering  m u ltip le  benefits.

In  a rray  com para tive  genom ic h y b rid iza tio n  (aCGH), 
the  test D N A  a n d  a reference (norm al) D N A  are labeled  
w ith  tw o  d ifferen t fluorescen t dyes th a t fluoresce re d  an d  
green, respectively . The d ifferen tially  labeled  sam ples are  
then  co hybrid ized  to  a n  a rray  sp o tted  w ith  D N A  p robes 
th a t sp an  the h u m a n  genom e a t regu la rly  spaced  in tervals, 
a n d  u sually  cover all 2 2  au to som es a n d  the sex chrom o
som es. A t each ch rom osom al p robe  location, the  b in d in g

of the labeled  D N A  from  the tw o  sam ples is com pared . If 
the  tw o  sam ples are  equa l (i.e., the test sam ple  is d ip lo id), 
th en  all spo ts on  the a rray  w ill fluoresce yellow  (the resu lt 
o f a n  equa l ad m ix tu re  of g reen  a n d  red  dyes). In  contrast, 
if there  is ev en  a focal dele tion  or dup lication , the  probe 
spo ts  co rresp o n d in g  to  it w ill show  skew ing  to w ard  red  or 
g reen  (d ep en d in g  o n  gain  o r loss o f m aterial), a llow ing  
h igh ly  accurate  de te rm in a tio n s of copy  n u m b er varian ts  
across the genom e.

N ew er types of "S N P  ch ips" are  based  on  a sim ilar 
concept, b u t the p robes are  designed  to iden tify  SN P sites 
genom ew ide, w h ich  has a n u m b er o f ad v an tag es  over 
C G H . A s d iscussed  in  C h ap te r 1, SN Ps are  the m ost 
com m on  type of D N A  po lym orph ism , occurring  app rox i
m ate ly  every  1 0 0 0  nuc leo tides th ro u g h o u t the  genom e 
(e.g., in  exons, in trons, a n d  reg u la to ry  sequences). Thus, 
SN Ps serve b o th  as a p hysical la n d m a rk  w ith in  the genom e 
as w ell as a genetic m ark er w h o se  transm ission  can  be fol
lo w ed  from  p a re n t to  child . T here are several testing  p la t
fo rm s th a t a llow  SN Ps to  be ana lyzed  genom ew ide  on  
arrays. Like C G H  probes, m eth o d s  invo lv ing  SN Ps can  be 
u sed  to d e term ine  copy  n u m b er varia tions. In  ad d itio n , by 
d iscrim inating  be tw een  SN P alleles a t each  p articu la r loca
tion, they  also  p ro v id e  zygosity  d a ta  (Fig. 7.39). This m eans, 
for exam ple, th a t SN P ch ips can  iden tify  u n ip a ren ta l 
d isom y, in  w h ich  loss o f heterozygosity  is seen  w ith in  an  
affected reg ion  h av in g  d ip lo id  D N A  conten t. The cu rren t 
genera tion  of SN P a rray s is qu ite  com prehensive , w ith  the

Fig. 7.38 FISH. (A) Interphase nucleus from a male patient with suspected trisomy 18. Three different fluorescent probes have been used in a “FISH cocktail”; 
the green probe hybridizes to the X  chromosome centromere ( o n e  c o p y ) , the red probe to the Y chromosome centromere ( o n e  c o p y ) , and the aqua probe 
to the chromosome 18 centromere ( t h r e e  c o p ie s ) . (B) A metaphase spread in which two fluorescent probes have been used, one hybridizing to chromosome 
region 22ql3 ( g re e n )  and the other hybridizing to chromosome region 22qll.2 ( r e d ) .There are two 22ql3 signals. One of the two chromosomes does not 
stain with the probe for 22qll.2, indicating a microdeletion in this region. This abnormality gives rise to the 22qll.2 deletion syndrome (DiGeorge syndrome). 
( C o u r te s y  o f  D r .  N a n c y  R. S c h n e id e r  a n d  J e f f  D o o l i t t le ,  C y to g e n e t ic s  L a b o r a to r y ,  U n iv e r s i t y  o f  T e x a s  S o u th w e s te rn  M e d ic a l  C e n te r ,  D a l la s ,  T e x a s .)
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Fig. 7.39 Analysis of copy number variation via SNP cytogenomic array. Genomic DNA is labeled and hybridized to an array containing potentially millions 
of probe spots. Copy number is determined by overall intensity and genotype is determined by allelic ratio. The example shown is the p arm of chromosome 
12 in a pediatric leukemia. Here, the normal areas ( g re e n )  show neutral (diploid) DNA content and the zygosity plot shows the expected ratio of AA, AB, 
and BB SNP genotypes. The anomalous area ( r e d )  shows decreased overall intensity, and the zygosity plot shows loss of heterozygosity (the AB genotype); 
together, these findings indicate the presence of a deletion on one copy of chromosome 12p. ( M o d i f ie d  f r o m  P a u ls s o n  K ,  e t  a l :  G e n e t ic  la n d s c a p e  o f  h ig h  h y p e r 

d ip lo id  c h i ld h o o d  a c u t e  ly m p h o b la s t ic  le u k e m ia ,  PNAS ! 0 7 [ 5 0 ] : 2 i 7 i 9 - 2 i 7 2 4 ,  2 0 1 0 . )

la rgest con ta in ing  g rea ter th a n  4 m illion  SNP probes. A s a 
resu lt, th is technology  is the m ainstay  of genom ew ide  
associa tion  s tud ies  (GW ASs, described  later).

Direct Detection of D N A  Mutations by 
Polymerase Chain Reaction (PCR) Analysis * •

PCR analysis, w h ich  involves exponen tia l am plification  of 
D N A , is now  w id e ly  u sed  in  m o lecu lar d iagnosis. If R N A  
is u se d  as the substra te , it is first reverse-transcribed  to 
ob ta in  cD N A  a n d  th en  am plified  by PCR. This m eth o d  
invo lv ing  reverse transcription (RT) o ften  is abb rev ia ted  as 
RT-PCR. To am plify  a  D N A  segm en t o f in terest, tw o 
p rim ers  th a t b in d  to  the 3 ' a n d  5 ' en d s  of the  no rm al 
sequence are  designed . By u sin g  a p p ro p ria te  D N A  po ly 
m erases a n d  therm al cycling, the ta rge t D N A  is greatly  
am plified , p ro d u c in g  m illions of copies of the  D N A  
sequence b e tw een  the  tw o  p rim er sites. The D N A  sequence 
of the PCR p ro d u c t can  th en  be ana lyzed  in  several w ays:
• Sanger sequencing , n am ed  after its inven to r, N obel- 

lau rea te  F rederick  Sanger, has for m an y  years been  the 
"w o rk h o rse"  of genom e sequencing , in c lu d in g  the orig 
ina l H u m a n  G enom e Project. H ere, the  am plified  D N A  
is m ixed  w ith  a D N A  po lym erase , a D N A  prim er, nucle 
o tides, a n d  four d ead -en d  (d i-deoxy te rm inato r) nucleo 
tides (A, T, G, a n d  C) labeled  w ith  d iffe ren t fluorescen t 
tags. The en su in g  reaction  p ro d u ces  a series of D N A  
m olecules o f all possib le  len g th s u p  to  a  k ilobase o r so, 
each labeled  w ith  a tag  th a t co rresp o n d s to  the  base  a t 
w h ich  the reaction  s to p p ed  because of the inco rpo ra tion

of one of the te rm in a to r nucleo tides. A fter size separa 
tion  by cap illary  e lectrophoresis, the exact sequence can 
be " re a d "  a n d  com pared  w ith  the no rm al sequence to 
de tec t the  p resence of m u ta tions. M any app lica tions of 
Sanger sequencing  (and  o th e r PC R -based approaches) 
are  s ta rtin g  to  give w ay  to  nex t-genera tion  sequencing  
(d iscussed  later), p a rticu la rly  w h e n  the analysis  o f large 
genes o r m u ltip le  genes is req u ired . N onetheless, even  
in  2016, Sanger sequencing  rem ains the "g o ld  s ta n d a rd "  
for m an y  gen o ty p in g  assays.

• A n o th er ap p ro ach  for iden tify ing  m u ta tio n s a t a specific 
nucleo tide  p o sition  (say, a  codon  1 2  m u ta tio n  in  the 
K RAS  oncogene th a t converts  glycine [GGT] to  aspartic  
acid  [GAT]) w o u ld  be to  a d d  fluorescen tly  labeled  
nucleo tides C an d  T  to  the PCR m ixture , w h ich  are  
com plem en tary  to  e ither the w ild -ty p e  (G) o r m u ta n t 
(A) sequence, respectively . Because these tw o  nucleo 
tides are  labeled  w ith  d ifferen t fluo rophores, the fluo
rescence em itted  by  the  resu ltin g  PCR p ro d u c t can  be of 
one o r an o th e r color, d e p e n d in g  o n  w h e th e r  a C o r a T 
becom es in co rp o ra ted  in  the process o f p rim er exten 
sion  (Fig. 7.40). The ad v an tag e  of th is allele-specific 
ex tension  stra tegy  is th a t it is m ore  sensitive th a n  Sanger 
sequencing, a llow ing  for the  iden tification  m u ta ted  
D N A  sequences even  if they  m ake u p  a sm all fraction  
(~1%) of the to ta l D N A  (as m ay  be the case in  clinical 
specim ens ob ta in ed  from  p a tien ts  su spec ted  of harbo r
ing  a m alignancy). A n  u ltrasensitive  v a rian t of th is 
assay, k n o w n  as d ro p le t d ig ita l PCR, litera lly  separa tes 
the tem p la te  D N A  (or cD N A ) in to  th o u sa n d s  to  m illions 
of m icroscopic oil "d ro p le ts ,"  such  th a t any  given
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Fig. 7.40 Allele-specific polymerase chain reaction (PCR) analysis for muta
tion detection in a heterogeneous sample containing an admixture of normal 
and mutant DNA. Nucleotides complementary to the mutant and wild-type 
nucleotides at the queried base position are labeled with different fluoro
phores such that incorporation into the resulting PCR product yields fluo
rescent signals of variable intensity in accordance with the ratio of mutant 
to wild-type DNA present.

d ro p le t con ta ins no  m ore  th an  one s tran d  of tem plate  
D N A , a long  w ith  requ isite  PCR reagen ts. Each such  
"m in ireac to r"  th en  generates its o w n  PCR p ro d u c t, 
w h ich  can  be d ig ita lly  in teg ra ted  a n d  ana ly zed  for the 
presence of m u ta n t alleles. By assessing  each  tem pla te  
in d iv id u a lly  in  parallel, ra th e r  th an  in  a single PCR reac
tion, d ro p le t d ig ita l PCR has exquisite  sensitiv ity , being  
able to  detect as little  as 1 m u ta n t D N A  stran d  in  10,000 
or m ore  w ild -ty p e  m olecules.

N e x t G eneration Sequencing

Increasing ly , nearly  all o f m o lecu lar d iagnostics app lica 
tions req u irin g  assessm en t of D N A  (or RNA) are  being  
su p p la n te d  by so-called "n ex t-genera tion  sequencing" 
(NGS) technologies, so n am ed  because the  Sanger sequenc
in g  m en tio n ed  earlier is n o w  considered  "firs t g eneration ." 
The availab ility  of NGS technology  has the  p o ten tia l to 
a lte r m o lecu lar d iagnostics radically , by  the  sheer vo lum e 
of sequencing  d a ta  (m ore th a n  1  g igabase pa irs  o r 
1,000,000,000 base pa irs  o f D N A  p er day!) a t re la tively  low  
costs. The en tire  h u m a n  genom e has a little m ore  th a n  3 
gigabases, so true  "w h o le  genom e sequencing" can  be p e r
fo rm ed  several tim es in  a m a tte r of days. In  co n trast w ith  
Sanger sequencing , NGS technologies u se  p la tfo rm s in  
w h ich  sequencing  of m u ltip le  fragm en ts  o f the  h u m a n  
genom e (D N A  or cD N A ) can  occur in  para lle l ("m assively  
pa ra lle l sequencing"), significantly  en h ancing  its speed  
(Fig. 7.41). F luorescen tly  labeled  nucleo tides are incorpo 
ra ted  th a t a re  com plem en tary  to  the tem p la te  D N A  strands, 
w h ich  are  im m obilized  o n  a solid  phase , w ith  one nucleo 
tide a d d e d  p e r  tem plate  p e r  cycle. A n  im age is ca p tu re d  a t 
the en d  of each cycle, a n d  the  cycles are rep ea ted  un til a

" re a d "  of sufficient len g th  is g en era ted  to  m ap  each read  
back  to  the h u m a n  genom e u sin g  soph istica ted  b io infor
m atics. In  ad d itio n  to  d ifferences of tim e a n d  scale, an o th er 
key d ifference be tw een  NGS an d  trad itio n a l Sanger 
sequencing  is the ab ility  o f the  fo rm er to  de tec t v a rian t 
alleles th a t occur a t low  frequency  in  sam ples th a t con ta in  
a  he terogeneous m ix tu re  of cells. W ith  Sanger sequencing, 
the low er lim it o f de tec tion  for v a rian t allele frequency  is 
2 0 % o r m ore, th u s  req u irin g  e ither hom ogeneous sam ples 
(such  as germ line  D N A ) o r som e fo rm  of en richm ent, such  
as m icrod issection  of tu m o r cells from  a b iopsy  th a t also 
con tains n o rm al tissue. The ab ility  o f NGS to " re a d "  the 
sam e reg ion  of the genom e m u ltip le  tim es (from  1 0 0 - to 
1 0 0 0 -fold red u n d an cy ) a llow s de tec tion  of allele frequen 
cies as low  as 1%, m ak in g  NGS p articu la rly  u sefu l w h e n  
search ing  for m u ta tio n s in  tissue b iopsies th a t con ta in  
m ore nonneop lastic  strom a th a n  the  tu m o r cells.

C linical a n d  research  app lica tions of NGS (w hich  can  be 
perfo rm ed  on  e ither germ line o r som atic D N A , o r both) 
include ta rg e ted  sequencing  (typically  a p an e l o f a few  to 
several h u n d re d  genes); w ho le  exom e sequencing  (WES), 
w h ich  in te rrogates  all cod ing  reg ions of the  h u m a n  genom e; 
an d  w ho le  genom e sequencing  (WGS), w h ich  inc ludes the 
rem ain in g  99% of the h u m a n  genom e, in c lu d in g  reg ions 
th a t express n o ncod ing  RN A s. In  ad d itio n  to  D N A , NGS 
can  also  be u se d  for m easu rin g  the  tran sc rip to m e (RNA- 
Seq) a n d  genom ew ide  b in d in g  sites for transcrip tion  
factors o r h istones (ch rom atin  im m u n o p rec ip ita tio n  an d  
sequencing , o r ChIP-Seq).

Linkage Analysis and Genomewide 
Association Studies

D irect d iagnosis o f m u ta tio n s  is possib le  on ly  if the  gene 
responsib le  for a  genetic d iso rd e r is k n o w n  a n d  its sequence 
has b een  iden tified . In  several d iseases th a t have  a genetic 
basis, in c lu d in g  som e com m on  d iso rders, d irec t genetic 
d iagnosis is n o t possib le, e ither because the  causal gene has 
n o t been  iden tified  or because the d isease is m ultifacto ria l 
(polygenic) a n d  no  single gene is involved . In  such  cases, 
tw o types of analyses can  be  p e rfo rm ed  for un b iased  iden 
tification of d isease-associa ted  gene(s): linkage analysis 
an d  GW ASs. In  b o th  instances, su rroga te  m ark ers  in  the 
genom e, also  k n o w n  as m ark er loci, m u s t be u se d  to  local
ize the  ch rom osom al reg ions of in terest, based  o n  their 
linkage to  one or m ore  p u ta tiv e  d isease-causing  genes. The 
m ark er loci u se d  are n a tu ra lly  o ccurring  v aria tions in  D N A  
sequences k n o w n  as p o lym orph ism s, typically  SNPs, as 
described  prev iously .

T w o technologic b reak th ro u g h s  have  enab led  the ap p li
ca tion  of SN Ps to  h ig h -th ro u g h p u t "g en e  h u n tin g ."  F irst is 
the  com pletion  of several large  genom ic sequencing  proj
ects (the H ap M ap  pro ject a n d  the 1000 genom e project) 
th a t have  p ro v id e d  linkage d iseq u ilib riu m  p a tte rn s  in  m u l
tip le e thnorac ia l g roups, b ased  on  genom ew ide  SNP 
m app ing . The en tire  h u m a n  genom e can  n o w  be d iv id ed  
in to  b locks k n o w n  as "h ap lo ty p es ,"  w h ich  con ta in  va ry in g  
n u m b ers  of con tiguous SN Ps o n  the sam e chrom osom e 
th a t are  in  linkage d iseq u ilib riu m  a n d  hence inherited  
toge ther as a cluster. As a  resu lt, ra th e r th a n  qu ery in g  
every  single SN P in  the  h u m a n  genom e, com parab le  in for
m ation  a b o u t sh ared  D N A  can  be ob ta in ed  sim ply  by
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Fig. 7.41 Principle of next-generation sequencing. Several alternative approaches currently are available for “NextGen” sequencing, and one of the more 
commonly used platforms is illustrated. (A) Short fragments of genomic DNA (“template”) between 100 and 500 base pairs in length are immobilized on a 
solid phase platform such as a glass slide, using universal capture primers that are complementary to adapters that have previously been added to ends of 
the template fragments. The addition of fluorescently labeled complementary nucleotides, one per template DNA per cycle, occurs in a “massively parallel” 
fashion, at millions of templates immobilized on the solid phase at the same time. A four-color imaging camera captures the fluorescence emanating from 
each template location (corresponding to the specific incorporated nucleotide), following which the fluorescent dye is cleaved and washed away, and the 
entire cycle is repeated. (B) Powerful computational programs can decipher the images to generate sequences complementary to the template DNA at the 
end of one “run,” and these sequences are then mapped back to the reference genomic sequence, to identify alterations. ( R e p r o d u c e d  w i th  p e r m is s io n  f r o m  

M e t z k e r  M :  S e q u e n c in g  te c h n o lo g ie s — th e  n e x t  g e n e r a t io n ,  Nat Rev Genet 1 1 : 3 1 - 4 6 ,  2 0 1 0 ,  ©  N a t u r e  P u b lis h in g  G ro u p .)

look ing  for sh ared  hap lo types, u sin g  single o r a  sm all 
n u m b er of SN Ps th a t " tag "  or iden tify  a  specific hap lo type . 
Second, it is n o w  possib le to  geno type  m illions of SN Ps 
sim ultaneously , in  a cost-effective w ay , u s in g  h igh -density  
SNP arrays, as described  earlier.

Linkage Analysis

L inkage analysis  deals w ith  assessing  sh ared  m ark er loci 
(i.e., SNPs) in  fam ily  m em bers exhib iting  the d isease or 
tra it o f in terest, w ith  the a ssu m p tio n  th a t SN Ps in  linkage 
d iseq u ilib riu m  w ith  the d isease allele a re  tran sm itted  
th ro u g h  p ed ig rees. W ith  tim e it becom es possib le to  define 
a  "d isease  h ap lo ty p e"  based  o n  a p an e l of SNPs, all of 
w h ich  cosegregate w ith  the p u ta tiv e  d isease allele. E ven tu 
ally, linkage analysis facilitates localization  a n d  clon ing  of 
the d isease allele. L inkage analysis  is m o st usefu l in  m en- 
de lian  d iso rd ers  th a t a re  re la ted  to  one gene w ith  p ro fo u n d  
effects a n d  h ig h  penetrance.

G enom ew ide Association Studies (G W A S s)

It is n o w  estab lished  th a t som e of the m ost com m on  h u m an  
diseases, such  as hypertension , d iabetes, m en ta l d iso rders, 
an d  asthm a, have  a po lygen ic  basis, w ith  m u ltip le  genetic 
loci co n trib u tin g  sm all in d e p e n d e n t effects, re su ltin g  in  a 
d isease  phen o ty p e . C onven tional linkage analyses lack the 
statistical p o w er to  detect such  genetic varian ts. In  GW ASs, 
large  cohorts  of p a tien ts  w ith  an d  w ith o u t a d isease (ra the r 
th an  fam ilies) a re  exam ined  across the en tire  genom e for 
v a rian t SN Ps th a t a re  o v e rrep resen ted  in  p e rso n s w ith  the

disease. This iden tifies reg ions of the genom e th a t con ta in  
a  v a rian t gene o r genes th a t confer d isease susceptib ility . 
The causal v a rian t w ith in  the reg ion  is th en  prov isionally  
iden tified  u sin g  a "can d id a te  gene" app roach , in  w h ich  
genes a re  selected based  on  h o w  tigh tly  they  are  associated  
w ith  the  d isease  an d  w h e th e r  their biologic function  seem s 
likely to  be in vo lved  in  the d isease u n d e r  s tudy . In  ad d itio n  
to  po lygenic  d iseases, GW ASs also  hav e  led  to  the iden ti
fication  of genetic loci th a t m o d u la te  com m on  q u an tita tive  
tra its in  hum an s, such  as heigh t, b o d y  m ass, h a ir  an d  eye 
color, an d  bone density .

W e en d  th is  ch ap te r to  reflect on  the c u rren t genom ic 
era  of m edicine. A dvances in  u n d e rs ta n d in g  the  m olecu
lar basis o f h u m a n  d isease  are tak ing  place a t a b rea th tak 
ing  pace, as are  m o lecu lar d iagnostic  techniques. 
T h ro u g h o u t th is book  w e  w ill illu stra te  how  these  changes 
have  im pacted  on  the m an ag em en t of certa in  d iseases 
in  the  clinic. By the  tim e th is book  reaches the read e r 
w e  h ope  th a t m an y  m ore  such  exam ples w ill becom e 
com m onplace.
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M any d iseases a re  caused  or in fluenced  by env ironm en ta l 
factors. B roadly  defined , the te rm  ambient environment 
encom passes the various o u td o o r, indoor, a n d  occupa
tional se ttings in  w h ich  h u m a n s  live a n d  w ork . In  each  of 
these settings, the  a ir p eop le  breathe , the food  a n d  w a te r 
they  consum e, a n d  the  toxic agen ts they  are  exposed  to  are 
m ajor d e te rm in an ts  of health . O ther env ironm en ta l factors 
p e rta in  to the  in d iv id u a l ("personal en v ironm en t") an d  
include tobacco use, alcohol ingestion , th e rap eu tic  an d  
"recrea tional"  d ru g  consum ption , d iet, a n d  the like. It is 
generally  believed  th a t factors in  the p ersonal e n v iro n m en t 
have  a la rger effect on  h u m a n  h ea lth  th a n  th a t of the 
am b ien t env ironm en t, b u t new  th rea ts  re la ted  to  global 
w a rm in g  (described  later) m ay  change th is equation .

The term  environm ental d isease refers to disorders 
caused  b y  exposure to chem ical or physica l agents in  the  
am bient, w orkplace, and personal environm ents, inc lud 
in g  d iseases of n u tritio n a l orig in . E nv ironm en ta l d iseases 
a re  su rp ris in g ly  com m on. The In terna tional Labor O rgan i
za tio n  has estim ated  th a t w o rk -re la ted  in juries a n d  ill
nesses kill m ore  p eop le  p e r  y ear globally  th a n  do  ro ad  
acciden ts a n d  w a rs  com bined . M ost of these w ork -re la ted  
p rob lem s are  caused  by illnesses ra th e r th a n  accidents. The 
b u rd e n  of d isease in  the  general p o p u la tio n  crea ted  by 
nonoccupational exposu res to  toxic agen ts is m u ch  m ore 
d ifficult to  estim ate, m ostly  because of the d iversity  of 
agen ts  a n d  the  d ifficulties in  m easu rin g  the dose  an d  d u ra 
tion  of exposures. W hatever the precise num bers, env iron 
m en ta l d iseases a re  m ajor causes of d isab ility  a n d  suffering  
an d  constitu te  a heavy  financial b u rd en , p articu larly  in  
develop ing  countries.

E n v ironm en ta l d iseases are som etim es the consequence 
of m ajor d isasters, such  as the  m ethy l m ercu ry  contam ina-

tion  of M inam ata  Bay in  Japan  in  the 1960s, the  leakage of 
m ethy l isocyanate  gas in  Bhopal, Ind ia , in  1984, the  C her
noby l nuclear acciden t in  1986, the F ukush im a  nuclear 
m e ltd o w n  fo llow ing  the  tsu n am i in  2 0 1 1 , a n d  lead  po ison 
ing  re su ltin g  from  con tam ina ted  d rin k in g  w a te r in  the  city 
o f F lin t in  the  U n ited  States in  2016. Fortunate ly , these  are 
u n u su a l a n d  in freq u en t occurrences. Less dram atic , b u t 
m u ch  m ore com m on, a re  d iseases a n d  in ju ry  p ro d u c e d  by 
chronic exposu re  to  re la tively  low  levels o f con tam inan ts. 
It sh o u ld  be n o ted  th a t a  ho st o f factors, in c lu d in g  com plex 
in teractions be tw een  p o llu tan ts  p ro d u c in g  m u ltip licative  
effects, as w ell as the  age, genetic  p red isposition , a n d  dif
feren t tissue  sensitiv ities of exposed  persons, create w id e  
v aria tions in  in d iv id u a l sensitiv ity . D isease re la ted  to  m al
n u tritio n  is even  m ore pervasive . In  2010, it w as  estim ated  
th a t 925 m illion  peop le  w ere  m aln o u rish ed  — one in  every  
seven  p erso n s w o rld w id e . C h ild ren  a re  d isp ropo rtiona te ly  
affected by u n d e rn u tritio n , w h ich  accounts for m ore  th an  
50% of ch ildhood  m orta lity  w o rld w id e .

In  th is chap ter, w e  first consider the em erg ing  p rob lem  
of the  h ea lth  effects of clim ate change. W e th en  d iscuss the 
m echan ism s of toxicity of chem ical a n d  physical agents, 
an d  ad d ress  specific en v iro n m en ta l d iso rders, in c lu d in g  
those  of n u tritio n a l origin.

HEALTH EFFECTS OF 
CLIMATE CHANG E

G lobal tem p era tu re  m easu rem en ts  show  th a t the ea rth  has 
w a rm e d  significantly  since the early  2 0 th  cen tu ry , an d  
especially  since the m id-1960s. R ecord-break ing  global 
tem p era tu re s  have  becom e com m on, w ith  2005, 2010, 2014,
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an d  2015 each se tting  successive h ig h -tem p era tu re  records. 
O f note, 15 o f the 16 w a rm e s t y ears  since 1880 have  occurred  
d u rin g  the 21st cen tu ry . D u rin g  2015, the global lan d  tem 
p e ra tu re  w as  0.9° C w a rm e r th an  the 20th cen tu ry  average. 
M ean  global ocean  tem p era tu res  also  set new  reco rds in  
2015, w ith  a n  an n u a l average tem p era tu re  0.74° C above 
the 20th cen tu ry  average. A s of th is w riting , 2016 is on  
track to  ap p ro ach  or exceed the  reco rds ju s t set in  2015.

The rising  a tm ospheric  a n d  ocean  tem p era tu res  have  
led  to  a large  n u m b er of effects th a t inc lude  changes in  
sto rm  frequency, d ro u g h t, a n d  flood, as w ell as large-scale 
ice losses in  G reen land , A ntarctica, a n d  the v as t m ajority  
of the o th e r g laciated  reg ions o n  earth , as w ell as d ram atic  
th in n in g  o r d isappearance  of A rctic ocean  sea ice. The 
m elting  of land -based  glacial ice a n d  the  therm al expan 
sion of the w a rm in g  oceans has p ro d u c e d  approx im ate ly  
80 m m  of g lobal average sea level rise  since 1993, a n d  the 
sea level cu rren tly  is r is ing  a t a g lobal average ra te  o f 3.5 
± 0.4 m m /y e a r .

A lth o u g h  po litic ians qu ibble, am o n g  scientists there  is 
a general acceptance th a t clim ate change is, a t least in  part, 
m an-m ade. The cu lp rit is the rising  a tm ospheric  level 
of g reenhouse  gases, p articu larly  carbon  d iox ide (CO2) 
re leased  th ro u g h  the  b u rn in g  of fossil fuels (Fig. 8.1A), 
as w ell as ozone (an  im p o rtan t a ir p o llu tan t, d iscussed  
later), a n d  m ethane. These gases, a long  w ith  w a te r  vapor, 
p ro d u ce  the  so-called "g reen h o u se  effect" by  absorb ing  
energy  ra d ia te d  from  E arth 's  surface th a t o therw ise  w o u ld  
be lost in to  space. The an n u a l average level of a tm ospheric  
C O 2  (abou t 401 p p m ) in  2015 w as  h ig h er th a n  a t any  p o in t 
in  app rox im ate ly  650,000 years and , w ith o u t changes in  
h u m a n  behavior, is expected  to  increase to  500 to  1200 p p m  
by  the  en d  of th is c e n tu ry - le v e ls  n o t experienced  for tens 
of m illions of years. This increase stem s n o t on ly  from  
increased  C O 2  p ro d u c tio n  b u t also  from  defo resta tion  an d  
the a tte n d a n t decrease in  carbon  fixation  by p lan ts. D epend 
ing  o n  the  co m p u te r m o d e l u sed , increased  levels of g reen 
house  gases are p ro jected  to  cause the global tem p era tu re  
to rise by  2°C to 5°C by the  y ear 2100 (Fig. 8.1B). The h ea lth  
consequences of clim ate change w ill d e p e n d  o n  its ex ten t 
an d  rap id ity , the severity  of the  en su in g  consequences, an d  
h u m a n k in d 's  ab ility  to  m itigate  the d am ag in g  effects. Even 
in  the best-case scenario, how ever, clim ate change is 
expected  to  hav e  a serious negative  im p ac t o n  h u m an  
h ea lth  by  increasing  the incidence of a  n u m b er of diseases, 
in c lu d in g  the follow ing:
• Cardiovascular, cerebrovascular, and respiratory diseases, all 

of w h ich  w ill be exacerbated  by  h ea t w aves a n d  a ir 
po llu tion .

• Gastroenteritis, cholera, a n d  o th er food- a n d  w a te rb o rn e  
in fectious d iseases, caused  by con tam in a tio n  as a con
sequence of floods a n d  d is ru p tio n  of clean  w a te r  su p 
p lies a n d  sew age trea tm en t, after heavy  ra in s a n d  o ther 
env ironm en ta l d isasters.

• Vector-borne infectious diseases, such  as m alaria  an d  
d en g u e  fever, re su ltin g  from  changes in  vector n u m b er 
an d  geograph ic  d is tr ib u tio n  re la ted  to increased  tem 
pera tu res , crop  failures, a n d  m ore  ex trem e w ea th er 
va ria tio n  (e.g., m ore  freq u en t a n d  severe El N ino  events).

• Malnutrition, caused  by changes in  local clim ate th a t 
d is ru p t crop  p ro d u c tio n . Such changes are  an tic ipa ted  
to be m ost severe in  trop ical locations, in  w h ich  average
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Fig. 8.l Climate change, past and future. (A) Correlation of CO 2  levels 
measured at the Mauna Loa Observatory in Hawaii with average global 
temperature trends since the mid-1960s. “Global temperature” in any given 
year was deduced at the Hadley Center (United Kingdom) from measure
ments taken at more than 3000 weather stations located around the globe. 
(B) Predicted temperature increases during the 21st century. Different com
puter models plot anticipated rises in global temperatures of 2°C to 5°C by 
the year 2100. (A , C o u r te s y  o f  D r .  R ic h a r d  A s te r ,  D e p a r t m e n t  o f  G e o s c ie n c e s ,  C o lo 

r a d o  S ta te  U n iv e r s it y ,  F o r t  C o llin s ,  C o lo ra d o . )

tem p era tu res  m ay  a lready  be n ear or above crop toler
ance levels; it is es tim ated  th a t by  2080, ag ricu ltu ra l 
p ro d u c tiv ity  m ay  decline by 10% to 25% in  som e devel
o p ing  coun tries as a consequence of c lim ate change.

B eyond these disease-specific effects, it is estim ated  
th a t the m elting  of glacial ice, p a rticu la rly  in  G reen land  
an d  o th e r p a rts  o f the  N o rth e rn  H em isphere , com bined  
w ith  the  therm al expansion  of w arm in g  oceans, w ill raise 
sea levels by  2 to  6  feet by  2100. A pprox im ate ly  10% of 
the w o rld 's  p o p u la t io n - ro u g h ly  600 m illion  p e o p le - l iv e  
in  low -ly ing  areas th a t are a t risk  for flood ing  even  if the 
rise in  ocean  levels is a t the low  en d  of these estim ates. 
For exam ple, a rise  in  sea level by  1.5 feet w ill subm erge 
70% of the lan d  m ass of M ald ive is lands by  2100 a n d  a 
3-foot rise w ill in u n d a te  100% all o f the is lands by 2085. 
The resu ltin g  d isp lacem en t o f peop le  w ill d is ru p t lives 
an d  com m erce, c reating  cond itions ripe  for political
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u n rest, w ar, a n d  poverty , the  "vecto rs" of m alnu trition , 
sickness, a n d  dea th . W o rld w id e  recogn ition  of the  cata
stroph ic  effects of clim ate change led  in  la te  2015 to  a 
h isto ric  m eeting  of 196 coun tries in  Paris, France, a t 
w h ich  the p a rtic ip a tin g  coun tries ag reed  to the fo llow ing  
objective:

Holding the increase in the global average temperature to well 
below 2°C above preindustrial levels and to pursue efforts to 
limit the temperature increase to 1.5°C above preindustrial 
levels, recognizing that this would significantly reduce the 
risks and impacts of climate change.

TO X IC ITY  OF CHEMICAL A N D  
PHYSICAL AGENTS

Toxicology is  defined  as the science o f p o ison s. It studies  
the distribution , effects, and m echanism s o f action of 
toxic agen ts . M ore b road ly , it also  inc ludes the  s tu d y  of the 
effects of physical agen ts such  as rad ia tio n  a n d  heat. 
A pprox im ate ly  4 b illion  p o u n d s  of toxic chem icals, inc lud 
in g  72 m illion  p o u n d s  of k n o w n  carcinogens, a re  p ro d u ced  
each  y ear in  the U n ited  States. In  general, how ever, little is 
k n o w n  ab o u t the p o ten tia l h ea lth  effects o f chem icals. Of 
the  ap p rox im ate ly  100,000 chem icals in  u se  in  the U nited  
States, less th a n  1% have  been  tested  experim en ta lly  for 
h ea lth  effects.

W e n o w  consider som e basic p rinc ip les re g a rd in g  the 
toxicity of exogenous chem icals a n d  d rugs.
• The defin ition  of a po ison  is n o t stra ig h tfo rw ard . It is a 

q u an tita tiv e  concept strictly  d e p e n d e n t o n  dosage. The 
q u o te  from  P aracelsus in  the  16th cen tu ry  th a t "a ll sub 
stances are  poisons; the  rig h t dosage  d ifferen tia tes a 
p o iso n  from  a rem ed y " is p e rh a p s  even  m ore valid  
today , in  v iew  of the  p ro life ra tion  of the rapeu tic  d ru g s  
w ith  po ten tia lly  h a rm fu l effects.

• X enobiotics a re  exogenous chem icals in  the env iron 
m en t th a t m ay  be abso rbed  by  the body  th ro u g h  inhala 
tion, ingestion , o r sk in  contact (Fig. 8.2).

• C hem icals m ay  be excreted  in  u rin e  or feces o r elim i
n a te d  in  exp ired  air, o r they m ay  accum ula te  in  bone, 
fat, b ra in , o r o ther tissues.

• C hem icals m ay  act a t the site of en try , o r they  m ay  be 
tran sp o rted  to  o th e r sites. Som e agen ts a re  n o t m odified  
on  en try  in  the body , b u t m ost so lven ts a n d  d ru g s  are 
m etabo lized  to  fo rm  w ater-so lub le  p ro d u c ts  (detoxifica
tion) or a re  ac tiva ted  to fo rm  toxic m etabolites.

• M ost so lven ts a n d  d ru g s  are  lipophilic, w h ich  facilitates 
their tra n sp o rt in  the b lood  by lip o p ro te in s  a n d  pen e tra 
tion  th ro u g h  lip id  com ponen ts o f cell m em branes.

• The reactions th a t m etabolize xenobiotics in to  non 
toxic p ro d u c ts , o r activate  xenobiotics to  generate  toxic 
co m p o u n d s  (Fig. 8.3; see also  Fig. 8.2), occur in  tw o 
phases. In  p h ase  I reactions, chem icals can  u n d e rg o  
hydro ly sis , ox idation , o r reduction . P roducts  of phase  
I reactions often  are m etabo lized  in to  w ater-so lub le  
co m p o u n d s  th ro u g h  p h ase  II reactions of g lucuron ida- 
tion, su lfation , m ethy lation , a n d  con jugation  w ith  g lu 
ta th ione  (GSH). W ater-so lub le  co m p o u n d s  are read ily  
excreted.

Air Water

+
Soil

HUMAN EXPOSURE

Skin Lung

Fig. 8 . 2  Human exposure to pollutants. Pollutants contained in air, water, 
and soil are absorbed through the lungs, gastrointestinal (GI) tract, and skin. 
In the body, they may act at the site of absorption, but they generally are 
transported through the bloodstream to various organs, where they are 
stored or metabolized. Metabolism of xenobiotics may result in the forma
tion of water-soluble compounds, which are excreted, or in activation of the 
agent, creating a toxic metabolite.

• The m ost im p o rta n t cellu lar enzym e system  invo lved  in  
p h ase  I reactions is the cy tochrom e P-450 system . The 
P-450 system  is p re sen t in  o rgans th ro u g h o u t the  body , 
b u t it is m ost active in  the endop lasm ic  re ticu lu m  (ER) 
of the liver. The system  catalyzes reactions th a t m ay 
e ithe r detoxify  xenobiotics o r convert xenobiotics in to  
active co m p o u n d s th a t cause cellu lar in jury . B oth types 
of reactions m ay  p roduce , as a b y p ro d u c t, reactive 
oxygen  species (ROS), w h ich  can  cause cellu lar dam age 
(d iscussed  in  C h ap te r 2). E xam ples of m etabolic  activa
tion  of chem icals th ro u g h  the P-450 system  are the  con
version  of carbon  te trach loride  to  the toxic trich lorom ethyl 
free radical, an d  the genera tion  of a D N A -b ind ing
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Molecular and
cellular repair

' f

Toxicity
(short- and long-term effects)

Fig. 8.3 Xenobiotic metabolism. Xenobiotics can be metabolized to non
toxic metabolites and eliminated from the body (detoxification). However, 
their metabolism also may result in formation of a reactive metabolite that 
is toxic to cellular components. If repair is not effective, short- and long-term 
effects develop. ( M o d i f ie d  f r o m  H o d g s o n  E : A textbook of modern toxicology, 
e d  3 ,  F ig . 1 - 1 .  H o b o k e n ,  N J , 2 0 0 4 ,  J o h n  W i le y  &  S o n s .)

O u tdo o r A ir Pollution

The am b ien t a ir in  in d u stria lized  n a tions is con tam inated  
w ith  a n  u n sav o ry  m ix tu re  of gaseous an d  particu la te  po l
lu tan ts , m ore  so in  cities a n d  in  p rox im ity  to  heavy  in d u s 
try . In  the U n ited  States, the E nv ironm en ta l P ro tection  
A gency  (EPA) m on ito rs a n d  sets a llow able  u p p e r  lim its for 
six po llu tan ts: su lfu r d ioxide, CO, ozone, n itro g en  dioxide, 
lead , an d  p articu la te  m atter. T ogether, som e of these agen ts 
p ro d u ce  the  w ell-k n o w n  sm og th a t som etim es stifles m ajor 
cities such  as C airo, Los A ngeles, H ouston , M exico C ity, 
a n d  Sao P aulo . It m ay  seem  th a t a ir p o llu tio n  is a m o d ern  
ph en o m en o n . This is n o t the  case; Seneca w ro te  in  A D  61 
th a t he  felt a n  a lte ra tion  of h is d isposition  as soon  as he  left 
the  "pestilen tia l vapors, soot, a n d  heavy  a ir o f R om e." The 
first env ironm en ta l-con tro l law  w as  p roc la im ed  by E d w ard  
I in  1306 an d  w as s tra ig h tfo rw ard  in  its sim plicity: 
"W hoever sh o u ld  be fo u n d  gu ilty  o f b u rn in g  coal shall 
suffer the  loss of h is head ."  W hat has  chan g ed  in  m o d ern  
tim es is the n a tu re  a n d  sources of a ir p o llu tan ts , a n d  the 
types of regu la tions th a t con tro l the ir em ission. It cou ld  be 
a rg u ed  th a t m o d e rn  m a n  has lost h is h ead  to  d ro w n  h im self 
in  pollution!

The lu n g s  bear the  b ru n t of the  ad v erse  consequences 
of a ir po llu tion , b u t a ir p o llu tan ts  affect m an y  o rg an  
system s (as w ith  the effects o f lead  p o ison ing  an d  CO, 
d iscussed  later). M ore d e ta iled  d iscussion  of p o llu tan t- 
caused  lu n g  d iseases is fo u n d  in  C h ap te r 13. H ere  w e  con
s ider the m ajor h ea lth  effects o f ozone, su lfu r dioxide, 
particu la tes, a n d  CO  (Table 8.1).

m etabo lite  from  benzo[a]pyrene, a carcinogen  p re sen t 
in  c igarette  sm oke. The cy tochrom e P-450 system  also 
p artic ipa tes  in  the  m etabo lism  of a  large  n u m b er of 
com m on the rapeu tic  d ru g s  such  as ace tam inophen , bar
b itu ra tes, a n d  an ti-convu lsan ts, an d  in  a lcohol m etabo 
lism  (d iscussed  later).

• P-450 enzym es vary  w id e ly  in  activ ity  am o n g  d ifferen t 
people, ow in g  to  bo th  p o ly m o rp h ism s in  the  genes 
encod ing  the  enzym es a n d  in terac tions w ith  d ru g s  th a t 
are  m etabo lized  th ro u g h  the system . The activ ity  of the 
enzym es also  m ay  be decreased  by fasting  o r starvation , 
an d  increased  by a lcohol co n su m p tio n  an d  sm oking.

ENVIRONMENTAL PO LLUTION

A ir Pollution

A ir p o llu tio n  is a significant cause of m o rb id ity  a n d  m or
tality  w o rld w id e , p a rticu la rly  am o n g  a t-risk  in d iv id u a ls  
w ith  preex isting  p u lm o n ary  o r card iac  disease. The life
g iv ing  a ir th a t w e  b rea the  is also  often  la d en  w ith  m any  
p o ten tia l causes of d isease. A irbo rne  m icroorgan ism s have  
long  been  m ajor causes of m o rb id ity  a n d  dea th . M ore 
w id e sp re a d  are  the chem ical a n d  p articu la te  po llu tan ts  
fo u n d  in  the air, bo th  in  so-called "d ev e lo p ed "  an d  "u n d e r 
d ev eloped" countries. Specific h a z a rd s  have  been  recog
n ized  for b o th  o u td o o r a n d  in d o o r air.

Table 8.1 H ealth  Effects o f O u td o o r A ir  Pollutants

P o llu tan t
Populations a t  
Risk E ffect(s)

Ozone Healthy adults and Decreased lung function
children Increased airway reactivity 

Lung inflammation
Athletes, outdoor 

workers
Decreased exercise capacity

Asthmatics Increased hospitalizations

Nitrogen Healthy adults Increased airway reactivity
dioxide Asthmatics Decreased lung function

Children Increased respiratory infections

Sulfur dioxide Healthy adults Increased respiratory 
symptoms

Patients with 
chronic lung 
disease

Increased mortality

Asthmatics Increased hospitalization 
Decreased lung function

Acid aerosols Healthy adults Altered mucociliary clearance
Children Increased respiratory infections
Asthmatics Decreased lung function 

Increased hospitalizations

Particulates Children Increased respiratory infections 
Decreased lung function

Patients with 
chronic lung or 
heart disease

Excess mortality

Asthmatics Increased attacks

Data from Health Effects of Outdoor Air Pollution, Part 2. Committee of the 
Environmental and Occupational Health Assembly of the American Thoracic Society, 
A m  J  R e sp ir C r it  C a re  M e d  153:477, 1996.
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Ozone is one of the most pervasive air pollutants, w ith  levels 
in  m an y  cities exceeding  EPA s tan d ard s. It is a gas fo rm ed  
by su n lig h t-d riv en  reactions invo lv ing  n itro g en  oxides, 
w h ich  are  re leased  m ostly  by au tom ob ile  exhaust. T ogether 
w ith  ox ides a n d  fine p a rticu la te  m atter, ozone form s the 
fam iliar sm og (from  the w o rd s  smoke a n d  fog). Its toxicity 
stem s from  its p a rtic ip a tio n  in  chem ical reactions th a t gen
era te  free rad icals, w h ich  in jure the lin ing  cells of the resp i
ra to ry  trac t an d  the  alveoli. Low  levels o f ozone m ay  be 
to le ra ted  by hea lthy  p erso n s b u t are de trim en ta l 
to lu n g  function , especially  in  those w ith  asth m a or 
em physem a, an d  w h e n  p re sen t a long  w ith  pa rticu la te  po l
lu tion . U nfortunate ly , p o llu tan ts  rare ly  occur singly  b u t 
com bine to  create a veritab le  "w itch es ' b rew ."

Sulfur dioxide, particles, and acid aerosols are em itted  by 
coal- a n d  oil-fired  p o w er p lan ts  a n d  in d u s tria l p rocesses 
b u rn in g  these fuels. O f these, partic les ap p e a r to  be the 
m ain  cause of m o rb id ity  a n d  dea th . Particles less th an  
1 0  |tm  in  d iam eter are p a rticu la rly  harm fu l, because w h e n  
inhaled  they  are  carried  by the a irs tream  all the w ay  to  the 
alveoli. H ere, they  are  p hagocy tosed  by m acrophages an d  
neu troph ils , causing  the release of m ed ia to rs  (possib ly  by 
ac tiva ting  in flam m asom es, C h ap te r 2) a n d  inciting  an  
in flam m ato ry  reaction . By con trast, la rger partic les are  
rem oved  in  the nose  or are tra p p e d  by the  m ucociliary  
"escala to r" an d  as a resu lt a re  less dangerous.

Carbon monoxide (CO) is a  non irrita ting , colorless, taste 
less, odorless gas. It is p ro d u c e d  by the incom plete  
ox ida tion  of carbonaceous m ateria ls. Its sources inc lude  
au tom otive  engines, in d u strie s  u sin g  fossil fuels, hom e oil 
b u rners , a n d  cigarette  sm oke. The low  levels o ften  found  
in  am b ien t a ir m ay  con tribu te  to im p a ired  resp ira to ry  func
tion  b u t u sua lly  a re  n o t life th rea ten ing . H ow ever, p ersons 
w o rk in g  in  confined  en v iro n m en ts  w ith  h ig h  exposu re  to 
fum es, such  as tu n n e l a n d  u n d e rg ro u n d  garage  w orkers, 
m ay  develop  chronic po ison ing . CO  is in c lu d ed  here  as an  
a ir po llu tan t, b u t it also  is a n  im p o rta n t cause of acciden tal 
an d  su ic idal dea th . In  a  sm all, closed garage, ex h au st from  
a ru n n in g  car eng ine  can  induce  a le thal com a w ith in  5 
m inu tes. CO  is a system ic a sp h y x ian t th a t k ills by  b in d in g  
to hem oglob in  a n d  p rev en tin g  oxygen  tran sp o rt. H em o
g lob in  has a 200-fold g rea ter affinity  for CO  th an  for O2. 
The carboxyhem oglobin , th a t is fo rm ed  by b in d in g  of CO 
is incapable  of carry in g  oxygen. H ypox ia  leads to cen tra l 
n e rv o u s  system  (CNS) depression , w h ich  develops so 
in sid iously  th a t v ictim s o ften  are u n aw are  of the ir p lig h t 
a n d  are u n ab le  to  help  them selves. System ic hypox ia  
a p p ea rs  w h e n  the  hem oglob in  is 20% to 30% sa tu ra ted  
w ith  CO, a n d  unconsciousness a n d  d e a th  are  p robab le  
w ith  60% to 70% sa tu ra tion . The d iagnosis o f CO  po ison ing  
is based  o n  de tec tion  of h ig h  levels o f carboxyhem oglobin  
in  the b lood.

M O R P H O L O G Y

C h ro n ic  poisoning by C O  develops because carboxyhemoglo- 

bin, once formed, is remarkably stable. As a result, with low-level 

persistent exposure to  CO, carboxyhemoglobin may accumulate 

to  a life-threatening concentration in the blood.The slowly devel

oping hypoxia can evoke widespread ischemic changes in the

brain, particularly in the basal ganglia and lenticular nuclei. W ith  

cessation of exposure to  CO, the patient usually recovers, but 

there may be permanent neurologic damage.

A c u te  poisoning by C O  generally is a consequence of 

accidental exposure or suicide attempt. In light-skinned people, 

it is marked by a characteristic g en era lized  c h e rry -re d  c o lo r  

o f th e  skin and m ucous m e m b ra n e s , a color imparted by 

carboxyhemoglobin. If death occurs rapidly, morphologic changes 

may not be present; with longer survival, the brain may be slightly 

edematous and exhibit punctate hemorrhages and hypoxia- 

induced neuronal changes. These changes are not specific; they 

simply imply systemic hypoxia (Chapter 23). In victims who 

survive C O  poisoning, complete recovery is possible; however, 

impairments of memory, vision, hearing, and speech sometimes 

remain.

Indoor A ir Pollution

A s m o d ern  hom es are increasing ly  "b u tto n ed  u p "  to 
exclude the env ironm en t, the  p o ten tia l for p o llu tio n  of the 
in d o o r a ir increases. The m ost com m on  p o llu ta n t is tobacco 
sm oke (d iscussed  later), b u t ad d itio n a l o ffenders a re  CO, 
n itro g en  d iox ide (a lready  m en tio n ed  as o u td o o r p o llu t
ants), a n d  asbestos (d iscussed  in  C h ap te r 13). A  few  com 
m ents ab o u t som e o th e r agen ts are  p re sen ted  here.
• Smoke from burning of organic materials, con tain ing  

various ox ides of n itro g en  a n d  carbon  particu la tes, is an  
irr itan t th a t p red isp o ses exposed  p erso n s to  lu n g  infec
tions a n d  m ay  con ta in  carcinogenic polycyclic h y d ro 
carbons. It is es tim ated  th a t on e-th ird  of the  w orld , 
m ain ly  in  d eve lop ing  areas, b u rn  carbon-con tain ing  
m ateria l such  as w o o d , du n g , o r charcoal in  their hom es 
for cooking, heating , a n d  light.

• Radon, a rad ioac tive  gas d e riv ed  from  u ran iu m , is 
w id e ly  p re sen t in  soil a n d  in  hom es. A lth o u g h  ra d o n  
exposu re  can  cause lu n g  cancer in  u ra n iu m  m iners (par
ticu larly  in  those w h o  sm oke), it does n o t a p p e a r th a t 
low -level chronic exposu res in  the  hom e increase lu n g  
cancer risk, a t least for nonsm okers.

• Bioaerosols m ay  con ta in  p a thogen ic  m icrobiologic agents, 
such  as those th a t can  cause L egionnaires ' d isease, v iral 
p neum on ia , a n d  the com m on cold, as w ell as a llergens 
de rived  from  p e t d an d e r, d u s t m ites, a n d  fung i an d  
m olds, w h ich  can  cause rh in itis, eye irrita tion , a n d  even  
asthm a.

f t  S U M M A R Y

E N V I R O N M E N T A L  D IS E A S E S  A N D  

E N V I R O N M E N T A L  P O L L U T I O N

• Environmental diseases are conditions caused by exposure to  

chemical or physical agents in the ambient, workplace, and 

personal environments.

• Exogenous chemicals, known as xenobiotics, enter the body 

through inhalation, ingestion, and skin contact, and can either 

be eliminated or accumulate in fat, bone, brain, and other 

tissues.

• Xenobiotics can be converted into nontoxic products or toxic 

compounds through a two-phase reaction process that involves 

the cytochrome P-450 system.
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• The most common air pollutants are ozone (which in combi

nation with oxides and particulate matter forms smog), sulfur 

dioxide, acid aerosols, and particles less than 1 0  |tm in 

diameter.

• C O  is an air pollutant and an important cause of death from 

accidents and suicide; it binds hemoglobin with high affinity, 

leading to  systemic asphyxiation resulting in CNS depression.

Metals as Environmental Pollutants

L ead, m ercury , arsenic, a n d  cadm ium , the heavy  m etals 
m o st com m only  associa ted  w ith  h a rm fu l effects in  h u m a n  
p o p u la tio n s, a re  considered  here.

Lead

Lead is a readily absorbed m etal that b inds to sulfhydryl 
groups in  proteins and interferes w ith  calcium  m etabo
lism , lead in g  to hem atologic, skeletal, neurologic, GI, and  
renal toxicities. Lead exposure  occurs th ro u g h  contam i
n a ted  air, food, a n d  w ater. For m ost o f the 20th cen tu ry  the 
m ajor sources o f lead  in  the env ironm en t w ere  house pa in ts 
a n d  gasoline. A lthough  the use  of lead-based  pa in ts  and  
leaded  gas has  greatly  d im in ished , m an y  sources of lead 
persist in  the environm ent, such as  m ines, foundries, bat
teries, a n d  sp ray  pain ts, all of w h ich  constitu te  occupational 
h azards. H ow ever, flaking lead paint in  o lder houses a n d  soil 
con tam ination  pose  the m ajor h aza rd s  for youngsters. 
B lood levels of lead  in  ch ild ren  liv ing  in  o lder hom es con
ta in ing  lead-based  p a in t o r lead -con tam inated  d u s t often  
exceed 5 | t g /  dL, the level a t w h ich  the C enters for D isease 
C on tro l an d  P reven tion  (CDC) recom m ends th a t m easures 
be taken  to  lim it fu rth e r exposure. A  d ram atic  case of lead  
con tam ination  of d rin k in g  w a te r occurred  in  the U.S. city 
o f Flint, M ichigan, in  2014-2016. The so-called "F lin t w a te r 
crisis" occurred  w h e n  the source of w a te r su p p ly  to  the city 
w as  changed  from  Lake H u ro n  to  the F lint River. Because 
w a te r from  the  F lint R iver h ad  a h igher ch loride concentra
tion  th an  the lake w aters, it leached  lead  from  century-o ld  
lead  p ipes. This caused  an  increase in  lead  levels in  tap  
w a te r above the  acceptable lim it of 15 pa rts  p e r  b illion  (ppb) 
in  ab o u t 25% of the hom es a n d  in  som e cases as h ig h  as 
13,200 ppb . A s a resu lt 6000 to 12,000 residen ts developed  
very  h ig h  lead  levels in  their blood. Ingested  lead  is particu 
larly  harm fu l to  ch ild ren  because they absorb  m ore than  
50% of lead  from  food, w hereas a d u lts  absorb  app rox i
m ately  15%. A  m ore perm eable  b lo o d -b ra in  barrie r in  chil
d ren  creates a  h igh  susceptib ility  to b ra in  dam age. The 
clinical featu res of lead  po ison ing  are  show n  in  Fig. 8.4.

M ost abso rbed  lead  (80% to 85%) is taken  u p  in to  devel
o p ing  teeth  a n d  in to  bone, w h ere  it com petes w ith  calcium , 
b inds p h o sp h a tes , a n d  has a  half-life of 20 to  30 years. 
A bou t 5% to 10% of the abso rbed  lead  rem ains in  the blood, 
a n d  the re m a in d e r is d is tr ib u ted  th ro u g h o u t soft tissues. 
Excess lead  is toxic to  n e rv o u s  tissues in  a d u lts  a n d  chil
d ren ; p e rip h e ra l n eu ro p a th ie s  p red o m in a te  in  adu lts , 
w h ereas cen tra l effects a re  m ore com m on  in  ch ild ren . The 
effects o f chronic lead  exposu re  in  ch ild ren  m ay  be subtle, 
p ro d u c in g  m ild  dysfunction , o r they  m ay  be m assive  a n d  
lethal. In  y o ung  ch ild ren , sensory, m oto r, in tellectual, a n d  
psychologic im p a irm en ts  have  been  described , inc lud ing  
re d u ced  IQ, learn ing  d isabilities, re ta rd e d  psychom oto r

OCCUPATIONAL 
Spray painting 
Foundry work 
Mining and extracting lead 
Battery burning

NONOCCUPATIONAL 
Water supply 
Paint dust and flakes 
Automotive exhaust 
Urban soil

Fig. 8.4 Pathologic features of lead poisoning.

developm ent, an d , in  m ore  severe cases, b lindness, p sy 
choses, seizures, a n d  com a. L ead -in d u ced  p e rip h e ra l n eu 
ro p a th ies  in  a d u lts  generally  rem it w ith  the e lim ination  of 
exposure , b u t bo th  p e rip h e ra l an d  CNS abnorm alities in  
ch ild ren  u su a lly  are irreversib le . O ther effects of lead  expo
su re  include the  follow ing.

Excess lead interferes with the normal remodeling of calcified 
cartilage a n d  p rim ary  bone trabeculae  in  the  ep iphyses 
in  ch ild ren , causing  increased  bone density  de tec ted  as 
rad io d en se  "lead  lines" (Fig. 8.5). L ead lines of a d ifferen t 
sort a lso  m ay  occur in  the gum s, w h ere  excess lead  stim u 
la tes hy p erp ig m en ta tio n . Lead inhibits the healing of fractures 
by increasing  chondrogenesis a n d  de lay ing  cartilage m iner
alization . Excretion  of lead  occurs by  w ay  of the  k idneys, 
a n d  acu te  exposu res m ay  cause dam age  to  p rox im al tubules.

Lead has a h ig h  affinity for su lfhydry l g roups an d  in ter
feres w ith  tw o  enzym es involved  in  hem e synthesis:
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Fig. 8 . 5  Lead poisoning. Impaired remodeling of calcified cartilage in the 
epiphyses ( a r r o w s )  of the wrist has caused a marked increase in their 
radiodensity, so that they are as radiopaque as the cortical bone. ( C o u r te s y  

o f  D r .  G W  D ie t z :  D e p a r t m e n t  o f  R a d io lo g y ,  U n iv e r s i t y  o f  T e x a s  S o u th w e s te rn  

M e d ic a l  S c h o o l,  D a lla s ,  Texas.)

am inolevulin ic  acid dehydra tase  an d  delta  ferrochelatase. 
Iron  incorporation  in to  hem e is im paired , lead ing  to anemia. 
Lead also inhibits sod ium - an d  po tassium -dependen t 
A TPases in  cell m em branes, an  effect th a t m ay  increase the 
fragility of red  cells, causing  hemolysis. The diagnosis of lead 
po ison ing  requires constan t vigilance. It m ay  be suspected  
o n  the basis of neurologic changes in  ch ild ren  o r unex
p la ined  anem ia w ith  basophilic stipp ling  in  red  cells in  
ad u lts  an d  children . E levated b lood lead  an d  red  cell free 
p ro to p o rp h y rin  levels (greater th an  50 |tg /  dL) or, a lterna
tively, z inc-p ro toporphyrin  levels, are requ ired  for defini
tive diagnosis. In m ilder cases of lead  exposure, anem ia m ay 
be the only  obvious abnorm ality .

M O R P H O L O G Y

The major anatomic targets of lead toxicity are the blood, bone 

marrow, nervous system, GI tract, and kidneys (Fig. 8.4).

B lood changes are one of the earliest signs of lead accu

mulation and are characteristic, consisting of a microcytic, hypo

chromic anemia associated with a distinctive punctate basophilic  

stipp ling  of red cells. These changes in the blood stem from the 

inhibition of heme synthesis in marrow erythroid progenitors. 

Another consequence of this blockade is that zinc-protoporphyrin 

is formed instead of heme. Thus, elevated blood levels of zinc- 

protoporphyrin or its product, free red cell protoporphyrin, are 

important indicators of lead poisoning.

B rain  d am age is prone to  occur in children. The anatomic 

changes underlying the more subtle functional deficits are ill 

defined; at the more severe end of the spectrum, changes include 

brain edema, demyelination of the cerebral and cerebellar white

matter, and necrosis of cortical neurons accompanied by diffuse 

astrocytic proliferation. In adults, the CNS is less-often affected, 

but frequently a p erip h e ra l d em ye lin a tin g  n eu ro p a th y  

appears, typically involving m otor neurons innervating the most 

commonly used muscles.Thus, the extensor muscles of the wrist 

and fingers are often the first to  be affected, followed by paralysis 

of the peroneal muscles (w ris td ro p  and fo o td ro p ).

The G I t ra c t  also is a site of major clinical manifestations. 

Lead “colic” is characterized by extremely severe, poorly local

ized abdominal pain.

The kidneys may develop proximal tubular damage with 

intranuclear lead inclusions. Chronic renal damage leads eventu

ally to interstitial fibrosis and possibly renal failure and findings 

suggestive of gout (“saturnine gout”). O ther features of lead 

poisoning are shown in Fig. 8.4.

M e rc u ry

M ercury, lik e  lead, b inds to su lfhydryl groups in  certain  
proteins w ith  h igh  affinity, lead in g  to dam age in  the CNS  
and several other organs such as the GI tract and the  
k id n eys. H u m an s have  u sed  m ercu ry  in  m an y  w ays 
th ro u g h o u t h isto ry , in c lu d in g  as  a p ig m en t in cave p a in t
ings, a cosm etic, a rem ed y  for syphilis, a n d  a com ponen t 
of d iuretics. P o isoning  from  inhala tion  of m ercu ry  vapo rs  
has long  been recogn ized  a n d  is associa ted  w ith  trem or, 
g ingivitis, an d  b izarre  behavior, such  as th a t o f the "M ad  
H a tte r"  in  Lew is C arro ll's  Alice in Wonderland (m ercury  
fo rm erly  w as  u sed  in  hat-m aking).

Today, the m ain  sources of exposure to  m ercury  a re  con
tam inated  fish an d  den tal am algam s, w h ich  release m ercury  
vapors. In som e areas of the w orld , m ercury  u sed  in gold 
m in ing  has con tam inated  rivers a n d  stream s. Inorganic 
m ercury  from  the n a tu ra l degassing  of the ea rth 's  crust o r 
from  industria l contam ination  is converted  to organic com 
p o u n d s  such as m ethy l m ercury  by bacteria. M ethyl m ercury  
en ters the food chain, a n d  in carn ivorous fish such as  sw ord 
fish, shark, an d  bluefish, m ercury  levels m ay  be 1  m illion 
tim es h igher th an  in  the su rro u n d in g  w ater. A lm ost 90% of 
the  ingested  m ercury  is absorbed  in  the GI tract. The con
sum ption  of con tam inated  fish from  the release of m ethyl 
m ercury  in  M inam ata  Bay an d  the A gano  R iver in  Japan, 
a n d  the consum ption  of b read  contain ing  grain treated  w ith  
a  m ethy l m ercu ry -b ased  fungicide in  Iraq, caused  w ide 
sp read  m orb id ity  a n d  m any  deaths.

The m ed ical d iso rd ers  associa ted  w ith  the M inam ata  
ep isode  becam e k n o w n  as "Minamata disease" a n d  inc lude  
cerebral palsy , deafness, b lindness, a n d  m ajor CNS defects 
in  ch ild ren  exposed  in  u tero . The developing brain is extremely 
sensitive to methyl mercury; for th is reason , the CD C in  the 
U n ited  States has  reco m m en d ed  th a t p re g n a n t w o m en  
av o id  the consum ption  of fish know n  to contain  m ercury .

Ingested  m ercu ry  can in ju re  the  g u t a n d  cause u lcer
a tions a n d  b loody  d iarrhea . In the k idneys, m ercu ry  can 
cause acu te  tu b u la r necrosis a n d  ren a l failure.

Arsenic

A rsenic salts interfere w ith  several aspects o f cellular 
m etabolism , lead in g  to toxicities that are m ost prom inent 
in  the GI tract, nervous system , sk in , and heart. A rsenic 
w as po ison  of choice of sk illed  p rac titioners  in the Borgia
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a n d  M edici fam ilies in  R enaissance Italy. Today, arsenic 
exposu re  is a n  im p o rta n t h ea lth  p ro b lem  in  m an y  areas of 
the  w o rld . A rsen ic is fo u n d  n a tu ra lly  in  soil a n d  w a te r and  
is u sed  in  w o o d  p reservatives, herb icides, an d  o th er ag ri
cu ltu ra l p ro d u c ts . It m ay  be re leased  in to  the  env ironm en t 
by the m in in g  a n d  sm elting  industries. A rsenic is p resen t 
in  C hinese a n d  In d ian  herba l m edicine, an d  arsen ic  triox
ide  is a fron tline  trea tm en t for acu te  prom yelocytic  leuke
m ia  (C hap ter 6 ). L arge concen tra tions of ino rgan ic  arsenic 
a re  p re sen t in  g ro u n d  w a te r in  coun tries such  as Bangla
desh , Chile, a n d  C hina. B etw een 35 a n d  77 m illion  people  
in  B angladesh  d rin k  w a te r  con tam in a ted  w ith  arsenic, con
s titu tin g  one of the g reatest en v iro n m en ta l cancer risks yet 
uncovered .

If ingested  in  large quantities, arsenic causes acu te toxic
ity  m anifesting  as severe abdom inal pain , d iarrhea; cardiac 
arrhy thm ias, shock a n d  resp ira to ry  d istress syndrom e; an d  
acu te encephalopathy . GI, cardiovascular an d  CNS toxicity 
m ay be severe en o u g h  to cause death . These effects m ay be 
a ttribu ted  to the interference w ith  m itochondria l oxidative 
phosphory la tion . C hronic exposure to arsenic causes hyper
p igm entation  a n d  hyperkeratosis o f the skin, w h ich  m ay  be 
follow ed by the developm ent of basal a n d  squam ous cell 
carcinom as (bu t n o t m elanom as). A  sym m etrical senso
rim o to r p o ly n eu ro p a th y  can  a lso  develop . A rsen ic-induced  
skin tum ors differ from  those induced  by sun ligh t by 
ap p earin g  o n  pa lm s a n d  soles, a n d  by occurring  as m ultip le  
lesions. A rsenic exposure  also  is associated  w ith  a n  increased 
risk of lu n g  carcinom a. The m echanism s of arsenic carcino
genesis in  the skin a n d  the lu n g  are uncertain .

C adm ium

C adm ium  is  preferentially  toxic to the k id n eys and the  
lu n gs through uncertain m echanism s that m ay in vo lve  
increased production o f ROS. In  con trast w ith  the  m etals 
a lread y  d iscussed , cad m iu m  is a  re la tively  m o d e rn  toxic 
agent. It is u sed  m ain ly  in  n ickel-cadm ium  batteries, w h ich  
generally  a re  d isp o sed  of as  h o u seh o ld  w aste . C ad m iu m  
can  con tam inate  soil a n d  p lan ts  d irectly  or th ro u g h  fertil
izers a n d  irrig a tio n  w ate r. Food is the m ost im p o rtan t 
source of exposu re  for the general p o p u la tion . Excessive 
cad m iu m  in take can  lead  to  obstruc tive  lu n g  d isease a n d  
rena l toxicity, in itia lly  as  tu b u la r dam age  th a t m ay  p rog ress  
to end -stage  ren a l disease. C a d m iu m  exposu re  can  also  
cause skeletal abno rm alities associa ted  w ith  calcium  loss. 
C ad m iu m -co n tam in a ted  w a te r  u se d  to  irriga te  rice fields 
in  Japan  caused  a d isease in  p o stm en o p au sa l w o m en  
k n o w n  as "itai-ita i" (ouch-ouch), a com bination  of osteo 
porosis a n d  osteom alacia associa ted  w ith  ren a l disease. A 
su rvey  show ed  th a t 5% of p e rso n s aged  20 years a n d  o lder 
in  the  U.S. p o p u la tio n  have  u rin a ry  cad m iu m  levels that, 
accord ing  to  research  data , m ay  p ro d u ce  sub tle  k idney  
in ju ry  a n d  increased  calcium  loss.

A  S U M M A R Y
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T O X I C  E F F E C T S  O F  H E A V Y  M E T A L S

• Lead, mercury, arsenic, and cadmium are the heavy metals most 

commonly associated with toxic effects in humans.

• Children absorb more ingested lead than adults; the main 

source of exposure for children is lead-containing paint.

• Excess lead causes CNS defects in children and peripheral 

neuropathy in adults. Excess lead competes with calcium in 

bones and interferes with the remodeling of cartilage; it also 

causes anemia.

• The major source of mercury is contaminated fish. The devel

oping brain is highly sensitive to methyl mercury, which accu

mulates in the brain and blocks ion channels.

• Exposure of the fetus to high levels of mercury in utero may 

lead to  Minamata disease, characterized by cerebral palsy, deaf

ness, and blindness.

• Arsenic is naturally found in soil and water and is a component 

of some wood preservatives and herbicides. Excess arsenic 

interferes with mitochondrial oxidative phosphorylation and 

causes toxic effects in the GI tract, CNS, and cardiovascular 

system; long-term exposure causes polyneuropathy, skin 

lesions and carcinomas.

• Cadmium from nickel-cadmium batteries and chemical fertil

izers can contaminate soil. Excess cadmium causes obstructive 

lung disease and kidney damage.

Industrial and Agricultural Exposures * •

M ore th an  10 m illion  occupational in juries occur annually  
in  the U n ited  States, a n d  app rox im ate ly  65,000 peop le  die 
as a  consequence of occupational in juries a n d  illnesses. 
In d u stria l exposu res to  toxic ag en ts  a re  as  v a ried  as  the 
in d u strie s  them selves. They range  from  m erely  an n o y in g  
irrita tions of re sp ira to ry  a irw ay s by fo rm ald eh y d e  or 
am m on ia  fum es, to  lu n g  cancers a ris in g  from  exposu re  to 
asbestos, arsenic, o r u ran iu m . H u m a n  d iseases associated  
w ith  occupational exposu res are lis ted  in  Table 8.2. In  ad d i
tion  to  toxic m etals (a lready  discussed), o ther im p o rtan t 
agen ts  th a t con tribu te  to  env ironm en ta l d iseases inc lude  
the  follow ing:
• Organic solvents a re  w id e ly  u sed  in  h u g e  q uan tities  

w o rld w id e . Som e, such  as  ch loroform  a n d  carbon  tet
rach loride , a re  fo u n d  in  deg reasing  a n d  d ry  c lean ing  
agen ts  a n d  p a in t rem overs. A cute exposu re  to  h ig h  levels 
of v ap o rs  from  these ag en ts  can  cause d izz iness a n d  
confusion , lead in g  to  CNS dep ressio n  a n d  even  com a. 
L ow er levels m ay  cause liver a n d  k id n ey  toxicity. O ccu
pa tio n a l exposu re  of ru b b e r w o rk ers  to  benzene an d  
1 ,3-butad iene increases the  risk  of leukem ia. B enzene is 
ox id ized  to  a n  epox ide th ro u g h  hepatic  CYP2E1, a com 
p o n e n t of the  P-450 enzym e system  a lread y  m en tioned . 
The epox ide  a n d  o ther m etabo lites d is ru p t p ro g en ito r 
cell d iffe ren tia tion  in  the bone m arrow , a n d  m ay  lead  
to m arro w  ap lasia  a n d  acu te  m yelo id  leukem ia.

• Polycyclic hydrocarbons a re  re leased  d u rin g  the com bus
tion  of coal a n d  gas, p a rticu larly  a t the h ig h  tem pera 
tu res  u sed  in  steel foundries, a n d  a lso  a re  p resen t in  tar 
a n d  soot. (Pott iden tified  soo t as the  cause  of scrotal 
cancers in  ch im ney  sw eeps in  1775, a s  m en tio n ed  in  
C h ap te r 6 ). Polycyclic hyd ro carb o n s are  am o n g  the 
m ost p o ten t carcinogens, a n d  in d u stria l exposu res have  
been  im p licated  in  the  causa tion  of lu n g  a n d  b lad d e r 
cancer.

• Organochlorines (and  ha lo g en a ted  o rganic co m p o u n d s 
in  general) a re  syn thetic  p ro d u c ts  th a t resist d eg rad a 
tion  a n d  a re  lipophilic. Im p o rtan t o rganoch lo rines u sed
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Table 8.2 H um an Diseases Associated W ith  Occupational Exposures

O rg a n /S ys te m E ffect(s) Toxicant(s)

Cardiovascular system Heart disease CO, lead, solvents, cobalt, cadmium

Respiratory system Nasal cancer 
Lung cancer
Chronic obstructive lung disease
Hypersensitivity
Irritation
Fibrosis

Isopropyl alcohol, wood dust
Radon, asbestos, silica, bis(chloromethyl)ether, nickel, arsenic, chromium, mustard gas
Grain dust, coal dust, cadmium
Beryllium, isocyanates
Ammonia, sulfur oxides, formaldehyde
Silica, asbestos, cobalt

Nervous system Peripheral neuropathies 
Ataxic gait 
CNS depression 
Cataracts

Solvents, acrylamide, methyl chloride, mercury, lead, arsenic, DDT 
Chlordane, toluene, acrylamide, mercury 
Alcohols, ketones, aldehydes, solvents 
Ultraviolet radiation

Urinary system Toxicity 
Bladder cancer

Mercury, lead, glycol ethers, solvents
Naphthylamines, 4-aminobiphenyl, benzidine, rubber products

Reproductive system Male infertility 
Female infertility 
Teratogenesis

Lead, phthalate plasticizers 
Cadmium, lead
Mercury, polychlorinated biphenyls

Hematopoietic system Leukemia Benzene, radon, uranium

Skin Folliculitis and acneiform dermatosis 
Cancer

Polychlorinated biphenyls, dioxins, herbicides 
Ultraviolet radiation

GI tract Liver angiosarcoma Vinyl chloride

C N S , Central nervous system; CO, carbon monoxide; D D T , dichlorodiphenyltrichloroethane; GI, gastrointestinal.
Data from Leigh JR Markowitz SB, Fahs M, et al: Occupational injury and illness in the United States: estimates of costs, morbidity, and mortality, A rc h  In te rn  M e d  157:1557, 1997; 
Mitchell FL: Hazardous waste. In Rom WN, editor: E n v iro n m e n ta l a n d  o c c u p a tio n a l m e d ic in e , ed 2, Boston, 1992, Little, Brown, pp 1275; and Levi PE: Classes of toxic chemicals. In 
Hodgson E, Levi PE, editors: A  te x tb o o k  o f  m o d e rn  tox ico logy, Stamford, CT, 1997, Appleton & Lange, pp 229.

as pestic ides a re  D D T (d ich lo rod ipheny ltrich lo roe th - 
ane) a n d  its m etabolites, a n d  agen ts  such  as lindane, 
a ld rin , a n d  d ie ld rin . N onpestic ide  o rganoch lo rines 
inc lude  p o lych lo rina ted  b ipheny ls (PCBs) a n d  d ioxin  
(TCDD [2,3,7,8-tetrachlorodibenzo-p-dioxin]). D D T w as 
b an n ed  in  the U n ited  S tates in  1973, b u t m ore  th a n  half 
o f the p o p u la tio n  have  detectab le  se ru m  levels o f p ,p '-  
DDE, a long-lasting  D D T m etabolite , in c lu d in g  those 
b o rn  afte r the  b an  o n  D D T w en t in to  effect. PCB an d  
TCDD also  a re  p resen t in  the  b lood  of m ost of the U.S. 
po p u la tio n . A cute  D D T p o ison ing  in  h u m an s causes 
neuro log ic  toxicity. M ost o rganoch lo rines a re  endocrine  
d isru p to rs  a n d  have  an ti-estrogen ic  o r an ti-and rogen ic  
activ ity  in  labo ra to ry  an im als, b u t long -te rm  h ea lth  
effects in  h u m a n s  have  n o t been  firm ly estab lished .

• Nonpesticide organochlorines in c lude  po lych lo rina ted  
b ipheny ls (PCBs) a n d  d iox in  (TCDD [2,3,7,8-tetrachlo- 
rod ibenzo-p-d iox in]). D ioxins a n d  PCBs can  cause skin 
d iso rd ers  such  as  fo lliculitis a n d  acneifo rm  derm atosis  
k n o w n  as  chloracne, w h ich  consists of acne, cyst fo rm a
tion, h y p erp ig m en ta tio n , a n d  hyperkera tosis , generally  
a ro u n d  the face a n d  beh in d  the  ears. It can  be accom 
p an ied  by abno rm alities in  the liver a n d  CNS. Because 
PCBs induce  the P-450 enzym e system , w orkers  exposed  
to these substances m ay  show  a lte red  d ru g  m etabo 
lism . E nv ironm en ta l d isaste rs in  Japan  a n d  C h ina  in  
the  late 1960s caused  by  the co n su m p tio n  of rice oil 
con tam ina ted  by  PCBs p o isoned  a b o u t 2000 p eop le  in  
each ep isode. The p rim ary  m an ifesta tions of the  d isease 
(yusho  in  Japan, y u -cheng  in  C hina) w ere  ch loracne a n d  
h y p erp ig m en ta tio n  of the sk in  a n d  nails.

• Bisphenol A  (BPA) is u sed  in  the syn thesis of po lycarbon 
a te  food  a n d  w a te r  con tainers a n d  of epoxy  resins tha t 
line a lm ost all food  bo ttles a n d  cans; as a resu lt, expo
su re  to  BPA is v irtua lly  u b iq u ito u s  in  h u m an s. BPA has

lo n g  been  k n o w n  as a p o ten tia l endocrine  d isru p to r. 
Several large  re trospective  s tud ies  hav e  linked  e levated  
u rin a ry  BPA levels to  h e a rt d isease in  a d u lt p o p u la tions. 
In  ad d itio n , in fan ts w h o  d rin k  from  B PA -contain ing 
con ta iners m ay  be p articu larly  suscep tib le  to  BPA 's 
endocrine  effects. In  2010, C an ad a  w as  the first coun try  
to  list BPA as a toxic substance, a n d  the la rgest m akers 
o f baby  bo ttles a n d  "s ip p y " cups have  s to p p ed  u sing  
BPA in  the  m an u fac tu rin g  process. The ex ten t o f the 
h u m a n  h ea lth  risks associated  w ith  BPA rem ains uncer
tain , how ever, a n d  requ ires  fu rth e r study .

• Vinyl chloride, u sed  in  the syn thesis o f po lyv iny l resins, 
can  cause ang iosarcom a of the liver, a ra re  type of liver 
tum or.

• Inh a la tio n  o f mineral dusts causes chronic, nonneop lastic  
lu n g  d iseases called  pneum ocon ioses. This g ro u p  of 
d iso rd ers  inc ludes d iseases in d u ced  by o rgan ic  an d  
inorgan ic  p a rticu la tes  as w ell as chem ical fum e- an d  
v ap o r-in d u ced  nonneop lastic  lu n g  d iseases. The m ost 
com m on pneum ocon ioses a re  caused  by exposu res to 
coal d u s t (in m in in g  o f h a rd  coal), silica (in  sand b lastin g  
an d  stone cutting), asbestos (in  m in ing , fabrication , an d  
in su la tion  w ork), a n d  bery llium  (in  m in in g  an d  fabrica
tion). E xposure  to  these  agen ts nearly  a lw ays occurs in  
the w orkp lace . The increased  risk  of cancer as a resu lt 
of asbestos exposure , how ever, ex tends to  fam ily 
m em bers o f asbestos w o rk ers  a n d  to  o th e r p ersons 
exposed  o u ts id e  the w orkp lace . P neum ocon ioses and  
the ir pa thogenesis  a re  d iscussed  in  C h ap te r 13.

EFFECTS OF TO B ACCO

Tobacco is the m ost com m on exogenous cause o f hum an  
cancers, b e in g  resp on sib le  for 90% o f lu n g  cancers. The
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------- Current cigarette smokers

Never smoked regularly

Fig. 8 . 6  The effects of smoking on survival. The study compared age-specific 
death rates for current cigarette smokers with those of individuals who 
never smoked regularly (British Doctors Study). The difference in survival, 
measured at age 75 between smokers and nonsmokers is 7.5 years. ( M o d i f ie d  

f r o m  S t e w a r t  B W , K le ih u e s  P, e d i to r s :  World cancer report, L y o n , 2 0 0 3 ,  IA R C  

P re s s .)

m ain  cu lp rit is c igarette  sm oking, b u t sm okeless tobacco in  
its va rio u s form s (snuff, ch ew ing  tobacco) also  is harm fu l 
to h ea lth  a n d  is a n  im p o rta n t cause of o ra l cancer. N o t only  
does the  use  of tobacco p ro d u c ts  create p e rso n a l risk, b u t 
also  passive  tobacco in h a la tio n  from  the  en v iro n m en t 
("second -hand  sm oke") can  cause lu n g  cancer in  non 
sm okers. F rom  1998 to 2007 in  the  U n ited  States, the inci
dence of sm oking  declined  m odestly , b u t th is tren d  failed 
to con tinue, a n d  app rox im ate ly  2 0 % of a d u lts  rem ain  
sm okers. In  recen t years, C hina has becom e the  w o rld 's  
la rgest p ro d u ce r an d  consum er of cigarettes. C h ina  has 
app rox im ate ly  350 m illion  sm okers w h o  in  agg regate  
consum e ab o u t 33% of all c igarettes sm oked  w o rld w id e . 
C igarette  sm oking  causes, w o rld w id e , m ore  th a n  4 m illion  
d ea th s annually , m ostly  from  card iovascu lar d isease, 
various types of cancers, a n d  chronic resp ira to ry  p ro b 
lem s. It is expected  th a t there  w ill be 8  m illion  tobacco- 
re la ted  d ea th s  yearly  by 2 0 2 0 , the m ajor increase occurring  
in  d eve lop ing  countries. O f peop le  alive today , a n  esti
m a ted  500 m illion  w ill die from  tobacco-related  illnesses. 
In  the U n ited  S tates alone, tobacco is responsib le  for m ore 
th an  400,000 d ea th s p e r  year, w ith  o n e-th ird  of these a ttrib 
u tab le  to  lu n g  cancer.

Sm oking  is  the m ost im portant cause o f preventable  
hum an death . It reduces overall su rv iva l in  a  dose- 
d e p e n d e n t fashion. W hereas 80% of n onsm okers  are  alive 
a t age 70, on ly  ab o u t 50% of sm okers su rv ive  to  th is age 
(Fig. 8 .6 ). C essation  of sm oking  greatly  reduces the risk  of 
d ea th  from  lu n g  cancer, a n d  it even  has an  effect, albeit 
reduced , o n  p eop le  w h o  stop  sm oking  a t age 60. D iscussed

nex t are som e of the agen ts con ta ined  in  tobacco a n d  dis
eases associa ted  w ith  tobacco consum ption . A dverse  
effects of sm oking  in  various o rg an  system s are sh o w n  in 
Fig. 8.7.

The n u m b er of p o ten tia lly  nox ious chem icals in  tobacco 
sm oke is vast; Table 8.3 p resen ts  on ly  a p a rtia l list and  
inc ludes the type of in jury  p ro d u c e d  by these agents. N ico
tine, a n  a lkalo id  p re sen t in  tobacco leaves, is n o t a d irect 
cause of tobacco-related  d iseases, b u t it is h igh ly  addictive . 
N ico tine b in d s to  recep to rs in  the  b ra in  and , th ro u g h  the

Table 8.3 Effects of Selected Tobacco Sm oke Constituents

Substance E ffect(s)

Tar Carcinogenesis

Polycyclic aromatic 
hydrocarbons

Carcinogenesis

Nicotine Ganglionic stimulation and 
depression, tumor promotion

Phenol Tumor promotion; mucosal irritation

Benzopyrene Carcinogenesis

CO Impaired oxygen transport and use

Formaldehyde Toxicity to cilia; mucosal irritation

Oxides of nitrogen Toxicity to cilia; mucosal irritation

Nitrosamine Carcinogenesis
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Table 8.4 Organ-Specific Carcinogens in Tobacco Sm oke

O rg an C arc inogen(s)

Lung, larynx Polycyclic aromatic hydrocarbons 
4-(Methylnitrosoamino)-l-(3-pyridyl)- 

l-butanone (NNK)

2l0Polonium

Esophagus N'-Nitrosonornicotine (NNN)

Pancreas NNK (?)

Bladder 4-Aminobiphenyl, 2-naphthylamine

Oral cavity: smoking Polycyclic aromatic hydrocarbons, 
NNK, NNN

Oral cavity: snuff NNK, NNN, 2l0polonium

Data from Szczesny LB, Holbrook JH: Cigarette smoking. In Rom WH, editor: 
E n v iro n m e n ta l a n d  o c c u p a tio n a l m e d ic in e , ed 2, Boston, 1992, Little, Brown, pp 1211.

release of catecholam ines, is responsib le  for the  acu te 
effects of sm oking, such  as increased  h e a rt ra te  a n d  b lood 
p ressu re , a n d  increased  card iac contractility  a n d  o u tp u t.

The m ost com m on d iseases caused  by c igarette  sm oking  
invo lve the  lu n g  a n d  inc lude  em physem a, chronic b ronchi
tis, an d  lu n g  cancer, all d iscussed  in  C h ap te r 13. The m ech
an ism s responsib le  for som e tobacco-induced  d iseases 
inc lude  the follow ing:
• Direct irritant effect on the tracheobronchial mucosa, p ro 

d u c in g  in flam m ation  an d  increased  m ucus p ro d u c tio n  
(bronchitis). C igarette  sm oke also  causes the recru it
m en t o f leukocytes to  the  lung , increasing  local elastase 
p ro d u c tio n  a n d  su b seq u en t in ju ry  to  lu n g  tissue th a t 
leads to  em physem a.

• Carcinogensis. C om ponen ts  o f cigarette  sm oke, p a rticu 
larly  polycyclic hyd ro carb o n s an d  n itro sam ines (Table 
8.4), are  p o te n t carcinogens in  an im als a n d  p ro b ab ly  are 
invo lved  in  the  causa tion  o f lu n g  carcinom as in  h u m an s 
(see C h ap te r 13). The risk  of develop ing  lu n g  cancer is 
re la ted  to the in tensity  of exposure , frequen tly  expressed  
in  term s o f "p ack  years"  (e.g., one pack  daily  for 2 0  y ears 
equals 2 0  pack  years) o r in  c igarettes sm oked  p er day  
(Fig. 8 .8 ). In  a d d itio n  to  lu n g  cancers, tobacco sm oke

Fig. O  The risk of lung cancer is determined by the number of cigarettes 
smoked. ( D a t a  f r o m  S t e w a r t  B W , K le ih u e s  P, e d i to r s :  World cancer report, L y o n ,  

2 0 0 3 ,  IA R C  P re s s .)

con tribu tes to  the d ev e lo p m en t o f cancers o f the  oral 
cavity , e sophagus, pancreas, a n d  b ladder. Table 8.4 lists 
organ-specific carcinogens con ta ined  in  tobacco sm oke. 
M oreover, sm oking  m ultip lies the  risk  o f d isease associ
a ted  w ith  o ther carcinogens; w ell-recogn ized  exam ples 
are  the  1 0 -fo ld  increased  incidence of lu n g  carcinom as 
in  asbestos w orkers  a n d  u ra n iu m  m iners w h o  sm oke 
th an  in  those  w h o  do  not. The com bination  of tobacco 
(chew ed o r sm oked) a n d  alcohol co n su m p tio n  has m u l
tip licative effects o n  the risks of oral, laryngeal, an d  
esophageal cancers. A n exam ple of the  carcinogenic 
in te rac tion  of these all-too-com m on vices is sh o w n  for 
la ryngeal cancer (Fig. 8.9).

• Atherosclerosis an d  its m ajor com plication , m yocard ia l 
infarction , a re  strong ly  linked  to  cigarette  sm oking. The 
causal m echan ism s p robab ly  relate  to  several factors, 
in c lu d in g  increased  p la te le t agg regation , decreased  
m yocard ia l oxygen  su p p ly  (because of lu n g  disease 
co u p led  w ith  hypox ia  re la ted  to  CO  in  cigarette  
sm oke) accom pan ied  by increased  oxygen  d em and , 
a n d  a decreased  th resho ld  for ven tricu la r fibrillation. 
A lm ost on e-th ird  of all h e a rt a ttacks are associated  
w ith  cigarette  sm oking. Sm oking  has a m u ltip licative  
effect o n  risk  w h e n  com bined  w ith  h y p erten sio n  and  
hypercholestero lem ia.

• Maternal smoking increases the risk of spontaneous abortions 
and preterm births an d  resu lts  in  in trau te rin e  g ro w th  
re ta rd a tio n  (C hap ter 7); how ever, b irth  w e ig h ts  of 
in fan ts b o rn  to  m o th ers  w h o  s to p p ed  sm oking  before 
p regnancy  are  norm al.

Tobacco smoking (cigarettes/day)

Fig. 8.9 Multiplicative increase in the risk of laryngeal cancer from the 
interaction between cigarette smoking and alcohol consumption. ( D a t a  f r o m  

S t e w a r t  B W ,  K le ih u e s  P, e d i to r s :  World cancer report, L y o n , 2 0 0 3 ,  IA R C  P re s s .)
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• Passive smoke inhalation is also  associa ted  w ith  de trim en 
tal effects. It is es tim ated  th a t the relative risk  of lung  
cancer in  nonsm okers exposed  to  env ironm en ta l sm oke 
is ab o u t 1.3 tim es th a t in  nonsm okers w h o  are no t 
exposed  to  sm oke. In  the U nited  States, approx im ately  
3000 lu n g  cancer d ea th s in  nonsm okers o lder th an  35 
years can  be a ttr ib u ted  each year to env ironm en ta l 
tobacco sm oke. Even m ore strik ing  is the increased  risk  
of coronary  a therosclerosis an d  fatal m yocard ia l infarc
tion. S tud ies re p o rt th a t 30,000 to  60,000 cardiac dea ths 
annually  in  the U nited  S tates are associated  w ith  passive 
exposure  to  sm oke. C h ild ren  liv ing  in  a h o useho ld  w ith  
a n  a d u lt w h o  sm okes have  a n  increased  frequency  of 
resp ira to ry  illnesses a n d  asthm a. Passive sm oke inhala 
tion  in  nonsm okers can  be estim ated  by  m easu rin g  the 
b lood levels o f cotinine, a m etabolite  o f nicotine. In  the 
U nited  States, m ed ian  cotin ine levels in  nonsm okers 
have  decreased  by m ore th an  60% since a ro u n d  2 0 0 0  

because o f the ad o p tio n  of nonsm ok ing  policies in  public  
places. H ow ever, passive  exposure  to  tobacco sm oke in  
the  hom e rem ains a m ajor public  h ea lth  concern, p articu 
larly  for ch ildren . It is clear th a t the transien t p leasu re  a 
pu ff m ay  p ro v id e  com es w ith  a heavy  long-term  price.

ÜB  S U M M A R Y

310 C H A P T E R  8 Environmental and Nutritional Diseases

H E A L T H  E F F E C T S  O F  T O B A C C O

• Smoking is the most preventable cause of human death.

• Tobacco smoke contains more than 2000 compounds. Among 

these are nicotine, which is responsible for tobacco addiction, 

and strong carcinogens— mainly, polycyclic aromatic hydrocar

bons, nitrosamines, and aromatic amines.

• Approximately 90% of lung cancers occur in smokers. Smoking 

is also associated with an increased risk of cancers of the oral 

cavity, larynx, esophagus, stomach, bladder, and kidney, as well 

as some forms of leukemia. Cessation of smoking reduces the 

risk of lung cancer.

• Smokeless tobacco use is an important cause of oral cancers. 

Tobacco interacts with alcohol in multiplying the risk of oral, 

laryngeal, and esophageal cancer and increases the risk of lung 

cancers from occupational exposures to asbestos, uranium, and 

other agents.

• Tobacco consumption is an important risk factor for develop

ment of atherosclerosis and myocardial infarction, peripheral 

vascular disease, and cerebrovascular disease. In the lungs, in 

addition to  cancer, it predisposes to emphysema, chronic bron

chitis, and chronic obstructive disease.

• Maternal smoking increases the risk of abortion, premature 

birth, and intrauterine growth retardation.

EFFECTS OF A LC O H O L

E thano l is consum ed , a t least partly , for its m ood-a lte ring  
p roperties , b u t w h e n  u sed  in  m o d era tio n  its effects are  
socially acceptable a n d  n o t in jurious. W h en  excessive 
a m o u n ts  are  used , alcohol can  cause m ark ed  physical an d  
psychologic dam age. H ere  w e  describe the lesions th a t are  
d irectly  associated  w ith  the abuse  of alcohol.

D esp ite  all the attention g iven  to illega l drugs, alcohol 
abuse is a m ore w id esp read  hazard and claim s m any  
m ore liv e s . Fifty p e rcen t o f a d u lts  in  the W estern  w o rld  
d rin k  alcohol, a n d  app rox im ate ly  5% to 10% have  chronic 
alcoholism . It is es tim ated  th a t there are more than 10 million 
chronic alcoholics in the United States and that alcohol consump
tion is responsible for more than 100,000 deaths annually. 
A lm ost 50% of these  d ea th s  re su lt from  acciden ts caused  
by d ru n k e n  d riv in g  an d  a lcohol-re la ted  h om icides a n d  sui
cides, a n d  ab o u t 15% are  a consequence of cirrhosis of the 
liver.

A fter consum ption , e thano l is ab so rbed  u n a lte red  in  the 
stom ach  a n d  sm all in testine  a n d  th en  d is trib u tes  to  all of 
the tissues a n d  flu ids of the bo d y  in  d irec t p ro p o rtio n  to 
the b lood  level. Less th a n  10% is excreted  u n ch an g ed  in  the 
u rine , sw eat, a n d  b rea th . The am o u n t exhaled  is p ro p o r
tional to  the b lood  level a n d  fo rm s the basis for the b rea th  
test u sed  by law  en fo rcem ent agencies. A  concen tra tion  of 
80 m g /d L  in  the b lood  constitu tes the legal defin ition  of 
d ru n k  d riv in g  in  m ost states. For an  average  in d iv idua l, 
th is alcohol concen tra tion  m ay  be reached  after consum p 
tion  of th ree  s ta n d a rd  d rinks, ab o u t th ree  ( 1 2  ounce) bottles 
o f beer, 15 ounces of w ine, o r 4 to  5 ounces of 80-proof 
d istilled  spirits. D row siness occurs a t 200 m g /d L , s tu p o r 
a t 300 m g /d L , an d  com a, w ith  possib le re sp ira to ry  arrest, 
a t h ig h er levels. The ra te  o f m etabo lism  affects the b lood 
alcohol level. C hronic  alcoholics develop  to lerance to 
alcohol. They m etabolize alcohol a t a h ig h er ra te  than  
n o rm al a n d  hence show  low er peak  levels of alcohol than  
average  for the  sam e ab o u t o f alcohol consum ed . M ost of 
the alcohol in  the b lood  is m etabo lized  to  ace ta ldehyde  in  
the  liver by  th ree  enzym e system s: alcohol dehyd rogenase ; 
cy tochrom e P-450 isoenzym es; a n d  catalase (Fig. 8.10). Of 
these, the main enzyme involved in alcohol metabolism is alcohol 
dehydrogenase, located  in  the  cytosol of hepatocytes. A t h igh  
b lood  alcohol levels, how ever, the m icrosom al e thanol- 
ox id iz ing  system  also  p lays an  im p o rtan t role. This system  
involves cy tochrom e P-450 enzym es, p a rticu la rly  the 
CYP2E1 isoform , located  in  the sm ooth  ER. In d u c tio n  of 
P-450 enzym es by alcohol explains the increased  suscep ti
bility  of alcoholics to  o th e r co m p o u n d s  m etabo lized  by the 
sam e enzym e system , w h ich  inc lude  d ru g s  (acetam ino
phen , cocaine), anesthetics, carcinogens, a n d  in d u stria l sol
ven ts. O f note, how ever, w h e n  alcohol is p re sen t in  the 
b lood  a t h ig h  concentra tions, it com petes w ith  o ther 
CYP2E1 substra tes a n d  m ay  delay  the  catabo lism  of o ther 
d rugs, thereby  p o ten tia tin g  their effects. C atalase is of 
m in o r im portance, be ing  responsib le  for on ly  ab o u t 5% of 
alcohol m etabolism . A ceta ldehyde  p ro d u ced  by these 
system s is in  tu rn  converted  by ace ta ldehyde  deh y d ro g e 
nase  to  acetate, w h ich  is u sed  in  the m itochondria l resp ira 
to ry  chain.

Several toxic effects re su lt from  e thano l m etabolism . 
L isted  here  a re  on ly  the m o st im p o rta n t of these:
• Alcohol oxidation by alcohol deh y d ro g en ase  causes 

a decrease in  n ico tinam ide  ad en in e  d inucleo tide  
(NAD+) an d  a n  increase in  N A D H  (the re d u ced  form  
of NAD+). NAD+ is req u ired  for fa tty  acid  ox idation  
in  the  liver. Its deficiency is a  m a in  cause of fa t accu
m u la tio n  in  the liver o f alcoholics. The increase in  the 
N A D H /N A D + ra tio  in  alcoholics also  causes lactic 
acidosis.
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Fig. 8 . l °  Metabolism of ethanol: oxidation of ethanol to acetaldehyde by three different routes, and the generation of acetic acid. Note that oxidation by 
alcohol dehydrogenase (ADH) takes place in the cytosol; the cytochrome P-450 system and its CYP2EI isoform are located in the ER (microsomes), and 
catalase is located in peroxisomes. Oxidation of acetaldehyde by aldehyde dehydrogenase (ALDH) occurs in mitochondria. ( D a t a  f r o m  P a rk in s o n  A :  B io t r a n s fo r 

m a t io n  o f  x e n o b io t ic s .  In  K la s s e n  C D ,  e d i t o r :  Casarett and Doull's toxicology: The basic science of poisons, e d  6 ,  N e w  Y o rk ,  2 0 0 1 ,  M c G r a w - H i l l ,  p p  1 3 3 . )

• Acetaldehyde toxicity m ay be responsib le  for som e of the 
acu te  effects of alcohol. A ceta ldehyde  m etabo lism  
differs be tw een  p o p u la tio n s  because of genetic varia 
tion. M ost no tab ly , ab o u t 50% of A sians express a defec
tive fo rm  of ace ta ld eh y d e  dehyd rogenase . A fter 
ingesting  alcohol, such  p erso n s experience flushing, 
tachycard ia, a n d  h y p erv en tila tio n  o w ing  to the accum u 
la tion  of ace ta ldehyde .

• ROS generation. M etabo lism  of e th an o l in  the  liver by 
CYP2E1 p ro d u ces  ROS a n d  causes lip id  p e ro x id a tio n  of 
cell m em branes. N evertheless, the precise  m echan ism s 
th a t accoun t for a lcoho l-induced  cellu lar in jury  h av e  n o t 
been  w ell defined.

• Endotoxin release. A lcohol m ay  cause the release of en d o 
tox in  (lipopolysaccharide), a p ro d u c t o f g ram -negative  
bacteria , from  the in testina l flora. E ndo tox in  stim ula tes 
the  release of tu m o r necrosis factor (TNF) a n d  o ther 
cy tok ines from  c ircu la ting  m acrophages a n d  from  
K upffer cells in  the  liver, causing  cell injury.

Acute a lcoh o lism  exerts its effects m ain ly  on  the CNS  
but also m ay induce reversible hepatic and gastric inju 
ries. Even w ith  m o d era te  in take of alcohol, m u ltip le  fat 
d rop le ts  accum ula te  in  the  cy top lasm  of hepatocy tes (fatty 
change or hepatic steatosis). G astric  dam age occurs in  the 
fo rm  of acu te  gastritis and ulceration. In  the CNS, a lcohol is 
a dep ressan t, first affecting  subcortical s tru c tu res  th a t

m o d u la te  cerebral cortical activ ity . C onsequen tly  there  is 
s tim u la tio n  a n d  d iso rd ered  cortical, m oto r, a n d  in te llectual 
behavior. A t p rogressively  h ig h er b lood  levels, cortical 
n e u ro n s  a n d  th en  low er m ed u lla ry  cen ters a re  dep ressed , 
in c lu d in g  those  th a t regu la te  resp ira tion . R esp ira to ry  a rrest 
m ay  follow .

Chronic a lcoh olism  affects n o t on ly  the liver and  
s tom ach  b u t v irtua lly  all o th e r o rgans a n d  tissues as w ell. 
C hronic  alcoholics suffer significant m o rb id ity  a n d  have  a 
sh o rten ed  life span , re la ted  p rinc ipa lly  to  dam ag e  to the 
liver, GI tract, CNS, card iovascu lar system , a n d  pancreas.
• The liver is the  m ain  site o f chronic in jury . In  a d d itio n  

to fa tty  change, m en tio n ed  earlier, chronic a lcoholism  
causes alcoholic h epatitis  a n d  cirrhosis (described 
in  C h ap te r 16). C irrhosis is associa ted  w ith  p o rta l 
h y p e rten s io n  a n d  an  increased  risk  of hepatoce llu lar 
carcinom a.

• In the GI tract, chronic alcoholism  can  cause m assive  
b leed ing  from  gastritis, gastric  ulcer, or esophageal 
varices (associated  w ith  cirrhosis), w h ich  m ay  p rove  
fatal.

• Neurologic effects. T hiam ine deficiency is com m on in 
chronic alcoholics; the p rinc ipa l lesions resu ltin g  from  
th is deficiency are  p e rip h e ra l n eu ro p a th ie s  an d  the 
W ernicke-K orsakoff sy n d ro m e (see Table 8.9 and  
C h ap te r 23). C erebral a tro p h y , cerebellar degeneration , 
an d  op tic  n e u ro p a th y  m ay  also  occur.
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• Cardiovascular effects. A lcohol has  d iverse  effects o n  the 
ca rd iovascu lar system . In jury  to  the  m y o ca rd iu m  m ay  
p ro d u ce  d ila ted  congestive ca rd io m y o p a th y  (alcoholic 
cardiomyopathy), d iscussed  in  C h ap te r 11. M oderate  
am o u n ts  o f alcohol (one d rin k  p e r  day) have  been 
rep o rted  to  increase se ru m  levels of h igh -density  lipo 
p ro te in s  (HDLs) a n d  in h ib it p la te le t aggregation , th u s 
p ro tec ting  ag a in st co ronary  arte ry  disease. H ow ever, 
heavy  consum ption , w ith  a tte n d a n t liver in jury , resu lts  
in  decreased  levels o f H DL, increasing  the likelihood  of 
h ea rt d isease. C hronic alcoholism  also  is associated  w ith  
an  increased  incidence of hypertension .

• Pancreatitis. Excess alcohol in take  increases the  risk  of 
acu te  a n d  chronic p ancrea titis  (C hap ter 16).

• Effects on fetus. The u se  of e thano l d u rin g  p reg n an cy  — 
rep o rted ly  ev en  in  low  am o u n ts  — can  cause fetal alcohol 
syndrom e. It consists of m icrocephaly , g ro w th  re ta rd a 
tion  a n d  facial abnorm alities in  the new born , a n d  a 
red u c tio n  of m en ta l functions in  o lder ch ild ren . It is dif
ficult to  estab lish  the a m o u n t of alcohol co nsum ption  
th a t can  cause fetal alcohol syndrom e, b u t co nsum ption  
d u rin g  the first trim ester o f p reg n an cy  is p articu larly  
harm ful.

• Carcinogenesis. C hronic  alcohol co n su m p tio n  is associ
a ted  w ith  a n  increased  incidence of cancers o f the 
o ral cavity , e sophagus, liver, and , possib ly , b reast in  
fem ales. The m echan ism s of the  carcinogenic effect are  
uncerta in .

• Malnutrition. E thanol is a  su b stan tia l source of energy, 
b u t is o ften  consu m ed  a t the expense of food (em pty  
calories). C hronic  alcoholism  is th u s associated  w ith  
m a ln u tritio n  a n d  deficiencies, p a rticu la rly  of the B 
v itam ins.

312 C H A P T E R  8 Environmental and Nutritional Diseases

Ä S U M M A R Y

A L C O H O L - M E T A B O L I S M  A N D  H E A L T H  E F F E C T S

• Acute alcohol abuse causes drowsiness at blood levels of 

approximately 200 mg/dL. Stupor and coma develop at higher 

levels.

• Alcohol is oxidized to acetaldehyde in the liver primarily by 

alcohol dehydrogenase, and to a lesser extent by the cyto

chrome P-450 system, and by catalase. Acetaldehyde is con

verted to  acetate in mitochondria and is used in the respiratory 

chain.

• Alcohol oxidation by alcohol dehydrogenase depletes NAD, 

leading to  accumulation of fat in the liver and to  metabolic 

acidosis.

• The main effects of chronic alcoholism are fatty liver, alcoholic 

hepatitis, and cirrhosis, which leads to portal hypertension and 

increases the risk for development of hepatocellular 

carcinoma.

• Chronic alcoholism can cause bleeding from gastritis and 

gastric ulcers, peripheral neuropathy associated with thiamine 

deficiency, and alcoholic cardiomyopathy, and it increases the 

risk for development of acute and chronic pancreatitis.

• Chronic alcoholism is a major risk factor for cancers of the 

oral cavity, larynx, and esophagus. The risk is greatly increased 

by concurrent smoking or the use of smokeless tobacco.

INJURY BY THERAPEUTIC DRUGS 
A N D  DRUGS OF ABUSE

Injury by Therapeutic Drugs: Adverse 
Drug Reactions

A dverse drug reactions (ADRs) are untow ard effects of  
drugs that are adm inistered  in  conventional therapeutic  
settings. These reactions are ex trem ely  com m on in  the 
p ractice of m ed icine  a n d  are  believed  to  affect 7% to 8 % of 
p a tien ts  a d m itted  to  a hosp ita l. A b o u t 10% of such  reac
tions p ro v e  fatal. Table 8.5 lists com m on  pa tho log ic  find 
ings in  ADRs an d  the d ru g s  m o st frequen tly  involved . As 
can  be seen, m any  of the  d ru g s  invo lved  in  ADRs, such  as 
the an ti-neop lastic  agents, are  h igh ly  p o ten t, an d  the ADR 
is a calcu la ted  risk  for the dosage a ssu m ed  to  achieve the 
m ax im u m  therapeu tic  effect. C om m only  u sed  d ru g s  such  
as long-acting  tetracyclines, w h ich  a re  u sed  to  trea t d iverse  
conditions, in c lu d in g  acne, m ay  p ro d u ce  localized  or sys
tem ic reactions (Fig. 8.11). Because they are w id e ly  used , 
e strogens a n d  o ral con tracep tives (OCs) are d iscussed  
nex t in  m ore  detail. In  ad d itio n , ace tam in o p h en  an d  
asp irin , w h ich  are  n o n p resc rip tio n  d ru g s  b u t are im p o rtan t

Fig. 8. l l  Adverse reaction to minocycline, a long-acting tetracycline deriva
tive. (A) Diffuse blue-gray pigmentation of the forearm, secondary to mino
cycline administration. (B) Deposition of drug metabolite/iron/melanin 
pigment particles in the dermis. (A  a n d  B , C o u r te s y  o f  D r .  Z s o f t  A r g e n y i ,  D e p a r t 

m e n t  o f  P a th o lo g y ,  U n iv e r s i t y  o f  W a s h in g to n ,  S e a t t le ,  W a s h in g to n . )
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Table 8.5 Som e C om m on Adverse D rug Reactions and T h e ir  Agents

R eaction M a jo r  O ffen ders

Blood Dyscrasias*

Granulocytopenia, aplastic anemia, pancytopenia Anti-neoplastic agents, immunosuppressives, and chloramphenicol

Hemolytic anemia, thrombocytopenia Penicillin, methyldopa, quinidine

C utaneous

Urticaria, macules, papules, vesicles, petechiae, exfoliative dermatitis, fixed Anti-neoplastic agents, sulfonamides, hydantoins, some antibiotics, and
drug eruptions, abnormal pigmentation many other agents

C ard iac

Arrhythmias Theophylline, hydantoins

Cardiomyopathy Doxorubicin, daunorubicin

Renal

Glomerulonephritis Penicillamine

Acute tubular necrosis Aminoglycoside antibiotics, cyclosporine, amphotericin B

Tubulointerstitial disease with papillary necrosis Phenacetin, salicylates

P u lm o nary

Asthma Salicylates

Acute pneumonitis Nitrofurantoin

Interstitial fibrosis Busulfan, nitrofurantoin, bleomycin

H epatic

Fatty change Tetracycline

Diffuse hepatocellular damage Halothane, isoniazid, acetaminophen

Cholestasis Chlorpromazine, estrogens, contraceptive agents

System ic

Anaphylaxis Penicillin

Lupus erythematosus syndrome (drug-induced lupus) Hydralazine, procainamide

C N S

Tinnitus and dizziness Salicylates

Acute dystonic reactions and parkinsonian syndrome Phenothiazine anti-psychotics

Respiratory depression Sedatives

*Feature in almost half of all drug-related deaths.

causes of acciden ta l or in ten tional overdose, m erit special 
com m ent.

Exogenous Estrogens and  O ra l Contraceptives

M enopausal H o rm o n e  T herapy  (MHT)

The m ost com m on type  of M H T (p rev iously  re ferred  to as 
ho rm o n e  rep lacem en t therapy , o r HRT) consists o f the 
ad m in is tra tio n  of estrogens toge ther w ith  a p rogestogen . 
Because of the risk  of u te rin e  cancer, e s trogen  the rap y  
a lone is u sed  on ly  in  hysterec tom ized  w om en . In itially  
u se d  to  coun terac t "h o t flashes" an d  o ther sym ptom s of 
m enopause , early  clinical s tud ies  suggested  th a t M H T use 
in  p o stm en o p au sa l w o m en  cou ld  p rev en t o r slow  the p ro 
g ression  o f o steoporosis  (C hap ter 21) a n d  red u ce  the likeli
h o o d  of m yocard ia l infarction . H ow ever, su b seq u en t 
ra n d o m ized  clinical trials hav e  p ro d u ced  decided ly  m ixed  
resu lts . A ccord ing  to  these, a lth o u g h  M H T d id  reduce  the 
n u m b er of frac tu res in  w o m en  on  trea tm en t, it w as  also 
rep o rte d  th a t after 5 y ears  of trea tm en t, com bination  M H T 
increased  the risk  o f b reast cancer (C hap ter 19), stroke, an d  
venous th rom boem bo lism  a n d  h a d  no  effect o n  the inci
dence of co ronary  h ea rt d isease. B ut d u rin g  the  p a s t few

y ears  there  has been  a reap p ra isa l of the risks a n d  benefits 
o f M HT. These n ew er analyses show ed  th a t M H T effects  
d ep en d  on  the type o f horm one therapy regim en u sed  
(com bination estrogen-progestin  versus estrogen alone), 
the age and risk factor status o f the w om an  at the start of 
treatm ent, the duration o f the treatm ent, and p ossib ly  the  
horm one dose, form ulation, and route o f adm inistration . 
The c u rren t risk  : benefit consensus can  be su m m arized  as 
follows:
• Combination estrogen-progestin increases the  risk  of b reast 

cancer after a m ed ian  tim e of 5 to  6  years. In  contrast, 
e s trogen  a lone in  w o m en  w ith  hysterectom y is associ
a ted  w ith  a  b o rderline  red u c tio n  in  the  risk  of b reast 
cancer.

• MHT may have a protective effect on the development of 
atherosclerosis and coronary disease in  w o m en  y o u n g e r 
th a n  60 y ears  o f age, b u t there  is n o  p ro tec tio n  in  w o m en  
w h o  s ta rted  M H T a t a n  o lder age. These d a ta  su p p o rt 
the n o tion  th a t there  m ay  be a  critical therapeu tic  
w in d o w  for M H T effects on  the card iovascu lar system . 
P ro tective  effects in  y o u n g e r w o m en  d e p e n d  in  p a r t  on  
the response  of estrogen  recep to rs in  hea lthy  vascu lar 
endo the lium . H ow ever, M H T sh o u ld  n o t be u se d  for the
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p rev en tio n  of card iovascu lar d isease o r o th e r chronic 
diseases.

• MHT increases the risk of stroke and venous thromboembo
lism (VTE), includ ing  deep  vein  th rom bosis an d  pu lm o
n ary  em bolism . The increase in  VTE is m ore p ronounced  
d u rin g  the first 2  years of trea tm en t an d  in  w om en  
w h o  have o ther risk  factors, such as im m obilization  
an d  hypercoagulable states caused  by p ro th ro m b in  or 
factor V Leiden m uta tions (C hapter 4). W hether risks 
of VTE an d  stroke are  low er w ith  transderm al than  
oral rou tes of estrogen  adm in istra tion  w arran ts  fu rther 
study.

A s can  be ap p rec ia ted  from  these associations, assess
m en t o f risks an d  benefits w h e n  considering  the  u se  of 
M H T in  w o m en  is com plex. The c u rren t feeling  is th a t 
these agen ts  have a ro le  in  the m an ag em en t o f m en o p au sa l 
sym ptom s in  early  m en o p au se  b u t sh o u ld  n o t be u se d  long  
te rm  for chronic d isease p reven tion .

O ra l C on tracep tives

A lth o u g h  O C s have  been  u sed  for several decades, d is
ag reem en t con tinues ab o u t their safety  a n d  ad v erse  effects. 
T hey nearly  a lw ays con tain  a  syn thetic  estrad io l a n d  a 
variab le  a m o u n t of a p ro g estin  ("com bination  O C s"), b u t 
a few  p re p a ra tio n s  con ta in  on ly  p rogestins. C u rren tly  p re 
scribed O C s con ta in  a sm aller a m o u n t of e strogens (less 
th a n  50 |tg /d a y )  a n d  clearly  have  few er side  effects than  
those rep o rte d  for earlier fo rm ulations. H ence, the resu lts  
of ep idem io log ic  s tud ies  m u s t be in te rp re ted  in  the  context 
of the  dosage. N evertheless, there  is reasonab le  evidence 
to su p p o rt the fo llow ing  conclusions:
• Breast carcinoma: The p rev a ilin g  o p in io n  is th a t O C s do  

n o t cause a n  increase in  b reast cancer risk.
• Endometrial cancer and ovarian cancers: O C s have  a p ro 

tective effect ag a in st these tum ors.
• Cervical cancer: O C s m ay  increase the risk  of cervical car

cinom as in  w o m en  infected w ith  h u m an  papillom avirus.
• Thromboembolism: M ost s tu d ies  ind ica te  th a t OCs, 

in c lu d in g  the n ew er low -dose (less th a n  50 |tg  of estro 
gen) p rep ara tio n s, are  associa ted  w ith  a th reefo ld  to 
sixfold increased  risk  of v en o u s th rom bosis an d  p u lm o 
n a ry  th rom boem bo lism  resu ltin g  from  increased  hepatic  
syn thesis o f coagu la tion  factors. This risk  m ay  be even  
h igher w ith  n ew er " th ird -g en e ra tio n "  O C s th a t con ta in  
syn thetic  p rogestins, p a rticu la rly  in  w o m en  w h o  are 
carriers o f the factor V L eiden  m u ta tio n . To p u t th is 
com plication  in to  context, how ever, the  risk  of th ro m 
boem bolism  associa ted  w ith  O C use  is tw o  to six tim es 
low er th a n  the risk  of th rom boem bo lism  associa ted  w ith  
p regnancy .

• Cardiovascular disease: T here is considerab le  u ncerta in ty  
ab o u t the risk  of atherosclerosis a n d  m yocard ia l infarc
tion  in  u sers o f OCs. It seem s th a t O C s do  n o t increase 
the risk  of co ronary  a rte ry  d isease in  w o m en  y o u n g e r 
th a n  30 years o r in  o lder w o m en  w h o  are  nonsm okers, 
b u t the  risk  app rox im ate ly  doub les in  w o m en  o lder 
th an  35 years w h o  sm oke.

• Hepatic adenoma: T here is a w ell-defined  association  
be tw een  the  u se  of O C s a n d  th is ra re  ben ig n  hepatic  
tum or, especially  in  o ld e r w o m en  w h o  have u sed  OCs 
for p ro lo n g ed  p erio d s  (C hap ter 14).
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O bviously , the p ro s a n d  cons of O C s m u st be v iew ed  in  
the contex t o f their w id e  app licab ility  a n d  acceptance as a 
fo rm  of con tracep tion  th a t p ro tec ts  ag a in st u n w a n te d  
pregnancies.

A cetam inophen

A t therapeu tic  doses, acetam inophen , a  w ide ly  u sed  non 
p rescrip tion  analgesic an d  anti-pyretic, is m ostly  conjugated 
in  the liver w ith  g lucuron ide  or sulfate. A bou t 5% or less 
is m etabo lized  to N A PQ I (N -acetyl-p-benzoquinoneim ine) 
th ro u g h  the hepatic  P-450 system . W ith  very  large  doses, 
how ever, NAPQI accumulates, leading to centriloblar hepatic 
necrosis. The m echanism s of in jury  p ro d u ced  by N A PQ I 
inc lude  (1 ) covalent b in d in g  to  hepatic  p ro te in s a n d  (2 ) 
dep le tion  of red u ced  GSH. The dep le tion  of GSH m akes 
the hepatocy tes m ore susceptib le to  cell d ea th  caused  
by  ROS. The w in d o w  betw een  the u su a l therapeu tic  
dose (0.5 g) an d  the toxic dose (15 to  25 g) is large, and  
the d ru g  o rd inarily  is very  safe. N evertheless, accidental 
overdoses occur in  ch ildren , an d  suicide a ttem p ts  u sing  
ace tam inophen  are  n o t uncom m on, particu larly  in  the 
U n ited  K ingdom . In  the U nited  States, ace tam inophen  
toxicity is causes ab o u t 50% of acu te liver failure. Toxic
ity  beg ins w ith  nausea, vom iting , d iarrhea, an d  som e
tim es shock, fo llow ed in  a few  days by the appearance 
of jaundice . O verdoses of ace tam inophen  can  be treated  
in  early  stages by  the adm in istra tion  of N-acetylcysteine, 
w h ich  restores GSH. W ith  serious overdoses, liver failure 
ensues, a n d  cen trilobular necrosis m ay  ex tend  to involve 
en tire  lobules; such pa tien ts o ften  requ ire  liver tran sp lan ta 
tion. Som e pa tien ts also show  evidence of concurren t renal 
dam age.

Aspirin (Acetylsalicylic Acid)

A sp irin  overdose  m ay  re su lt from  acciden ta l ingestion  in  
y o u n g  ch ild ren  o r su icide a ttem p ts  in  adu lts . The m ajor 
u n to w a rd  consequences are  m etabolic, w ith  few  m o rp h o 
logic changes. A t first, respiratory alkalosis develops, followed 
by a metabolic acidosis th a t o ften  p ro v es fatal. Fatal doses 
m ay  be as little  as 2 to  4 g in  ch ild ren  a n d  10 to  30 g in  
adu lts , b u t su rv iv a l has  been  rep o rted  after doses five 
tim es larger.

Chronic aspirin toxicity (salicylism ) m ay  develop  in  
p ersons w h o  take 3 gm  o r m ore  daily  (the dose  u se d  to 
trea t chronic in flam m atory  conditions). C hronic  salicylism  
is m an ifested  by headache, d izziness, r in g in g  in  the  ears 
(tinnitus), d ifficulty  in  hearing , m en ta l confusion, d row si
ness, nausea , vom iting , an d  d iarrhea . The CNS changes 
m ay  p ro g ress  to  convu lsions an d  com a. The m orpho log ic  
consequences of chronic salicylism  are  varied . M ost often, 
there  is a n  acu te  erosive gastritis (C hap ter 15), w h ich  m ay 
p ro d u ce  o v ert o r covert GI b leed ing  a n d  lead  to  gastric 
u lceration . A  b leed ing  tendency  m ay  ap p e a r concurren tly  
w ith  chronic toxicity because asp irin  irreversib ly  inh ib its  
p la te le t cyclooxygenase a n d  blocks the ab ility  to  m ake 
th rom boxane  A2, an  activa to r o f p la te le t agg regation  
(C hap ter 4). P etechial hem orrhages m ay  ap p e a r in  the skin  
an d  in te rn a l viscera, an d  b leed ing  from  gastric  u lcerations 
m ay  be exaggerated .

P ro p rie ta ry  analgesic  m ix tu res of asp irin  an d  phenace 
tin  o r its active m etabolite , ace tam inophen , w h en  taken  
th ro u g h o u t several years, can  cause tubu lo in terstitia l
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Table 8 . 6  C om m on Drugs o f Abuse

Class M o le c u la r T arg e t E xam ples

Opioid narcotics Mu opioid receptor (agonist) Heroin, hydromorphone (Dilaudid) 
Oxycodone
Methadone (Dolophine)

Sedative-hypnotics GABA receptor (agonist) Barbiturates
Ethanol
Methaqualone (“Quaalude”) 
Glutethimide (Doriden) 
Ethchlorvynol (Placidyl)

Psychomotor stimulants Dopamine transporter (antagonist) 
Serotonin receptors (toxicity)

Cocaine
Amphetamine
3,4-methylenedioxymethamphetamine (MDMA) (i.e., “ecstasy”)

Phencyclidine-like drugs NMDA glutamate receptor channel (antagonist) Phencyclidine (PCP) (i.e., “angel dust”) 
Ketamine

Cannabinoids CBI cannabinoid receptors (agonist) Marijuana
Hashish

Nicotine Nicotine acetylcholine receptor (agonist) Tobacco products

Hallucinogens Serotonin 5-HT2 receptors (agonist) Lysergic acid diethylamide (LSD)
Mescaline
Psilocybin

C B I, Cannabinoid receptor type 1; G ABA , y-aminobutyric acid; 5 -H T 2 , 5-hydroxytryptamine; NMDA, N- 
Data from Hyman SE: A 28-year-old man addicted to cocaine,J A M A  286:2586, 2001.

methyl-D-aspartate; PCP, I-(I-phenylcyclohexyl)piperidine.

n ep h ritis  w ith  rena l pap illa ry  necrosis. This clinical en tity  
is re ferred  to  as analgesic nephropathy (C hap ter 14).

Injury by Nontherapeutic Agents (Drug Abuse)

D ru g  abuse  generally  invo lves the  u se  of m ind -a lte ring  
substances beyond  the rapeu tic  o r social no rm s. D rug  
add ic tion  a n d  overdose  are serious pub lic  hea lth  prob lem s. 
C o m m on  d ru g s  of abuse  a re  lis ted  in  Table 8 .6 . C onsidered  
here  are  cocaine, opiates, a n d  m arijuana, w ith  a b rief 
m en tion  of a  few  o ther d rugs.

Cocaine

In  2014, it w as  estim ated  th a t there  w ere  1.5 m illion  
u se rs  of cocaine in  the  U n ited  States, of w h ich  app rox i
m ate ly  15% to 20% w ere  u sers  o f "crack" cocaine. U se is 
h ig h est am o n g  a d u lts  18 to  25 y ears  of age, of w h o m  1.4% 
rep o rte d  tak ing  cocaine w ith in  the  p a s t m onth . E xtracted  
from  the leaves of the  coca p lan t, cocaine u su a lly  is p re 
p a re d  as a w ater-so lub le  p o w d er, cocaine hydroch lo ride , 
b u t w h en  so ld  on  the street it is liberally  d ilu ted  w ith  
ta lcum  p o w d er, lactose, o r o ther look-alikes. C rystalli
za tio n  of the p u re  a lkalo id  from  cocaine hyd ro ch lo rid e  
y ie lds n u g g e ts  o f crack (so called  because of the p o p p in g  
so u n d  it m akes w h en  heated). The pharm aco log ic  actions 
of cocaine an d  crack are  identical, b u t crack is far m ore  
po ten t. B oth fo rm s can  be snorted , sm oked  after m ixing 
w ith  tobacco, ingested , o r injected su bcu taneously  or 
in travenously .

Cocaine produces a sense o f in ten se euphoria and  
m ental alertness, m aking it one o f the m ost addictive of 
all drugs. E xperim en tal an im als w ill p ress  a lever m ore  
than  1 0 0 0  tim es an d  w ill fo rgo  food  a n d  d rin k  to  ob ta in  the 
d rug . In  cocaine users, a lth o u g h  physical d ep endence  
seem s n o t to  occur, the psychologic d ep endence  is p ro 
found . In tense  crav ings are  p a rticu la rly  severe in  the first 
several m o n th s after abstinence a n d  can recu r for years.

A cu te  overdose  p ro d u ces seizures, card iac  a rrh y th m ias, 
a n d  resp ira to ry  arrest. The fo llow ing  are the  im p o rtan t 
m an ifesta tions of cocaine toxicity:
• Cardiovascular effects. The m ost serious physical effects 

of cocaine re la te  to  its acu te  action  o n  the  card iovascu lar 
system . C ocaine is a sym pathom im etic  ag en t (Fig. 8.12), 
b o th  in  the  CNS, w h ere  it blocks the reu p tak e  of d o p a 
m ine, a n d  a t ad renerg ic  n e rv e  end ings, w h ere  it blocks 
the reu p tak e  of b o th  ep in ep h rin e  an d  n o rep in ep h rin e  
w h ile  s tim u la ting  the p resy n ap tic  release of n o rep i
n eph rine . The n e t effect is the accum ula tion  of these 
n eu ro tran sm itte rs  in  synapses a n d  excessive stim u 
lation , m an ifested  by tachycard ia , hypertension , and  
p erip h e ra l vasoconstriction . C ocaine also  induces m yo
card ia l ischem ia, the basis for w h ich  is m ultifactorial. It 
causes co ronary  a rte ry  vasoconstric tion  a n d  p rom otes  
th ro m b u s fo rm ation  by  facilita ting  p la te le t aggregation . 
C igarette  sm oking  po ten tia tes  cocaine-induced  coro
n a ry  vasospasm . T hus, by  increasing  m yocard ia l oxygen 
d em an d  by its sym pathom im etic  action  and , a t the sam e 
tim e, red u c in g  co ronary  b lood  flow , cocaine often  
triggers m yocard ia l ischem ia, w h ich  m ay  lead  to  m yo
card ia l infarction . C ocaine also  can p rec ip ita te  lethal 
a rrh y th m ias  by  en hanced  sym pathe tic  activ ity  as w ell 
as by  d is ru p tin g  n o rm al ion  (K+, Ca2+, Na+) tra n sp o rt 
in  the  m yocard ium . These toxic effects are n o t necessar
ily  dose re la ted , a n d  a fa ta l even t m ay  occur in  a  first
tim e u se r w ith  w h a t is a typical m o od-a lte ring  dose.

• CNS effects. The m o st com m on  CNS find ings are h y p er
pyrex ia  (th o u g h t to  be caused  by aberra tions of the 
dopam inerg ic  p a th w ay s  th a t con tro l body  tem pera tu re) 
an d  seizures.

• Effects on the fetus. In  p re g n a n t w om en , cocaine m ay 
cause decreased  b lood  flow  to the  p lacen ta, resu ltin g  in 
fetal hypox ia  a n d  sp o n tan eo u s abortion . N euro log ic  
d ev e lo p m en t m ay  be im p a ired  in  the fe tuses of p reg 
n a n t w o m en  w h o  are  chronic d ru g  users.
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CENTRAL NERVOUS SYSTEM SYNAPSE

Presynaptic
axon

□  Dopamine

Postsynaptic 
dendrite _

Euphoria, paranoia, hyperthermia

SYMPATHETIC NEURON-TARGET CELL INTERFACE

9 Norepinephrine

Hypertension, cardiac arrhythmia, myocardial infarct, 
cerebral hemorrhage, and infarct

Fig. 8 . I 2  The effect of cocaine on neurotransmission. The drug inhibits 
reuptake of the neurotransmitters dopamine and norepinephrine in the 
central and peripheral nervous systems.

• Chronic cocaine use. C hronic  u se  m ay  cause (1) perfo ra 
tion  o f the  n asa l sep tu m  in  snorters, (2 ) decrease in  lu n g  
d iffu sing  capacity  in  u se rs  w h o  inhale  the sm oke, an d  
(3) the d ev e lo p m en t o f d ila ted  card iom yopathy .

H ero in  and  O th er Opioids

Heroin is an addictive opioid derived from the poppy plant and is 
closely related to morphine. Its effects a re  even  m ore harm fu l 
th a n  those of cocaine. N evertheless, it is es tim ated  th a t 
a lm ost 4 m illion  people  in  the U nited  States have u sed  
h ero in  a t least once, an d  th a t in  2012 m ore th an  650,000 
peop le  u sed  the d ru g  a t som e tim e d u rin g  the year. A s sold

on  the street, it is cu t (d ilu ted) w ith  an  agen t (often talc o r 
quinine); thus, the size of the dose n o t only  is variab le b u t 
also  usua lly  is u n k n o w n  to the buyer. H eroin , a long  w ith  
any  con tam inating  substances, u sua lly  is se lf-adm inistered  
in travenously  or subcutaneously . Effects are varied  and  
include eupho ria , hallucinations, som nolence, an d  seda
tion. H ero in  has a  w id e  range  of adverse  physical effects 
tha t can  be categorized  etiologically accord ing  to (1 ) the 
pharm acologic action  of the agent, (2 ) reactions to the 
cu tting  agen ts o r con tam inan ts, (3) hypersensitiv ity  reac
tions to the  d ru g  o r its ad u lte ran ts , an d  (4) d iseases con
tracted  th ro u g h  the sharing  of needles. Som e of the m ost 
im p o rtan t adverse  effects o f h ero in  are  the follow ing:
• Sudden death. S u d d en  dea th , u su a lly  re la ted  to  overdose, 

is a n  ever-p resen t risk, because d ru g  p u rity  generally  is 
u n k n o w n  an d  m ay  ran g e  from  2% to 90%. The yearly  
incidence of su d d e n  d e a th  am o n g  chronic u sers  in  the 
U n ited  S tates is es tim ated  to  be be tw een  1% a n d  3%. 
S u d d en  d e a th  som etim es is d u e  to  a loss of to lerance for 
the d ru g , such  as after a p e rio d  of incarceration . The 
m echan ism s of d ea th  inc lude  p ro fo u n d  re sp ira to ry  
depression , a rrh y th m ia  an d  card iac  a rrest, a n d  p u lm o 
nary  edem a.

• Pulmonary disease. P u lm o n ary  com plications inc lude  
edem a, septic em bolism , lu n g  abscess, o p p o rtu n is tic  
infections, a n d  fo reign  body  g ran u lo m as from  talc and  
o ther ad u lte ran ts . A lth o u g h  g ran u lo m as occur p rinci
pally  in  the lung , they  also  a re  som etim es fo u n d  in  the 
spleen, liver, a n d  ly m p h  n o d es th a t d ra in  the u p p e r  
extrem ities. E xam ination  u n d e r  po la rized  ligh t often  
h igh ligh ts tra p p e d  talc crystals, som etim es enclosed 
w ith in  fo reign  b o d y  g ian t cells.

• Infections. Infectious com plications a re  com m on. The 
sites m ost com m only  affected  are the sk in  a n d  subcu ta 
neous tissue, h ea rt valves, liver, a n d  lungs. In  a series 
of ad d ic ted  p a tien ts  ad m itte d  to  the hosp ita l, m ore  than  
1 0 % h a d  endocard itis , w h ich  o ften  takes a d istinctive 
fo rm  invo lv ing  rig h t-s id ed  h eart valves, p a rticu la rly  the 
tricu sp id . M ost cases a re  caused  by  Staphylococcus 
aureus, b u t fung i a n d  a m u ltitu d e  of o th e r o rgan ism s 
h av e  also  been  im plicated . V iral h epatitis  is the m ost 
com m on infection  am o n g  ad d ic ts  a n d  is acq u ired  by the 
sharing  of d irty  needles. In  the U n ited  States, th is p rac 
tice has also  led  to  a very  h ig h  incidence of h u m an  
im m unodefic iency  v iru s  (HIV) in fection  in  in trav en o u s 
d ru g  abusers.

• Skin lesions. C u tan eo u s lesions p robab ly  are  the m ost 
frequen t tellta le  sign  o f h e ro in  add iction . A cute changes 
include abscesses, cellulitis, an d  u lcerations resu lting  
from  su b cu tan eo u s injections. S carring  a t injection sites, 
h y p erp ig m en ta tio n  over com m only  u sed  veins, and  
th rom bosed  veins are  the u su a l sequelae of rep ea ted  
in trav en o u s inoculations.

• Renal problems. K idney  d isease is a re la tively  com m on 
h azard . The tw o fo rm s m ost frequen tly  en co u n te red  are  
am ylo idosis (generally  secondary  to  sk in  infections) and  
focal glom erulosclerosis; bo th  induce  heavy  p ro te in u ria  
an d  the  n ep h ro tic  syndrom e.

Tragically, m ore  w id esp read  availability of p rescrip tion  
opiates, such as hydrocodone an d  oxycodone, has fueled  an  
epidem ic of op io id  abuse tha t surpasses that associated w ith
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heroin. In  2014, it w as estim ated  tha t 4.3 m illion A m ericans 
engaged  in  non-m edical use  of p rescrip tion  opioids, and  
tha t p rescrip tion  op io id  overdoses led to approxim ately  
19,000 deaths, m ain ly  from  resp ira to ry  failure. M oreover, an  
increasing n u m b er of hero in  users start w ith  p rescrip tion  
opioids, then  sw itch  to hero in  because it is a substantially  
less expensive habit. This trend  underlies a near doub ling  of 
hero in  use  in  the U nited  States betw een  2005 an d  2012. 
C urren t efforts are focused on  m ak ing  op io id  an tagonists 
w idely  available to  first responders, w h ich  has p reven ted  
m any  deaths, an d  tigh ten ing  the use  of p rescrip tion  opio ids 
to lim it their po ten tia l for abuse.

M a riju a n a

M arijuana, o r "p o t,"  is the  m ost w id e ly  u sed  illegal d rug . 
A s of 2014 in  the  U n ited  States, 22.2 m illion  peop le  (7.0% 
of the p opu la tion ) a d m itted  u se  d u r in g  the  p rev io u s 
m on th . Several sta tes in  the U n ited  S tates hav e  legalized  
the  "recrea tional"  use  o f m arijuana, an d  m ore states a p p ea r 
po ised  to  follow; thus, its s ta tu s  as a n  illicit d ru g  is u n d e r
go ing  reevaluation .

M arijuana is m ad e  from  the  leaves of the Cannabis sativa 
p lan t, w h ich  con tain  the  psychoactive  substance A9- 
te trah y d ro can n ab in o l (THC). W hen  m arijuana  is sm oked , 
a b o u t 5% to 10% of the TH C  con ten t is absorbed . 
D esp ite  n u m ero u s  stud ies, w h e th e r  the  d ru g  inc ludes p e r
s isten t ad v erse  physical a n d  functional effects rem ains 
u n reso lved . Som e of the u n to w a rd  anecdo ta l effects m ay 
be allerg ic or id iosyncratic  reactions or a re  possib ly  re la ted  
to  co n tam inan ts  in  the  p rep ara tio n s, ra th e r th a n  to  m ari
ju a n a 's  pharm aco log ic  effects. O n  the o th e r h an d , benefi
cial effects o f TH C inc lude  its capacity  to  decrease 
in trao cu la r p ressu re  in  g laucom a a n d  to  com bat in tractab le  
n au sea  secondary  to  cancer chem otherapy .

The functional a n d  o rganic CNS consequences of m ari
ju an a  have received g rea t scru tiny . M arijuana use  is w ell 
recogn ized  to d is to rt sensory  p ercep tion  a n d  im p a ir m oto r 
coord ina tion , b u t these acu te  effects generally  clear in  4 to 
5 hou rs. W ith  co n tin u ed  use, these changes m ay  p rog ress  
to  cognitive a n d  p sychom oto r im pairm en ts , such as the 
inab ility  to  ju d g e  tim e, speed , a n d  d istance. A m o n g  ado 
lescents, such im p a irm en t o ften  leads to  au tom ob ile  acci
den ts. M arijuana increases the  h eart ra te  a n d  som etim es 
b lood  p ressu re  an d  it m ay  cause ang ina  in  a p e rso n  w ith  
co ronary  a rte ry  d isease.

The lungs are affected  by chronic m arijuana  sm oking; 
laryngitis, pharyng itis , b ronchitis, cough, hoarseness, an d  
asthm alike  sym ptom s all have been  described , a long  w ith  
m ild  b u t significant a irw ay  obstruction . Sm oking  a m ari
ju an a  cigarette, com pared  w ith  a  tobacco cigarette, is asso 
c ia ted  w ith  a 3-fold increase in  the am o u n t of ta r inha led  
a n d  re ta ined  in  the  lungs, as a consequence of d eep er inha 
la tion  a n d  longer b rea th  ho ld ing .

O th e r Illicit Drugs

The variety  of d rugs tha t have been tried by  those seeking 
"n ew  experiences" (highs, low s, "out-of-body experiences") 
defies belief. These d rugs include various stim ulants, depres
sants, analgesics, and  hallucinogens. A m ong these are PCP 
(1 -(1 -phenylcyclohexyl) piperidine), o r phencyclidine, and  
ketam ine (related anesthetic agents); lysergic acid diethyl
am ide (LSD), the m ost po ten t hallucinogen know n; "ecstasy"

(3 ,4 -m ethy lened ioxym etham phetam ine [MDMA]); an d  
"bath  salts", synthetic cath inones tha t are  chem ically related 
to  khat, a w idely  u sed  stim ulan t in  East Africa. N o t m uch  
is kn o w n  abou t the long-term  deleterious effects of any 
of these agents. Acutely, LSD has unpred ictab le effects on  
m ood, affect, and  thought, som etim es lead ing  to b izarre and  
dangerous behaviors. C hronic use  of ecstasy m ay deplete 
the CNS of serotonin, potentially  lead ing  to sleep disorders, 
depression, anxiety, an d  aggressive behavior.

A  S UMMARY

DRUG INJURY

• Therapeutic drugs (ADRs) or nontherapeutic agents (drug 

abuse) might cause drug injury.

• Anti-neoplastic agents, long-acting tetracyclines, and other 

antibiotics, HRT preparations and OCs, acetaminophen, and 

aspirin are the drugs most frequently involved.

• HRT increases the risk of endometrial and breast cancers and 

thromboembolism but does not appear to protect against 

ischemic heart disease. OCs have a protective effect against 

endometrial and ovarian cancers but increase the risk of 

thromboembolism and hepatic adenomas.

• Overdose of acetaminophen may cause centrilobular liver 

necrosis, leading to liver failure. Early treatment with agents 

that restore GSH levels may limit toxicity. Aspirin blocks the 

production of thromboxane A2, which may produce gastric 

ulceration and bleeding.

• The common drugs of abuse include sedative-hypnotics (barbi

turates, ethanol), psychomotor stimulants (cocaine, amphetamine, 

ecstasy), opioid narcotics (heroin, methadone, oxycodone), hal

lucinogens (LSD, mescaline), and cannabinoids (marijuana, hashish). 

They have diverse effects on various organs.

INJURY BY PHYSICAL AGENTS

In jury  in d u ced  by physical agen ts  is d iv id ed  in to  the fol
low ing  categories: m echanical traum a, therm al in jury , elec
trical in jury , a n d  in ju ry  p ro d u c e d  by ion iz ing  rad ia tion . 
Each type  is considered  separately .

Mechanical Trauma

M echanical forces m ay  inflict a  varie ty  of fo rm s o f dam age. 
The type  of in jury  d e p en d s  o n  the shape  of the co llid ing 
object, the a m o u n t of energy  d ischarged  a t im pact, a n d  the 
tissues o r o rgans th a t bear the  im pact. Bone a n d  head  inju
ries resu lt in  u n iq u e  dam ag e  a n d  are  d iscussed  elsew here  
(C hap ter 23). A ll soft tissues react sim ilarly  to  m echanical 
forces, a n d  the p a tte rn s  of in jury  can  be d iv id ed  in to  ab ra 
sions, con tusions, lacerations, incised  w o u n d s , a n d  p u n c 
tu re  w o u n d s  (Fig. 8.13).

^  M O R P H O L O G Y

An abrasion is a wound produced by scraping or rubbing the 

skin surface, which damages the superficial layer. Typical skin 

abrasions remove only the epidermal layer. A  contusion , or 

bruise, is a wound usually produced by a blunt trauma and is 

characterized by damage to a vessel and extravasation of blood
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Fig. 8.13 (A) Laceration of the scalp: The bridging strands of fibrous tissues are evident. (B) Contusion resulting from blunt trauma. The skin is intact, but 
hemorrhage of subcutaneous vessels has produced extensive discoloration. (A  a n d  B , F ro m  th e  te a c h in g  c o l le c t io n  o f  t h e  D e p a r t m e n t  o f  P a th o lo g y , U n iv e r s i t y  o f  

T e x a s  S o u th w e s te rn  M e d ic a l  S c h o o l,  D a lla s ,  Texas.)

m an y  persons. M any victim s are  ch ild ren , in  w h o m  the 
cause of in ju ry  o ften  is scald ing  by h o t liqu ids. F ortunate ly , 
since the 1970s m ark ed  decreases hav e  been  seen  in  bo th  
m orta lity  ra tes a n d  the len g th  of hosp ita lizations. These 
im p ro v em en ts  have  been  ach ieved  th ro u g h  be tte r u n d e r
s ta n d in g  of the  system ic effects o f m assive  b u rn s  a n d  the 
d iscovery  of be tte r w ays to  p re v e n t w o u n d  in fection  an d  
to  facilitate the hea ling  of sk in  surfaces.

The clinical severity  of b u rn s  d e p en d s  o n  the  fo llow ing  
im p o rta n t variables:
• D ep th
• P ercen tage of body  surface invo lved
• W h eth er in te rn a l in juries from  the  in h a la tio n  of h o t an d  

toxic fum es are  p resen t
• P ro m p tn ess  a n d  efficacy of the rapy , especially  flu id  an d  

electro ly te m an ag em en t a n d  p rev en tio n  o r contro l of 
w o u n d  infections

A  full-thickness b u rn  p ro d u ces  to ta l d estru c tio n  of the 
ep iderm is  a n d  derm is, in c lu d in g  the  d e rm al ap p en d ag es  
th a t h a rb o r cells n eed ed  for ep ithelia l regeneration . Both 
th ird - a n d  fo u rth -deg ree  b u rn s  are  in  th is category . In  par
tial-thickness b u rn s, a t least the  d eep er p o rtio n s  of the 
d erm al ap p en d ag es  are spared . P artia l-th ickness b u rn s  
include first-degree  b u rn s  (epithelial inv o lv em en t only) 
an d  second-degree  b u rn s  (involv ing  b o th  the ep iderm is  
an d  the  superficial derm is).

Thermal Injury

Both excess h ea t a n d  excess cold  are im p o rta n t causes of 
in jury . B urns are  all too com m on a n d  are d iscussed  first; a 
brief d iscussion  of h y p erth e rm ia  a n d  h y p o th e rm ia  follow s.

T h erm a l Burns

In  the U n ited  States, b u rn s  cause 3500 d ea th s  p e r year an d  
resu lt in  the h osp ita liza tion  of m ore  th a n  1 0  tim es th a t

M O R P H O L O G Y

On gross inspection, fu ll-th ickness burns are white or charred, 

dry, and anesthetic (as a result of the destruction of nerve 

endings), whereas p artia l-th ickness  burns, depending on the 

depth, are pink or mottled, blistered, and painful. Histologic 

examination of devitalized tissue shows coagulative necrosis 

adjacent to vital tissue, which quickly accumulates inflammatory 

cells and marked exudation.

Despite continuous improvement in therapy, any burn exceed

ing 50% of the total body surface, whether superficial or deep, 

is grave and potentially fatal. W ith  burns of more than 20% of 

the body surface, there is a rapid shift of body fluids into the

into tissues. A  lacera tio n  is a tear or disruptive stretching of 

tissue caused by the application of force by a blunt object. In 

contrast with an incision, most lacerations have intact bridging 

blood vessels and jagged, irregular edges. An incised w ound is 

one inflicted by a sharp instrument. The bridging blood vessels 

are severed. A  p u n c tu re  w ound  is typically caused by a long, 

narrow instrument and is termed p e n e tra tin g  when the instru

ment pierces the tissue and p erfo ra tin g  when it traverses a 

tissue to  also create an exit wound. Gunshot wounds are special 

forms of puncture wounds that demonstrate distinctive features 

important to the forensic pathologist. For example, a wound 

from a bullet fired at close range leaves powder burns, whereas 

one fired from more than 4 or 5 feet away does not.

One of the most common causes of mechanical injury is 

veh ic u la r acc id en t. Injuries typically sustained result from 

( 1 ) hitting a part of the interior of the vehicle or being hit by 

objects that enter the passenger compartment during the crash, 

such as engine parts; (2 ) being thrown from the vehicle; or 

(3) being trapped in a burning vehicle. The pattern of injury 

relates to  whether one or all three of these mechanisms are 

operative. For example, in a head-on collision, a common pattern 

of injury sustained by a driver who is not wearing a seat belt 

includes trauma to the head (windshield impact), chest (steering 

column impact), and knees (dashboard impact). Common chest 

injuries stemming from such accidents include sternal and rib 

fractures, heart contusions, aortic lacerations, and (less com

monly) lacerations of the spleen and liver. Thus, in caring for an 

automobile injury victim, it is essential to  recognize that internal 

wounds often accompany superficial abrasions, contusions, and 

lacerations. Indeed, in many cases, external evidence of serious 

internal damage is completely absent.
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interstitial compartments, both at the burn site and systemically, 

which can result in hypovo lem ic shock (Chapter 4). Because 

protein from the blood is lost into interstitial tissue, generalized 

edema, including p u lm o n a ry  e d e m a , may become severe.

Another important consideration is the degree of injury to  

the airways and lungs. Inh a la tio n  in ju ry  is frequent in persons 

trapped in burning buildings and may result from the direct effect 

of heat on the mouth, nose, and upper airways or from the 

inhalation of heated air and gases in the smoke. Water-soluble 

gases, such as chlorine, sulfur oxides, and ammonia, may react 

with w ater to  form acids or alkalis, particularly in the upper 

airways, resulting in inflammation and swelling, which may lead 

to  partial or complete airway obstruction. Lipid-soluble gases, 

such as nitrous oxide and products of burning plastics, are more 

likely to reach deeper airways, producing pneumonitis. Unlike in 

shock, which develops within hours, pulmonary manifestations 

may not develop for 24 to 48 hours.

O rg a n  system  fa ilu re  resulting from sepsis continues to  

be the leading cause of death in burned patients. The burn site 

is ideal for the growth of microorganisms; the serum and debris 

provide nutrients, and the burn injury compromises blood flow, 

blocking effective inflammatory responses. The most common 

offender is the opportunist P s e u d o m o n a s  a e r u g i n o s a ,  but 

antibiotic-resistant strains of other common hospital-acquired 

bacteria, such as S . a u r e u s  and fungi, particularly C a n d id a  spp., also 

may be involved. Furthermore, cellular and humoral defenses 

against infections are compromised, and both lymphocyte and 

phagocyte functions are impaired. Direct bacteremic spread and 

release of toxic substances such as endotoxin from the local site 

have dire consequences. P n eu m o n ia  or septic shock, accom

panied by renal fa ilu re  and/or the acute respiratory distress 

syndrome (ARDS) (Chapter 13), are the most common serious 

sequelae.

Another very important pathophysiologic effect of burns is 

the development of a hypermetabolic state, with excess heat loss 

and an increased need for nutritional support. It is estimated that 

when more than 40% of the body surface is burned, the resting 

metabolic rate may approach twice normal.

H y p e rth e rm ia

P ro longed  exposu re  to  e leva ted  am b ien t tem p era tu re s  can
resu lt in  h ea t cram ps, h ea t exhaustion , o r h ea t stroke.
• Heat cramps re su lt from  loss o f electro ly tes th ro u g h  

sw eating . C ram p in g  of v o lu n ta ry  m uscles, u sua lly  in  
association  w ith  v igo rous exercise, is the ha llm ark  
sign. H ea t-d iss ip a tin g  m echan ism s are  ab le to  m ain ta in  
n o rm al core body  tem pera tu re .

• Heat exhaustion is p robab ly  the  m o st com m on h y p e rth e r
m ic syndrom e. Its onse t is su d d en , w ith  p ro s tra tio n  an d  
collapse, a n d  it resu lts  from  a failu re of the  card iovas
cu lar system  to com pensa te  for hypovo lem ia, secondary  
to  w a te r dep le tion . A fter a p e rio d  of collapse, w h ich  is 
u su a lly  brief, equ ilib riu m  is spon taneously  reestab 
lished  if the  v ic tim  is able to  rehyd ra te .

• Heat stroke is associated  w ith  h ig h  am b ien t tem pera tu res  
a n d  h igh  hum id ity . T herm oregu lato ry  m echanism s fail, 
sw eating  ceases, a n d  core body  tem p era tu re  rises. In  the 
clinical setting, a rectal tem p era tu re  of 106°F or h igher is 
considered  a g rave prognostic  sign, an d  the m ortality  
ra te  for such  patien ts exceeds 50%. The u n derly ing

m echan ism  is m ark ed  generalized  p erip h era l vasodila 
tion  w ith  p e rip h era l poo ling  of b lood a n d  a decreased 
effective circu lating  b lood volum e. N ecrosis of the 
m uscles a n d  m yocard ium  m ay  occur. A rrhy thm ias, d is
sem inated  in travascu lar coagulation , an d  o ther system ic 
effects a re com m on. E lderly  people, persons w ith  card io 
vascu lar d isease, an d  o therw ise  h ealthy  p eop le  u n d e rg o 
in g  physical stress (such as y o u n g  ath letes a n d  m ilitary  
recruits) are  p rim e cand ida tes  for h ea t stroke.

• Malignant hyperthermia, a lth o u g h  sim ilar sound ing , is 
n o t caused  by  exposu re  to  h ig h  tem pera tu res . It is a 
genetic cond ition  re su ltin g  from  m u ta tio n s in  genes 
such  as RYR1 th a t con tro l calcium  levels in  skeletal 
m uscle cells. In  affected  in d iv iduals , exposu re  to  certa in  
anesthetics d u rin g  su rgery  m ay  trigger a ra p id  rise in  
calcium  levels in  skeletal m uscle, w h ich  in  tu rn  leads to 
m uscle rig id ity  a n d  increased  h ea t p ro d u c tio n . The 
re su ltin g  h y p erth e rm ia  has a m orta lity  ra te  of app rox i
m ate ly  80% if un trea ted , b u t th is  falls to  less th a n  5% if 
the cond ition  is recogn ized  a n d  m uscle  re laxan ts are  
ad m in is te red  p rom ptly .

H yp o th erm ia

P ro longed  exposu re  to  low  am bien t tem p era tu re  leads to 
h y p o therm ia . The cond ition  is seen all too  frequen tly  in  
hom eless alcoholics, in  w h o m  w e t o r in ad eq u a te  clo th ing  
a n d  d ila tion  of superficial b lood  vessels, occu rring  as a 
resu lt of the ingestion  of alcohol, h asten  the low ering  of 
b o d y  tem p era tu re . A t ab o u t 90°F, loss o f consciousness 
occurs, fo llow ed by b rad y card ia  an d  a tria l fib rilla tion  a t 
low er core tem pera tu res.

C h illing  o r freezing  of cells a n d  tissues causes in jury  by 
tw o  m echanism s:
• Direct effects pro b ab ly  are m ed ia ted  by physical d is ru p 

tions w ith in  cells a n d  h ig h  salt concen tra tions inc iden t 
to the  crysta lliza tion  of the in tra - an d  ex tracellu lar 
w ater.

• Indirect effects are  the resu lt of circu la to ry  changes, w hich  
vary  depen d in g  on  the rate  an d  the d u ra tio n  of the tem 
p era tu re  drop . Slowly developing, p ro longed  chilling 
m ay induce vasoconstriction  an d  increased perm eability , 
lead ing  to edem a. Such changes are typical of "trench  
foot." This condition  developed  in  sold iers w h o  spent 
long periods of tim e in  w aterlogged  trenches d u rin g  the 
F irst W orld  W ar (1914-1918), frequently  causing  gan
grene tha t necessitated am putation . A lternatively, w ith  
su d d en  sharp  d ro p s in  tem peratu re , the vasoconstriction 
an d  increased viscosity of the  b lood in  the local area m ay 
cause ischem ic in jury  an d  degenerative changes in  
periphera l nerves. In  this situation, the vascu lar in jury  
an d  increased perm eability  w ith  exudation  only  becom e 
ev iden t w ith  rew arm ing . If the period  of ischem ia is p ro 
longed, hypoxic changes an d  infarction  of the affected 
tissues (e.g., gangrene of toes or feet) m ay  result.

Electrical Injury

Electrical in juries, w h ich  m ay  be fatal, can  arise  from  low - 
vo ltage cu rren ts  (i.e., in  the hom e a n d  w orkp lace) o r from  
h igh-voltage cu rren ts  carried  in  p o w er lines o r by  ligh t
n ing . In juries a re  o f tw o  types: (1) b u rn s  a n d  (2) ven tricu lar 
fibrilla tion  or card iac  an d  re sp ira to ry  cen ter failu re
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resu ltin g  from  d is ru p tio n  of n o rm al electrical im pu lses. 
The type of in jury  a n d  the severity  a n d  ex ten t of b u rn in g  
d ep en d  o n  the am p erag e  of the electric c u rren t a n d  its p a th  
w ith in  the body.

V oltage in  the ho u seh o ld  a n d  the w orkp lace  (120 or 
220 V) is h ig h  e n o u g h  th a t w ith  low  resistance a t the site 
o f contact (as w h e n  the sk in  is w et), sufficient c u rren t can 
p ass  th ro u g h  the  b o d y  to  cause serious in jury , inc lud ing  
v en tricu la r fibrillation. If c u rren t flow  con tinues long  
enough , it generates e n o u g h  hea t to p ro d u ce  b u rn s  a t the 
site of en try  a n d  exit as w ell as in  in te rn a l o rgans. A n 
im p o rtan t characteristic  o f a lte rn a tin g  cu rren t, the type 
availab le in  m ost hom es, is th a t it induces tetan ic m uscle 
spasm , so th a t w h e n  a live w ire  or sw itch  is g rasped , irre 
versib le  c lu tch ing  is likely to  occur, p ro lo n g in g  the p eriod  
of cu rren t flow. This resu lts  in  a g rea ter likelihood  of exten 
sive electrical b u rn s  and , in  som e cases, sp asm  of the chest 
w a ll m uscles, p ro d u c in g  d ea th  from  asphyxia. C u rren ts  
g en era ted  from  h igh-vo ltage sources cause sim ilar dam age; 
how ever, because of the large  cu rren t flow s generated , 
these in juries a re  m ore  likely to  p ro d u ce  p ara ly sis  of m ed 
u lla ry  cen ters a n d  extensive bu rns. L igh tn ing  is a classic 
cause of h igh-vo ltage electrical injury.

Injury Produced by Ionizing Radiation

R adiation  is energy  th a t travels in  the form  of w aves or h igh 
speed particles. It has a w id e  range of energies that span  the 
electrom agnetic spectrum ; it can be d iv ided  in to  nonioniz
ing  an d  ion izing  radiation . The energy  o f non ionizing  rad ia 
tion, such as u ltrav io le t (UV) an d  in frared  light, m icrow aves, 
an d  sound  w aves, can  m ove a tom s in  a m olecule or cause 
them  to v ibrate  b u t is no t sufficient to displace electrons 
from  atom s. By contrast, ionizing rad ia tion  has sufficient 
energy to  rem ove tightly  b o u n d  electrons. Collision of these 
free e lectrons w ith  o ther a tom s releases add itiona l electrons, 
in  a reaction  cascade referred  to  as ionization. The m ain  
sources of ionizing rad ia tion  are (1 ) x-rays an d  gamma rays, 
w h ich  are electrom agnetic w aves of very  h igh  frequencies, 
an d  (2 ) h igh-energy neutrons, a lpha  particles (com posed of 
tw o  p ro tons an d  tw o neutrons), an d  beta particles, w h ich  
are  essentially  electrons. A t equivalen t am ounts of energy, 
a lpha  particles induce heavy dam age in  a  restricted  area, 
w hereas x-rays a n d  gam m a rays d issipate energy  over a 
longer, deeper course, an d  p roduce  considerably  less 
dam age p er u n it of tissue. Som e of the to tal dose of ionizing 
rad ia tion  received by the U.S. pop u la tio n  is hum an-m ade, 
m ostly  o rig inating  from  m edical devices an d  radioisotopes. 
In  fact, the exposure  of p atien ts to ion izing  rad ia tion  du rin g  
radiologic im ag ing  tests rough ly  doub led  betw een  the early 
1980s an d  2006, m ain ly  because of m uch  m ore w idesp read  
use  of CT scans.

Ion iz ing  rad ia tio n  is ind ispensab le  in  m ed ical practice, 
b u t th is  app lica tion  constitu tes a  tw o-edged  sw ord . R adia
tion  in  th is fo rm  is u sed  in  the trea tm en t of cancer, in  
d iagnostic  im aging , a n d  as the rapeu tic  o r d iagnostic  rad io 
iso topes. H ow ever, it also  is mutagenic, carcinogenic, an d  
teratogenic.

The fo llow ing  te rm s are  u sed  to  express exposure, 
abso rp tion , a n d  dose of ion iz ing  rad ia tion :
• Curie (Ci) rep resen ts  the  d isin teg ra tions p e r  second  of a

spon taneously  d is in teg ra tin g  rad io n u c lid e  (rad io iso 
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tope). O ne Ci is equal to  3.7 X 1010 d isin teg ra tions p e r 
second.

• Gray (Gy) is a  u n it  th a t expresses the energy  absorbed  
by  a ta rge t tissue. It co rresp o n d s to  the ab so rp tio n  o f 104  

ergs p e r  g ram  of tissue. A  cen tig ray  (cGy), w h ich  is the 
ab so rp tio n  of 1 0 0  ergs p e r  g ram  of tissue, is equ iva len t 
to  the  exposu re  of tissue to  100 rad s  (R) ("rad ia tion  
abso rbed  dose"). The cGy n o m encla tu re  has  now  
rep laced  the ra d  in  m ed ical parlance.

• Sievert (Sv) is a u n it of equ ivalen t dose tha t d ep en d s on  
the biologic ra th e r than  the physical effects of rad ia tion  
(it replaced a u n it called the rem ). For the sam e absorbed 
dose, various types of rad ia tion  differ in  the ex ten t of 
dam age they p roduce. The equivalen t dose controls for 
this varia tion  an d  p rov ides a un ifo rm  m easu ring  unit. 
The equ ivalen t dose (expressed in  sieverts) corresponds 
to the absorbed  dose (expressed in  grays) m u ltip lied  by 
the relative biologic effectiveness of the radiation . The 
relative biologic effectiveness d ep en d s on  the type of 
radiation , the type a n d  vo lum e of the  exposed tissue, and  
the d u ra tio n  of the exposure, as w ell as o ther biologic 
factors (discussed next). The effective dose of x-rays, 
com puted  tom ography  (CT), an d  o ther im aging  and  
nuclear m edicine p rocedures are  com m only  expressed in  
m illisieverts (mSv). For x-radiation, 1 m Sv = 1 m Gy.

M a in  D ete rm inan ts  o f  the Biologic Effects 

o f  Ion izing  Radiation

In ad d itio n  to the physical p roperties of the rad iation , its
biologic effects d ep en d  heavily  o n  the follow ing variables:
• Rate of delivery. The ra te  o f delivery  significantly  m od i

fies the biologic effect. A lth o u g h  the effect of ra d ia n t 
energy  is cum ulative , delivery  in  d iv id ed  doses m ay 
allow  cells to  rep a ir  som e of the  dam age in  the  in tervals. 
Thus, fractional doses of ra d ia n t energy  have  a cum ula 
tive effect on ly  to  the ex ten t th a t rep a ir  d u rin g  the in te r
vals is incom plete. R ad io therapy  of tu m o rs explo its the 
capability  of n o rm al cells to  rep a ir  them selves a n d  to 
recover m ore  rap id ly  th a n  tu m o r cells.

• Field size. The size of the  field exposed  to  rad ia tio n  
has a g rea t influence o n  its consequences. The body  
can  su sta in  re la tively  h igh  doses of rad ia tio n  w h en  
they are  de livered  to  sm all, carefully  sh ie lded  fields, 
w h ereas sm aller doses de livered  to  la rger fields m ay  be 
lethal.

• Cell proliferation. Because ion iz ing  rad ia tio n  dam ages 
D N A , rap id ly  d iv id in g  cells a re  m ore  vu lnerab le  to 
in ju ry  th a n  are  qu iescen t cells. Except a t ex trem ely  h ig h  
doses th a t im p a ir D N A  transcrip tion , D N A  dam age  is 
com patib le  w ith  su rv iva l in  n o n d iv id in g  cells, such  as 
n e u ro n s  a n d  m uscle  cells. H ow ever, as d iscussed  in  
C h ap te r 6 , in  d iv id in g  cells D N A  dam age  is de tec ted  by 
sensors th a t p ro d u ce  signals lead in g  to  the u p reg u la tio n  
of p53, the  "g u a rd ia n  of the  genom e." p53 in  tu rn  up reg - 
u la tes  the expression  of genes th a t in itia lly  lead  to  cell- 
cycle a rre s t and , if the  D N A  dam age  is too g rea t to 
repair, genes th a t cause cell d e a th  th ro u g h  apop tosis . 
U n d erstan d ab ly , therefore, tissues w ith  a h ig h  ra te  of 
cell tu rnover, such  as gonads, bone m arrow , ly m pho id  
tissue, an d  the m ucosa  of the  GI tract, a re  extrem ely  
vu lnerab le  to  rad ia tion , an d  the in ju ry  is m an ifested  
early  after exposure.
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• Hypoxia. The p ro d u c tio n  of ROS by  the rad io lysis  of 
w a te r  is the m o st im p o rtan t m echan ism  of D N A  
dam ag e  by ion iz ing  rad ia tion . T issue hypoxia , such  as 
m ay  exist in  the cen ter of rap id ly  g row ing , poo rly  
v ascu larized  tum ors, m ay  th u s  reduce  the ex ten t of 
dam age a n d  the  effectiveness of ra d io th e rap y  directed  
aga in st tum ors.

• Vascular damage. D am age to  endo the lia l cells, w h ich  are  
m odera te ly  sensitive to  rad ia tion , m ay  cause n a rro w in g  
or occlusion of b lood  vessels, lead in g  to  im p a ired  
healing , fibrosis, a n d  chronic ischem ic a trophy . These 
changes m ay  ap p e a r m o n th s o r years after exposure. 
D esp ite  the low  sensitiv ity  of b ra in  cells to rad ia tion , 
vascu lar dam age  after irrad ia tio n  can  lead  to  late m an i
festa tions of rad ia tio n  in ju ry  in  th is tissue.

D N A  D a m a g e  and  Carcinogenesis

The m ost im p o rta n t cellu lar ta rge t o f ion iz ing  rad ia tio n  is 
D N A  (Fig. 8.14). D am age to  D N A  caused  by ion iz ing  rad ia 
tion  th a t is n o t precisely  re p a ired  leads to  m u ta tions, w h ich  
can  m an ifest years o r decades la te r as cancer. Ion iz ing  
rad ia tio n  can  cause m an y  types of dam age  in  D N A , inc lud 
in g  single-base dam age, single- a n d  d o u b le -s tran d  breaks, 
a n d  crosslinks be tw een  D N A  a n d  p ro te in . In  su rv iv ing  
cells, s im ple  defects m ay  be reparab le  by v ario u s enzym e 
rep a ir  system s con ta ined  in  m am m alian  cells (see C h ap te r 
6 ). These rep a ir  system s are linked  to  cell-cycle regu la tion  
th ro u g h  p ro te in s  such  as ATM  (ataxia-telangiectasia  
m u ta ted ) th a t in itia te  signal tran sd u c tio n  after the dam age, 
a n d  p53, w h ich  can  transien tly  a rrest the  cell cycle to  allow  
for D N A  rep a ir o r to trigger ap o p to sis  of cells th a t are  
irreparab le . H ow ever, d o u b le -s tran d  b reaks m ay  persis t 
w ith o u t repair, or the rep a ir  o f lesions m ay  be im precise 
(error p rone), c reating  m u ta tions. If cell-cycle checkpoin ts 
are  n o t function ing  (for instance, because of m u ta tio n s  in  
TP53), cells w ith  ab n o rm al a n d  unstab le  genom es su rv ive

IONIZING

Failed or aberrant repair DNA repair and tissue
reconstitution

f------ ------- J
Inhibition of Failed or Additional
cell division aberrant repair transforming

Fig. 8.M  Effects of ionizing radiation on DNA and their consequences. The 
effects on DNA can be direct or, most important, indirect, through free 
radical formation.

a n d  m ay  ex p an d  as abno rm al clones to  fo rm  tum ors 
eventually .

Fibrosis

A com m on  consequence of cancer ra d io th e rap y  is the 
d ev e lo p m en t o f fibrosis in  the irrad ia ted  field  (Fig. 8.15). 
F ibrosis m ay  occur w eeks o r m o n th s after irrad ia tion ,

Fig. 8 . l 5  Vascular changes and fibrosis of salivary glands produced by radiation therapy of the neck region. (A) Normal salivary gland; (B) fibrosis caused by 
radiation; (C) fibrosis and vascular changes consisting of fibrointimal thickening and arteriolar sclerosis. V, Vessel lumen; I, thickened intima. ( A - C ,  C o u r te s y  o f  

D r . M e l is s a  U p to n ,  D e p a r t m e n t  o f  P a th o lo g y ,  U n iv e r s i t y  o f  W a s h in g to n ,  S e a t t le ,  W a s h in g to n . )
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lead in g  to  the  rep lacem en t o f d ead  p aren ch y m al cells by 
connective tissue a n d  the  fo rm ation  of scars a n d  adhesions 
(see C h ap te r 3). A s a lread y  m en tioned , ion iz ing  rad ia tio n  
causes vascu lar dam age a n d  consequen t tissue ischem ia. 
V ascular dam age, the  k illing  of tissue stem  cells by  ioniz
ing  rad ia tion , a n d  the  release of cy tokines a n d  chem okines 
th a t p ro m o te  a n  in flam m atory  reaction  all con tribu te  to 
fib rob last ac tiva tion  a n d  the  d ev e lo p m en t of rad ia tion - 
in d u ced  fibrosis.
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M O R P H O L O G Y

Cells surviving radiant energy damage show a wide range of 

structural changes in chrom oso m es, including deletions, 

breaks, translocations, and fragmentation. The mitotic spindle 

often becomes disorderly, and polyploidy and aneuploidy may be 

encountered. N u c le a r  sw elling  and condensation and clumping 

of chromatin may appear; breaks in the nuclear membrane also 

may be noted. A poptos is  may occur. Cells with abnormal 

nuclear morphology may be produced and persist for years, 

including giant cells with pleomorphic nuclei or more than one 

nucleus. A t extremely high dose levels of radiant energy, 

features that foretell impending cell death, such as nuclear pyk- 

nosis, appear quickly.

In addition to affecting D N A  and nuclei, radiant energy may 

induce a variety of cytoplasm ic  changes, including cytoplasmic 

swelling, mitochondrial distortion, and degeneration of the ER. 

Plasma membrane breaks and focal defects may appear. The 

histologic constellation of cellular pleomorphism, giant cell for

mation, changes in nuclei, and mitotic figures creates a more than 

passing similarity between radiation-injured cells and cancer cells, 

a problem that plagues the pathologist when evaluating post

irradiation tissues for persistence or recurrence of cancer.

A t the light microscopic level, vascular changes and interstitial 

fibrosis are prominent in irradiated tissues (Fig. 8.15). During the 

immediate postirradiation period, vessels may show only dilation. 

Later, or with higher doses, a variety of degenerative changes 

appear, including endothelial cell swelling and vacuolation, or even 

necrosis of the walls of small vessels such as capillaries and 

venules. Affected vessels may rupture or undergo thrombosis. 

Still later, endothelial cell proliferation and collagenous hyaliniza- 

tion with thickening of the media layer are seen in irradiated 

vessels, resulting in marked narrowing or obliteration of the 

vascular lumina. A t this time, an increase in interstitial collagen 

in the irradiated field, leading to  scarring and contractions, usually 

becomes evident.

Effects on O rgan  Systems

Fig. 8.16 dep ic ts  the m a in  consequences of rad ia tio n  in jury . 
A s a lread y  m en tioned , the most sensitive organs and tissues 
are the gonads, the hematopoietic and lymphoid systems, and the 
lining of the GI tract. E stim ated  th resh o ld  doses for the 
effects o f acu te  exposu re  to  rad ia tio n  in  v a rio u s o rgans are 
sh o w n  in  Table 8.7. The changes in  the hem atopo ietic  an d  
ly m p h o id  system s, a long  w ith  cancers in d u ced  by env iron 
m en ta l o r occupational exposu re  to  ion iz ing  rad ia tion , are  
su m m arized  as follows:
• Hematopoietic and lymphoid systems. The hem atopo ietic  

an d  ly m p h o id  system s are ex trem ely  suscep tib le  to 
rad ia tio n  in ju ry  a n d  deserve  special m en tion . W ith  h igh

BRAIN
• Adult -  resistant
• Embryonic -  destruction of

neurons and glial cells 
(weeks to months)

SKIN
• Erythema, edema (early)
• Dyspigmentation

(weeks to months)
• Atrophy, cancer

(months to years)

LUNGS
• Edema 
•A R D S
• Interstitial fibrosis 

(months to years)

LYMPH NODES
• Acute tissue loss
• Atrophy and fibrosis 

(late)

GASTROINTESTINAL 
TRACT
• Mucosal injury (early)
• Ulceration (early)
• Fibrosis of wall (late)

GONADS
• Testis (destruction)

Spermatogonia
Spermatids
Sperm

• Ovaries (destruction)
Germ cells 
Granulosa cells -

• Atrophy and fibrosis
of gonads (late)

BLOOD AND BONE 
MARROW
• Thrombocytopenia
• Granulocytopenia
• Anemia
• Lymphopenia

>

Fig. 8 . I 6  Overview of the major morphologic consequences of radiation 
injury. Early changes occur in hours to weeks; late changes occur in months 
to years. A R D S , Acute respiratory distress syndrome.

Table 8.7 Estim ated Threshold Doses for A cu te  Radiation  
Effects on Specific Organs

H e a lth  E ffect O rg a n /S tru c tu re D ose (Sv)

Temporary sterility Testes 0.15

Depression of hematopoiesis Bone marrow 0.50

Reversible skin effects (e.g., 
erythema)

Skin I.0—2.0

Permanent sterility Ovaries 2.5-6.0

Temporary hair loss Skin 3.0-5.0

Permanent sterility Testis 3.5

Cataract Lens of eye 5.0
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dose levels a n d  large  exposu re  fields, severe ly m p h o p e 
n ia  m ay  ap p e a r w ith in  h o u rs  of irrad ia tion , a long  w ith  
sh rinkage  of the ly m p h  nodes a n d  spleen. R adiation  
d irectly  destroys lym phocytes, b o th  in  the circu la ting  
b lood  a n d  in  tissues (nodes, sp leen, thym us, gut). W ith  
sub le thal doses of rad ia tion , regen era tio n  from  viable 
p rogen ito rs  is p ro m p t, lead in g  to  resto ra tio n  of a n o rm al 
lym phocy te  count. H em atopo ietic  p recu rso rs  in  the 
bone m arro w  are  also  qu ite  sensitive to  ra d ia n t energy, 
w h ich  p ro d u ces a d o se -d ep en d en t marrow aplasia. The 
acu te  effects o f m arro w  irrad ia tio n  on  p erip h e ra l b lood 
coun ts reflects the kinetics of tu rn o v e r of the  fo rm ed  
elem en ts — the g ranulocytes, p latelets, an d  re d  cells, 
w h ich  hav e  half-lives of less th an  1  day , 1 0  days, and  
120 days, respectively . A fter a  b rief rise  in  the  circulat
in g  n e u tro p h il count, neutropenia ap p ea rs  w ith in  several 
days. N eu tro p h il coun ts reach  the ir n ad ir, o ften  a t 
coun ts n ear zero, d u rin g  the  second  w eek . If the pa tien t 
surv ives, fu ll recovery  of g ranu locy tes m ay  req u ire  2  to 
3 m onths. Thrombocytopenia a p p ea rs  by  the en d  of the 
first w eek, w ith  the  p la te le t co u n t n a d ir  occurring  som e
w h a t la te r th a n  th a t of g ranulocytes; recovery  is sim i
larly  delayed . Anemia a p p ea rs  after 2 to  3 w eeks an d  
m ay  p ersis t for m on ths. U n d erstan d ab ly , h ig h er doses 
of rad ia tio n  p ro d u ce  m ore severe cy topen ias an d  m ore 
p ro lo n g ed  p e rio d s  of recovery . V ery h ig h  doses kill 
m arro w  stem  cells an d  induce  p e rm a n e n t ap lasia  (aplas
tic anemia) m ark ed  by  a fa ilu re  of b lood  co u n t recovery, 
w h ereas w ith  low er doses the  ap lasia  is transien t. 
Environmental exposure and cancer development. A ny cell 
capable of d iv is io n  th a t has  su sta ined  m u ta tio n s has 
the p o ten tia l to  becom e cancerous. Thus, a n  increased  
incidence of neop lasm s m ay  occur in  an y  o rg an  after 
exposu re  to  ion iz ing  rad ia tion . The level o f rad ia tio n  
req u ired  to  increase the risk  of cancer d ev e lo p m en t is 
d ifficult to  determ ine , b u t there  is little d o u b t th a t acu te  
o r p ro lo n g ed  exposu res th a t re su lt in  doses of 100 m Sv 
cause serious consequences, in c lu d in g  cancer. This is 
d o cu m en ted  by the increased  incidence of leukem ias 
and  tu m o rs a t v a rio u s sites (such  as thy ro id , b reast, 
and  lung) in  su rv ivo rs o f the  atom ic bom bings of H iro 
sh im a an d  N agasak i, the increase in  th y ro id  cancers in  
su rv ivo rs  o f the C hernoby l accident, a n d  the develop 
m en t o f "second  cancers," such  as acu te  m yelo id  leuke
m ia, m yelodysp lastic  syndrom e, an d  solid  tum ors, in  
in d iv id u a ls  w h o  received rad ia tio n  th e rap y  for cancers 
such  as H o d g k in  lym phom a. It is believed th a t the risk  
of secondary  cancers fo llow ing  irrad ia tio n  is g rea test in  
ch ild ren . This is based  in  p a r t  on  a large-scale ep ide 
m iologic s tu d y  show ing  th a t ch ild ren  w h o  receive a t 
least tw o  CT scans have  very  sm all b u t m easu rab le  
increased  risks for leukem ia  an d  m alig n an t b ra in

tum ors, an d  on  o lder s tud ies  show ing  th a t rad ia tio n  
th e rap y  to  the chest is p a rticu la rly  likely to  p ro d u ce  
b reast cancers w h e n  ad m in iste red  to  ado lescen t 
fem ales.

• Occupational exposure and cancer development. R adon  is a 
u b iq u ito u s  p ro d u c t of the sp o n tan eo u s decay  of 
u ran iu m . The carcinogenic agen ts  are  tw o  ra d o n  decay  
b y p ro d u c ts  (polonium -214 a n d  polonium -218, o r " ra d o n  
d au g h te rs"), w h ich  em it a lp h a  partic les an d  have  a 
sh o rt half-life. These p articu la tes  a re  d ep o sited  in  the 
lung , an d  chronic exposu re  in  u ra n iu m  m iners m ay  give 
rise to  lu n g  carcinom as. R isks also  a re  p re sen t in  those 
hom es in  w h ich  the levels o f ra d o n  are  very  h igh , com 
p arab le  to  those fo u n d  in  m ines. H ow ever, there  is 
little o r no  ev idence to  suggest th a t ra d o n  con tribu tes to 
the risk  of lu n g  cancer in  the  average househo ld .

Total-Body Irrad iation

E xposure  of large  a reas of the body  to  even  sm all doses 
of rad ia tio n  m ay  have  d ev asta tin g  effects. D osages less 
th a n  1 Sv p ro d u ce  m in im al o r no  sym ptom s. G reater 
exposures, how ever, cause h ea lth  effects k n o w n  as acu te  
rad ia tio n  syndrom es, w h ich  a t p rog ressive ly  h igher 
doses invo lve the hem atopo ietic  system , GI system , and  
CNS. The synd rom es associated  w ith  to ta l-body  expo
su re  to  ion iz ing  rad ia tio n  are sum m arized  in  Table 8 .8 .

®  S UMMARY

RADIATION INJURY

• Ionizing radiation may injure cells directly or indirectly by 

generating free radicals from w ater or molecular oxygen.

• Ionizing radiation damages D N A ; therefore, rapidly dividing 

cells such as germ cells, and those in the bone marrow and GI 

tract are very sensitive to  radiation injury.

• D N A  damage that is not adequately repaired may result in 

mutations that predispose affected cells to  neoplastic 

transformation.

• Ionizing radiation may cause vascular damage and sclerosis, 

resulting in ischemic necrosis of parenchymal cells and their 

replacement by fibrous tissue.

N U TR IT IO N A L DISEASES

M illions of peop le  in  develop ing  n a tions sta rve  o r live on  
the cruel edge  of starvation , w h ereas  those in  the devel
o ped  w o rld , an d  m ore  recen tly  in  the d ev e lo p in g  w orld , 
s trugg le  to  avo id  calories an d  the a tte n d a n t obesity  o r fear 
th a t w h a t they  eat m ay  con tribu te  to  atherosclerosis and

Table 8 . 8  Effects of W h ole -B od y  Ionizing Radiation

0-1  Sv 1-2  Sv 2 -1 0  Sv 1 0 -20  Sv > 50  Sv

Main site of injury None Lymphocytes Bone marrow Small bowel Brain

Main signs and 
symptoms

— Moderate leukopenia Leukopenia, hemorrhage, 
epilation, vomiting

Diarrhea, fever, electrolyte 
imbalance, vomiting

Ataxia, coma, convulsions, 
vomiting

Timing — 1 day- 1  week 4-6 weeks 5-14 days 1-4 hours

Lethality — None Variable (0%-80%) 1 0 0 % 1 0 0 %

http://ebooksmedicine.net

http://ebooksmedicine.net


h ypertension . So bo th  the lack of n u tritio n  a n d  o v ern u tri
tion  are  m ajor h ea lth  concerns.

Malnutrition

A h ea lth y  d ie t p ro v id es (1) sufficient energy, in  the form  
of carbohydra tes, fats, a n d  p ro te ins, for the b o d y 's  daily  
m etabolic  needs; (2 ) essen tia l (as w ell as nonessen tial) 
am ino  acids a n d  fatty  acids, u sed  as b u ild in g  blocks for 
syn thesis o f s tru c tu ra l a n d  functional p ro te in s  a n d  lip ids; 
a n d  (3) v itam ins a n d  m inerals, w h ich  function  as co
enzym es o r h o rm ones in  v ita l m etabolic  p a th w ay s  or, as in  
the case of calcium  a n d  p h o sp h a te , as im p o rtan t s tru c tu ra l 
com ponen ts. In  primary malnutrition, one o r all o f these 
com ponen ts  a re  m issing  from  the  diet. By contrast, in  sec
ondary, or conditional, malnutrition, the d ie ta ry  in take of 
n u trien ts  is adeq u a te , an d  m aln u tritio n  resu lts  from  n u tr i
en t m alabso rp tion , im p a ired  use  or storage, excess losses, 
o r increased  requ irem en ts. The causes of secondary  m al
n u tritio n  can  be g ro u p ed  in to  th ree  genera l b u t overlap 
p in g  categories: GI d iseases, chronic w astin g  diseases, an d  
acu te  critical illness.

M aln u tritio n  is w id esp read  a n d  m ay  be gross o r subtle. 
Som e com m on  causes of d ie ta ry  insufficiencies are  
listed  here.
• Poverty. H om eless peop le , e lderly  persons, an d  ch ild 

ren  of the  p o o r o ften  suffer from  severe m aln u tritio n  as 
w ell as trace n u tr ie n t deficiencies. In  p o o r countries, 
poverty , toge ther w ith  d ro u g h ts , crop  failure, a n d  live
stock dea ths, creates the  se tting  for m a ln o u rish m en t of 
ch ild ren  a n d  adu lts .

• Ignorance. Even the affluen t m ay  fail to  recognize 
th a t in fants, ado lescen ts, a n d  p re g n a n t w o m en  h av e  
increased  n u tritio n a l needs. Ignorance ab o u t the n u tr i
tional co n ten t o f v a rio u s foods also  con tribu tes to  m al
nu tritio n , as follow s: (1 ) iron  deficiency often  develops 
in  in fan ts exclusively fed  artificial m ilk  diets; (2 ) po l
ished  rice u sed  as the m ainstay  of a  d ie t m ay  lack ad e 
qua te  am o u n ts  of th iam ine; an d  (3) iod ine  often  is 
lack ing  in  food a n d  w a te r  in  reg ions rem o v ed  from  the 
oceans, un less su p p lem en ta tio n  is p ro v id ed .

• Chronic alcoholism. A lcoholic pe rso n s m ay  som etim es 
suffer from  m a ln u tritio n  b u t are m ore frequen tly  lacking 
in  several v itam ins, especially  th iam ine, py ridox ine, 
folate, an d  v itam in  A , as a  re su lt o f d ie ta ry  deficiency, 
defective GI abso rp tion , abno rm al n u tr ie n t u tiliza tion  
an d  storage, increased  m etabolic  needs, a n d  a n  increased  
ra te  o f loss. A  failu re to  recognize  th iam ine  deficiency 
in  p a tien ts  w ith  chronic alcoholism  m ay  resu lt in  irre 
versib le  b ra in  dam age (e.g., K orsakoff psychosis, d is
cussed  in  C h ap te r 23).

• Acute and chronic illnesses. The basal m etabolic  rate  
becom es accelerated  in  m an y  illnesses (in p a tien ts  w ith  
extensive bu rns, it m ay  double), re su ltin g  in  increased  
da ily  req u irem en ts  for all n u trien ts . Failu re  to  recognize 
these n u tritio n a l n eeds m ay  de lay  recovery . M alnu tri
tion  is o ften  p re sen t in  p a tien ts  w ith  ad v an ced  cancer 
a n d  AIDS.

• Self-imposed dietary restriction. A norexia nervosa, bulim ia, 
an d  less o v e rt ea ting  d iso rd ers  affect a large  p o p u la tio n  
of p e rso n s w h o  are  concerned  a b o u t bo d y  im age or 
suffer from  an  u n reasonab le  fear o f card iovascu lar
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disease (anorexia a n d  bu lim ia  are d iscussed  in  a sepa
ra te  section  in  th is  chapter).

• Other causes. A d d itio n a l causes of m aln u tritio n  inc lude  
GI d iseases, acq u ired  a n d  in h erited  m a lab so rp tio n  syn 
d rom es, specific d ru g  therap ies (w hich block u p tak e  
or u se  of p a rticu la r nu trien ts), a n d  to tal p a ren te ra l 
nu trition .

The re m a in d e r of th is section  p resen ts  a general 
overv iew  of n u tritio n a l d iso rders. P articu lar a tten tio n  is 
d evo ted  to  severe acu te  m alnu trition , anorex ia  nervosa  
an d  bu lim ia, deficiencies o f v itam ins an d  trace m inerals, 
an d  obesity , w ith  a brief considera tion  of the re la tionsh ip s 
of d ie t to  atherosclerosis an d  cancer. O ther n u trien ts  an d  
nu tritio n a l issues a re  d iscussed  in  the contex t of specific 
d iseases th ro u g h o u t the text.

Severe Acute Malnutrition

The W orld H ealth  O rganization defines severe acute m al
nutrition (SAM ) as a state characterized by a greatly  
reduced w eig h t for h eigh t ratio that is b e lo w  3 standard  
deviation  o f W H O  standards. W o rld w id e  ab o u t 16 m illion  
ch ild ren  u n d e r  the age of 5 y ears  are affected  by it. It is 
com m on  in  p o o r countries, w h e re  as m any  as 25% of chil
d re n  m ay  be affected  a n d  w h ere  it is a m ajor co n tribu to r 
to the h ig h  d ea th  ra tes  am o n g  the  very  young . In  ad d itio n  
to loss of life, w a rs  also  exact a h eav y  toll o n  refugees w h o  
live in  abject poverty . In  cam ps set u p  for refugees from  
Syria, as m an y  as 20% of the ch ild ren  are severely  o r m o d 
era te ly  m alnou rished .

SAM  p rev iously  called  p ro te in  energy  m aln u tritio n  
(PEM) m an ifests as a ran g e  of clinical syndrom es, all resu lt
ing  from  a d ie ta ry  in take  of p ro te in  a n d  calories th a t is 
in ad eq u a te  to m eet the b o d y 's  needs. The tw o  en d s of the 
sp ec tru m  of SAM  are k n o w n  as marasmus a n d  kwashiorkor. 
It sh o u ld  be n o ted  th a t from  a functional s tan d p o in t, there  
are  tw o  p ro te in  co m p artm en ts  in  the body: the som atic 
com partm en t, rep re sen ted  by  p ro te in s  in  skeletal m uscles, 
an d  the v isceral com partm en t, rep re sen ted  by  p ro te in  
stores in  the v isceral o rgans, p rim arily  the liver. These tw o 
co m p artm en ts  a re  reg u la ted  differently , as d e ta iled  subse
quen tly . The som atic co m p artm en t is affected m ore 
severely  in  m arasm u s a n d  the v isceral co m p artm en t is 
d ep le ted  m ore severely  in  kw ash io rko r. C linical assess
m en t o f u n d e rn u tr itio n  is d iscussed  next, fo llow ed by 
descrip tions of m arasm u s a n d  kw ash io rkor.

The d iagnosis o f SAM  is obv ious in  its m ost severe 
form s. In  m ild  to  m o d era te  form s, the u su a l ap p ro ach  is 
to com pare  the  body  w e ig h t for a  g iven  h e ig h t aga in st 
s ta n d a rd  tables; o th e r h e lp fu l p a ram e te rs  are  fa t stores, 
m uscle m ass, a n d  levels of certa in  se ru m  p ro te ins. W ith  
a  loss of fat, m easu red  sk info ld  th ickness (w hich  includes 
sk in  a n d  subcu tan eo u s tissue) is red u ced . If the  som atic 
p ro te in  co m p artm en t is catabolized , the re su lta n t red u c 
tion  in  m uscle  m ass is reflected  by red u ced  circum ference 
of the m idarm . M easu rem en t of se ru m  p ro te in s  (album in, 
transferrin , a n d  others) p ro v id es a n  estim ate  of the ad e 
quacy  of the v isceral p ro te in  com partm en t. R ecent stud ies 
suggest a ro le  for the g u t m icrobiom e in  the  p a thogenesis 
o f SAM. T here is a su b stan tia l difference in  the m icrobial 
flora of ch ild ren  w ith  SAM  w h e n  com pared  w ith  the g u t
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Fig. 8. l 7 Childhood malnutrition. (A) Marasmus. Note the loss of muscle mass and subcutaneous fat; the head appears to be too large for the emaciated 
body. (B) Kwashiorkor. The infant shows generalized edema, seen as ascites and puffiness of the face, hands, and legs. (A , F r o m  C l in ic  B a ra k ,  R e is e b e r ic h t  K e n y a .)

m icrobiom e of n o rm al ch ild ren . It seem s th a t the a ltera 
tions in  the  m icrobiom e are n o t m erely  the consequences 
of SAM  b u t p lay  a ro le  in  the ir causation .

M arasm u s

M arasm us d evelop s w h en  the d iet is severely  lack in g  in  
calories (Fig. 8.17A). A  m arasm ic  child  suffers g ro w th  
re ta rd a tio n  an d  loss of m uscle  m ass as a  re su lt of catabo
lism  a n d  d ep le tio n  of the som atic  p ro te in  com partm en t. 
This seem s to  be a n  ad ap tiv e  response  th a t p ro v id es  the 
b o d y  w ith  am in o  acids as a  source of energy . O f in terest, 
the  v isceral p ro te in  com partm en t, w h ich  p resu m ab ly  is 
m ore  critical for surv ival, is d ep le ted  on ly  m arg inally , so 
serum albumin levels are either normal or only slightly reduced. 
In  a d d itio n  to  m uscle p ro te ins, subcu taneous fa t is also 
m obilized  a n d  u sed  as fuel. L ep tin  (d iscussed  la te r u n d e r 
"O besity") p ro d u c tio n  is low , w h ich  m ay  stim ula te  the 
h y p o th a lam ic-p itu ita ry -ad ren a l axis to  p ro d u ce  the h igh  
levels of cortisol th a t con tribu te  to lipolysis. W ith  such  
losses o f m uscle  a n d  subcu tan eo u s fat, the extremities are 
emaciated; by com parison , the  h ead  a p p ea rs  too large  for 
the  body . A nem ia an d  m an ifesta tions of m u ltiv itam in  defi
ciencies are  p resen t, a n d  there  is ev idence of immune defi
ciency, p articu la rly  of T -ce ll-m ed ia ted  im m un ity . H ence, 
concu rren t in fections a re  u sua lly  p resen t, w h ich  im pose  an  
ad d itio n a l stress o n  an  a lread y  w eak en ed  body.

Kw ashiorkor

K w ashiorkor occurs w h en  protein  deprivation is rela
tiv e ly  greater than the reduction in  total calories (Fig. 
8.17B). This is the m ost com m on  fo rm  of SAM  seen  in  
A frican ch ild ren  w h o  have  been  w ean ed  too early  an d  
subsequen tly  fed, a lm ost exclusively, a carb o h y d ra te  d ie t 
(the nam e kw ash io rko r, from  the G a language  in  G hana, 
describes the illness in  a baby  th a t ap p ea rs  after the  a rriva l

of an o th er child). The prevalence  of kw ash io rk o r also  is 
h ig h  in  im p o v erish ed  coun tries of S ou theast A sia. Less 
severe form s m ay  occur w o rld w id e  in  p e rso n s w ith  chronic 
d ia rrh ea l states, in  w h ich  p ro te in  is n o t absorbed , o r in  
those  w ith  chronic p ro te in  loss (e.g., p ro te in -lo sing  en ter
opa th ies, the neph ro tic  syndrom e, o r  the  a fte rm ath  of 
extensive burns). R are cases of k w ash io rk o r resu ltin g  from  
fad  d ie ts  o r  rep lacem en t o f m ilk  by rice-based beverages 
h av e  been  rep o rte d  in  the U n ited  States.

In  kw ash io rko r, un like  in  m arasm us, m ark ed  p ro te in  
d ep riv a tio n  is associa ted  w ith  severe loss o f the  v isceral 
p ro te in  com partm en t, a n d  the re su lta n t h y poa lbum inem ia  
gives rise  to generalized or dependent edema (Fig. 8.17). The 
w e ig h t o f ch ild ren  w ith  severe kw ash io rk o r typically  is 
60% to 80% of norm al. H ow ever, the tru e  loss of w e ig h t is 
m ask ed  by  the increased  flu id  re ten tio n  (edem a). In  fu rth e r 
con trast w ith  m arasm us, there  is re la tive  sp arin g  o f subcu 
taneous fa t a n d  m uscle m ass. The m o d est loss o f these 
co m p artm en ts  m ay  also be m ask ed  by edem a.

C h ild ren  w ith  kw ash io rk o r h av e  characteristic  skin 
lesions w ith  a lte rn a tin g  zones of h y p erp ig m en ta tio n , des
q uam ation , a n d  h y p o p igm en ta tion , g iv ing  a "flaky  p a in t"  
ap p earance. Hair changes include loss o f color o r a lte rn a tin g  
b an d s  of pale  an d  d a rk e r color, s tra igh ten ing , fine texture, 
a n d  loss of firm  a ttach m en t to  the scalp. O ther fea tu res th a t 
d is tin g u ish  kw ash io rk o r from  m arasm u s inc lude  an  
en larged , fatty liver (resu lting  from  red u ced  syn thesis of the 
carrier p ro te in  co m p o n en t o f lipopro te ins) a n d  the devel
o p m e n t o f apa thy , listlessness, an d  loss o f appetite . A s in  
m arasm us, v itam in  deficiencies are  likely to be p resen t, as 
a re  defects in immunity a n d  secondary infections. In  kw ash i
o rkor, the  in flam m ation  caused  by infection  p ro d u ces  a 
catabolic state  th a t agg ravates the m alnu trition . A s a lready  
m en tioned , m arasm u s a n d  kw ash io rk o r rep re sen t tw o 
en d s  o f a spectrum , a n d  considerab le  overlap  exists.
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Secondary M a ln u tritio n

In  the U n ited  States, secondary  m aln u tritio n  o ften  devel
o p s in  chronically  ill, o lder, a n d  b e d rid d e n  patien ts. It is 
es tim ated  th a t m ore  th a n  50% of o ld e r resid en ts  in  n u rsin g  
hom es in  the  U n ited  S tates are m aln o u rish ed . W eigh t loss 
of m ore  th a n  5% re su ltin g  from  m aln u tritio n  increases the 
risk  o f m orta lity  in  n u rs in g  hom e p a tien ts  by  a lm ost 5-fold. 
A  p articu la rly  severe fo rm  of secondary  m alnu trition , 
called  cachexia, often  develops in  p a tien ts  w ith  ad vanced  
cancer (C hap ter 6 ). The w astin g  is all too a p p a re n t an d  
often  p resages death . A lth o u g h  loss o f ap p e tite  m ay  partly  
exp la in  it, cachexia m ay  a p p e a r before the ap p e tite  
decreases. The u n d e rly in g  m echan ism s are com plex, b u t 
ap p e a r to  involve cy tok ines secreted  by  tu m o r cells, p a r 
ticu larly  TNF, w h ich  are re leased  as p a r t  o f the ho st 
response  to  ad v an ced  tum ors. These factors d irectly  stim u 
la te  the d e g rad a tio n  of skeletal m uscle  p ro te ins, a n d  also 
s tim u la te  fa t m ob iliza tion  from  lip id  stores.

M O R P H O L O G Y

The hallmark anatomic changes in SAM are (1) growth failure, 

(2) peripheral edema in kwashiorkor, and (3) loss of body fat and 

atrophy of muscle, more marked in marasmus.

The liver in kwashiorkor, but not in marasmus, is enlarged 

and fatty; superimposed cirrhosis is rare.

In kwashiorkor (rarely in marasmus) the sm all bow el shows 

a decrease in the mitotic index in the crypts of the glands, associ

ated with mucosal atrophy and loss of villi and microvilli. In such 

cases concurrent loss of small intestinal enzymes occurs, most 

often manifested as disaccharidase deficiency. Hence, infants with 

kwashiorkor are lactate intolerant initially and may not respond 

well to full-strength, milk-based diets. W ith  treatment, the 

mucosal changes are reversible.

The bone m a rro w  in both kwashiorkor and marasmus 

may be hypoplastic, mainly as a result of decreased numbers of 

red cell precursors. Thus, anemia is usually present, most often 

hypochromic, microcytic due to iron deficiency, but a concurrent 

deficiency of folate may lead to  a mixed microcytic-macrocytic 

anemia.

The brain  in infants who are born to  malnourished mothers 

and who suffer from SAM during the first 1 or 2 years of life has 

been reported by some investigators to show cerebral atrophy, 

a reduced number of neurons, and impaired myelination of white 

matter.

Many other changes may be present, including (1) thymic and 

lymphoid atrophy (more marked in kwashiorkor than in maras

mus), (2 ) anatomic alterations induced by intercurrent infections, 

particularly with endemic helminths and other parasites, and (3) 

deficiencies of other required nutrients such as iodine and 

vitamins.

Anorexia Nervosa and Bulimia

A norexia nervosa is  a state o f se lf-in d u ced  starvation  
resu ltin g  in  m arked w eig h t loss; b u lim ia  is a condition  
in  w h ich  the patient b in ges on  food  and th en  induces  
vom iting . B ulim ia is m ore  com m on  th a n  anorex ia  nervosa  
an d  carries a be tte r p rognosis. It is es tim ated  to  occur in  
1 % to 2 % of w o m en  an d  0 .1 % of m en, w ith  a n  average age

at onset o f 20 years. These d iso rd ers  occur p rim arily  in  
p rev io u sly  h ea lth y  y o u n g  w o m en  w h o  have  acq u ired  an  
obsession  w ith  a tta in in g  o r m a in ta in in g  th inness.

The clinical find ings in  anorex ia  ne rvosa  generally  
a re  sim ilar to  those in  SAM. In  ad d itio n , effects 
o n  the endocrine  system  are  p rom inen t. Amenorrhea, resu lt
ing  from  decreased  secretion  of g o n ado trop in -re leasing  
horm one (and  consequen t decreased  secretion  of lu te in iz 
ing  a n d  fo llicle-stim ulating  horm ones), is so com m on  tha t 
its presence is a lm ost a d iagnostic  featu re . O ther com m on 
find ings, re la ted  to  decreased thyroid hormone release, 
include cold  in to lerance, b radycard ia , constipation , and  
changes in  the skin  a n d  hair. In  ad d itio n , d eh y d ra tio n  an d  
electro ly te abnorm alities are  freq u en t find ings. Body hair 
m ay  be increased  b u t u su a lly  is fine a n d  p ale  (lanugo). Bone 
density is decreased, m ost likely because of low  estrogen  
levels, w h ich  m im ics the p o stm en o p au sa l acceleration  of 
osteoporosis. A s expected  w ith  severe m alnu trition , 
anem ia, lym p h o p en ia , a n d  hyp o a lb u m in em ia  m ay  be 
p resen t. A  m ajor com plication  of anorex ia  nervosa  is an  
increased  suscep tib ility  to  cardiac arrhythmia and sudden 
death, bo th  resu ltin g  from  hypokalem ia.

In  bu lim ia, binge eating is the  norm . H u g e  am o u n ts  of 
food, p rinc ipa lly  carbohydra tes, are  ingested , on ly  to  be 
fo llow ed by in d u ced  vom iting . A lth o u g h  m en stru a l irreg 
u larities a re  com m on, am en o rrh ea  occurs in  less th an  50% 
of bu lim ic  pa tien ts, p robab ly  because w e ig h t a n d  gonado 
tro p in  levels are  m a in ta in ed  near norm al. The m ajor 
m ed ical com plications a re  re la ted  to  con tinual in d u ced  
vom iting  a n d  chronic u se  of laxatives a n d  d iuretics. These 
include (1 ) electro ly te im balances (hypokalem ia), w h ich  
p red isp o se  the p a tien t to  card iac a rrhy thm ias; (2 ) p u lm o 
nary  asp ira tio n  of gastric contents; an d  (3) esophageal an d  
stom ach  ru p tu re . N evertheless, there  are no  specific signs 
an d  sym ptom s for th is synd rom e, a n d  the d iagnosis m u st 
rely  o n  a com prehensive  psychologic assessm en t o f the 
patien t.

Vitamin Deficiencies * •

Before w e  su m m arize  the functions of in d iv id u a l v itam ins 
an d  the consequence o f their deficiency, som e general com 
m ents are in  o rder.
• Thirteen vitamins are necessary for health; four—A, D, E, 

and K—are fat-soluble and the remainder are water-soluble. 
The d istinc tion  b e tw een  fat- a n d  w ater-so lub le  v itam ins 
is im p o rtan t; a lth o u g h  the fo rm er are  m ore read ily  
s to red  in  the  body , they  m ay  be poo rly  abso rbed  in  fat 
m alab so rp tio n  d iso rders, caused  by  d istu rbances of 
d igestive  functions (d iscussed  in  C h ap te r 15).

• Certain vitamins can be synthesized endogenously—vitam in  
D  from  p recu rso r stero ids, v itam in  K a n d  b io tin  by the 
in testina l m icroflora, an d  n iacin  from  try p to p h an , an  
essen tial am ino  acid. N o tw ith s ta n d in g  th is en d o g en o u s 
synthesis, a d ie ta ry  su p p ly  o f all v itam ins is essen tia l for 
health .

• D eficiency of a single v itam in  is uncom m on, a n d  single- 
o r m u ltip le -v itam in  deficiencies m ay  accom pany  con
cu rren t SAM.

In  the fo llow ing  sections, v itam ins A , D, an d  C are  
p re sen ted  in  som e deta il because of their w id e-ran g in g
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functions a n d  the  m orpho log ic  changes of deficient states. 
This is fo llow ed  by  a su m m ary  in  tab u la r fo rm  of the m ain  
consequences o f deficiencies o f the rem ain in g  v ita m in s—E, 
K, a n d  the  B co m p lex —a n d  som e essen tia l m inerals.

Vitam in  A

The major functions o f v itam in  A  are m aintenance of  
norm al v is io n , regulation  o f cell grow th and differentia
tion , and regulation  o f lip id  m etabolism . V itam in  A  is a 
generic  n am e for a g ro u p  of re la ted  fat-soluble co m p o u n d s 
th a t include retinol, retinal, and retinoic acid, w h ich  have  
sim ilar biologic activities. R etinol is the chem ical nam e for 
v itam in  A. It is the tra n sp o rt fo rm  and , as re tino l ester, also 
the sto rage form . A  w id e ly  u se d  term , retinoids, refers to 
bo th  n a tu ra l an d  syn thetic  chem icals th a t are struc tu ra lly  
re la ted  to  v itam in  A  b u t m ay  n o t necessarily  have  v itam in  
A  activ ity . A n im al-derived  foods such  as liver, fish, eggs, 
m ilk, an d  b u tte r are im p o rta n t d ie ta ry  sources of p re 
fo rm ed  v itam in  A. Yellow  a n d  leafy g reen  vegetab les such  
as carro ts, squash , an d  sp inach  su p p ly  large  am o u n ts  of 
caro tenoids, m an y  of w h ich  are  p ro v itam in s th a t are  
m etabo lized  to  active v itam in  A  in  the body . C aro teno ids 
con tribu te  app rox im ate ly  30% of the  v itam in  A  in  h u m a n  
diets; the  m ost im p o rtan t of these  is ß-carotene, w h ich  is 
efficiently converted  to  v itam in  A. The recom m ended  
d ie ta ry  allow ance for v itam in  A  is expressed  in  re tino l 
equivalen ts, to  take in to  accoun t b o th  p re fo rm ed  v itam in  
A  a n d  ß-carotene.

V itam in  A  is a fat-so lub le v itam in , a n d  its ab so rp tion  
requ ires bile, pancreatic  enzym es, a n d  som e level of an ti
ox id an t activ ity  in  the  food. R etinol (generally  ingested  as 
re tino l ester) a n d  ß-carotene are abso rbed  th ro u g h  the 
in testina l w all, w h ere  ß-carotene is converted  to  re tino l 
(Fig. 8.18). R etinol is th en  tra n sp o rted  in  chylom icrons, 
w h ere  it is taken  u p  in to  liver cells th ro u g h  the  apolipo- 
p ro te in  E recep tor. M ore th a n  90% of the b o d y 's  v itam in  A 
reserves are  sto red  in  the  liver, p red o m in an tly  in  the peri- 
s inuso ida l stellate (Ito) cells. In  hea lthy  p erso n s w h o  
consum e a n  ad eq u a te  d iet, these  reserves a re  sufficient to 
su p p o rt the b o d y 's  needs for a t least 6  m on ths. R etinol 
esters s to red  in  the  liver can  be m obilized; before release, 
re tino l b in d s to  a specific re tino l-b ind ing  p ro te in  (RBP), 
syn thesized  in  the liver. The u p tak e  of re tino l an d  RBP in 
p e rip h e ra l tissues is d e p e n d e n t o n  cell surface RBP recep 
tors. A fter u p tak e  by cells, re tino l is re leased , a n d  the  RBP 
is recycled  back  in to  the  b lood. R etinol m ay  be sto red  in  
p e rip h e ra l tissues as re tiny l ester o r m ay  be ox id ized  to 
fo rm  retino ic acid.

F u n c tio n . In  h um ans, the best-defined  functions of 
v itam in  A  are  the follow ing:
• Maintaining normal vision in reduced light. The visual 

process involves fo u r form s o f v itam in  A -co n ta in in g  p ig 
m ents: rh o d o p sin , located  in  ro d  cells, the  m ost light- 
sensitive p ig m en t a n d  therefore  im p o rta n t in  red u ced  
light; a n d  th ree  iodopsins, located  in  cone cells, each 
responsive  to  a specific color in  b rig h t light. The syn the
sis of rh o d o p sin  from  re tino l involves (1 ) ox ida tion  to 
all-trans-re tinal, (2 ) isom eriza tion  to  1 1 -cis-retinal, and  
(3) in te rac tion  w ith  o p sin  to  fo rm  rh o d o p sin . A  p h o to n  
of ligh t causes the isom eriza tion  of 1 1 -cis-retinal to  all- 
trans-re tinal, a n d  a sequence of con figuration  changes
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Fig. 8 . l 8  Vitamin A metabolism.

in  rh o d o p sin , w h ich  p ro d u ce  a v isu a l signal. In  the 
process, a nerve  im p u lse  is gen era ted  (by changes in  
m em brane  po ten tia l) an d  tran sm itted  by m eans of 
n e u ro n s  from  the  re tina  to  the  brain . D u rin g  d a rk  a d a p 
tation, som e of the a ll-trans-re tinal is reconverted  to 
1 1 -cis-retinal, b u t m ost is re d u ced  to  re tino l a n d  lost to 
the re tina , exp la in ing  the n eed  fo r a con tin u o u s supp ly  
of retinol.

• Potentiating the differentiation of specialized epithelial cells. 
V itam in  A  a n d  re tin o id s p lay  an  im p o rta n t ro le  in  the 
o rderly  d iffe ren tia tion  of m ucus-secre ting  co lum nar 
ep ithelium ; w h e n  a deficiency sta te  exists, the ep ithe 
liu m  u n d erg o es  squamous metaplasia, d ifferen tia ting  in to  
a  kera tin iz in g  ep ithelium . A ctivation  of retino ic acid 
recep to rs (RARs) by  the ir ligands causes the release of 
co represso rs a n d  the  ob ligato ry  fo rm ation  of h e terod i
m ers  w ith  an o th e r re tin o id  recep tor, k n o w n  as the  reti
noic X receptor (RXR). B oth RAR a n d  RXR have  three

http://ebooksmedicine.net

http://ebooksmedicine.net


328

isoform s, a , P, a n d  y. The R A R /R X R  he te ro d im ers  b ind  
to retino ic acid  response  e lem en ts located  in  the  regu la 
to ry  reg ions of genes th a t encode recep to rs for g ro w th  
factors, tu m o r su p p resso r genes, a n d  secreted  p ro te ins. 
T h ro u g h  these  effects, re tino id s regu la te  cell g ro w th  
an d  differen tia tion , cell-cycle control, a n d  o th e r b iologic 
responses. All-trans-retinoic acid, a p o ten t acid  deriva tive  
of v itam in  A, has  the h ig h est affinity  for RARs com 
p a re d  w ith  o th e r re tino ids.

• Metabolic effects of retinoids. The RXR, believed  to  be acti
v a te d  by 9-cis retino ic acid, can  fo rm  he te ro d im ers  w ith  
o ther nuclear recep tors, such  as recep to rs in vo lved  in  
d ru g  m etabolism , the peroxisom e p ro lifera to r-activated  
recep to rs  (PPARs), a n d  v itam in  D  recep tors. PPA Rs are  
key reg u la to rs  o f fatty  acid  m etabolism , in c lu d in g  fatty  
acid ox ida tion  in  fa t a n d  m uscle, ad ipogenesis, a n d  lipo 
p ro te in  m etabolism . The associa tion  be tw een  RXR and  
PPARy p ro v id es a n  exp lanation  for the m etabolic  effects 
of re tin o id s o n  ad ipogenesis.

• Enhancing immunity to infections. V itam in  A  su p p lem en 
ta tion  can  red u ce  m o rb id ity  an d  m orta lity  ra tes for 
som e fo rm s of d ia rrhea . S im ilarly, su p p lem en ta tio n  in  
p reschoo l ch ild ren  w ith  m easles, p articu larly  those  w h o  
are  m aln o u rish ed , can  red u ce  m orta lity  a n d  com plica
tions of the disease, in c lu d in g  eye dam age  a n d  b lind 
ness. The effects o f v itam in  A  o n  infections p robab ly  
derive  in  p a r t  from  its ab ility  to  stim ula te  the  im m u n e  
system  th ro u g h  unclear m echanism s. Infections m ay 
reduce  the b ioavailab ility  of v itam in  A, possib ly  by 
in d u c in g  the acu te  p h ase  response, w h ich  a p p ea rs  to 
in h ib it RBP syn thesis in  the  liver. The d ro p  in  hepatic  
RBP causes a  decrease in  c ircu la ting  retinol, w h ich  
red u ces the tissue availab ility  o f v itam in  A. The benefi
cial effect of v itam in  A  in  d ia rrh ea l d iseases m ay  be 
re la ted  to  the  m ain tenance  a n d  re s to ra tio n  of the in teg 
rity  of the ep ith e liu m  of the gut.

C H A P T E R  8 Environmental and Nutritional Diseases

In  ad d itio n , the  re tino ids, p-carotene, a n d  som e re la ted  
caro teno ids can  function  as p h o top ro tec tive  a n d  an ti
ox id an t agents. R etino ids have  b ro ad  bio logic effects, 
in c lu d in g  effects o n  em bryon ic  developm en t, cellu lar dif
fe ren tia tion  a n d  pro lifera tion , a n d  lip id  m etabolism .

R etino ids a re  u se d  clinically to  trea t sk in  d iso rd e rs  such  
as severe acne a n d  certa in  form s of psoriasis, an d  also 
to trea t acu te  prom yelocy tic  leukem ia. A s d iscussed  in  
C h ap te r 6 , a ll-trans-retinoic acid  in d u ces the  d ifferen tia tion  
a n d  su b seq u en t ap o p to sis  of acu te  p rom yelocytic  leukem ia 
cells th ro u g h  its ab ility  to  b in d  to  a PM L-R A R a fusion  
p ro te in  th a t characterizes th is  fo rm  of cancer.

D efic ien cy  S ta te s .  V itam in  A  deficiency occurs w o rld 
w id e  as a consequence of e ither p o o r n u tritio n  or fa t m al
abso rp tion . In  ch ild ren , sto res of v itam in  A  are  d ep le ted  
by  infections, a n d  the ab so rp tio n  of the v itam in  is p o o r in  
n e w b o rn  in fan ts. In  adu lts , v itam in  A  deficiency, in  con
ju n c tio n  w ith  d ep le tion  of o ther fat-soluble v itam ins, m ay 
develop  in  p a tien ts  w ith  m a lab so rp tio n  syndrom es, such  
as celiac disease, C ro h n  disease, a n d  colitis. B ariatric 
su rg ery  an d  the  con tin u o u s u se  o f m inera l oil laxatives also 
m ay  lead  to  deficiency. The m u ltip le  effects o f v itam in  A 
deficiency are  as follows:
• A s w as  a lread y  d iscussed , v itam in  A  is a co m p o n en t of 

rh o d o p s in  a n d  o ther v isua l p igm ents. N o t su rp rising ly , 
one of the earliest m an ifesta tions of v itam in  A  defi
ciency is im p a ired  v ision, p articu larly  in  red u ced  ligh t 
(night blindness).

• O th e r effects of v itam in  A  deficiency are  re la ted  to  its 
role in  m a in ta in in g  the  d iffe ren tia tion  of ep ithelia l cells 
(Fig. 8.19). P ersis ten t deficiency gives rise  to  a series of 
changes invo lv ing  ep ithelia l m etap lasia  a n d  keratiza- 
tion. The m ost d ev asta tin g  changes occur in  the eyes 
an d  re su lt in  the clinical en tity  re ferred  to  as xeroph tha l
m ia (d ry  eye). First, there  is d ryness of the  conjunctiva 
(xerosis conjunctivae) as the  n o rm al lachrym al an d

VITAMIN A DEFICIENCY
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Fig. 8 . l 9  Vitamin A deficiency: major consequences in the eye and in the production of keratinizing metaplasia of specialized epithelial surfaces, and its pos
sible role in epithelial metaplasia. Not depicted are night blindness and immune deficiency.
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m ucus-secreting  ep ith e liu m  are rep laced  by kera tin ized  
ep ithe lium . This is fo llow ed  by a b u ild u p  of kera tin  
debris  in  sm all o p aq u e  p laq u es (Bitot spots) and , ev en tu 
ally, the  e rosion  of the ro u g h e n e d  corneal surface, 
lead in g  to  so ften ing  a n d  d estru c tio n  of the cornea (kera
tomalacia) a n d  to tal blindness.

• V itam in  A  deficiency a lso  leads to  rep lacem en t o f the 
ep ith e liu m  lin ing  the u p p e r  re sp ira to ry  passage  an d  
u rin a ry  trac t by  kera tin iz ing  sq u am o u s cells (squam ous 
m etap lasia). Loss of the m ucociliary  ep ith e liu m  of the 
a irw ays p red isp o ses affected  p a tien ts  to  p u lm o n ary  
infections, a n d  d esq u am atio n  of k e ra tin  deb ris  in  the 
u rin a ry  trac t p red isp o ses to  rena l a n d  b lad d e r stones. 
H y p erp lasia  an d  h y p erk era tin iza tio n  of the  ep iderm is  
w ith  p lu g g in g  of the d u c ts  o f the adnexal g lan d s m ay 
p ro d u ce  follicular or papular dermatosis.

• A n o th er serious consequence of the  lack of v itam in  A  is 
immune deficiency. This im p a irm en t of im m u n ity  leads 
to h igher m orta lity  ra tes from  com m on  infections such  
as m easles, p n eu m o n ia , a n d  in fectious d iarrhea . In  p a rts  
o f the w o rld  w ith  a h ig h  prevalence  of v itam in  A  defi
ciency, d ie ta ry  su p p lem en ts  reduce  m orta lity  ra tes  for 
in fectious d iso rd ers  by  20% to 30%.

V ita m in  A  T o x ic ity .  B oth short- a n d  long-te rm  excesses 
of v itam in  A  m ay  p ro d u ce  toxic m an ifesta tions — a p o in t of 
concern  because of the  m egadoses be ing  to u ted  by  certa in  
sellers of supp lem en ts. The consequences of acu te  hyper- 
v itam inosis A  w ere  first described  in  1597 by G errit de  
Veer, a sh ip 's  ca rp en te r s tra n d e d  in  the A rctic, w h o  
recoun ted  in  h is  d ia ry  the serious sym ptom s th a t he  and  
o ther crew  m em bers d eveloped  after ea ting  p o la r bear 
liver. W ith  th is cau tionary  tale in  m ind , the ad v en tu ro u s  
eater sh o u ld  no te  th a t acu te  v itam in  A  toxicity also  has 
been  described  in  "hepatoafic ionados" w h o  feasted  o n  the 
livers of w hales, sharks, an d  ev en  tuna!

The signs a n d  sym ptom s of acu te  toxicity inc lude  
headache, d izziness, vom iting , s tupo r, a n d  b lu rred  
v is io n —all of w h ich  m ay  be confused  w ith  those of a 
b ra in  tum or. C hronic  toxicity is associated  w ith  w e ig h t 
loss, anorexia, nausea, vom iting , an d  bone a n d  jo in t pain . 
R etinoic acid stim ula tes the p ro d u c tio n  a n d  function  of 
osteoclasts, lead in g  to  increased  bone reso rp tio n  a n d  a 
consequen t h ig h  risk  of fractures. A lth o u g h  synthetic  re ti
n o id s  u sed  for the trea tm en t o f acne are n o t associated  
w ith  these com plications, the ir u se  in  p reg n an cy  m u st be 
av o id ed  because of the w ell-estab lished  tera togen ic  effect 
of re tino ids.

Vitam in  D

The major fu nction  o f the fat-soluble v itam in  D  is the  
m aintenance o f adequate p lasm a lev e ls  o f calcium  and  
phosphorus to support m etabolic functions, bone m iner
a lization , and neurom uscular transm ission. In  th is  capac
ity, the v itam in  is req u ired  for the p rev en tio n  of bone 
d iseases k n o w n  as rickets (in  ch ild ren  w h o se  ep iphyses 
h av e  n o t a lread y  closed), osteomalacia (in  adu lts), an d  hypo- 
calcem ic te tany . W ith  respec t to  te tany , v itam in  D  m ain 
ta in s the correct concen tra tion  of ion ized  calcium  in  the 
ex tracellu lar flu id  com partm en t. W hen  deficiency devel
ops, the d ro p  in  ion ized  calcium  in  the ex tracellu lar flu id  
resu lts  in  con tin u o u s excita tion  of m uscle (tetany). It shou ld

be no ted , how ever, th a t an y  red u c tio n  in  the  level o f serum  
calcium  is rap id ly  corrected  by excess secretion  o f p a ra th y 
ro id  horm one. H ence te tany  is q u ite  uncom m on . O u r 
a tten tio n  here  is focused  o n  the  function  of v itam in  D  in 
the reg u la tio n  of se ru m  calcium  levels.

M e ta b o lism .  The m ajor source of v itam in  D  for h u m an s 
is its en d o g en o u s syn thesis in  the skin  by photochem ical 
conversion  of a p recu rso r, 7 -dehydrocholestero l, p o w ered  
by the energy  of solar o r artificial UV light. Irrad ia tio n  of 
th is co m p o u n d  form s cholecalciferol, k n o w n  as v itam in  D 3; 
in  the fo llow ing  d iscussion, for the sake of sim plicity , the 
te rm  vitamin D is u sed  to  refer to  th is co m pound . U n d er 
u su a l cond itions of su n  exposure , ap p rox im ate ly  90% of 
the  v itam in  D  n eed ed  is en d ogenously  deriv ed  from  
7 -dehydrocho lestero l p re sen t in  the skin. H ow ever, blacks 
m ay  hav e  a low er level of v itam in  D  p ro d u c tio n  in  the skin 
because of m elan in  p ig m en ta tio n  (pe rh ap s a sm all price  to 
p ay  for p ro tec tion  ag a in st U V -induced  cancers). The sm all 
re m a in d e r com es from  d ie ta ry  sources, such  as deep-sea  
fish, p lan ts, a n d  grains. In  p la n t sources, v itam in  D  is 
p re se n t in  a  p recu rso r form , ergosterol, w h ich  is converted  
to  v itam in  D  in  the  body.

The m etabo lism  of v itam in  D  can  be o u tlin ed  as fo llow s 
(Fig. 8.20):
1. A b so rp tio n  o f v itam in  D  a long  w ith  o th e r fats in  the gu t 

o r syn thesis from  p recu rso rs  in  the  skin
2. B inding  to  p lasm a  a i-g lobu lin  (v itam in  D -b in d in g  

p ro te in ) a n d  tra n sp o rt to  liver
3. C onversion  to  25 -hydroxyv itam in  D  (25-OH-D) by 

25-hydroxylase in  the liver
4. C onversion  of 25-O H -D  to 1 ,25-d ihydroxyvitam in  D 

[1,25-(OH)2-D] (biologically the  m ost active fo rm  of 
v itam in  D) by a l-h y d ro x y la se  in  the k idney

R enal p ro d u c tio n  of 1,25-(OH)2-D  is reg u la ted  by  th ree  
m echanism s:
• Hypocalcemia stimulates secretion of parathyroid hormone 

(PTH), w h ich  in  tu rn  au g m en ts  the  conversion  of 
25-O H -D  to 1,25-(OH)2-D  by ac tiva ting  a l-h y d ro x y la se .

• Hypophosphatemia directly activates al-hydroxylase, 
thereby  increasing  the fo rm ation  of 1,25(OH)2-D.

• In  a feedback  loop, increased  levels of 1,25-(OH)2-D 
d o w n reg u la te  the  syn thesis of th is m etabo lite  by  inh ib it
in g  the  action  of a l-h y d ro x y la se  (decreases in  1,25- 
(O H )2 -D  hav e  the o pposite  effect).

F u n c tio n s . Like re tino id s a n d  ste ro id  horm ones, 1,25- 
(OH)2 -D  acts by  b in d in g  to  a  h igh-affin ity  nuclear recep to r 
th a t in  tu rn  b inds to  reg u la to ry  D N A  sequences, thereby  
in d u c in g  tran sc rip tio n  of specific ta rge t genes. The recep 
to rs for 1,25-(OH)2-D  are p re sen t in  m ost nuc lea ted  cells of 
the  body , a n d  they  tran sd u ce  signals th a t re su lt in  various 
biologic activities, beyond  those  invo lved  in  calcium  
a n d  p h o sp h o ru s  hom eostasis. N evertheless, the best- 
u n d e rs to o d  functions of v itam in  D  re la te  to  the  m ain te 
nance of n o rm al p lasm a  levels o f calcium  a n d  p h o sp h o ru s, 
th ro u g h  action  o n  the in testines, bones, a n d  k idneys 
(Fig. 8.20).

The active fo rm  of v itam in  D:
• Stimulates intestinal absorption of calcium th ro u g h  up reg - 

u la tio n  of calcium  tran sp o rt, in  en terocytes
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NORMAL VITAMIN D METABOLISM •

VITAMIN D DEFICIENCY

Fig. 8.20 (A) Normal vitamin D metabolism. (B) Vitamin D deficiency. There 
is inadequate substrate for the renal hydroxylase ( 1 ) ,  yielding a deficiency of 
l,25-(OH)2D ( 2 ) ,  and deficient absorption of calcium and phosphorus from 
the gut ( 3 ) ,  with consequent depressed serum levels of both ( 4 ) .  The hypo
calcemia activates the parathyroid glands (5), causing mobilization of calcium 
and phosphorus from bone ( 6 a ) .  Simultaneously, parathyroid hormone (PTH) 
induces wasting of phosphate in the urine ( 6 b )  and calcium retention. Con
sequently, the serum levels of calcium are normal or nearly normal, but the 
phosphate is low; hence, mineralization is impaired ( 7 ) .

• Stimulates calcium resorption in renal distal tubules.
• Collaborates with PTH to regulate blood calcium. This occurs 

in  p a r t  th ro u g h  u p re g u la tio n  of RA N K  lig an d  on  osteo
b lasts, w h ich  in  tu rn  activates RA N K  recep to rs on  osteo
clast p recu rso rs. RA N K  activa tion  p ro d u ces  signals tha t 
increase osteoclast d iffe ren tia tion  a n d  bone reso rp tive  
activ ities (C hap ter 21).

• Promotes the mineralization of bone. V itam in  D  is need ed  
for the m inera liza tion  of osteo id  m atrix  a n d  ep iphysea l 
cartilage d u rin g  the fo rm ation  of flat a n d  long  bones. 
It s tim u la tes osteoblasts to  syn thesize  the  calcium 
b in d in g  p ro te in  osteocalcin, w h ich  p ro m o tes  calcium  
deposition .

O f note, effects o f v itam in  D  o n  bone d e p e n d  o n  the 
p lasm a levels of calcium : O n  the  one h an d , in  hypocalce- 
m ic states 1,25-(OH)2-D  together w ith  PTH  increases the 
reso rp tio n  of calcium  a n d  p h o sp h o ru s  from  bone to  su p p o rt 
b lood  levels. O n  the  o th e r h an d , in  norm ocalcem ic states, 
v itam in  D  is req u ired  for calcium  dep o sitio n  in  ep iphysea l 
cartilage a n d  osteo id  m atrix .

D eficiency S tates

V itam in  D  deficiency causes rickets in  grow in g children  
and osteom alacia in  adults; these skeletal d iseases have  
w o rld w id e  d is tribu tion . They m ay  re su lt from  d iets defi
cien t in  calcium  a n d  v itam in  D, b u t p robab ly  m ore im p o r
tan t is lim ited  exposu re  to  su n lig h t (for instance, in  heav ily  
ve iled  w om en; ch ild ren  b o rn  to  m o thers  w h o  have  fre
q u e n t p regnancies fo llow ed by lactation , w h ich  leads to 
v itam in  D  deficiency; a n d  in h ab itan ts  of n o rth e rn  clim ates 
w ith  scan t sun ligh t). O ther, less com m on  causes of rickets 
a n d  osteom alacia include ren a l d iso rd ers  causing  decreased  
syn thesis o f 1,25-(OH)2-D or p h o sp h a te  dep le tion , a n d  m al
ab so rp tio n  d iso rders. A lth o u g h  rickets a n d  osteom alacia 
ra re ly  occur o u ts id e  h igh -risk  g roups, m ilde r fo rm s of 
v itam in  D  deficiency (also called  v itam in  D  insufficiency) 
lead in g  to  bone loss a n d  h ip  fractu res a re  com m on  am ong  
e lderly  persons. S tud ies also  sug g est th a t v itam in  D  m ay 
be im p o rta n t for p rev en tin g  dem inera liza tion  of bones. It 
a p p ea rs  th a t certa in  genetically  d e te rm in ed  v arian ts  o f the 
v itam in  D  recep to r a re  associa ted  w ith  a n  accelera ted  loss 
o f bone m inera ls  w ith  ag in g  an d  certa in  fam ilial fo rm s of 
o steoporosis  (C hap ter 21).

W hatever the  basis, a deficiency of v itam in  D  ten d s to 
cause  hypocalcem ia. This in  tu rn  stim ula tes PTH  p ro d u c 
tion, w h ich  (1 ) ac tivates ren a l a i-hyd roxy lase , increasing  
the am o u n t o f active v itam in  D  a n d  calcium  absorp tion ; 
(2) m obilizes calcium  from  bone; (3) decreases renal calcium  
excretion; a n d  (4) increases rena l excretion  of p h ospha te . 
Thus, the se ru m  level o f calcium  is resto red  to  n ear norm al, 
b u t h y p o p h o sp h a tem ia  persists , so m inera liza tion  of bone 
is im p a ired  o r there  is h ig h  bone tu rnover.

A n u n d e rs ta n d in g  of the m orpho log ic  changes in  rickets 
an d  osteom alacia is facilita ted  by a brief su m m ary  of 
n o rm al bone d ev e lo p m en t a n d  m ain tenance. The develop 
m en t of flat bones in  the skele ton  involves in tram em b ra 
no u s ossification, w h ereas the fo rm ation  of lo n g  tu b u la r 
bones p roceeds by en d o ch o n d ra l ossification. W ith  in tra 
m em b ran o u s bone form ation , m esenchym al cells differen 
tiate  d irectly  in to  osteoblasts, w h ich  syn thesize  the 
co llagenous osteo id  m atrix  o n  w h ich  calcium  is deposited . 
By con trast, w ith  en d o ch o n d ra l ossification, g ro w in g  car
tilage a t the ep ip h y sea l p la tes is p rov isionally  m inera lized  
an d  th en  p rogressive ly  reso rbed  a n d  rep laced  by  osteo id  
m atrix , w h ich  u n d erg o es  m inera liza tion  to  create bone 
(Fig. 8.21A).

M O R P H O L O G Y

T h e  basic d e ra n g e m e n t in both  rickets  and o ste o m a la 

cia is an excess o f u n m in e ra lize d  bone m a tr ix . The

changes that occur in the growing bones of children with rickets,

however, are complicated by inadequate provisional calcification
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Fig. 8 .2 I Rickets. (A) Normal costochondral junction of a young child. Note cartilage palisade formation and orderly transition from cartilage to new bone. 
(B) Rachitic costochondral junction in which the palisade of cartilage is absent. Darker trabeculae are well-formed bone; paler trabeculae consist of uncalcified 
osteoid. (C) Note bowing of legs as a consequence of the formation of poorly mineralized bone in a child with rickets. (B , C o u r te s y  o f  D r .  A n d r e w  E  R o s e n b e rg ,  

M a s s a c h u s e t t s  G e n e r a l  H o s p i t a l ,  B o s to n ,  M a s s a c h u s e t t s . )

of epiphyseal cartilage, deranging endochondral bone growth. 

The following sequence ensues in rickets:

• Overgrowth of epiphyseal cartilage caused by inadequate pro

visional calcification and failure of the cartilage cells to  mature 

and disintegrate

• Persistence of distorted, irregular masses of cartilage, many of 

which project into the marrow cavity

• Deposition of osteoid matrix on inadequately mineralized car

tilaginous remnants

• Disruption of the orderly replacement of cartilage by osteoid 

matrix, with enlargement and lateral expansion of the osteo

chondral junction (Fig. 8 .2 IB )

• Abnormal overgrowth of capillaries and fibroblasts in the dis

organized zone resulting from microfractures and stresses on 

the inadequately mineralized, weak, poorly formed bone

• Deformation of the skeleton resulting from the loss of struc

tural rigidity of the developing bones

The gross skeletal changes depend on the severity of the 

rachitic process; its duration; and, in particular, the stresses to  

which individual bones are subjected. During the nonambulatory 

stage of infancy, the head and chest sustain the greatest stresses. 

The softened occipital bones may become flattened, and the 

parietal bones can be buckled inward by pressure; with the 

release of the pressure, elastic recoil snaps the bones back into 

their original positions (c ra n io ta b e s ). An excess of osteoid 

produces fro n ta l bossing and a squared appearance to the 

head. Deformation of the chest results from overgrowth of 

cartilage or osteoid tissue at the costochondral junction, produc

ing the “ rach itic  rosary.”  The weakened metaphyseal areas of 

the ribs are subject to  the pull of the respiratory muscles, causing 

them to bend inward creating anterior protrusion of the sternum 

(p igeon  b reast d e fo rm ity ). The inward pull at the margin of 

the diaphragm creates the H arris o n  groove, girdling the tho 

racic cavity at the lower margin of the rib cage. The pelvis may

become deformed. W hen an ambulating child develops rickets, 

deformities are likely to affect the spine, pelvis, and long bones 

(e.g., tibia), causing, most notably, lu m b a r lordosis and bow ing  

o f th e  legs (Fig. 8 .2 IC ).

In adults with o steom alac ia , the lack of vitamin D deranges 

the normal bone remodeling that occurs throughout life. The 

newly formed osteoid matrix laid down by osteoblasts is inad

equately mineralized, producing the excess of persistent osteoid 

that is characteristic of osteomalacia. Although the contours of 

the bone are not affected, the bone is weak and vulnerable to  

gross fractures or microfractures, which are most likely to  affect 

vertebral bodies and femoral necks. On histologic examination, 

the unmineralized osteoid can be visualized as a thickened layer 

of matrix (which stains pink in hematoxylin and eosin prepara

tions) arranged about the more basophilic, normally mineralized 

trabeculae.

N o n s k e le ta l  E ffe c ts  o f  V i ta m in  D . A s m en tio n ed  earlier, 
the  v itam in  D  recep to r is p re sen t in  v a rio u s cells an d  
tissues th a t d o  n o t pa rtic ipa te  in  calcium  a n d  p h o sp h o ru s  
hom eostasis. In  ad d itio n , m acrophages, keratinocytes, an d  
tissues such  as breast, p ro sta te , a n d  colon can  p ro d u ce  
1 ,25-d ihydroxyv itam in  D. It a p p ea rs  th a t pathogen - 
in d u ced  activa tion  of Toll-like recep to rs in  m acrophages 
causes increased  exp ression  of v itam in  D  recep to r as w ell 
as increased  local syn thesis of 1 ,25-d ihydroxyvitam in  D. 
This causes activa tion  of v itam in -D -d ep en d en t gene 
exp ression  in  m acrophages an d  o ther n e ighbo ring  im m une 
cells. The n e t effect of these changes o n  the  im m u n e  
response  rem ains to  be d e term ined . It a p p ea rs  th a t in  som e 
p a tien ts  w ith  tuberculosis, v itam in  D  su p p lem en ts  increase 
lym phocy te  coun ts a n d  enhance  the clearance of Mycobac
terium tuberculosis. It has  also  been  re p o rte d  th a t low  levels
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Fig. 8.22 Major consequences of impaired formation of collagen caused by vitamin C deficiency.

of 1 ,25-d ihydroxyvitam in  D  (<20 n g /m L ) are  associated  
w ith  a 30% to 50% increase in  the incidence of colon, p ro s
tate, a n d  b reast cancers, b u t w h e th e r  o r n o t v itam in  D 
su p p lem en ta tio n  can  reduce  cancer risk  has n o t been  firm ly 
estab lished .

T o x ic ity .  P ro longed  exposu re  to  su n lig h t m ay  cause sun 
b u rn s  b u t it does n o t p ro d u ce  a n  excess o f v itam in  D, b u t 
m egadoses of o ra lly  ad m in is te red  v itam in  can  lead  to 
hyperv itam inosis. In  ch ild ren , hyp erv itam in o sis  D  m ay 
take the  fo rm  of m etasta tic  calcifications of soft tissues 
such  as the k idney; in  adu lts , it causes bone p a in  an d  
hypercalcem ia. As a p o in t o f som e in terest, the toxic 
p o ten tia l o f th is v itam in  is so g rea t th a t in  sufficiently 
large  doses it is a p o ten t rodenticide!

Vitam in  C  (Ascorbic Acid)

A  deficiency o f w ater-soluble v itam in  C leads to the  
develop m en t o f scurvy, characterized principally  by  
bon e d isease in  grow in g children and by hem orrhages 
and h ea lin g  defects in  both  children and adults . Sailors 
o f the B ritish R oyal N avy  w ere  n icknam ed  "lim eys" 
because a t the en d  of the 18th cen tu ry  the N avy  beg an  to 
p ro v id e  lim e a n d  lem on  ju ice to  th em  to p re v e n t scurvy  
d u r in g  the ir lo n g  so journs a t sea. It w as  n o t un til 1932 tha t 
ascorbic acid  w as  iden tified  a n d  syn thesized . U nlike 
v itam in  D, ascorbic acid  is n o t syn thesized  endogenously  
in  h um ans, w h o  therefore  are  en tire ly  d e p e n d e n t o n  the 
d ie t for th is n u trien t. V itam in  C is p re se n t in  m ilk  a n d  som e 
an im al p ro d u c ts  (liver, fish) a n d  is a b u n d a n t in  a varie ty  
of fru its  an d  vegetables. A ll b u t the m ost restric ted  d ie ts 
p ro v id e  ad eq u a te  am o u n ts  of v itam in  C.

F u n c tio n . Ascorbic acid  acts in  a variety o f b iosynthetic  
pathw ays b y  accelerating hydroxylation and am ida
tio n  reactions. The m ost clearly  estab lished  function  of 
v itam in  C is the activa tion  of p ro ly l a n d  lysyl hyd ro x y 
lases from  inactive p recu rso rs, a llow ing  for h yd roxy la tion

of procollagen . Inadequa te ly  h y d ro x y la ted  proco llagen  
can n o t acqu ire  a stable helical con figuration  o r be ad e 
q u a te ly  crosslinked , so it is poo rly  secreted  from  the fibro
b lasts. Those m olecu les th a t are secreted  lack tensile 
streng th , are  m ore  soluble, a n d  are  m ore v u lnerab le  to 
enzym atic  deg rad a tio n . C ollagen, w h ich  no rm ally  has  the 
h ig h est con ten t of hyd roxypro line , is m o st affected, p a r 
ticu larly  in  b lood  vessels, accoun ting  for the p red isp o si
tion  to h em o rrh ag es in  scurvy. In  ad d itio n , a deficiency 
of v itam in  C sup p resses  the  syn thesis of collagen po ly 
pep tid es , in d e p e n d e n t of effects on  p ro line  hyd roxy la tion . 
V itam in  C also  has anti-oxidant properties. These include an  
ab ility  to  scavenge free rad icals  d irectly  a n d  the  p a rtic ipa 
tion  in  m etabolic  reactions th a t regenera te  the an ti-ox idan t 
fo rm  of v itam in  E.

D efic ien cy  S ta te s .  C onsequences of v itam in  C deficiency 
are  illu s tra ted  in  Fig. 8.22. F ortunate ly , because of the 
ab u n d an ce  of ascorbic acid  in  foods, scurvy  has ceased  to 
be a g lobal p rob lem . It is som etim es en co u n te red  in  afflu 
en t p o p u la tio n s  as a secondary  deficiency, particu larly  
am o n g  e lderly  persons, p eop le  w h o  live alone, an d  chronic 
alcoholics — g ro u p s  o ften  charac terized  by  e rra tic  a n d  in ad 
eq u a te  ea tin g  p a tte rn s . O ccasionally , scurvy  a p p ea rs  in  
p a tien ts  u n d e rg o in g  p eritonea l d ialysis a n d  hem odialysis  
a n d  a m o n g  food faddists.

T o x ic ity .  The p o p u la r  n o tio n  th a t m egadoses of v itam in  
C p ro tec t ag a in st the  com m on cold o r a t least allay  the 
sym ptom s has n o t been  borne  o u t by  con tro lled  clinical 
stud ies. Such sligh t relief as m ay  be experienced  p robab ly  
is a re su lt o f the m ild  an tih is tam ine  action  o f ascorbic acid. 
The large  excess o f v itam in  C is p ro m p tly  excreted  in  the 
u rin e  b u t m ay  cause u ricosu ria  a n d  increased  abso rp tion  
of iron , w ith  the p o ten tia l for iro n  overload .

O ther v itam ins a n d  som e essen tia l m inera ls  are  listed  
a n d  briefly  described  in  Tables 8.9 a n d  8.10. Folic acid  an d  
v itam in  B1 2  a re  d iscussed  in  C h ap te r 12.
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Table 8.9 Vitam ins: M ajo r Functions and Deficiency Syndromes

V ita m in Functions D efic ien cy  S yndrom es

Fat-Soluble

Vitamin A A component of visual pigment 
Maintenance of specialized epithelia 
Maintenance of resistance to infection

Night blindness, xerophthalmia, blindness 
Squamous metaplasia 
Vulnerability to infection, particularly 

measles

Vitamin D Facilitates intestinal absorption of calcium and phosphorus and 
mineralization of bone

Rickets in children 
Osteomalacia in adults

Vitamin E Major anti-oxidant; scavenges free radicals Spinocerebellar degeneration

Vitamin K Cofactor in hepatic carboxylation of procoagulants— factors II 
(prothrombin), VII, IX, and X; and protein C and protein S

Bleeding diathesis

W ater-S o lu b le

Vitamin B| (thiamine) As pyrophosphate, is coenzyme in decarboxylation reactions Dry and wet beriberi, Wernicke 
syndrome, Korsakoff syndrome

Vitamin B2  (riboflavin) Converted to coenzymes flavin mononucleotide and flavin 
adenine dinucleotide, cofactors for many enzymes in 
intermediary metabolism

Cheilosis, stomatitis, glossitis, dermatitis, 
corneal vascularization

Niacin Incorporated into nicotinamide adenine dinucleotide (NAD) 
and NAD phosphate; involved in a variety of oxidation- 
reduction (redox) reactions

Pellagra— “three Ds”: dementia, 
dermatitis, diarrhea

Vitamin B6 (pyridoxine) Derivatives serve as coenzymes in many intermediary 
reactions

Cheilosis, glossitis, dermatitis, peripheral 
neuropathy

Vitamin Bl2* Required for normal folate metabolism and DNA synthesis 
Maintenance of myelinization of spinal cord tracts

Combined system disease (megaloblastic 
anemia and degeneration of 
posterolateral spinal cord tracts)

Vitamin C Serves in many redox reactions and hydroxylation of collagen Scurvy

Folate* Essential for transfer and use of one-carbon units in DNA 
synthesis

Megaloblastic anemia, neural tube defects

Pantothenic acid Incorporated in coenzyme A No nonexperimental syndrome 
recognized

Biotin Cofactor in carboxylation reactions No clearly defined clinical syndrome

*See also Chapter 12.

Table 8.10 Selected Trace Elem ents and Deficiency Syndromes

E le m e n t Function Basis o f D efic ien cy C lin ica l Features

Zinc Component of enzymes, principally 
oxidases

Inadequate supplementation in 
artificial diets

Interference with absorption by 
other dietary constituents 

Inborn error of metabolism

Rash around eyes, mouth, nose, and anus called 
a c r o d e r m a t i t i s  e n t e r o p a t h ic a  

Anorexia and diarrhea 
Growth retardation in children 

Depressed mental function 
Depressed wound healing and immune 

response
Impaired night vision 
Infertility

Iron Essential component of hemoglobin 
as well as several iron-containing 
metalloenzymes

Inadequate diet 
Chronic blood loss

Hypochromic, microcytic anemia

Iodine Component of thyroid hormone Inadequate supply in food and 
water

Goiter and hypothyroidism

Copper Component of cytochrome c
oxidase, dopamine p-hydroxylase,

Inadequate supplementation in 
artificial diet

Muscle weakness

tyrosinase, and lysyl oxidase 
(involved in crosslinking collagen)

Interference with absorption Neurologic defects 
Abnormal collagen crosslinking

Fluoride Replaces calcium during 
remineralization of teeth, 
producing fluorapatite, which is 
more resistant to acids

Inadequate supply in soil and water 
Inadequate supplementation

Dental caries

Selenium Component of GSH peroxidase 
Anti-oxidant with vitamin E

Inadequate amounts in soil and 
water

Myopathy
Cardiomyopathy (Keshan disease)
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A  S UMMARY

N U TRITIO N A L DISEASES

• Primary SAM is a common cause of childhood deaths in poor 

countries. The two main primary SAM syndromes are maras

mus and kwashiorkor. Secondary SAM occurs in the chronically 

ill and in patients with advanced cancer (as a result of cachexia).

• Kwashiorkor is characterized by hypoalbuminemia, generalized 

edema, fatty liver, skin changes, and defects in immunity. It is 

caused by diets low in protein but normal in calories.

• Marasmus is characterized by emaciation resulting from loss 

of muscle mass and fat with relative preservation of serum 

albumin. It is caused by diets severely lacking in calories— both 

protein and nonprotein.

• Anorexia nervosa is self-induced starvation; it is characterized 

by amenorrhea and multiple manifestations of low thyroid 

hormone levels. Bulimia is a condition in which food binges 

alternate with induced vomiting.

• Vitamins A  and D are fat-soluble vitamins with a wide range 

of activities. Vitamin C and members of the vitamin B family 

are water-soluble (Table 8.9 lists vitamin functions and defi

ciency syndromes).

Obesity

Excess ad ip osity  (obesity) and excess b od y  w eig h t are 
associated  w ith  increased incidence o f several o f the m ost 
im portant d iseases o f hum ans, in clu d in g  type 2 diabetes, 
d yslip id em ias, cardiovascular d isease, hypertension , and  
cancer. It is a  m ajor pub lic  h ea lth  p ro b lem  in  developed  
coun tries  a n d  a n  em erg ing  h ea lth  p ro b lem  in  develop ing  
nations, such  as Ind ia . In  the U n ited  States, obesity  has 
reached  ep idem ic  p ro p o rtio n s. The prevalence  of obesity  
increased  from  13% to 34% betw een  1960 a n d  2008, a n d  as 
o f 2015, 6 8 .6 % of A m ericans be tw een  20 a n d  75 y ears of age 
w ere  ov erw eig h t as w ere  17% of the ch ild ren . G lobally, the 
W orld  H ea lth  O rg an iza tio n  (W HO) estim ates th a t in  2015, 
700 m illion  a d u lts  w ere obese. The causes of th is  ep idem ic 
are  com plex  b u t u n d o u b te d ly  are re la ted  to  societal changes 
in  d ie t a n d  levels o f physical activ ity . O besity  is  defined  
as a state o f increased body w eigh t, caused  by adipose  
tissu e  accum ulation, that is  o f sufficient m agnitude to 
produce adverse health  effects. H ow  does one m easu re  
fa t accum ulation? Several h igh-tech  m eth o d s  have  been 
dev ised , b u t for p ractical p u rp o ses  the body  m ass index  
(BMI) is m ost com m only  u sed . BMI is calcu la ted  as (w eight 
in  k ilo g ra m s)/(h e ig h t in  m eters)2, o r k g /m 2.

The BMI is closely co rre la ted  w ith  bo d y  fat. BMIs in  the 
ran g e  18.5 to  25 k g /m 2  a re  co nsidered  norm al, w h ereas 
BMIs be tw een  25 a n d  30 k g /m 2  iden tify  the  overw eigh t, 
a n d  BMIs grea ter th an  30 k g /m 2, the obese. It is generally  
ag reed  th a t a BMI grea ter th an  30 k g /m 2  im p arts  a h ea lth  
risk. In  the fo llow ing  discussion , for the sake of sim plicity , 
the  te rm  obesity  is ap p lied  to  b o th  the ov erw eig h t an d  the 
tru ly  obese.

The u n to w a rd  effects o f obesity  a re  re la ted  n o t on ly  to 
the  to tal bo d y  w e ig h t b u t also  to  the  d is tr ib u tio n  of the 
s to red  fat. Central, or visceral, obesity, in  w h ich  fa t accum u
la tes in  the tru n k  a n d  in  the ab d o m in a l cavity  (in the

m esen tery  a n d  a ro u n d  viscera), is associated  w ith  a  m uch  
h igher risk  for several d iseases th a n  is a cond ition  of excess 
accum ula tion  of fa t in  a d iffuse d is trib u tio n  in  subcu tane 
ous tissue.

The e tio logy of obesity  is com plex a n d  incom pletely  
u n d ers to o d . Invo lved  are  genetic, env ironm en ta l, a n d  p sy 
chologic factors. H ow ever, s im ply  p u t, obesity is a disorder 
of energy balance. The tw o  sides of the  energy  equation , 
in take  a n d  ex p en d itu re , are finely reg u la ted  by  n e u ra l and  
horm onal m echanism s, so th a t bo d y  w e ig h t is m ain ta ined  
w ith in  a n a rro w  range  for m any  years. A pparen tly , th is 
fine balance is con tro lled  by a n  in te rn a l set po in t, o r "lipo- 
sta t,"  th a t senses the q u an tity  of energy  sto res (ad ipose  
tissue) a n d  ap p ro p ria te ly  regu la tes  food in take  as w e ll as 
energy  ex p en d itu re . Several "obesity  genes" have been 
iden tified . A s m ig h t be expected , they  encode the m olecu
lar com ponen ts o f the physio log ic system  th a t regu la tes 
energy  balance. A  key p lay er in  energy  hom eostasis is the 
LEP gene a n d  its p ro d u c t, leptin. This u n iq u e  m em ber of 
the cytokine fam ily, secreted  by ad ipocy tes, regu la tes bo th  
sides of the energy  e q u a t io n - in ta k e  of food a n d  expend i
tu re  of energy . A s d iscussed  later, the net effect of leptin is to 
reduce food intake and to enhance the expenditure of energy.

In  a sim plified  w ay , the  n e u ro h u m o ra l m echan ism s th a t 
regu la te  energy  balance a n d  bo d y  w e ig h t m ay  be d iv id ed  
in to  th ree  com ponen ts (Fig. 8.23):
• The peripheral or afferent system generates signals from  

various sites. Its m a in  com ponen ts are  lep tin  a n d  ad ipo- 
nectin  p ro d u c e d  by  fa t cells, in su lin  from  the pancreas, 
gh re lin  from  the stom ach, a n d  p e p tid e  YY from  the 
ileum  an d  colon. L ep tin  reduces food in take  a n d  is d is
cussed  in  fu rth e r de ta il later. G hre lin  secretion  stim u 
lates appetite , a n d  it m ay  function  as a "m ea l-in itia ting" 
signal. P ep tide  YY, w h ich  is re leased  p o stp ran d ia lly  by 
endocrine  cells in  the ileum  a n d  colon, is a  satiety  signal.

• The arcuate nucleus in the hypothalamus, processes a n d  in te 
g ra tes the p e rip h e ra l signals a n d  genera tes new  signals 
th a t are tran sm itted  by  (1) PO M C  (p roop iom elanocor
tin) a n d  CART (cocaine- a n d  am phetam ine-regu lated  
transcrip t) neurons; an d  (2) NPY (n eu ro p ep tid e  Y) an d  
A gRP (agou ti-re la ted  p ep tid e ) neurons.

• The efferent system, w h ic h  consists o f hypo tha lam ic  
n eu ro n s  reg u la ted  by  the arcua te  nucleus, is o rga 
n ized  along  tw o  p a th w ay s, anabolic  a n d  catabolic, 
w h ic h  contro l food in take  an d  energy  ex pend itu re , 
respectively.

• P O M C /C A R T  n eu ro n s  activate  efferen t n eu ro n s  th a t 
enhance energy  ex p en d itu re  a n d  w e ig h t loss th ro u g h  
the  p ro d u c tio n  of m olecu les such  as a-m elanocy te  
s tim u la ting  ho rm one (MSH) th a t reduce  food  in take 
(anorexigenic effect). M SH signals th ro u g h  m elanocor- 
tin  recep to r (MC4R). By co n trast N P Y /A g R P  n eu ro n s 
activate efferen t n eu ro n s  th a t p ro m o te  food in take 
(orexigenic effect) a n d  w e ig h t gain. Signals tran sm itted  
by efferen t n eu ro n s  also  com m unicate  w ith  fo rebrain  
an d  m id b ra in  cen ters th a t con tro l the  au tonom ic  n erv o u s 
system .

D iscussed  nex t a re  tw o  im p o rtan t co m ponen ts  of the 
afferen t system  th a t regu la te  ap p e tite  a n d  satiety: lep tin  
an d  g u t ho rm ones, a n d  ad ip o n ec tin  th a t regu la tes fat 
consum ption .
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Fig. 8.23 Energy balance regulatory circuitry. When sufficient energy is stored in adipose tissue and the individual is well fed, afferent adiposity signals 
(insulin, leptin, ghrelin, peptide YY) are delivered to the central neuronal processing units, in the hypothalamus. Here the adiposity signals inhibit anabolic 
circuits and activate catabolic circuits. The effector arms of these central circuits then influence energy balance by inhibiting food intake and promoting energy 
expenditure. This in turn reduces the energy stores, and proadiposity signals are blunted. Conversely, when energy stores are low, the available anabolic circuits 
take over, at the expense of catabolic circuits, to generate energy stores in the form of adipose tissue.

Leptin

L eptin is  secreted b y  fat cells , and its output is regulated  
b y  the adequacy o f fat stores. BMI a n d  body  fa t sto res are  
d irectly  re la ted  to  lep tin  secretion. W ith  a b u n d a n t ad ipose  
tissue, lep tin  secretion  is stim u la ted , a n d  the  ho rm one 
crosses the b lo o d -b ra in  b a rrie r a n d  travels to  the  hy p o 
tha lam us, w h ere  it reduces food intake by stimulating POMC/ 
CART neurons and inhibiting NPY/AgRP neurons. The o p p o 
site sequence of even ts occurs w h e n  there  are in ad eq u a te  
sto res of bo d y  fat: L ep tin  secretion  is d im in ish ed  a n d  food 
in take  is increased . In  p e rso n s of stable w eigh t, the

activ ities o f these  p a th w a y s  are balanced . L ep tin  also 
increases energy  ex p en d itu re  by s tim u la tin g  physical 
activ ity , energy  ex p en d itu re , a n d  thermogenesis, a n d  these 
m ay  be the m ost im p o rta n t catabolic effects m ed ia ted  by 
lep tin  th ro u g h  the h y p o th a lam u s. A lth o u g h  the effects of 
lep tin  o n  food  in take an d  energy  ex p en d itu re  can  be read ily  
d em o n stra ted  in  nonobese  m ice an d  h u m an s, the  anorexi- 
genic response  of lep tin  is b lu n ted  in  sta tes of obesity  
d esp ite  h ig h  levels of c ircu la ting  lep tin . Such lep tin  resis
tance in  obese m ice can  be byp assed  by in trav en tricu la r 
in jection  of lep tin . In  k eep in g  w ith  th is observation ,
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injections of lep tin  in  obese h u m an s fail to affect food 
in take  a n d  energy  ex pend itu re , d ash in g  in itia l en th u siasm  
of lep tin  th e rap y  for obesity .

In  ro d en ts  a n d  h u m an s, loss-of-function  m u ta tio n s 
affecting  com ponen ts  o f the  lep tin  p a th w a y  give rise to 
m assive  obesity . M ice w ith  m u ta tio n s th a t d isable the 
lep tin  gene o r its recep to r fail to  sense the adeq u acy  of fat 
stores, so they behave as if they  a re  u n d e rn o u rish e d , ea ting  
ravenously . A s in  m ice, m u ta tio n s  of the lep tin  gene or 
recep to r in  h um ans, a lth o u g h  rare, m ay  cause m assive  
obesity . More common are mutations in the melanocortin 
receptor-4 gene (MC4R), found in 4% to 5% of patients with 
massive obesity. A s m en tio n ed  earlier, M SH sends satiety  
signals by  b in d in g  to  th is recep tor. These m onogen ic  tra its 
und ersco re  the  im portance  of the lep tin  p a th w ay  in  the 
contro l o f bo d y  w eigh t, a n d  it is possib le  th a t m ore  com m on 
types of defects in  th is p a th w a y  w ill be d iscovered  in  the 
obese. In  closing it sh o u ld  be m en tio n ed  that, like leptin , 
in su lin  also  exerts anorex igenic responses. H ow ever, the 
m echan ism  of th is effect of in su lin  is less clear, an d  m ost 
of the ev idence suggests the  p rim acy  of lep tin  in  the reg u 
la tion  of ad iposity .

A diponectin

A diponectin , p ro d u c e d  in  the ad ipose  tissue, has  been 
called  a "fa t-b u rn in g  m olecu le" a n d  the  "g u a rd ia n  angel 
ag a in st obesity ." It d irects fa tty  acids to m uscle  for their 
ox idation . It decreases the influx  of fatty  acids to  the liver 
an d  the  to ta l hepatic  trig lyceride  conten t. It also  decreases 
glucose p ro d u c tio n  in  the  liver, causing  a n  increase in  
in su lin  sensitiv ity  a n d  p ro tec tin g  ag a in st the  m etabolic 
synd rom e. In addition to its metabolic effects, adiponectin 
has anti-diabetic, anti-inflammatory, anti-atherogenic, anti
proliferative, and cardioprotective effects. Its se ru m  levels are  
low er in  obese th a n  in  lean  in d iv idua ls . These effects con
trib u te  to  obesity -associated  in su lin  resistance, type  2  d ia 
betes, nonalcoholic  fa tty  liver d isease (C hap ter 14), an d  
possib ly  increased  risk  of certa in  cancers, d iscussed  later.

A dipose Tissue and  O th e r M e d ia to rs

In  addition  to lep tin  and ad iponectin , ad ipose tissu e  
produces other m ediators, such as cytok ines, chem o
k in es, and steroid horm ones, w h ich  a llow  adipose tissu e  
to function  as a lin k  b etw een  lip id  m etabolism , nutri
tion , and inflam m atory responses. The to tal n u m b er of 
ad ipocy tes is estab lished  by  the  tim e of adolescence an d  
is h igher in  peop le  w h o  w ere  obese as ch ild ren , p ro v id 
ing  an o th er reaso n  for concern  a b o u t ch ildhood  obesity . 
A lth o u g h  in  a d u lts  app rox im ate ly  10% of ad ipocy tes tu rn  
over annually , the n u m b er of ad ipocy tes rem ains con
stan t, regard less o f in d iv id u a l bo d y  m ass. D iets fail in  p a r t  
because the  loss of fa t from  ad ipocy tes causes lep tin  levels 
to fall, s tim u la tin g  the ap p e tite  a n d  d im in ish in g  energy  
expend itu re .

G u t H orm ones

G ut horm ones are rapidly acting initiators and term ina
tors o f vo lition a l eating . P ro to typ ical exam ples are  
gh re lin  a n d  p ep tid e  YY (PYY). Ghrelin is p ro d u c e d  in  the 
stom ach  a n d  the arcua te  n ucleus of the h y p o th a lam u s. It 
increases food  in take, ac ting  m o st likely by stim u la ting  
the  N P Y /A g R P  n eu ro n s  in  the  h y p o th a lam u s. G hrelin
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levels no rm ally  rise before m eals an d  fall 1  to  2  h o u rs  
a fte rw ard , b u t th is d ro p  is a tte n u a te d  in  obese persons. 
G hre lin  levels are low er in  obese in d iv id u a ls  as com pared  
to  those w ith  n o rm al w eigh t, a n d  they  increase w ith  a 
red u c tio n  in  obesity . In teresting ly , the rise  in  ghrelin  
levels is m u ch  red u ced  in  in d iv id u a ls  in  w h o m  gastric 
by p ass  su rg ery  is p e rfo rm ed  for the  trea tm en t of obesity , 
suggesting  th a t the  beneficial effects o f such  su rgery  m ay 
be in  p a r t  d u e  to  a  red u ced  surface of gastric  m ucosa  th a t 
is exposed  to  food.

PYY is secreted  from  endocrine  cells in  the ileum  an d  
co lon  in  response  to  the  co n su m p tio n  of food. It decreases 
ap p e tite  an d  au g m en ts  a sense of fu llness (satiety). It acts, 
p resum ab ly , by  s tim u la tin g  P O M C /C A R T  n eu ro n s  in  the 
h y p o th a lam u s, thereby  decreasing  food in take.

PYY also  reduces the ra te  o f gastric em p ty in g  an d  in tes
tina l m otility  ("ilea b rake"), all of w h ich  con tribu te  to 
satiety . PYY levels a re  red u ced  w ith  obesity  a n d  m ay  be of 
th e rap eu tic  va lue  in  the  trea tm en t o f those w h o  are  over
w e ig h t or obese.

The Role o f  G ut M icrob iom e

A n in te restin g  series o f observa tions suggest th a t the g u t 
m icrobiom e m ay  be invo lved  in  the d ev e lo p m en t of 
obesity . In  su p p o rt o f th is no tion  is the  find ing  th a t the 
profiles of g u t m icrobio ta  d iffer be tw een  genetically  obese 
m ice a n d  the ir lean  litterm ates. The m icrobiom e of geneti
cally obese m ice can  h a rv es t m u ch  m ore  energy  from  food 
as co m p ared  to  th a t o f lean  m ice. C o lon ization  of the g u t 
of germ free m ice by m icrobio ta  from  obese m ice (bu t n o t 
m icrobio ta  from  lean  m ice) is associated  w ith  increased  
body  w eight. The re levance of these m odels to h u m a n  
obesity  is tan ta liz ing  b u t rem ains to  be p roven .

Clinical Consequences o f  Obesity

O besity , particularly central obesity , is a k n ow n  risk  
factor for a num ber o f conditions, in clu d in g  type 2 dia
betes, cardiovascular d isease, and cancer. C en tra l obesity  
also  stan d s a t the cen ter o f a c luste r of a lte ra tions kn o w n  
as the metabolic syndrome, charac terized  by abnorm alities of 
glucose a n d  lip id  m etabo lism  coup led  w ith  h y p erten sio n  
a n d  ev idence of a system ic p ro in flam m ato ry  state. This 
seem s to  be caused  by the in flam m asom e response  to  free 
fatty  acids a n d  excess levels o f lip id s in  cells a n d  tissue. 
The in flam m asom e stim ula tes secretion  of IL-1, w h ich  
induces in su lin  resistance. The fo llow ing  associations are  
w o rth y  of note:
• Obesity is associated with insulin resistance and hyperinsu- 

linemia, im p o rta n t fea tu res o f type  2 d iabetes (C hap ter 
20). Excess insu lin , in  tu rn , m ay  p lay  a ro le  in  the re ten 
tion  of sod ium , expansion  of b lood  vo lum e, p ro d u c tio n  
of excess n o rep in ep h rin e , a n d  sm ooth  m uscle p ro lifera 
tion  th a t a re  the ha llm arks of hypertension . W hatever 
the  m echanism , the risk  of d eve lop ing  h y p erten sio n  
am o n g  p rev iously  norm o tensive  pe rso n s increases p ro 
p o rtio n a te ly  w ith  w eigh t.

• Obese persons generally have hypertriglyceridemia and low 
HDL cholesterol levels, factors tha t increase the risk  of coro
n a ry  artery  disease. The association betw een  obesity and  
h eart disease is no t stra igh tforw ard , how ever, an d  such 
linkage as there is relates m ore  to the associated diabetes 
an d  hypertension  than  to  w eigh t p e r se.
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• Nonalcoholic fatty liver disease is com m only  associated  
w ith  obesity  a n d  type 2 d iabetes. It can  p rog ress  to 
fibrosis an d  cirrhosis (C hap ter 16).

• Cholelithiasis (gallstones) is six tim es m ore com m on in 
obese th a n  in  lean  subjects. The m echan ism  is m ain ly  an  
increase in  to tal body  cholesterol, increased  cholesterol 
tu rn o v er, a n d  a u g m en ted  b iliary  excretion  of choles
tero l in  the bile, w h ich  in  tu rn  p red isp o ses affected 
p ersons to  the fo rm ation  of cholestero l-rich  gallstones 
(C hap ter 16).

• Hypoventilation syndrome is a  conste lla tion  of re sp ira to ry  
abnorm alities in  very  obese persons. It has been  called 
the  p ickw ick ian  syndrom e, after the  fa t lad  w h o  w as 
constan tly  falling  asleep  in  C harles D ickens' The Pick
wick Papers. H ypersom nolence, bo th  a t n ig h t an d  d u rin g  
the  day, is characteristic  a n d  is o ften  associated  w ith  
apneic  p au ses d u r in g  sleep (sleep apnea), po lycythem ia, 
a n d  ev en tu a l r igh t-s ided  h ea rt failure.

• Marked adiposity is a predisposing factor for the development 
of degenerative joint disease (osteoarthritis). This fo rm  of 
a rth ritis , w h ich  typically  a p p ea rs  in  o lder persons, is 
a ttr ib u ted  in  large  p a r t to  the cum ula tive  effects of w e a r 
an d  tear o n  joints. The g rea ter the bo d y  b u rd e n  of fat, 
the g rea ter the trau m a  to  joints w ith  the passage  of tim e.

• M arkers o f in flam m ation, such  as C -reactive p ro te in  
(CRP) an d  p ro in flam m ato ry  cytokines like TNF, are 
often  e levated  in  obese persons. The basis for the inflam 
m ation  is uncertain ; bo th  a d irect p ro in flam m atory  effect 
of excess circu lating  lip id s a n d  increased  release of cyto
k ines from  fat-laden  ad ipocytes have  been  p roposed . 
W hatever the  cause, it is th o u g h t th a t chronic inflam m a
tion  m ay  con tribu te  to  m any  of the com plications of 
obesity, inc lud ing  in su lin  resistance, m etabolic abnor
m alities, th rom bosis, card iovascu lar d isease, an d  cancer.

O b esity  and C an cer

There is an increased incidence o f certain cancers in  the 
overw eight, in clu d in g  cancers of the esophagus, thyroid, 
colon, and k idney  in  m en  and cancers of the esophagus, 
endom etrium , gallbladder, and k id n ey  in  w om en. O verall, 
obesity  is associated  w ith  app rox im ately  2 0 % of cancer 
d ea th s  in  w o m en  a n d  14% of d ea th s  in  m en. The u n derly ing  
m echanism s are u n k n o w n  an d  are  likely to be m ultip le .
• Elevated insulin levels. In su lin  resistance leads to  hyper- 

in su linem ia, w h ich  inc ludes m u ltip le  effects th a t m ay 
directly  o r ind irec tly  con tribu te  to cancer. For exam ple, 
h yperin su linem ia  causes a rise  in  levels o f free in su lin 
like g ro w th  factor-1 (IGF-1). IGF-1 is a m itogen , an d  its 
recep tor, IGFR-1, is h igh ly  expressed  in  m an y  h u m an  
cancers. IGFR-1 activates the RAS an d  P I3K /A K T  p a th 
w ays, w h ich  p ro m o te  the g ro w th  of b o th  n o rm al an d  
neop lastic  cells (C hap ter 6 ).

• O besity  has effects on  steroid hormones th a t reg u la te  cell 
g ro w th  a n d  d iffe ren tia tion  in  the  breast, u te ru s , an d  
o ther tissues. Specifically, obesity  increases the syn the
sis o f e strogen  from  a n d ro g en  p recurso rs, increases 
a n d ro g en  syn thesis in  ovaries a n d  ad renals, an d  
enhances estrogen  availab ility  in  obese pe rso n s by 
inh ib iting  the p ro d u c tio n  of sex -h o rm o n e-b in d in g  glob
u lin  (SHBG) in  the  liver.

• A s d iscussed  earlier, adiponectin secretion  from  ad ipose  
tissue is re d u ced  in  obese in d iv iduals . A d iponectin

sup p resses  cell p ro life ra tion  a n d  p rom otes  apop tosis . It 
a lso  coun terac ts the  actions of p53 an d  p21. In  obese 
in d iv id u a ls  these an ti-neop lastic  actions of ad iponectin  
m ay  be com prom ised .

• The proinflammatory state th a t is associa ted  w ith  obesity  
m ay  itself be carcinogenic, th ro u g h  m echan ism s dis
cussed  in  C h ap te r 6 .

ISUMMARY

OBESITY

• Obesity is a disorder of energy regulation. It increases the risk 

for a number of important conditions such as insulin resis

tance, type 2  diabetes, hypertension, and hypertriglyceridemia, 

which are associated with the development of coronary artery  

disease.

• The regulation of energy balance is very complex. It has three 

main components: ( 1 ) afferent signals, provided mostly by insulin, 

leptin, ghrelin, and peptide YY; (2) the central hypothalamic 

system, which integrates afferent signals and triggers the effer

ent signals; and (3) efferent signals, which control energy balance.

• Leptin plays a key role in energy balance. Its output from 

adipose tissues is regulated by the abundance of fat stores. 

Leptin binding to its receptors in the hypothalamus reduces 

food intake by stimulating POM C/CART neurons and inhibiting 

NPY/AgRP neurons.

• In addition to diabetes and cardiovascular disease, obesity also 

is associated with increased risk for certain cancers, non

alcoholic fatty liver disease, and gallstones.

Diet and Systemic Diseases

The p rob lem s of u n d er- a n d  overn u tritio n , as w ell as spe
cific n u tr ie n t deficiencies, have  been  d iscussed; how ever, 
the  com position  of the diet, even  in  the absence of any  of 
these prob lem s, m ay  m ake  a significant c o n tribu tion  to  the 
causa tion  a n d  p rog ression  of a n u m b er of d iseases. A  few  
exam ples suffice here.

C urren tly , one of the  m ost im p o rta n t an d  con trover
sial issues is the co n trib u tio n  of d ie t to  atherogenesis. 
The cen tra l q uestion  is w h e th e r d ie ta ry  m o d ifica tio n — 
specifically, red u c tio n  in  the  co n su m p tio n  of foods h igh  
in  cholestero l a n d  sa tu ra ted  an im al fats (e.g., eggs, bu tte r, 
b ee f)—can  reduce  se ru m  cholestero l levels a n d  p re v e n t o r 
re ta rd  the  d ev e lo p m en t of a therosclerosis (of m ost im p o r
tance, co ronary  h ea rt disease) in  those w ith  no  p rev io u s 
ep isode  of card iovascu lar disease. This is called  "p rim ary  
p rev en tio n " . W e k n o w  som e b u t n o t all the  answ ers. The 
average  a d u lt  in  the U n ited  S tates consum es a large  am o u n t 
of fa t a n d  cholestero l daily , w ith  a ra tio  of sa tu ra ted  fatty  
acids to  p o ly u n sa tu ra ted  fa tty  acids of a b o u t 3 : 1. Low er
in g  the level o f sa tu ra tes  to  the level of the p o ly u n sa tu ra te s  
causes a 10% to 15% red u c tio n  in  se ru m  cholestero l w ith in  
a  few  w eeks. V egetable oils (e.g., co rn  a n d  safflow er oils) 
a n d  fish oils con ta in  p o ly u n sa tu ra ted  fa tty  acids a n d  are  
good  sources of such  cholestero l-low ering  lip ids. F ish oil 
fa tty  acids belong ing  to  the  om ega-3, o r n-3, fam ily  have  
m ore  doub le  b o n d s  th an  do  the om ega-6 , o r n-6 , fa tty  acids 
fo u n d  in  vegetab le  oils. A  coro llary  of th is id ea  is th a t 
su p p lem en ta tio n  of d ie t w ith  fish oils m ig h t p ro tec t aga in st 
atherosclerosis. O ne s tu d y  of D u tch  m en  w h o se  u su a l
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daily  d ie t con ta ined  30 g of fish sh o w ed  a substan tia lly  
low er frequency  of d e a th  from  coronary  h e a rt d isease than  
th a t a m o n g  com parab le  contro l subjects. H ow ever, o ther 
s tu d ies  hav e  sh o w n  th a t om ega-3 fa tty  acid  su p p lem en ts  do  
n o t reduce  the risk  of card iovascu lar d iseases, suggesting  
th a t y e t u n k n o w n  co m ponen ts  of fish m ay  be req u ired  for 
card iopro tection .

O th e r specific effects o f d ie t o n  d isease have  been 
recognized:
• R estricting  so d iu m  in take  reduces hypertension .
• D ietary  fiber, o r roughage , resu ltin g  in  increased  fecal 

bulk , is th o u g h t by  som e investiga to rs to  p ro v id e  a p re 
ven tive  effect ag a in st d iverticu losis  o f the colon.

• C aloric restric tion  has been  convincing ly  d em o n stra ted  
to  increase life sp an  in  experim en ta l anim als, inc lud ing  
m onkeys. The basis for th is s trik ing  observa tion  is n o t 
clear (C hap ter 2).

• E ven  low ly garlic has  been  to u ted  to  p ro tec t aga in st 
h e a rt d isease (and  also, alas, ag a in st k isses—a n d  the 
devil), a lth o u g h  research  has y e t to  p rove  th is effect 
unequivocally .

Diet and Cancer * •

W ith  respec t to  carcinogenesis, th ree  aspects o f the  d ie t 
a re  of concern: (1 ) the con ten t of exogenous carcinogens, 
(2 ) the  en d o g en o u s syn thesis  o f carcinogens from  d ie ta ry  
com ponen ts, and  (3) the lack of p ro tective  factors.
• A n  exam ple  of a n  exogenous carcinogen  is aflatoxin, 

w h ich  is a n  im p o rta n t factor in  the  d ev e lo p m en t of 
hepatoce llu lar carcinom as in  p a rts  o f A sia an d  Africa. 
E xposure  to  aflatoxin  causes a specific m u ta tio n  (codon  
249) in  the TP53 gene in  tu m o r cells. The m u ta tio n  can  
be u sed  as a m o lecu lar sig n a tu re  for aflatoxin  exposu re  
in  ep idem iologic  stud ies.

• The concern  a b o u t endogenous syn thesis o f carcino
gens o r p ro m o te rs  from  com ponen ts of the d ie t relates 
p rinc ipa lly  to  gastric carcinom as. Nitrosamines and 
nitrosamides are suspec ted  to  generate  these tum ors 
in  h u m an s, as they  induce  gastric  cancer in  anim als. 
These co m p o u n d s  are fo rm ed  in  the bo d y  from  n itrites 
and  am ines o r am ides deriv ed  from  d igested  p ro 
teins. Sources of n itrite s  include so d iu m  nitrite , a d d e d  
to foods as a p reservative , and  n itra tes, p re sen t in  
com m on vegetab les, w h ich  are  red u ced  in  the g u t by 
bacterial flora. T here is, then, the  p o ten tia l for endog 
enous p ro d u c tio n  of carcinogenic agen ts from  d ie ta ry  
com ponen ts, w h ich  m ig h t w ell have  a n  effect o n  the 
stom ach.

• High animal fat intake combined with low fiber intake has 
been implicated in the causation of colon cancer. The m ost 
convincing  exp lanation  for th is associa tion  is as follow s: 
H ig h  fa t in take increases the level o f bile acids in  the 
gut, w h ich  in  tu rn  m odifies in testina l flora, favoring  the 
g ro w th  of m icroaeroph ilic  bacteria. The bile acids o r bile 
acid m etabo lites p ro d u ced  by  these bacteria  m ig h t serve 
as carcinogens o r p rom oters. The p ro tective  effect o f a 
h igh-fiber d ie t m ig h t re la te  to  (1 ) increased  stool bu lk  
and  decreased  tran s it tim e, w h ich  decreases the expo
su re  of m ucosa to p u ta tiv e  offenders, an d  (2 ) the capac
ity  o f certa in  fibers to  b in d  carcinogens an d  thereby  
p ro tec t the  m ucosa. A ttem p ts  to  d o cu m en t these
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theories in  clinical an d  experim en ta l s tud ies  have, on  
the w hole , led  to  con trad ic to ry  results.

• V itam ins C a n d  E, P-carotenes, a n d  se len ium  have  
been  assu m ed  to hav e  anti-carcinogenic effects because 
of their an ti-ox idan t p roperties . To date , how ever, 
no  convincing  ev idence has em erged  to  show  th a t 
these an tiox idan ts act as chem opreven tive  agents. As 
a lready  m en tioned , retino ic acid p ro m o tes  ep ithelia l 
d iffe ren tia tion  an d  is believed to  reverse  squam ous 
m etap lasia .

Thus, d esp ite  m an y  tan ta liz ing  tren d s  an d  p roclam a
tions by  "d ie t gu ru s,"  to  da te  there  is no  defin ite  p roo f th a t 
d ie t in  general can  cause or p ro tec t ag a in st cancer. N one 
theless, concern  persists  th a t carcinogens lu rk  in  th ings as 
p leasu rab le  as a juicy s teak  an d  rich  ice cream .

SUGGESTED READINGS
B ellinger DC: L ead, Pediatrics 113:1016, 2004. [An excellent overview of 

the subject.]

B offetta P, H ech t S, G ray  N , e t al: S m okeless tobacco  a n d  cancer, 

Lancet Oncol 9:667, 2009. [A review of cancer risks associated w ith  smoke

less tobacco worldwide.]

C asa ls-C asas C, D esv e rg n e  B: E n d o crin e  d isru p to rs : fro m  en d o crin e  

to  m etab o lic  d is ru p tio n , A n n u  Rev Phys 73:135, 2011. [An update 

discussing the scope and possible consequences o f human exposure to this 

class o f chemical.]

Global Burden o f Disease S tudy  2010: Lancet, e p u b lish e d  D ecem ber 13, 

2012. [An entire issue o f this journal devoted to a detailed sum m ary of the 

latest global disease data from  the GBD project.]

G ra h am  C, M u llen  A , W h elan  K: O besity  a n d  g a s tro in te s tin a l m icro 

b io ta : a  rev iew  of assoc iations a n d  m ech an ism s, N u tr  Rev  73:376, 

2016. [A review o f the emerging data on the role o f the microbiome in 

obesity.]

G regor MF, H o tam islig il GS: In flam m ato ry  m ech an ism s in  obesity ,

A n n u  Rev Im m unol 29:445, 2011. [A concise discussion o f current views 

o f the proinflammatory state associated w ith  obesity.]

H a n n a -A ttish a  M, L aC hance  J, S ad ler RC, e t al: E lev a ted  b lo o d  lea d  

levels in  c h ild re n  a sso c ia ted  w ith  th e  Flin t d rin k in g  w a te r  crisis: a 

sp a tia l an aly sis  of risk  a n d  p u b lic  h e a lth  re sp o n se , A m  J Public 

Health 106:283, 2016. [An article that discusses public health issues 

resulting from  water pollution w ith  lead in Flint, M ichigan, USA.] 

H o llick  MF: V itam in  D  deficiency, N  Engl J M ed  357:266, 2007. [A 

comprehensive review o f vitam in D deficiency.]

M cC rean o r J, C u llin an  P , N ie u w e n h u ijse n  MJ, e t al: R esp ira to ry  

effects of e x p o su re  to  d iesel traffic in  p e rso n s  w ith  as th m a , N  Engl 

J M ed  357:2348, 2007. [A paper discussing the danger o f particulates in 

diesel exhaust to patients with asthma.]

M a tth e w  JD, F o rsy th e  AV, B rady  Z, e t al: C ancer risk  in  680,000 

p e o p le  e x p o sed  to  c o m p u te d  to m o g ra p h y  scans in  c h ild h o o d  or 

adolescence: d a ta  lin k ag e  s tu d y  of 11 m illio n  A u s tra lian s , BMJ 

346:f2360, 2013. [A paper showing that children who have undergone CT 

scans have a 24% increased risk of cancer, adding to accruing evidence 

that CT scans increase the risk o f secondary cancers in children and 

adolescents.]

M an so n  JE, H sia  J, Jo h n so n  KC, et al: E stro g en  p lu s  p ro g e stin  a n d  th e  

risk  of c o ro n ary  h e a r t d isease, N  Engl J M ed  349:523, 2003. [A land

mark stu d y  from  the W om en's Health Initiative.]

N ig ro  E, Scu d iero  O , M onaco  M L, et al: N e w  in sig h ts  in to  ad ip o n e c tin  

ro le  in  o b esity  a n d  o b esity -re la ted  d iseases, Biomed Res In t 

2014:658913, 2014. doi: 10 .1155/2014/658913. E pub  Ju ly  7, 2014. 

[Role o f adiponectin in fa t  utilization and other systemic effects.]

P o p e  C A , E zzati M , D ockery  DW : F in e -p articu la te  a ir  p o llu tio n  a n d  

life ex p ec tan cy  in  th e  U n ited  S tates, N  Engl J M ed  360:376, 2009. [A

http://ebooksmedicine.net

http://ebooksmedicine.net


Suggested Readings 339

paper correlating increases in life expectancy in major U.S. cities w ith  

decreases in fine-particulate air pollution.]

R a v d in  PM , C ro n in  KA , H o w la d e r N , e t al: The decrease  in  b re as t 

cancer in c id en ce  in  2003 in  th e  U n ited  S tates, N  Engl J M ed  356:1670, 

2007. [A paper documenting the decrease in breast cancer that followed  

its linkage to menopausal hormone therapy.]

Rice KM, W alker EM Jr, W u  M , et al: E n v iro n m en ta l m e rc u ry  a n d  its 

toxic effects, J Prev M ed Public Health 47:74, 2014. [M ercury toxicity  

review.]

R oberts DL, D ive  C, R en eh an  AG: B iological m ech an ism s lin k in g  

obesity  a n d  cancer risk: n e w  p e rsp ec tiv es, A n n u  Rev M ed  61:301,

2010. [A discussion o f the possible interactions between obesity and 

cancer.]

S eitz  H K , S tickel F: M olecu lar m ech an ism s of a lco h o l-m ed ia ted  carci

n ogenesis , N at Rev Cancer 7:599, 2007. [A review o f the multifactorial 

effects o f alcohol that m ay contribute to cancer development.]

T ang X-H, G u d a s  LJ: R etino ids, re tino ic  ac id  recep to rs , a n d  cancer, 

A n n u  Rev Pathol 6:345, 2011. [A review o f the role o f retinoids in cancer, 

with a focus on solid tumors.]

v a n  de r K laau w  A A , F aro o q i IS: The h u n g e r  genes: p a th w a y s  to 

obesity , Cell 161:119, 2015. [A succinct review o f the afferent pathways 

to obesity.]

W ilson  J, E n rio ri PJ: A  ta lk  b e tw e e n  fa t tissue , g u t, pan creas , a n d  b ra in  

to  con tro l b o d y  w e ig h t, M ol Cell Endocrinol 418:108, 2015. [Excellent 

discussion o f the various afferent pathways in obesity.]

http://ebooksmedicine.net

http://ebooksmedicine.net


See Targeted Therapy available online at stu d en tco nsu lt.co m C H A P T E R

General Pathology 9Infectious Diseases

C H A P T E R  O U T L I N E

G e n e ra l Principles o f  M icrob ia l 

Pathogenesis 341 

Categories o f Infectious Agents 341 

T h e  M ic ro b io m e  3 46  

Techniques fo r  Identify ing  In fectious  

A g en ts  346  

N e w ly  Em erging and  

R eem erg in g  In fectious  

Diseases 3 4 7

A g en ts  o f B io te rro r is m  3 48

Transm ission and D issem ina tion  o f  

M icro b es  349

Routes o f Entry o f Microbes 349 

Spread and Dissemination o f Microbes Within 

the Body 351

Transmission o f Microbes 352

H o w  M icroorgan ism s C ause  D isease 3 52

Mechanisms o f Viral Injury 353 

Mechanisms o f Bacterial Injury 353 

Injurious Effects o f Host Immune Responses 355

Im m u n e  Evasion by M icro b es  355  

S p ectru m  o f In fla m m a to ry  Responses to  

In fection  3 5 7

Mononuclear and Granulomatous 

Inflammation 357

Cytopathic-Cytoproliferative Reaction 357 

Tissue Necrosis 358 

Chronic Inflammation and Scarring 358 

Infections in Individuals With 

Immunodeficiencies 358

H u m a n s  a re  p rey  to  th o u san d s  o f in fectious agen ts ran g in g  
from  subm icroscopic v iru ses to  several m eters long  tape 
w orm s. This ch ap te r rev iew s the genera l p rinc ip les o f the 
p a thogenesis  of in fectious d isease a n d  describes the  char
acteristic h is topatho log ic  changes caused  by  d ifferen t types 
of m icrobes. Infections th a t involve specific o rg an s a re  d is
cussed  in  o ther ch ap te rs  o f th is book.

GENERAL PRINCIPLES OF MICROBIAL 
PATHOGENESIS

Infectious d iseases are a n  im p o rta n t h ea lth  p ro b lem  in  the 
U n ited  S tates an d  w o rld w id e  desp ite  the availab ility  of 
effective vaccines a n d  antib io tics for m an y  types of infec
tions. In fluenza a n d  p n eu m o n ia  com bined  are  the  e igh th  
lead in g  cause of d ea th  in  the U n ited  States. In  low -incom e 
countries, lim ited  access to  healthcare , u n san ita ry  liv ing  
conditions, a n d  m aln u tritio n  con tribu te  to a m assive  
b u rd e n  of in fectious d iseases. L ow er-resp ira to ry  infections, 
H IV /A ID S , an d  d ia rrh ea l d iseases a re  the  top  th ree  causes 
of d e a th  in  d eve lop ing  countries, an d  m alaria  an d  tubercu 
losis are am o n g  the top  ten. Infectious d iseases a re  p a rticu 
larly  im p o rta n t causes of d e a th  a m o n g  ch ild ren , o lder 
adu lts , in d iv id u a ls  w ith  chronic deb ilita ting  d iseases an d  
in h e rited  o r acqu ired  im m unodefic iency  states (e.g., AIDS), 
an d  in  p a tien ts  receiv ing  im m u n o su p p ress iv e  d rugs.

Categories of Infectious Agents

Infectious agen ts  belong  to  a w id e  range  of classes 
an d  vary  greatly  in  size, ran g in g  from  p rio n  p ro te in

agg regates  of u n d e r  2 0  n m  to tap ew o rm s 1 0  m eters  in  
len g th  (Table 9.1).

Prions

Prions are com posed  o f abnorm al form s o f a h ost protein  
term ed prion protein (PrP). These agen ts cause transm is
sible spong ifo rm  encephalopath ies, in c lu d in g  k u ru  (associ
a ted  w ith  h u m a n  cannibalism ), h e red ita ry  o r sporad ic  
C reu tzfe ld t-Jakob  d isease (CJD), bov ine spong ifo rm  
encep h a lo p a th y  (BSE) (better k n o w n  as mad cow disease), 
an d  v a rian t C reu tzfe ld t-Jakob  d isease (vCJD) (probably  
tran sm itted  to  h u m a n s  th ro u g h  consum ption  of m ea t from  
BSE-infected cattle). P rP  is fo u n d  norm ally  in  n eu rons. D is
eases occur w h en  the  PrP  u n d e rg o es  a conform ational 
change th a t confers resistance to  p ro teases. The p ro tease- 
resis tan t P rP  p ro m o tes  conversion  of the  no rm al p ro tease 
sensitive P rP  to  the  ab n o rm al form , exp la in ing  the 
transm issab le  n a tu re  of these d iseases. CJD can  be trans
m itted  from  person  to  person  iatrogenically , by  surgery , 
o rgan  tran sp lan ta tio n , o r b lood  transfusion . These d iseases 
a re  d iscussed  in  deta il in  C h ap te r 23.

Viruses

V iruses are obligate intracellular parasites that depend  
on  the h ost cell's m etabolic m achinery for their replica
tion . They consist of a nucleic acid  genom e su rro u n d e d  by 
a p ro te in  coat (called a capsid) th a t is som etim es encased  in  
a  lip id  m em brane . V iruses are classified by the ir nucleic 
acid  genom e (D N A  o r RNA, b u t n o t both), the shape  of the 
capsid  (icosahedral o r helical), the  p resence o r absence of 
a lip id  envelope, the ir m o d e  of replication , their p re fe rred  
cell type  for rep lica tion  (called tropism), o r the type  of
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342 C H A P T E R  9 General Pathology of Infectious Diseases

Table 9.1 Classes of H um an Pathogens

T axo no m ic  C a te g o ry S ize P rop agation  S ite (s ) E xam ple (s ) D isease(s)

Prions < 2 0  nm Intracellular Prion protein Creutzfeldt-Jacob disease

Viruses 20-400 nm Obligate intracellular Poliovirus Poliomyelitis

Bacteria 0.2-15 ^m Obligate intracellular 
Extracellular 
Facultative intracellular

C h la m y d ia  t r a c h o m a t is  

S t r e p to c o c c u s  p n e u m o n ia e  

M y c o b a c t e r iu m  tu b e r c u lo s is

Trachoma, urethritis
Pneumonia
Tuberculosis

Fungi 2 - 2 0 0  |rm Extracellular 
Facultative intracellular

C a n d id a  a lb ic a n s  

H is to p la s m a  c a p s u la tu m

Thrush
Histoplasmosis

Protozoa 1-50 ^m Extracellular 
Facultative intracellular 
Obligate intracellular

T r y p a n o s o m a  b r u c e i  

T r y p a n o s o m a  c r u z i  

L e is h m a n ia  d o n o v a n i

Sleeping sickness 
Chagas disease 
Kala-azar

Helminths 3 mm-10 m Extracellular
Intracellular

W u c h e r e r ia  b a n c r o f t i  

T r ic h in e l la  s p ira l is

Filariasis
Trichinosis

p a th o lo g y  they  cause. Som e v ira l com ponen ts a n d  partic les 
ag g regate  w ith in  in fected  cells a n d  fo rm  characteristic  
inclusion bodies, w h ich  m ay  be seen w ith  the  ligh t m icro 
scope a n d  are  u sefu l for d iagnosis (Fig. 9.1). For exam ple, 
cy tom egalov iru s (CM V )-infected cells are en la rg ed  an d  
show  a large  eosinophilic  nuclear inclusion  an d  sm aller 
basophilic  cy top lasm ic inclusions; he rp esv iru ses  fo rm  a 
large nuclear inc lusion  su rro u n d e d  by  a clear halo; an d  
bo th  sm allpox  a n d  rab ies v iru ses fo rm  characteristic  cyto
p lasm ic inclusions. H ow ever, m an y  v iru ses  (e.g., po liov i
rus) do  n o t p ro d u ce  inclusions.

A ccoun ting  for a large  share  of h u m a n  infections, 
v iru ses can  cause d isease in  several w ay s  (Table 9.2). 
M any v iru ses cause tran sien t illnesses (e.g., colds, influ 
enza). O ther v iru ses are  n o t e lim inated  from  the bo d y  an d  
p ersis t w ith in  cells of the h o st for years, e ithe r con tin u in g  
to m u ltip ly  (e.g., chronic in fection  w ith  h epatitis  B v iru s  
[HBV]) o r su rv ive  in  som e la ten t n on rep lica ting  form , w ith  
the p o ten tia l to  be reac tiva ted  later. For exam ple, he rp es 
zoster v iru s, the cause of chickenpox, can  en te r do rsa l roo t 
ganglia  a n d  estab lish  latency  a t the  site, w ith  period ic  reac
tiva tion  a t la te r tim es to  cause shingles, a p a in fu l skin 
condition . Som e v iru ses are  in vo lved  in  tran sfo rm atio n  of 
a h o s t cell in to  a  ben ig n  or m alig n an t tu m o r (e.g., h u m an  
p ap illo m av iru s [H PV ]-induced ben ign  w arts  an d  cervi
cal carcinom a). D ifferent species o f v iru ses can  p ro d u ce  
the sam e clinical p ic tu re  (e.g., ad en o v iru s  an d  rh in o v iru s

causing  u p p e r  resp ira to ry  infection); conversely , a single 
v iru s  can  cause d iffe ren t clinical m an ifesta tions d e p e n d 
in g  o n  the  age o r im m u n e  s ta tu s  of the  ho st (e.g., CM V 
causing  congen ita l neuro log ic dam age o r gastroen teritis  in  
the im m unocom prom ised ).

B acteria

Bacteria are prokaryotes, m eaning  that th ey  have a cell 
m em brane but lack m em brane-bound nuclei and other 
m em brane-enclosed  organelles. M ost bacteria  are  
b o u n d e d  by  a cell w all consisting  of pep tidog lycan , a 
po ly m er of long  sugar chains linked  by p e p tid e  b ridges 
su rro u n d in g  the cell m em brane . T here are tw o  com m on 
fo rm s of cell w all s tructu re: a th ick  w all th a t re ta in s  crystal- 
v io let sta in  (g ram -positive  bacteria) a n d  a th in  cell w all 
su rro u n d e d  by  a n  o u te r m em brane  (gram -negative  bacte
ria) (Fig. 9.2). Bacteria a re  classified by  G ram  sta in ing  (posi
tive o r negative), shape  (spherical, called  cocci, o r 
ro d -sh ap ed , called bacilli) (Fig. 9.3), an d  their req u irem en t 
for oxygen  (aerobic o r anaerobic). M otile bacteria  have  fla
gella, long  helical filam ents ex tend ing  from  the cell surface 
th a t ro ta te  a n d  m ove the bacteria. Som e bacteria  possess 
p ili, an o th e r k in d  of surface p ro jection  th a t can  a ttach  bac
teria  to  ho st cells o r ex tracellu lar m atrix . Bacteria syn the
size their o w n  D N A , RNA, a n d  p ro te ins, b u t they  d ep en d  
o n  the  ho st for favorab le g ro w th  cond itions. M any bacteria  
rem ain  ex tracellu lar w h e n  they g row  in  the host, w h ile

Fig. 9.1 Examples of viral inclusions. (A) Cytomegalovirus infection in the lung. Infected cells show distinct nuclear ( lo n g  a r r o w )  and ill-defined cytoplasmic 
( s h o r t  a r ro w s )  inclusions. (B) Varicella-zoster virus infection in the skin. Herpes simplex virus and varicella-zoster virus both cause characteristic cytopathologic 
changes, including fusion of epithelial cells, which produces multinucleate cells with molding of nuclei to one another ( lo n g  a r r o w ) ,  and eosinophilic haloed 
nuclear inclusions ( s h o r t  a r ro w ) .  (C) Hepatitis B viral infection in liver. In chronic infections, infected hepatocytes show diffuse granular (“ground-glass”) cyto
plasm, reflecting accumulated hepatitis B surface antigen (HBsAg).
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Table 9.2 Selected H um an V ira l Diseases and T h e ir  Pathogens

O rg a n  System Pathogen D isease(s)

Respiratory Adenovirus
Rhinovirus
Influenza viruses A, B 

Respiratory syncytial virus

Upper- and lower-respiratory tract infections, conjunctivitis
Upper-respiratory tract infection
Influenza

Bronchiolitis, pneumonia

Digestive Mumps virus Mumps, pancreatitis, orchitis
Rotavirus Childhood gastroenteritis
Norovirus Gastroenteritis
Hepatitis A virus Acute viral hepatitis
Hepatitis B virus Acute or chronic hepatitis
Hepatitis D virus W it h  h e p a t i t i s  B  v ir u s  in fe c t io n :  acute or chronic hepatitis
Hepatitis C virus Acute or chronic hepatitis
Hepatitis E virus Acute viral hepatitis

Systemic
With skin eruptions Measles virus Measles (rubeola)

Rubella virus German measles (rubella)
Varicella-zoster virus Chickenpox, shingles
Herpes simplex virus type 1 Oral herpes (“cold sore”)
Herpes simplex virus type 2 Genital herpes

With hematopoietic Cytomegalovirus Cytomegalic inclusion disease in the newborn, gastroenteritis in transplant patients
disorders Epstein-Barr virus Infectious mononucleosis

HIV-1 and HIV-2 AIDS

Skin/genital warts Papillomavirus Condyloma; cervical carcinoma

Central nervous system Poliovirus Poliomyelitis
JC virus Progressive multifocal leukoencephalopathy (opportunistic)
Zika virus Congenital microcephaly

A ID S , Acquired immunodeficiency syndrome; HIV , human immunodeficiency virus.

o thers  can  su rv ive a n d  rep licate  bo th  o u ts id e  a n d  inside  of 
ho st cells (facultative intracellular bacteria  such  as m ycobac
teria), a n d  som e g row  only  inside  h o st cells (obligate intra
cellular bacteria, such  as rickettsia).

Bacteria cause a ran g e  of in fections from  com m on  p h a r
yng itis  an d  u rin a ry  trac t in fections to  ra re  d iseases such  as 
lep rosy  (Table 9.3). Chlamydia a n d  Rickettsia are obligate 
in trace llu la r bacteria  th a t rep licate  inside  m em brane- 
b o u n d  vacuoles in  ep ithelia l a n d  endo the lia l cells, respec
tively. These bacteria  get m o st o r all of their energy  source, 
ATP, from  the ho st cell. Chlamydia trachomatis is a freq u en t 
in fectious cause of fem ale sterility  (by scarring  a n d  n ar
ro w in g  of the fa llop ian  tubes) a n d  b lindness  (by chronic 
in flam m ation  of the  conjunctiva th a t even tua lly  causes 
scarring  a n d  opacification  of the  cornea). Rickettsiae in jure 
the endo the lia l cells in  w h ich  they  grow , causing  a

hem orrhag ic  vasculitis, o ften  v isible as a rash , b u t they  also 
m ay  in jure the cen tra l n e rv o u s  system  (CNS), w ith  p o ten 
tially  fa ta l outcom e, as in  Rocky M o u n ta in  sp o tted  fever 
a n d  ep idem ic  ty p h u s. Rickettsiae are tran sm itted  by  a rth ro 
p o d  vectors, in c lu d in g  lice (in ep idem ic  typhus), ticks (in 
Rocky M o u n ta in  sp o tted  fever an d  ehrlichiosis), a n d  m ites 
(in scrub  typhus).

Mycoplasma a n d  the re la ted  genus Ureaplasma are  u n iq u e  
am o n g  ex tracellu lar bacterial p a th o g en s in  th a t they  d o  n o t 
h av e  a cell w all. These a re  the tin iest free-liv ing  o rgan ism s 
k n o w n  (125 to 300 nm ).

Fungi

Fungi are eukaryotes w ith  thick cell w a lls  com posed  
o f com plex carbohydrates such as beta-glucans, chitin , 
and m annosylated  glycoproteins. C alcofluor-w hite , a
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Fig. 9 . 2  Molecules on the surface of gram-negative and gram-positive bacteria involved in the pathogenesis of infection.
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Table 9.3 Selected H um an Bacterial Diseases and T h e ir  Pathogens

M icrob io log ic  C a te g o ry  
C lin ica l C a te g o ry Species F re q u e n t D isease P resen ta tio n (s )

Infections by pyogenic cocci S ta p h y lo c o c c u s  a u r e u s ,  S ta p h y lo c o c c u s  

e p id e r m id is

Abscess, cellulitis, pneumonia, sepsis

S t r e p to c o c c u s  p y o g e n e s  

S t r e p to c o c c u s  p n e u m o n ia e  

N e is s e r ia  m e n in g i t id is

Pharyngitis, erysipelas, scarlet fever 
Lobar pneumonia, meningitis 
Meningitis

N e is s e r ia  g o n o r r h o e a e Gonorrhea

Gram-negative infections E s c h e r ic h ia  c o l i,  K le b s ie l la  p n e u m o n ia e ,  

E n te r o b a c t e r  a e ro g e n e s ,  P r o te u s  m ir a b i l is ,  

S e r r a t ia  m a rc e s c e n s ,  P s e u d o m o n a s

Urinary tract infection, wound infection, 
abscess, pneumonia, sepsis, shock, 
endocarditis

a e r u g in o s a ,  B a c te r o id e s  f r a g i l is

L e g io n e l la  p n e u m o p h i la Legionnaires’ disease

Clostridial infections C lo s t r id iu m  t e ta n i Tetanus (lockjaw)
C lo s t r id iu m  b o t u l in u m

C lo s t r id iu m  p e r f r in g e n s ,  C lo s t r id iu m  s e p t ic u m  

C lo s t r id iu m  d i f f ic i le

Botulism (paralytic food poisoning) 
Gas gangrene, necrotizing cellulitis 
Pseudomembranous colitis

Zoonotic bacterial infections B a c illu s  a n th r a c is Anthrax
Y e rs in ia  p e s t is  

F ra n c is e lla  t u la r e n s is

Bubonic plague 
Tularemia

B r u c e l la  m e li te n s is ,  B r u c e l la  s u is ,  B r u c e l la  

a b o r t u s

Brucellosis (undulant fever)

B o r r e l ia  r e c u r r e n t is  

B o r r e l ia  b u r g d o r f e r i

Relapsing fever 
Lyme disease

Treponemal infections T r e p o n e m a  p a l l id u m Syphilis

Mycobacterial infections M y c o b a c t e r iu m  tu b e r c u lo s is ,  M .  b o v is  

M y c o b a c t e r iu m  le p r a e  

M y c o b a c t e r iu m  k a n s a s i i ,  M y c o b a c t e r iu m  

a v iu m  c o m p le x

Tuberculosis
Leprosy
Pulmonary disease, lymphadenitis, disseminated 

disease

Actinomycetal infections N o c a r d ia  a s te r o id e s  c o m p le x  

A c t in o m y c e s  is r a e l i i

Pulmonary disease, brain abscess 
Head and neck abscess

Contagious childhood bacterial 
diseases

H a e m o p h i lu s  in f lu e n z a e Meningitis, upper- and lower-respiratory tract 
infections

B o r d e te l la  p e r tu s s is  

C o r y n e b a c te r iu m  d ip h th e r ia e

Whooping cough 
Diphtheria

Enteric infections Enteropathogenic E. c o l i,  S h ig e l la  s p p . ,  V ib r io  

c h o le r a ,  C a m p y lo b a c te r  je ju n i ,  

C a m p y lo b a c t e r  c o l i,  Y e rs in ia  e n te r o c o li t ic a ,  

S a lm o n e lla  s p p .

Invasive or noninvasive gastroenterocolitis

S a lm o n e lla  e n t e r ic a  s e r o t y p e  Typhi Typhoid fever

Fig. 9.3 Bacterial morphologies. The bacteria are indicated by arrows. (A) Gram stain preparation of sputum from a patient with pneumonia. Gram-positive, 
elongated cocci in pairs and short chains ( S t re p to c o c c u s  p n e u m o n ia e )  and a neutrophil are evident. (B) Gram stain preparation of a bronchoalveolar lavage 
specimen showing gram-negative intracellular rods typical of members of E n te r o b a c te r ia c e a e  such as K le b s ie l la  p n e u m o n ia e  o r  E s c h e r ic h ia  c o li. (C) Silver stain 
preparation of brain tissue from a patient with Lyme disease meningoencephalitis. Two helical spirochetes ( B o r r e l ia  b u r g d o r f e r i )  are shown ( a r r o w s ) . (A), (B), 
and (C) are at different magnifications. (A a n d  C, C o u r te s y  o f  D r .  K e n n e th  V a n  H o r n ,  F o c u s  D ia g n o s t ic s ,  C y p re s s ,  C a li fo r n ia . B, C o u r te s y  o f  D r .  K a r e n  K r is h e r ,  C l in ic a l  

M ic r o b io lo g y  In s t i t u t e ,  W i ls o n v i l le ,  O re g o n .)
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fluo rescen t sta in  th a t b in d s chitin , p ro v id es  a u sefu l w ay  
to  iden tify  fung i in  p a tien t specim ens. A ssays for beta- 
g lucans in  b lood  are  u sed  to  d iagnose  d issem inated  fungal 
infections. F ung i can  g row  either as ro u n d e d  y east cells 
o r as slender, filam en tous hyphae . A n im p o rtan t d istin 
gu ish in g  characteristic  is w h e th e r  h y p h ae  are  sep ta te  (w ith  
cell w alls  sep ara tin g  in d iv id u a l cells) o r asep ta te . Som e 
of the  m ost im p o rta n t pathogen ic  fung i exhib it therm al 
d im orph ism ; th a t is, they  g row  as h y p h a l fo rm s a t room  
tem p era tu re  b u t as y e a s t fo rm s a t body  tem pera tu re . Fungi 
m ay  p ro d u ce  sexual spores or, m ore  com m only , asexual 
spores called  conidia. The la tte r a re  p ro d u c e d  o n  special
ized  s tru c tu res  o r fru itin g  bod ies arising  a long  the h y p h a l 
filam ent.

F ung i m ay  cause superficial o r deep  infections.
• Superficial infections invo lve the skin, hair, a n d  nails. 

Fungal species tha t cause superficial infections are  
called  dermatophytes. Infection  of the skin  is called  tinea; 
thus, tinea pedis is "a th le te 's  foot" an d  tinea capitis is 
scalp ringw orm . C erta in  fung i in v ad e  the  su bcu taneous 
tissue, causing  abscesses or g ranu lom as. C hronic  infec
tions, o ften  in  the foot, are  called  mycetomas.

• Deep fungal infections can  sp read  system ically  a n d  invade  
tissues, d estroy ing  v ita l o rgans in  im m u n o co m p ro 
m ised  hosts, b u t u sua lly  reso lve or rem ain  la ten t in  o th 
erw ise n o rm al hosts.

Fungi are  d iv id ed  in to  endem ic a n d  o p p o rtu n is tic  
species.
• Endemic fungi are  invasive  species th a t a re  usua lly  

lim ited  to  p a rticu la r geograph ic  reg ions (e.g., Coccidioi- 
des in  the so u th w este rn  U n ited  States, Histoplasma in  
the  O hio  R iver Valley).

• Opportunistic fungi (e.g., Candida, Aspergillus, Mucor, 
Cryptococcus), by  con trast, are  u b iq u ito u s  o rgan ism s 
tha t e ither colonize in d iv id u a ls  o r a re  encoun tered  
from  en v iro n m en ta l sources b u t do  n o t cause severe 
d isease in  hea lthy  in d iv iduals . In  im m unodefic ien t 
in d iv idua ls , o p p o rtu n is tic  fung i give rise  to  life- 
th rea ten in g  invasive  in fections charac terized  by  vascu 
lar occlusion, hem orrhage , an d  tissue necrosis, w ith  
little  o r no  in flam m atory  response  (Fig. 9.4). P atien ts 
w ith  AIDS are  very  suscep tib le  to  in fection  w ith  the 
o p p o rtu n is tic  fu n g u s  Pneumocystis jiroveci (p rev iously  
called  Pneumocystis carinii).

P rotozoa

Protozoa are sin g le-ce lled  eukaryotes that are major 
causes o f d isease and death in  d evelop in g  countries. Pro 
tozoa can  rep licate  in tracellu larly  w ith in  a varie ty  of cells 
(e.g., Plasmodium in  red  cells, Leishmania in  m acrophages) 
o r extracellu larly  in  the u ro g en ita l system , in testine , o r 
b lood . Trichomonas vaginalis organ ism s are sexually  trans
m itted  flagellated  p ro to zo a l p arasites  th a t o ften  colonize 
the vag ina  a n d  m ale u re th ra . The m ost p rev a len t p a th o 
genic in testina l p ro tozoans, Entamoeba histolytica an d  
Giardia lamblia, are  in g ested  as nonm otile  cysts in  contam i
n a te d  food o r w a te r  a n d  becom e m otile  trophozoites th a t 
a ttach  to  in testina l ep ithelia l cells. B loodborne p ro tozoa  
(e.g., Plasmodium, Trypanosoma, Leishmania) a re  tran sm itted  
by  insect vectors, in  w h ich  they  rep licate  before being

Fig. 9.4 Meningeal blood vessels with angioinvasive M u c o r  species. Note the 
irregular width and near right-angle branching of the hyphae ( a r r o w ) .  ( C o u r te s y  

o f  D r .  D a n  M i ln e r ,  D e p a r t m e n t  o f  P a th o lo g y ,  B r ig h a m  a n d  W o m e n ’s  H o s p i t a l ,  

B o s to n ,  M a s s a c h u s e t t s . )

p assed  to  new  h u m a n  hosts. Toxoplasma gondii is acqu ired  
e ithe r th ro u g h  con tact w ith  oocyst-shedd ing  cats o r by 
ea tin g  cyst-ridden , u n d erco o k ed  m eat.

H elm in ths

Parasitic w orm s are h igh ly  d ifferentiated  m ulticellu lar  
organism s. T heir life cycles a re  com plex; m o st a lte rna te  
be tw een  sexual rep ro d u c tio n  in  the defin itive h o st and  
asexual m u ltip lica tion  in  a n  in te rm ed ia te  ho st o r vector. 
T hus, d e p en d in g  o n  the species, h u m a n s  m ay  h arb o r a d u lt 
w o rm s (e.g., Ascaris lumbricoides), im m atu re  stages (e.g., 
Toxocara canis), o r asexual la rva l fo rm s (e.g., Echinococcus 
spp.). O nce a d u lt w o rm s take u p  residence in  h u m an s, they 
u sua lly  do  n o t m u ltip ly  b u t they  p ro d u c e  eggs o r la rvae 
th a t typically  are p assed  in  stool. O ften, the severity  of 
d isease is p ro p o rtio n a l to the n u m b er of in fecting  o rgan 
ism s. For exam ple, a b u rd e n  of 10 h ookw orm s is associated  
w ith  m ild  o r no  clinical disease, w h ereas 1 0 0 0  hookw orm s 
consum e e n o u g h  b lood  to cause severe anem ia. In  som e 
helm in th ic  infections, such  as schistosom iasis, d isease is 
caused  by in flam m atory  responses to the eggs or la rvae 
ra th e r th a n  the  a d u lt w orm s.

H elm in th s com prise  th ree  groups:
• Roundworms (nematodes) are  c ircu lar in  cross-section  an d  

n onsegm en ted . In testinal nem ato d es inc lude  A. lumbri
coides, Strongyloides stercoralis, a n d  hookw orm s. N em a
todes th a t invade  tissues inc lude  the  filariae, such  as 
Wuchereria bancrofti a n d  Trichinella spiralis (Fig. 9.5).

• Tapeworms (cestodes) have  a h ead  (scolex) an d  a ribbon  
of m u ltip le  flat segm ents (p rog lo ttids). T hey adso rb  
n u tritio n  th ro u g h  their teg u m en t a n d  do  n o t have  a 
d igestive  tract. They include the fish, beef, a n d  p o rk  
tap ew o rm s th a t m ake  their hom e in  the  h u m a n  in tes
tine. The la rvae  th a t develop  after ingestion  of eggs of 
certa in  tap ew o rm s can  cause cystic d isease w ith in  
tissues (Echinoccus granulosus la rvae cause hydatid cysts; 
p o rk  tap ew o rm  larvae p ro d u c e  cysts called cysticerci in  
m any  organs).

• Flukes (trematodes) are  leaf-shaped  fla tw orm s w ith  
p ro m in e n t suckers th a t are u se d  to  a ttach  to  the host. 
They include liver a n d  lu n g  flukes a n d  schistosom es.
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Fig. 9 . 5  Coiled T r ic h in e l la  s p ira l is  larva within a skeletal muscle cell.

Ectoparasites

Ectoparasites are insects (e.g., lice, bed b u gs, fleas) or 
arachnids (e.g., m ites, ticks, spiders) that cause d isease by  
b itin g  or by attaching to and liv in g  on  or in  the skin.
In festa tion  of the  sk in  by  a rth ro p o d s  is charac terized  by 
itch ing  a n d  excoriations, such  as ped icu losis  caused  by lice 
a ttach ed  to  hairs, o r scabies caused  by m ites b u rro w in g  
in to  the  s tra tu m  corneum . A t the  site o f bites, m o u th  p a rts  
m ay  be fo u n d  associa ted  w ith  a m ixed  in filtra te  o f ly m p h o 
cytes, m acrophages, a n d  eosinophils. A rth ro p o d s  also  can 
serve as vectors for o th e r pa thogens, such  as Borrelia burg
dorferi, the agen t of Lym e disease, w h ich  is tran sm itted  by 
deer ticks.

THE MICROBIOME

The m icrobiom e is the diverse m icrobial pop u lation  of  
bacteria, fu n g i, and viruses fou n d  in  or on  the hum an  
b od y  (e.g., in  the in testinal tract, sk in , upper airway, and  
vagina). W hile m o st of these o rgan ism s do  n o t h a rm  the 
h ea lth y  host, a few  cause d iseases such  as sk in  a n d  soft- 
tissue infections (Staphylococcus aureus a n d  Streptococcus 
pyogenes), acne (Propionibacterium acnes), a n d  too th  decay 
(Streptococcus mitus). The m icrobiom e has im p o rta n t ro les 
in  n o rm al h ea lth  a n d  developm en t. In  the  in testina l tract, 
the  n o rm al flora are  responsib le  for ab so rp tio n  of d igested  
foods, for m a in ta in in g  the  in teg rity  of the ep ith e liu m  an d  
the n o rm al function ing  of the in testina l im m u n e  system , 
a n d  for com petitively  inh ib iting  invasion  a n d  co lon ization  
by po ten tia lly  pa thogen ic  m icrobes. The g u t m icrobiom e is 
also  em erg ing  as a reg u la to r o f nu tritio n a l status.

N ew  techn iques of bacteria l iden tification  re ly ing  on  
ribosom al R N A  sequencing  have  d ram atically  im proved  
o u r u n d e rs ta n d in g  of the m icrobiom e:
• In  hea lthy  in d iv iduals , the  m icrobiom e is very  d iverse. 

For exam ple, there  are  estim ated  to  be over 1000 species 
of bacteria  in  the n o rm al in testina l flora of a n  in d iv idua l. 
In  a healthy  person , a p a r t  of the  bacterial p o p u la tio n  a t 
various bo d y  sites is re la tively  stable over tim e, b u t m ay 
be a lte red  by d ie t a n d  env ironm ent.

• The d iversity  o f bacteria  is g rea test in  the  o ral cavity  an d  
the stool, in te rm ed ia te  o n  the  skin, a n d  least in  the 
vag ina.

• The bacterial m icrobiom es a t v a rio u s bo d y  sites a re  p a r 
tially  sim ilar in  d ifferen t ind iv iduals.

Dysbiosis refers to  changes in  com position  of the  m icro- 
b iom e th a t a re associa ted  w ith  disease. These changes m ay 
re su lt from  therap ies  o r v a rio u s pathophysio log ic  cond i
tions, in c lu d in g  the follow ing:
• U se of som e an tib io tics is a n  im p o rta n t risk  factor for 

in testina l in fections caused  by tox in -p roducing  Clos
tridium difficile. These antib io tics kill o r in h ib it no rm al 
com m ensal bacteria, a llow ing  o v erg ro w th  of C. difficile. 
R esto ration  of the  m icrobiom e by d u o d e n a l in fu sion  of 
stool con ta in ing  com m ensal flora from  hea lthy  dono rs 
successfully  trea ts  C. difficile in fection  in  m an y  in d iv id u 
als w h o  have re lap sed  after an tib io tic  therapy .

• The m icrobiom e in  the stool o f obese in d iv id u a ls  is less 
d iverse  th a n  th a t of lean  in d iv iduals , a n d  the  p ro p o r
tions of bacterial p h y la  d iffer as w ell. The p ro p o rtio n s 
of these p h y la  in  obese in d iv id u a ls  w h o  change their 
d ie t a n d  lose w e ig h t shifts to  resem ble  th a t o f lean  ind i
v idua ls . E xperim en tal an im als gain  m ore w e ig h t w h e n  
co lon ized  w ith  bacterial p o p u la tio n s  associa ted  w ith  a 
h igh-fat d ie t th a n  w h e n  colon ized  w ith  bacterial p o p u 
la tions associated  w ith  a n o rm al diet.

• The in testina l bacterial p o p u la tio n s  in  in d iv id u a ls  w ith  
in flam m atory  bow el d isease are  a ltered , w ith  red u ced  
d iversity  a n d  changes in  the p ro p o rtio n s  of bacterial 
phy la , co m p ared  to  in d iv id u a ls  w ith o u t in flam m atory  
bow el disease. In teresting ly , in flam m ato ry  bow el 
d isease a lso  is associa ted  w ith  changes in  the v ira l p o p u 
la tions in  stool. The specific ro les of d iffe ren t v iruses 
an d  bacteria  in  gastro in testina l dysb iosis is a n  a rea  of 
very  active investigation .

TECHNIQUES FOR IDENTIFYING  
INFECTIOUS AGENTS

There a re  several m eth o d s for iden tify ing  m icroorgan ism s
in  tissue an d  body  fluids:
• Culture. B acterial a n d  fungal cu ltu res  rem ain  essen tial 

for d iagnostic  testing , in  conjunction  w ith  ad d itio n a l 
m ethods, b u t cu ltu re  of v iru ses has been  rep laced  to  a 
g rea t ex ten t by  a lte rna tive  m ethods.

• Histology. Som e infectious agen ts can  be seen  in  hem a
toxylin  a n d  eosin  (H & E )-sta ined  sections (e.g., the 
inc lusion  bod ies fo rm ed  by CM V an d  h erp es  sim plex 
v iru s  (HSV); bacterial c lum ps, w h ich  u sua lly  sta in  blue; 
Candida a n d  Mucor am o n g  the fungi; m o st p ro tozoans; 
all helm in ths). M any infectious agents, how ever, are 
be tte r v isua lized  by special sta ins th a t iden tify  o rgan 
ism s o n  the basis o f p a rticu la r characteristics of the ir cell 
w a ll o r c o a t—G ram , acid-fast, silver, m ucicarm ine, an d  
G iem sa sta ins — or after labeling  w ith  specific an tibod ies 
(Table 9.4). O rgan ism s are u sua lly  best v isua lized  a t the 
ad v an c in g  edge  of a lesion  ra th e r  th an  a t its center, 
p a rticu la rly  if there  is necrosis.

• Serology. A cute infections can  be d iag n o sed  serologi
cally by  de tec ting  pathogen-specific  an tibod ies  in  the 
serum . The p resence of specific im m un o g lo b u lin  M  
(IgM) an tib o d y  shortly  after the o n se t of sym ptom s is 
o ften  d iagnostic . A lternatively , specific an tib o d y  titers
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Table 9.4 Techniques fo r Identifying Infectious Agents

Technique Infectious A g en t(s )

Gram stain Most bacteria

Wet Mount/Calcofluor-white/ 
Fungi-fluor

Fungi

Acid-fast stain Mycobacteria, nocardiae 
(modified)

Silver stain Fungi, legionellae, P n e u m o c y s t is

Periodic acid-Schiff stain Fungi, amebae

Mucicarmine stain Cryptococci

Giemsa stain Leishmaniae, P la s m o d iu m

Antibodies All classes

Culture All classes

DNA probes and polymerase 
chain reaction

All classes

Proteomic methods/mass 
spectrometry

Bacteria, mycobacteria, fungi

can  be m easu red  early  ("acu te") a n d  aga in  a t 4 to  6  

w eeks ("convalescen t") after infection; a 4-fold rise  in  
titer u sua lly  is considered  d iagnostic . A ssays for se ru m  
an tibod ies a re  very  u sefu l for the d iagnosis of v iral 
hepatitis . A n tibod ies th a t are n o t pathogen-specific  are 
p ro d u ced  by pa tien ts  w ith  syphilis o r in fectious m ono 
nucleosis, a n d  assays for these cross-reacting  an tibod ies 
are  u sed  in  d iagnosis.

• Molecular diagnostics. N ucleic acid  am plification  tech
n iques, such  as po lym erase  cha in  reaction  (PCR) and  
tran scrip tion -m ed ia ted  am plification , are u se d  for 
d iagnosis of gonorrhea , ch lam ydia l infection, tubercu 
losis, a n d  herp es encephalitis. M olecular assays are  
m u ch  m ore sensitive than  conven tional testing  for 
som e pa thogens. PCR testing  of cerebrosp inal flu id  
(CSF) for HSV encephalitis  has  a sensitiv ity  o f ab o u t 
80%, w h ereas v ira l cu ltu re  of CSF has a sensitiv ity  of 
less th a n  10%. Sim ilarly, nucleic acid  tests for genital 
Chlamydia detect 10% to 30% m ore  cases th a n  conven 
tional Chlamydia cu ltu re  does. For o ther infections, 
such  as gonorrhea, the sensitiv ity  o f nucleic  acid  testing  
is sim ilar to  th a t o f cu ltu re . Q u an tita tiv e  PCR for BK 
v iru s, CMV, an d  Epstein-B arr v iru s  (EBV) is u sed  to 
assess v ira l loads in  tran sp lan t recip ients. M olecular 
p an e ls  for de tec tion  of 2 0  o r m ore  p a th o g en s are now  
rou tine ly  u sed  to d iagnose  resp ira to ry  bacterial an d  
v ira l infections, as w ell as gastro in testina l bacterial, 
v ira l a n d  parasitic  infections. Q u an tita tiv e  assays 
for v ira l nucleic acids a re  u sed  to g u id e  the m edical 
m an ag em en t o f p a tien ts  in fected  w ith  h u m a n  im m u 
nodeficiency v iru s  (HIV), HBV, a n d  h epatitis  C v iru s  
(HCV). N ex t-genera tion  sequencing , w ith  or w ith o u t 
in itia l PCR am plification , is being  u se d  for the detec
tion  of novel o r ra re  pa thogens, a n d  for epidem iologic  
investigations.

• Proteomics. M ass spec trom etry  can  be u sed  to  iden tify  
m icroorgan ism s based  o n  p ro te in  co n ten t an d  has been 
in tro d u ced  in to  ro u tin e  clinical laboratories. I t has  the 
ad v an tag e  of ra p id  iden tification  o f the bacterial species 
b u t is n o t u sefu l for an tib io tic  sensitiv ity . T hat still 
requ ires cu ltu re.

NEWLY EMERGING A N D  
REEMERGING INFECTIOUS DISEASES

A su rp ris in g  n u m b er of new  infectious agen ts con tinue  to 
be d iscovered , a n d  there  are several reasons for this:
• Som e p a th o g en s w ere  d iscovered  d u e  to im p ro v ed  

m eth o d s of detection , a lth o u g h  they hav e  likely been 
p re se n t in  h u m a n s  for cen turies. For exam ple, Helico
bacter pylori, w h ich  causes gastritis an d  pep tic  u lcer 
disease, w as  on ly  d iscovered  in  the 1980s. M ore recently , 
a new  cause of lep rosy  w as  d iscovered , Mycobacterium 
lepromatosis. This agent, iden tified  by sequencing  bacte
ria l D N A  from  b iopsy  m ateria l of p a tien ts  w h o  d ied  of 
leprosy , is a close re la tive  of the p rev iously  kn o w n  
Mycobacterium leprae.

• A n im als a re  a source of n ew  p a th o g en s th a t infect 
h um ans. T w o co ronav iruses th a t cause severe resp ira 
tory  trac t infections in  h u m an s, M idd le  E ast re sp ira to ry  
synd rom e co ronav iru s  (MERS CoV) a n d  the severe 
acu te  re sp ira to ry  synd rom e (SARS) v irus, likely sp read  
to h u m a n s  from  an im als a n d  w ere  first de tected  in  2003 
a n d  2012, respectively . O ther exam ples of pa th o g en s 
th a t em erged  in  h u m a n s  after being  tran sm itted  from  
an im als inc lude  H IV  a n d  B. burgdorferi.

• M icroorgan ism s can  acqu ire  genes th a t enhance v iru 
lence o r overcom e h o s t defense. In  2011, a lm ost 4000 
in d iv id u a ls  in  G erm any  w ere  infected  w ith  a new  stra in  
of h igh ly  v iru len t sh iga-tox in  p ro d u c in g  Escherichia coli 
th a t sp read  in  sp ro u t seeds. The new  s tra in  w as derived  
from  a d iffe ren t type of E. coli th a t acq u ired  a gene for 
the sh iga-tox in  from  a bacteriophage.

• O th e r p a th o g en s have  becom e m u ch  m ore com m on 
because of im m u n o su p p ress io n  caused  by  AIDS, or 
th e rap y  to  p re v e n t tran sp lan t rejection  o r trea t cancers 
(e.g., h u m a n  h erp es  v iru s  8 , Mycobacterium avium 
com plex, P. jirovecii).

A d d itio n a l clinical synd rom es m ay  be recognized  
after the p a th o g en  has been  k n o w n  for som e tim e, pos
sibly d u e  to  new  co n tribu ting  factors. A lth o u g h  Z ika 
v iru s  w as d iscovered  in  1947 in  U ganda, very  few  h u m an  
cases w ere  rep o rted  for m an y  years, u n til the v iru s  m ore 
recen tly  sp read  th ro u g h  ad d itio n a l countries, expan d in g  
the ran g e  from  Africa, Asia, a n d  the Pacific to the A m eri
cas, causing  new ly  recogn ized  clinical cases. The v iru s  is 
con tracted  p rim arily  v ia  the A edes species m o squ ito  b u t 
also  v ia  sexual transm ission  an d  possib ly  b lood  transfu 
sion. A lth o u g h  m an y  in d iv id u a ls  in fected  have  no  or m ild  
nonspecific sym ptom s, in fection  m ay  be associa ted  w ith  
G uillain-B arre syndrom e, a fo rm  of ra p id -o n se t m uscle 
w eakness caused  by  im m u n e  system  dam age to the 
n e rv o u s system . Infection  w ith  Z ika v iru s  d u rin g  p reg 
nancy  is associated  w ith  b irth  defects, in c lu d in g  m icro 
cephaly . M any m ore congenita l cases w ere  d iag n o sed  in  
the 2015 o u tb reak  b eg inn ing  in  Brazil co m p ared  to  earlier 
ou tb reaks, crea ting  a P ublic  H ea lth  E m ergency of In ter
na tional C oncern . F u rth e r investiga tion  is o ngo ing  to 
d e term ine  if o ther variab les m ay  be co n trib u tin g  to the 
CNS effects such  as genetics, co-infections, im m u n ity  
from  p a s t infections, o r y e t to be defined  env ironm en ta l 
factors.
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Several factors con tribu te  to  the em ergence of infectious
diseases:
• H u m a n  behav io r affects the sp read  a n d  dem ograph ics 

o f infections. AIDS w as  first recogn ized  in  the  U nited  
S tates as p red o m in an tly  a d isease of hom osexual m en  
a n d  d ru g  abusers, b u t he terosexual transm ission  is now  
m ore  com m on. In  sub-S aharan  Africa, the a rea  of the 
w o rld  w ith  the  h ighest n u m b er of AIDS cases, it is p re 
d o m in an tly  a  he terosexual disease. The Ebola v iru s  ep i
dem ic of 2014 sp read  to  m ore  coun tries th a n  p rev io u s 
Ebola ou tb reak s d u e  in  p a r t  to  the freq u en t m o vem en t 
o f peop le  across b o rd ers  in  W est A frica, as w ell as b u ria l 
p ractices th a t in vo lved  con tact w ith  the bod ies of the 
deceased . SARS, m en tio n ed  earlier, sp read  very  qu ickly  
to 24 coun tries d u e  to  h u m a n  air trave l before it w as 
contained .

• C hanges in  the  en v iro n m en t occasionally  increase the 
incidence of in fectious d iseases. R egrow th  of forests in  
the eas te rn  U n ited  States w ith  cessation  of fa rm ing  has 
led  to  m assive  increases in  deer an d  m ice, w h ich  carry  
the  ticks th a t tran sm it Lym e disease, babesiosis, an d  
ehrlichiosis. G lobal w a rm in g  also  has h ad  a n  im pact on  
the  sp read  of infections. For exam ple, the m osqu itoes 
th a t carry  D engue  fever a n d  Z ika v iruses, w h ich  u sed  
to  be confined  to  the  U .S.-M exican bo rder, are  now  
fo u n d  in  m ore th a n  ha lf of the states. C h ik u n g u n y a  
v iru s  tran sm itted  by m osquitoes, w h ich  causes fever 
a n d  jo in t p a in  th a t can  be severe for som e, w as first seen 
in  the A m ericas in  2013, a n d  transm ission  of D engue 
an d  Z ika v iru ses has  recen tly  been  rep o rte d  in  F lorida.

• Infectious d iseases th a t a re  com m on  in  one geographic  
area  m ay  be in tro d u ced  in to  a n ew  area  d u e  to  increased  
travel o r m o v em en t o f in fected  an im als, inverteb rates, 
o r b irds. For exam ple, W est N ile  v iru s  has been  com m on 
in  E urope, A sia, a n d  A frica for years b u t w as  first 
described  in  the  U n ited  S tates in  1999, possib ly  trans
p o rted  by  a n  in fected  m o squ ito  o r b ird . H igh ly  p a th o 
genic H 5 in fluenza v iruses, w h ich  have  led  to  d e a th  of 
som e p a tien ts  in  A sia, have  sp read  th ro u g h o u t the 
w o rld  d u rin g  the  last 2  decades in  b ird  p o p u la tions, d ue  
to their n a tu ra l m ig ra tio n  an d  tra n sp o rt of dom estic  
b irds.

• P a thogens a d a p t rap id ly  to  selective p ressu re s  exerted  
by w id esp read  use  of antib io tics. A ntib io tic  resistance 
has d eveloped  an d  is n o w  com m on in  Mycobacterium 
tuberculosis, Neisseria gonorrhoeae, Klebsiella pneumoniae, 
a n d  S. aureus. Sim ilarly, d ev e lo p m en t of d ru g -resis tan t 
p arasites  has  d ram atically  increased  the m o rb id ity  an d  
m orta lity  associated  w ith  Plasmodium falciparum infec
tion  in  Asia, Africa, a n d  L atin  A m erica.
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AGENTS OF BIOTERRORISM

Sadly, the an th rax  a ttacks in  the  U n ited  States in  2001 
transfo rm ed  the theoretical th rea t o f b io terro rism  in to  
reality . The C en ters for D isease C on tro l a n d  P reven tion  
(CDC) has ev a lu a ted  the  d an g e r m icroorgan ism s pose  as 
w eap o n s  on  the basis of the efficiency w ith  w h ich  d isease 
can  be transm itted , how  d ifficult the  m icroorgan ism s are 
to p ro d u ce  a n d  d istribu te , w h a t can  be d one  to  defend  
aga in st them , a n d  the ex ten t to  w h ich  they  are  likely to

Table 9.5 Potential Agents of B ioterrorism  

C a te g o ry  A  Diseases and A gen ts

Anthrax: B a c illu s  a n th r a c is  

Botulism: C lo s t r id iu m  b o t u l in u m  toxin 

Plague: Y e rs in ia  p e s t is  

Smallpox: V a r io la  m a jo r  virus 

Tularemia: F ra n c is e l la  t u la r e n s is

Viral hemorrhagic fevers: Ebola, Marburg, Lassa, others 

C a te g o ry  B Diseases and A g en ts

Brucellosis: B r u c e l la  spp.

Epsilon toxin of C lo s t r id iu m  p e r f r in g e n s

Food safety threats: S a lm o n e lla  spp., E s c h e r ic h ia  c o l i OI57:H7, S h ig e lla ,  

others

Glanders: B u r k h o ld e r ia  m a l le i  

Melioidosis: B u r k h o ld e r ia  p s e u d o m a l le i  

Psittacosis: C h la m y d ia  p s i t t a c i  

Q fever: C o x ie l la  b u r n e t i i

Ricin toxin from castor beans ( R ic in u s  c o m m u n is )

Staphylococcal enterotoxin B 

Typhus fever: R ic k e t ts ia  p r o w a z e k i i

Mosquito-borne encephalitis viruses: Venezuelan equine encephalitis, 
Eastern equine encephalitis, Western equine encephalitis, others 

Water safety threats: V ib r io  c h o le r a e ,  C r y p t o s p o r id iu m  p a r v u m ,  others 

C a te g o ry  C  Diseases and A g en ts

Emerging infectious disease threats: Nipah virus, hantavirus, others

Adapted from Centers for Disease Control and Prevention Information (h t tp : / /  

em ergency .cdc .g ov).

a la rm  the pub lic  an d  p ro d u ce  w id e sp re a d  fear. Based on  
these criteria, the CDC has ranked b iow eap on s into three 
categories, designated  A, B, and C (Table 9.5).

The agen ts in  the h ighest-risk  category  A  can  be read ily  
d issem in a ted  o r tran sm itted  from  p e rso n  to  person , typ i
cally cause d iseases th a t carry  a h ig h  m orta lity  ra te  w ith  
p o ten tia l for m ajor pub lic  h ea lth  im pact, m ay  cause p an 
dem ics lead in g  to  w id e sp re a d  pan ic  a n d  social d is rup tion , 
a n d  are likely to  req u ire  special ac tion  for pub lic  h ea lth  
p rep a red n ess . For exam ple, the sm allpox  v iru s  is a cate
gory  A  ag e n t because of its h ig h  transm issib ility , case m or
tality  ra tes of 30% o r g reater, a n d  the lack of effective 
th erapy . Sm allpox read ily  sp read s from  p e rso n  to  person , 
m ain ly  th ro u g h  re sp ira to ry  secretions a n d  by  d irec t con tact 
w ith  v iru s  in  sk in  lesions. Since ro u tin e  sm allpox  vaccina
tion  e n d ed  in  the U n ited  S tates in  1972, im m u n ity  has 
w an ed , leav ing  the p o p u la tio n  h igh ly  susceptib le . C oncern  
th a t sm allpox  cou ld  be u sed  for b io terro rism  has led  to 
re in stitu tio n  of vaccination  for som e m ed ical a n d  m ilitary  
personnel.

C ategory  B ag en ts  a re  less easy to  d issem inate , cause 
d isease associa ted  w ith  m o d era te  m o rb id ity  b u t low  m or
tality , a n d  req u ire  specific d iagnostic  a n d  d isease surveil
lance. M any  of these agen ts  can  be sp read  in  food  o r w ater. 
C ategory  C ag en ts  inc lude  em erg ing  p a th o g en s th a t cou ld  
be eng ineered  for m ass d issem ination  because of ease of 
availab ility , p ro d u c tio n , a n d  d issem ination ; the  p o ten tia l 
for h ig h  m o rb id ity  a n d  m ortality ; a n d  g rea t im pact on  
health .
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TRANSMISSION A N D  
DISSEMINATION OF MICROBES

M icrobes can  en te r the  h o st th ro u g h  several body  surfaces 
an d , once in  the  host, can  d issem inate  by  d iffe ren t rou tes.

Routes of Entry of Microbes

M icrobes can enter the host through breaches in  the  
sk in , b y  inhalation  or in gestion , or by sexual transm is
sion . The first defenses ag a in st infection  are  in tac t sk in  
a n d  m ucosal surfaces, w h ich  p ro v id e  physical barrie rs 
a n d  p ro d u ce  an ti-m icrobial substances. In  general, resp i
ra to ry , gastro in testinal, o r g en ito u rin a ry  trac t infections 
th a t occur in  o therw ise  hea lthy  in d iv id u a ls  a re  caused  by 
re la tively  v iru len t m icroorgan ism s th a t are  capable  of 
d am ag in g  o r p en e tra tin g  in tact ep ithelia l barriers. By con
trast, m ost sk in  infections in  hea lthy  in d iv id u a ls  are  
caused  by less v iru len t o rgan ism s th a t b reach  the skin 
th ro u g h  d am ag ed  sites (Table 9.6).

Skin

The dense, k e ra tin ized  o u te r layer of sk in  is a n a tu ra l ba rrie r 
to  infection; fu rthe rm ore , the  low  p H  of the  sk in  (less than  
5.5) com bined  w ith  the  presence of fatty  acids inh ib it 
g ro w th  of m icroorgan ism s o ther th a n  the n o rm al bacteria  
a n d  fungi. In c luded  am o n g  these n o rm al flora are po ten tia l 
o p p o rtu n is ts , such  as S. aureus an d  Candida albicans.

C utaneous in fection s are typ ically  acquired by entry 
o f m icrobes through breaks in  the sk in , in c lu d in g  w o u n d s

o r surg ical incisions (Staphylococci), b u rn s  (Pseudomonas 
aeruginosa), a n d  d iabetic  a n d  p ressu re -re la ted  foot sores 
(m ultibacteria l infections). In trav en o u s cathe ters in  hosp i
ta lized  p a tien ts  p ro v id e  p o rta ls  for local o r system ic infec
tion. N eed le  sticks can  expose the rec ip ien t to  infected  
b lood  an d  tran sm it HBV, HCV, o r HIV. Som e pa th o g en s 
p en e tra te  the sk in  v ia  an  insect o r an im al bite. Bites by 
fleas, ticks, m osquitoes, m ites, a n d  lice b reak  the skin  and  
tran sm it a rbov iru ses  (causes of y ellow  fever a n d  encepha 
litis), bacteria  (p lague, Lym e disease, Rocky M oun ta in  
spo tted  fever), p ro to zo a  (m alaria, le ishm aniasis), a n d  hel
m in th s  (filariasis). A n im al b ites can  lead  to  infections w ith  
bacteria , such  as Pasteurella, or v iruses, such  as rabies. O nly 
a few  m icroorgan ism s are  ab le to  cross the sk in  ba rrie r 
d irectly . For exam ple, Schistosoma la rvae  re leased  from  
fresh w ate r snails p en e tra te  sw im m ers ' sk in  by  re leasing  
enzym es th a t d isso lve the ex tracellu lar m atrix , traversing  
u n b ro k en  skin. Sim ilarly, certa in  fu n g i (derm atophy tes) 
can  infect in tac t s tra tu m  co rneum  of the skin, hair, and  
nails.

G astrointestinal Tract

G astro in testina l p a th o g en s are  tran sm itted  by food or 
d rin k  con tam ina ted  w ith  fecal m aterial. W hen  hyg iene 
fails, as m ay  occur w ith  n a tu ra l d isaste rs such  as floods an d  
earthquakes, d ia rrh ea l d isease becom es ram p an t. A cidic 
gastric secretions are im p o rta n t defenses a n d  are le thal for 
m any  gastro in testina l pa thogens. H ealthy  vo lu n tee rs  do  
n o t becom e infected  by Vibrio cholerae un less they  are  fed 
1 0 1 1  o rgan ism s, b u t n eu tra liz in g  the s tom ach  acid  reduces 
the in fectious dose by  10,000-fold. By contrast, som e

Table 9.6 Routes of M icrobial Infection

S ite M a jo r Local D efense(s)
Basis fo r  F a ilu re  o f Local 
D efense

P athogen /D isease
(E xam p les )

Skin Epidermal barrier Mechanical defects (punctures, 
burns, ulcers)

Needle sticks
Arthropod and animal bites 

Direct penetration

S ta p h y lo c o c c u s  a u r e u s , C a n d id a  a lb ic a n s ,  

P s e u d o m o n a s  a e r u g in o s a  

HIV, hepatitis viruses 
Yellow fever, plague, Lyme disease, 

malaria, rabies, Zika virus 
S c h is to s o m a

Gastrointestinal tract Epithelial barrier Attachment and local proliferation 
of microbes

V ib r io  c h lo e r a e ,  G ia r d ia

Attachment and local invasion of 
microbes

Uptake through M cells

S h ig e lla ,  S a lm o n e lla ,  C a m p y lo b a c te r  

Poliovirus, certain pathogenic bacteria
Acidic secretions
Bile and pancreatic enzymes
Normal protective flora

Acid-resistant cysts and eggs 
Resistant microbial external coats 
Broad-spectrum antibiotic use

Many protozoa and helminths 
Hepatitis A, Rotavirus, Norovirus 
C lo s t r id iu m  d i f f ic i le

Respiratory tract Mucociliary clearance Attachment and local proliferation 
of microbes

Influenza viruses

Ciliary paralysis by toxins H a e m o p h i lu s  in f lu e n z a e ,  M .

p n e u m o n ia e ,  B o r d e te l la  p e r tu s s is

Resident alveolar macrophages Resistance to killing by phagocytes M .  tu b e r c u lo s is

Urogenital tract Urination

Normal vaginal flora
Intact epidermal/epithelial barrier

Obstruction, microbial attachment, 
and local proliferation 

Antibiotic use
Microbial attachment and local 

proliferation
Direct infection/local invasion

E. c o l i

C a n d id a  a lb ic a n s  

N e is s e r ia  g o n o r r h o e a e

Herpes viruses, Zika virus, T r e p o n e m a  

p a l l id u m

Local trauma Various sexually transmitted diseases 
(e.g., human papilloma virus)
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in g ested  agents, such  as Shigella a n d  Giardia cysts, are  rela 
tively  resis tan t to  gastric  acid, so few er th a n  1 0 0  o rgan ism s 
can  cause illness.

O ther n o rm al defenses w ith in  the  gastro in testina l tract 
inc lude  (1 ) the  layer o f v iscous m u cu s covering  the in tes
tina l ep ithe lium , (2 ) lytic pancreatic  enzym es a n d  bile 
de tergen ts, (3) m ucosal an ti-m icrobial p e p tid e s  called 
defensins, (4) n o rm al flora, a n d  (5) secreted  IgA  an tibod ies. 
IgA  an tibod ies  a re  m ad e  by p lasm a  cells located  in  m ucosa- 
associa ted  ly m p h o id  tissue (MALT). These ly m pho id  
agg regates  are covered  by a single layer of specialized  
ep ithelia l cells called  M cells, w h ich  are  im p o rta n t for trans
p o r t of an tigens to MALT. N u m ero u s  g u t p a th o g en s use 
M  cells to  en te r the ho st from  the  in testina l lum en , inc lud 
in g  po liov irus, en teropath ic  E. coli, V. cholerae, Salmonella 
enterica sero type  T yphi, a n d  Shigella flexneri.

Infection  v ia  the gastrointestinal tract occurs w h en  
local d efen ses are w eak en ed  or the organism s develop  
strategies to overcom e these d efen ses. H o st defenses are  
w eak en ed  by low  gastric acid ity , by  an tib io tics th a t alter 
the n o rm al bacterial flora (e.g., in  p seu d o m em b ran o u s  
colitis d u e  to  C. difficile), o r w h e n  there  is stalled  perista lsis 
o r m echanical obstruction . V iruses th a t can  en te r the  body  
th ro u g h  the in testina l trac t (e.g., hepatitis  A, ro tav iru s) are  
those th a t lack envelopes, because en v eloped  v iru ses are  
inac tiva ted  by bile an d  d igestive  enzym es.

Enteropathogenic bacteria cause gastro in testina l d isease in  
several w ays:
• Toxin production in food. S. aureus a n d  Bacillus cereus can 

con tam inate  a n d  g row  in  food, w h ere  they release p o w 
erfu l en tero tox ins that, w h e n  ingested , cause food po i
son ing  w ith o u t any  bacterial g ro w th  in  the gut.

• Adhesion, local proliferation, and toxin production in the 
host. V. cholerae a n d  en tero tox igenic  E. coli b in d  to  the 
in testina l ep ith e liu m  a n d  m u ltip ly  in  the overly ing  
m ucous layer, w h e re  they  release exotoxins th a t cause 
ep ithelia l cells to  secrete large  vo lum es of flu id , resu lt
ing  in  w a te ry  d iarrhea.

• Invasion. Shigella, Salmonella, a n d  Campylobacter invade  
locally a n d  dam age the in testina l m ucosa  an d  lam ina 
p rop ria , causing  u lceration , in flam m ation , and  
h e m o rrh a g e -c h a n g e s  m an ifested  clinically as b loody  
d ia rrh ea  (dysen tery). S. enterica sero type T yphi passes 
from  the  d am ag ed  m ucosa  th ro u g h  Peyer pa tches an d  
m esenteric  ly m p h  n o d es a n d  in to  the b loodstream , 
re su ltin g  in  a  system ic infection.

Fungal infections of the gastro in testina l trac t occur in  
im m unolog ically  com prom ised  in d iv iduals . Candida, 
p a rt of the no rm al gastro in testina l flora, show s a p red i
lection  for stratified  sq u am o u s ep ithe lium , causing  oral 
th ru sh  o r m em b ran o u s esophag itis, b u t also  m ay  sp read  
to the stom ach, low er g astro in testina l tract, a n d  o ther 
organs.

M ost intestinal parasites en te r the b o d y  by being  ingested  
as cysts, eggs, or m eat-borne  larvae, b u t a few  en te r by 
p en e tra tin g  the sk in  an d  find ing  their w ay  to  the in testine. 
O nce in  the in testine, these p a th o g en s cause dam age in  
several w ays:
• G. lamblia a ttaches to  the ep ithelia l b ru sh  bo rder, b u t 

does n o t in v ad e  in to  cells o r tissue. A ttach m en t of the 
o rgan ism s leads to  b lu n tin g  of villi, loss o f b ru sh  border,
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m alabso rp tion , a n d  chronic in flam m ation  th ro u g h  
m echan ism s th a t a re  poo rly  u n d ersto o d .

• C ry p to sp o rid ia  a re  taken  u p  by en terocytes, in  w h ich  
they  replicate , lead in g  to  extensive m ucosal dam age, 
v illous a trophy , a n d  inflam m ation .

• E. histolytica kills ho st cells by  con tac t-m ed ia ted  cytoly- 
sis th ro u g h  a channel-fo rm ing  po re  p ro te in , w ith  conse
q u e n t u lcera tion  an d  invasion  of the  colonic m ucosa.

• In testina l h e lm in th s cause d isease w h e n  they  a re p re sen t 
in  large n u m b ers  o r trave l to  ectopic sites. L arge n u m b ers  
o f A. lumbricoides can  ob stru c t the gu t, a n d  th is o rgan ism  
can  in v ad e  an d  dam age  the  bile ducts as w ell.

• H e lm in th s a lso  cause d isease by d ep riv in g  the ho st of 
n u trien ts . H ookw orm s cause iron-deficiency anem ia  by 
suck ing  b lood  from  in testina l villi; Diphyllobothrium, the 
fish tapew orm , causes anem ia  by d ep riv in g  the ho st of 
v itam in  B12.

R espiratory Tract

A large n u m b er of m icroorganism s, in c lu d in g  v iruses, bac
teria, a n d  fungi, a re  in h a led  daily  by every  in d iv id u a l. In 
m an y  cases, the m icrobes a re  in h a led  in  d u s t o r aerosol 
particles. The d istance these  partic les trave l in to  the  resp i
ra to ry  system  is inversely  p ro p o rtio n a l to  their size. Large 
partic les a re  tra p p e d  in  the  m ucociliary  b lanket th a t lines 
the  nose a n d  the u p p e r  re sp ira to ry  tract. M icroorganism s 
tra p p e d  in  the m u cu s  secreted  by goblet cells are trans
p o rted  by ciliary action  to  the back  of the th roat, w h ere  
they  are sw allow ed  o r co u g h ed  ou t. Particles sm aller than  
5 |tm  trave l d irectly  to  the alveoli, w h e re  they  are  phago- 
cy tosed  by  a lveo lar m acrophages o r by n eu tro p h ils  
rec ru ited  to  the lu n g  by cytokines.

M icroorganism s that invade the norm al healthy resp i
ratory tract have d evelop ed  specific m echanism s to over
com e m ucociliary d efen ses or to avoid  destruction by  
alveolar m acrophages. Som e successful resp ira to ry  v iruses 
evade  these defenses by  a ttach in g  to  a n d  en te rin g  ep ithe 
lial cells in  the  low er resp ira to ry  trac t a n d  p harynx . For 
exam ple, in fluenza  v iru ses p ossess h em ag g lu tin in  p ro te in s  
th a t pro ject from  the surface of the  v iru s  a n d  b in d  to  sialic 
acid on  the surface of ep ithelia l cells. This a ttachm en t 
induces the host cell to  engu lf the v irus, lead in g  to  v iral 
en try  a n d  rep lica tion  w ith in  the  ho st cell.

C erta in  bacterial resp ira to ry  p a th o g en s release toxins 
th a t p a ra lyze  cilia. E xam ples include Haemophilus influen
zae, Mycoplasma pneumoniae, a n d  Bordetella pertussis. Som e 
bacteria  lack the ab ility  to  overcom e the defenses of the 
h ea lth y  lu n g  a n d  can  cause  resp ira to ry  infections on ly  in  
co m prom ised  hosts. Streptococcus pneumoniae a n d  S. aureus 
can  cause p n eu m o n ia  su b seq u en t to  in fluenza because the 
v ira l infection  leads to  the loss of the p ro tective  ciliated 
ep ithe lium . C hronic  dam age  to  m ucociliary  defense m ech 
an ism s occurs in  sm okers a n d  in d iv id u a ls  w ith  cystic fibro
sis, w h ile  acu te  in ju ry  occurs in  in tu b a ted  pa tien ts  a n d  in  
those  w h o  asp ira te  gastric  acid.

Som e resp ira to ry  p a th o g en s avo id  phagocy tosis o r 
d estru c tio n  after phagocytosis. M. tuberculosis, for exam ple, 
gains a foo tho ld  in  alveoli because it escapes k illing  w ith in  
the  phago lysosom es of m acrophages. O p p o rtu n is tic  fung i 
infect the  lungs w h e n  cellu lar im m u n ity  is d ep ressed  or 
w h e n  leukocytes are red u ced  in  n u m b er (e.g., P. jiroveci in  
p a tien ts  w ith  AIDS, Aspergillus spp . after chem otherapy).
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U rogenita l Tract

The urinary tract is alm ost alw ays in vad ed  from  the exte
rior by w ay  o f the urethra. The reg u la r flush ing  of the 
u rin a ry  trac t w ith  u rin e  serves as a defense ag a in st in v ad 
in g  m icroorgan ism s. U rine  in  the b lad d e r is no rm ally  
sterile or con tains on ly  sm all n u m b ers  o f fastid ious bacte
ria; how ever, successful p a th o g en s (e.g., N. gonorrhoeae, E. 
coll) ad h ere  to  the u rin a ry  ep ithe lium , overcom ing  the ho st 
defense  of reg u la r flushing. A natom y  p lays an  im p o rtan t 
ro le  in  infection. W om en  have  m an y  m ore u rin a ry  tract 
infections th a n  m en  because the  d istance be tw een  the 
u rin a ry  b lad d e r a n d  sk in  (i.e., the  len g th  of the u re th ra) is 
5 cm  in  w om en , in  con trast w ith  20 cm  in  m en. O bstruc tion  
of u rin a ry  flow , as in  ben ig n  p rosta tic  h yperp lasia , o r 
reflux  can  com prom ise  no rm al defenses a n d  increase sus
ceptib ility  to  u rin a ry  tract infections. U rinary  trac t infec
tions can  sp read  fu rth e r u p  from  the b lad d e r to  the  k idney  
an d  cause acu te  a n d  chronic pyelonephritis .

F rom  p u b e rty  u n til m enopause , the vag ina  is p ro tec ted  
from  p a th o g en s by  a low  p H  resu ltin g  from  catabolism  of 
g lycogen in  the  n o rm al ep ith e liu m  by lactobacilli. A ntib io t
ics can  kill the lactobacilli, a llow ing  o v e rg ro w th  of yeast, 
w ith  re su ltan t vag ina l candid iasis.

Spread and Dissemination of Microbes 
W ithin the Body * •

Som e m icroorganism s proliferate locally , at the site of 
in itia l in fection , w hereas others penetrate the ep ithelia l 
barrier and spread to d istant sites by w ay  o f the lym phat
ics, the b lood , or nerves (Fig. 9.6). In  con trast to  those  th a t 
d issem inate , p a th o g en s th a t cause superficial infections 
stay  confined to  the  lu m en  of ho llow  v iscera (e.g., V. chol- 
erae) o r in te rac t exclusively  w ith  ep ithelia l cells (e.g., p ap il
lom aviruses, derm atophy tes).

M icrobes can  sp read  w ith in  the  body  in  several w ays:
• Lysis and invasion. Som e ex tracellu lar bacteria, fungi, 

a n d  h e lm in th s secrete lytic enzym es th a t destroy  tissue 
a n d  a llow  d irec t invasion . For exam ple, S. aureus 
secretes h y a lu ron idase , w h ich  d eg rad es the ex tracellu 
la r m atrix  be tw een  h o st cells. Invasive  m icrobes ini
tially  follow  tissue p lanes of least resistance a n d  d ra in  
to  reg ional lym phatics. S. aureus m ay travel from  a 
localized  abscess to  the d ra in in g  ly m p h  nodes. This can 
som etim es lead  to  bacterem ia a n d  sp read  to  deep  
o rg an s (heart, bone).

• Through blood and lymph. M icroorgan ism s m ay  be sp read  
e ither in  ex tracellu lar flu id  o r w ith in  ho st cells. Som e 
v iru ses  (e.g., po liov irus, HBV), m ost bacteria  a n d  fungi, 
som e p ro to zo a  (e.g., A frican  trypanosom es), a n d  all hel
m in th s  a re  tran sp o rted  in  the p lasm a. L eukocytes can 
carry  herpesv iru ses, HIV, m ycobacteria , Leishmania, and  
Toxoplasma. The p arasites  Plasmodium a n d  Babesia are  
fo u n d  w ith in  re d  cells.

• Cell-to-cell transmission. M ost v iru ses sp read  locally from  
cell to  cell by  rep lica tion  a n d  release of in fectious v irions, 
b u t o thers m ay  p ro p ag a te  from  cell to  cell by  causing  
fusion  of ho st cells, o r by  tra n sp o rt w ith in  nerves (as 
w ith  rab ies v iru s  a n d  varicella-zoster v irus).

The consequences o f b loodborne spread o f pathogens  
vary w id e ly  d ep en d in g  on  the v iru lence o f the organism ,

Portal of entry Infection

Fig. 9 . 6  Routes of entry and dissemination of microbes. To enter the body, 
microbes penetrate epithelial or mucosal barriers. Infection may remain 
localized at the site of entry or spread to other sites in the body. Most 
common microbes (selected examples are shown) spread through the lym
phatics or bloodstream (either freely or within inflammatory cells). However, 
certain viruses and bacterial toxins also may travel through nerves. ( A d a p t e d  

f r o m  Mims C A : The pathogenesis of infectious disease, e d  4 ,  S a n  D ie g o ,  1 9 9 6 ,  

A c a d e m ic  P re s s .)

the m agnitude o f the in fection , the pattern o f seed in g , 
and h ost factors such as im m une status. S porad ic b lood 
s tream  invasion  by  low -v iru lence or n o n v iru len t m icrobes 
(e.g., d u rin g  b ru sh in g  of teeth) is com m on  b u t is quickly  
con tro lled  by n o rm al ho st defenses. By contrast, d issem i
n a ted  virem ia, bacterem ia, fungem ia, o r p a rasitem ia  by 
v iru len t p a th o g en s poses a serious d an g e r a n d  m anifests 
as fever, hypo tension , a n d  m u ltip le  o ther system ic signs 
an d  sym ptom s of sepsis. M assive b lo o d stream  invasion  by 
bacteria  can  be rap id ly  fatal, ev en  in  p rev iously  hea lthy  
ind iv iduals.

The major m anifestations o f in fectious d isease m ay  
appear at sites d istant from  the poin t o f m icrobe entry.
For exam ple, varicella-zoster a n d  m easles v iru ses en ter 
th ro u g h  the  a irw ay s b u t cause rash es in  the skin; po lio 
v iru s  en te rs  th ro u g h  the in testine  b u t k ills m o to r n eu ro n s 
to cause paralysis. Schistosoma mansoni p a rasite s  p en e tra te  
the sk in  b u t even tua lly  localize in  b lood  vessels o f the 
p o rta l system  an d  m esen tery , d am ag in g  the liver an d  
in testine. Schistosoma hematobium also  p en e tra tes  the skin, 
b u t localizes to  the  u rin a ry  b la d d e r a n d  causes cystitis. The 
rab ies v iru s  trave ls from  the site o f a  b ite by  a rab id  an im al 
to the b ra in  by re tro g rad e  tra n sp o rt in  sensory  neurons, 
w h ere  it th en  causes encephalitis a n d  death .
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Transmission of Microbes

T ransm ission  d e p en d s  on  the h a rd in ess  o f the  m icrobe. 
Som e m icrobes can  su rv ive for ex tended  p e rio d s  in  dust, 
food, o r w a te r. Bacterial spores, p ro to zo an  cysts, an d  thick- 
shelled  h e lm in th  eggs can  su rv ive  in  a  cool an d  d ry  env i
ro n m en t. Less h a rd y  m icroorgan ism s m u st be quickly  
p assed  from  p e rso n  to  person , o ften  by  d irec t contact.

For transm ission  of disease, the  m o d e  of exit o f a m icro 
o rg an ism  from  the  h o st's  body  is as im p o rta n t as en try  in to  
it. Every  flu id  o r tissue th a t is no rm ally  secreted , excreted, 
o r shed  is u sed  by m icroorgan ism s to  leave the  h o st for 
transm ission  to  new  victim s.
• Skin. Skin flora, such  as S. aureus a n d  d e rm ato p h y tes  

(fungi), are  shed  in  the d esq u am ated  skin. Som e sexu
ally tran sm itted  p a th o g en s  are tran sm itted  from  genital 
sk in  lesions, such  as HSV a n d  Treponema pallidum 
(causing  syphilis).

• Oral secretions. V iruses th a t rep licate  in  the  salivary  
g lands a n d  are sp read  in  saliva inc lude  m u m p s v irus, 
CM V, a n d  rab ies v irus.

• Respiratory secretions. V iruses a n d  bacteria  can  be shed 
in  resp ira to ry  secretions d u rin g  talk ing, cough ing , an d  
sneezing. M ost resp ira to ry  pa thogens, in c lu d in g  influ 
enza v iruses, sp read  in  large  re sp ira to ry  d rop lets , w h ich  
trave l no  m ore th a n  3 feet. H ow ever, a few  organ ism s, 
in c lu d in g  M. tuberculosis a n d  varicella-zoster v irus, are  
sp read  from  the  re sp ira to ry  trac t in  sm all resp ira to ry  
d rop le ts  or w ith in  d u s t partic les th a t can  trave l long  
d istances in  the  air. These p ro p ertie s  d e term ine  the  type 
of iso la tion  p recau tions th a t are  u sed  to  p re v e n t the 
sp read  of infection.

• Stool. O rgan ism s shed  in  stool inc lude  m any  pa th o g en s 
th a t rep licate  in  the  lu m en  or ep ith e liu m  of the gu t, such  
as Shigella, G. lamblia, a n d  ro tav iru s. P athogens th a t rep 
licate in  the liver (hepatitis A  v irus) o r g a llb ladder (S. 
enterica sero type T yphi) en te r the  in testine  in  bile and  
are  shed  in  stool.

• Blood. P athogens sp read  v ia b lood  m ay  be tran sm itted  
by inverteb ra te  vectors, m ed ical p ractices (b lood  trans
fusion, reuse  of equ ipm ent), o r sh arin g  of need les by 
in trav en o u s d ru g  abusers. B loodborne parasites, inc lud 
in g  Plasmodium spp . a n d  arbov iruses, a re  tran sm itted  by 
b iting  insects.

• Urine. U rine is the u su a l m o d e  of exodus from  the 
h u m a n  ho st for on ly  a  few  organ ism s, in c lu d in g  S. hae
matobium, w h ich  g row s in  the veins of the b lad d e r an d  
releases eggs th a t reach  the  urine .

• Genital tract. Sexually tran sm itted  infections (STIs) 
sp read  from  the u re th ra , vag ina, cervix, rectum , o r oral 
p harynx . O rgan ism s th a t cause STIs d e p e n d  o n  direct 
con tact for p erson -to -person  sp read  because these 
p a th o g en s canno t su rv ive in  the env ironm en t. T rans
m ission  of STIs o ften  is by  asym ptom atic  in d iv id u a ls  
w h o  d o  n o t realize th a t they  are  infected . Infection  w ith  
one STI increases the risk  for ad d itio n a l STIs, m ain ly  
because the risk  factors are  the  sam e for all STIs. STIs 
a re  described  in  C h ap te rs  18 a n d  19.

• Vertical transmission. T ransm ission  of in fectious agen ts 
from  m o th e r to  fe tus o r n ew b o rn  ch ild  is a com m on 
m ode of transm ission  for som e pa thogens, a n d  m ay  
occur th ro u g h  several d ifferen t rou tes. P lacental-fetal

transm ission  is m o st likely to  occur w h e n  the m o th er is 
in fected  w ith  a p a th o g en  d u rin g  p regnancy . Som e of the 
resu ltin g  infections in terfere w ith  fetal developm en t, 
a n d  the  degree  an d  type  of dam age d e p e n d  on  the age 
of the  fe tus a t the tim e of infection. For exam ple, rubella  
in fection  d u rin g  the first trim ester can  lead  to  h ea rt m al
fo rm ations, m en ta l re ta rd a tio n , cataracts, o r deafness, 
w h ile  rubella  in fection  d u rin g  the  th ird  trim ester has 
little  effect. C ongen ita l m icrocephaly  a n d  o ther CNS 
com plications have  been  associa ted  w ith  Z ika v iru s  
in fection  d u r in g  p regnancy . M uch is still u n k n o w n  
a b o u t tim ing  of in fection  re la tive  to  the trim ester of 
p regnancy . T ransm ission  d u r in g  b irth  is caused  by 
con tact w ith  in fectious agen ts d u rin g  passage  th ro u g h  
the  b irth  canal. E xam ples include gonococcal a n d  chla
m y d ia l conjunctiv itis. P ostna ta l transm ission  in  m ate r
na l m ilk  can  tran sm it CMV, HIV, a n d  HBV.

M icrobes also  can  be tran sm itted  from  an im al to  h u m an  
resu ltin g  in  zoonotic infections, e ithe r th ro u g h  d irec t con tact 
w ith  o r co n su m p tio n  of an im al p ro d u c ts  o r ind irectly  by 
a n  inv erteb ra te  vector.

f t  S UMMARY

TRANSM ISSION O F MICROBES

• Transmission of infections can occur via:

• Contact (direct and indirect)

• Respiratory droplets

• Fecal-oral route

• Sexual transmission

• Vertical transmission from mother to  fetus or newborn

• Insect/arthropod vectors.

• A  pathogen can establish infection if it possesses virulence

factors that overcome normal host defenses or if the host

defenses are compromised.

• Host defenses against infection include:

• Skin: tough keratinized barrier, low pH, fatty acids, normal 

microbiota

• Respiratory system: alveolar macrophages and mucociliary 

clearance by bronchial epithelium, IgA

• Gastrointestinal system: acidic gastric pH, viscous mucus, 

pancreatic enzymes and bile, defensins, IgA, and normal flora

• Urogenital tract: repeated flushing and acidic environment 

created by commensal vaginal flora •

H O W  MICROORGANISMS  
CAUSE DISEASE

Infectious agen ts estab lish  in fection  a n d  dam age  tissues by 
an y  of th ree  m echanism s:
• T hey can  contact o r en te r ho st cells a n d  d irectly  cause 

death of infected cells.
• T hey can  release toxins th a t kill cells a t a  d istance, release 

enzym es th a t d eg rad e  tissue com ponen ts, o r dam age 
b lood  vessels a n d  cause ischem ic necrosis.
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• T hey can  induce  host immune responses that, a lth o u g h  
d irec ted  ag a in st the invader, cause ad d itio n a l tissue 
dam age. Thus, the  defensive responses of the  h o st can 
be a m ixed  blessing, h e lp in g  to  overcom e the  infection  
b u t also  co n tribu ting  to  tissue dam age.

D escribed  nex t a re  som e of the m echan ism s w hereby  
v iru ses  a n d  bacteria  dam age  ho st tissues.

Mechanisms of Viral Injury •

V iruses can directly dam age host cells by entering them  
and replicating at the host's expense. The m an ifesta tions 
of v ira l in fection  are  largely  d e te rm in ed  by the  tro p ism  of 
the  v iru s  for specific tissues a n d  cell types. T rop ism  is 
in fluenced  by a n u m b er of factors.
• Host receptors for viruses. V iruses a re  coated  w ith  surface 

p ro te in s  th a t b in d  w ith  h ig h  specificity to  p a rticu la r ho st 
cell surface p ro te ins. E n try  of m an y  v iru ses in to  cells 
com m ences w ith  b in d in g  to  n o rm al h o st cell recep tors. 
For exam ple, H IV  g lycopro te in  gp120 b in d s to  CD4 and  
CXCR4 a n d  CCR5 o n  T cells a n d  m acrophages (C hap ter 
5). H o st p ro teases  m ay  be n eed ed  to  enable b in d in g  of 
v iru s  to  h o st cells; for instance, a ho st p ro tease  cleaves 
a n d  activates the  in fluenza v iru s  hem agg lu tin in .

• Specificity of transcription factors. The ab ility  o f the v iru s  
to rep licate  inside  p a rticu la r cell types d e p en d s  o n  the 
p resence of lineage-specific tran sc rip tio n  factors th a t 
recognize v ira l enhancer a n d  p ro m o te r e lem ents. For 
exam ple, the  JC v irus, w h ich  causes leukoencephalopa- 
thy  (C hap ter 23), rep licates on ly  in  o ligodend rog lia  in  
the  CNS because the p ro m o te r an d  enhancer D N A  
sequences reg u la tin g  v ira l gene expression  are  active in  
glial cells, b u t n o t in  n eu ro n s  o r endo the lia l cells.

• Physical characteristics of tissues. H o st env ironm en t and  
tem p era tu re  can con tribu te  to  tissue trop ism . For 
exam ple, en terov iruses replicate  in  the in testine  in  p a rt 
because they  can  resist inactivation  by acids, bile, and  
digestive enzym es. R hinoviruses infect cells only w ith in  
the u p p er-resp ira to ry  tract because they replicate  op ti
m ally  a t the low er tem p era tu res  characteristic o f th is site.

O nce v iru ses a re  inside  h o st cells, they  can  dam ag e  or 
kill the  cells by  a n u m b er of m echan ism s (Fig. 9.7):
• Direct cytopathic effects. V iruses can  kill cells by  p rev en t

in g  syn thesis o f critical ho st m acrom olecules, by  p ro 
d u c in g  deg rad a tiv e  enzym es a n d  toxic p ro te ins, o r by 
in d u c in g  apop tosis . For exam ple, po lio v iru s  blocks syn 
thesis of ho st p ro te in s  by inac tiva ting  cap-b ind ing  
p ro te in . HSV p ro d u ces  p ro te in s  th a t in h ib it syn thesis 
o f cellu lar D N A  a n d  m R N A  a n d  o ther p ro te in s  th a t 
d eg rad e  ho st D N A . V iral rep lica tion  also  can  trigger 
ap o p to sis  o f h o s t cells by cell-intrinsic m echanism s, 
such  as p e rtu rb a tio n s  of the endop lasm ic  re ticu lum  
d u rin g  v iru s  assem bly , w h ich  can  activate  caspases th a t 
m ed ia te  apoptosis.

• Anti-viral immune responses. V iral p ro te in s  o n  the surface 
of h o s t cells m ay  be recogn ized  by the  im m u n e  system , 
an d  lym phocy tes m ay  attack  v irus-in fected  cells. C yto
toxic T lym phocy tes (CTLs) are  im p o rta n t for defense 
aga in st v ira l infections, b u t CTLs also  can  be responsib le  
for tissue in jury . H ep a titis  B in fection  causes CTL-

m ed ia ted  d estru c tio n  of in fected  hepatocy tes, a no rm al 
response  th a t is a ttem p tin g  to  clear the  infection.

• Transformation of infected cells. D ifferent oncogenic 
v iru ses  (e.g., HPV, EBV) can  s tim u la te  cell g ro w th  an d  
su rv iv a l by  a varie ty  of m echanism s, in c lu d in g  hijack
in g  the contro l o f cell cycle m achinery , an ti-apop to tic  
strategies, a n d  insertiona l m u tagenesis  (in  w h ich  the 
in sertion  of v ira l D N A  in to  the ho st genom e a lte rs the 
exp ression  of nearby  h o st genes). M echanism s of v iral 
tran sfo rm atio n  are  d iscussed  in  C h ap te r 6 .

Mechanisms of Bacterial Injury

B acteria l Virulence

Bacterial dam age to host tissu es depends on  the ability  
o f the bacteria to adhere to host cells, invade cells and  
tissu es, or deliver toxins. Pathogenic  bacteria  have  v iru 
lence genes th a t are frequen tly  fo u n d  g ro u p ed  together in  
c luste rs called pathogenicity islands. A sm all n u m b er o f v iru 
lence genes can  d e term ine  w h e th e r  a bac terium  is harm fu l. 
The Salmonella stra in s th a t infect h u m a n s  are  so closely 
re la ted  th a t they  are  a single species, b u t on ly  a few  v iru 
lence genes d e te rm in e  w h e th e r  a n  iso late  of Salmonella 
causes life -th rea ten ing  ty p h o id  fever or self-lim ited 
gastroen teritis.

P lasm ids (sm all in d ep en d en tly  rep lica ting  circu lar 
D N A s) a n d  bac teriophages (viruses) are genetic e lem en ts 
th a t sp read  be tw een  bacteria  a n d  can  carry  v iru lence
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factors, in c lu d in g  toxins o r enzym es th a t confer antib io tic  
resistance. E xchange of these e lem en ts be tw een  bacteria  
can  en d o w  the  rec ip ien t bacteria  w ith  a su rv iva l ad v an tag e  
a n d /o r  the  capacity  to cause disease. P lasm ids or tran sp o 
sons encod ing  antib io tic  resistance can  convert an  
an tib io tic-suscep tib le  b ac terium  in to  a resis tan t one, 
m ak in g  effective th e rap y  difficult. C arbapenem ase  genes 
ca rried  o n  p lasm id s have  sp read  a m o n g  gram -negative  
bacilli w o rld w id e , re su ltin g  in  stra in s for w h ich  there  are  
n o  availab le effective antib io tics, causing  the CD C to list 
these o rgan ism s as a n  u rg e n t th reat.

P o p u la tio n s of bacteria  also  can  act toge ther in  w ays 
th a t a lte r their v iru lence.
• Quorum sensing. M any species of bacteria  coord inate ly  

regu la te  gene exp ression  w ith in  a large  p o p u la tio n  
in  w h ich  specific genes, such  as v iru lence genes, are  
exp ressed  after bacteria  reach  h ig h  concentra tions. This 
in  tu rn  m ay  allow  bacteria  g ro w in g  in  d iscrete  ho st 
sites, such  as a n  abscess o r conso lida ted  p n eum on ia , to 
overcom e h o st defenses. S. aureus coo rd inate ly  regu la tes 
v iru lence factors by  secreting  autoinducer peptides. As the 
bacteria  g row  to increasing  concentra tions, the level of 
the au to in d u ce r p e p tid e  increases, s tim u la ting  exotoxin 
p roduction .

• Biofilms. C om m unities o f bacteria  can  live w ith in  a 
v iscous layer of ex tracellu lar po ly saccharides th a t 
ad h ere  to  ho st tissues or devices such  as in travascu la r 
cathe ters a n d  artificial jo in ts. Biofilm s m ake  bacteria  
inaccessible to im m u n e  effector m echan ism s and  
increase the ir resistance to  an ti-m icrobial d rugs. Biofilm 
fo rm ation  seem s to  be im p o rta n t in  the persistence and  
re lapse  of infections such  as bacterial endocard itis , a rti
ficial jo in t infections, a n d  resp ira to ry  infections in  ind i
v id u a ls  w ith  cystic fibrosis.

B acteria l A dherence to H ost Cells

Bacterial surface m olecu les th a t b in d  to  ho st cells o r extra 
cellu lar m atrix  are called  adhesins. D iverse surface struc
tu re s  a re  in vo lved  in  ad h esio n  of various bacteria  (see Fig.
9.2). S. pyogenes has p ro te in  F a n d  teichoic acid  projecting  
from  its cell w all th a t b in d  to  fib ronectin  o n  the surface of 
h o s t cells a n d  in  the  ex tracellu lar m atrix . O ther bacteria  
have  filam en tous p ro te in s  called  pili o n  their surfaces. 
S talks o f p ili a re  s truc tu ra lly  conserved , w h ereas am ino  
acids on  the  tip s  o f the p ili va ry  a n d  d e term ine  the  b in d in g  
specificity of the bacteria. S trains o f E. coli th a t cause 
u rin a ry  trac t infections u n iq u e ly  express a specific P p ilu s  
th a t b inds to  a G al(a1 -4 )G al m oiety  expressed  on  uroep i- 
thelial cells. Pili o n  N. gonorrhoeae bacteria  m ed ia te  ad h e r
ence of the bacteria  to  ho st cells a n d  also  are ta rge ts  of the 
ho st an tib o d y  response. A ntigen ic  v a ria tio n  affecting  the 
an tigens expressed  in  the p ili is a n  im p o rta n t m echan ism  
by w h ich  N. gonorrhoeae escapes the  im m u n e  response.

B acteria l Toxins

A ny bacterial substance th a t con tribu tes to  illness can  be 
considered  a toxin. Toxins are subclassified  as endotoxins, 
w h ich  are  co m ponen ts  of the  bacterial cell, o r exotoxins, 
w h ich  are  p ro te in s  th a t a re  secreted  by the bacterium .

Bacterial endotoxin is a  lipopo lysaccharide  (LPS) th a t is a 
com ponen t o f the  o u te r m em b ran e  of g ram -negative  bac
te ria  (see Fig. 9.2). LPS is com posed  of a  long-chain  fatty
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acid  anchor, te rm ed  lipid A, connected  to  a core sugar 
chain, bo th  of w h ich  are very  sim ilar in  all g ram -negative  
bacteria. A ttached  to  the  core sugar is a  variab le  carbohy 
d ra te  cha in  (O an tigen), w h ich  is u sed  to  sero type  stra ins 
of bacteria  to a id  in  d iagnosis. L ip id  A  b inds to  CD14 on  
the surface of ho st leukocytes, a n d  the  com plex th en  b inds 
to Toll-like recep to r 4, a  p a tte rn  recogn ition  recep to r o f the 
inna te  im m u n e  system  th a t transm its  signals to  p ro m o te  
cell ac tiva tion  an d  in flam m atory  responses. R esponses to 
LPS can  be b o th  beneficial a n d  h arm fu l to  the host. The 
response  is beneficial in  th a t LPS activates p ro tective  
im m u n ity  th ro u g h  in d u c tio n  of im p o rta n t cy tok ines an d  
chem oattrac tan ts (chem okines), as w ell as increased  
expression  of costim u la to ry  m olecules, w h ich  enhance 
T -lym phocyte activation . H ow ever, h ig h  levels of LPS p lay  
an  im p o rta n t ro le  in  septic shock, d issem in a ted  in travas
cu lar coagulation , an d  acu te  re sp ira to ry  d istress syndrom e, 
m ain ly  th ro u g h  in d u c tio n  of excessive levels o f cy tokines 
such  as tu m o r necrosis factor (C hap ter 4).

Exotoxins are  secreted  p ro te in s  th a t cause cellu lar in ju ry  
an d  disease. They can  be classified in to  b ro ad  categories 
by the ir m echan ism  a n d  site of action.
• Enzymes. Bacteria secrete enzym es (proteases, hya lu ron - 

idases, coagulases, fibrinolysins) th a t act o n  their respec
tive substra tes  in vitro, b u t the ir ro le  in  d isease is 
u n d e rs to o d  in  o n ly  a few  cases. For exam ple, exfoliative 
toxins are p ro teases p ro d u ced  by  S. aureus th a t cleave 
p ro te in s  k n o w n  to h o ld  keratinocy tes together, causing  
the ep id erm is  to  de tach  from  the d eep er skin.

• A-B toxins: Toxins that alter intracellular signaling or regu
latory pathways. The tw o -com ponen t toxins have  an  
active (A) co m p o n en t w ith  enzym atic  activ ity  a n d  a 
b in d in g  (B) co m p o n en t th a t b in d s cell surface recep to rs 
an d  delivers the A  p ro te in  in to  the cell cy top lasm . The 
effect o f these toxins d e p en d s  o n  the  b in d in g  specificity 
of the  B d o m ain  a n d  the cellu lar p a th w ay s  affected by 
the A  dom ain . A-B toxins are  m ade  by m an y  bacteria  
in c lu d in g  Bacillus anthracis, V. cholerae, a n d  Corynebacte- 
rium diphtheriae. The m echan ism  of action  of the  A-B 
an th rax  tox in  is w ell u n d e rs to o d  (Fig. 9.8). A n th rax  
toxin  has tw o  alte rna te  A  com ponen ts, edem a factor 
(EF) a n d  le thal factor (LF), w h ich  en te r cells fo llow ing  
b in d in g  to  the B com ponen t, an d  each  A  com ponen t 
m ed ia tes specific pa tho log ic  effects.

• Superantigens stim u la te  very  large  n u m b ers  o f T  lym 
phocy tes by  b in d in g  to  conserved  p o rtio n s of the  T  cell 
recep tor, lead in g  to m assive  T  lym phocy te  p ro life ra tion  
an d  cytokine release. The h ig h  levels o f cy tok ines lead  
to cap illary  leak  a n d  the  system ic in flam m atory  response  
synd rom e (C hap ter 4). S u peran tigens m ad e  by S. aureus 
an d  S. pyogenes cause toxic shock syndrom e.

• Neurotoxins p roduced  by Clostridium botulinum an d  Clos
tridium tetani inh ib it release of neuro transm itters, resu lt
ing  in  paralysis. These toxins do  n o t kill neurons; instead, 
the A  dom ains cleave pro te ins involved  in  secretion of 
neuro transm itte rs a t the synaptic junction . T etanus and  
bo tu lism  can resu lt in  dea th  from  resp ira to ry  failure due 
to paralysis of the chest an d  d iap h rag m  m uscles.

• Enterotoxins affect the gastro in testina l trac t causing  
v aried  effects, in c lu d in g  nau sea  a n d  v o m iting  (S. aureus), 
v o lu m in o u s w a te ry  d ia rrh ea  (V. cholerae), a n d  b loody  
d ia rrh ea  (C. difficile).
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Fig. 9 . 8  Mechanism of anthrax exotoxin action. The B subunit, also called 
p r o t e c t iv e  a n t ig e n , binds a cell-surface receptor, is cleaved by a host protease, 
and forms a heptamer. Three A subunits of edema factor (EF) or lethal factor 
(LF) bind to the B heptamer, enter the cell, and are released into the cyto
plasm. EF binds calcium and calmodulin to form an adenylate cyclase that 
increases intracellular cAMP, which causes efflux of water and interstitial 
edema. LF is a protease that destroys mitogen-activated protein kinase 
kinases (MAPKKs), leading to cell death. cAMP, cyclic adenosine monophos
phate. Note that each B subunit binds either EF or LF, but not both (as shown 
for simplicity). ( A d a p t e d  f r o m  M o u r e z  M ,  L a c y  D B ,  C u n n in g h a m ,  K , e t  a l :  2 0 1 1 :  

A  y e a r  o f  m a jo r  a d v a n c e s  in  a n t h r a x  to x in  re s e a r c h . Trends Microbiol 1 0 :2 8 7 ,  

2 0 0 2 . )

• Chronic inflammatory diseases. In  the  d ev e lo p m en t of 
in flam m ato ry  bow el d isease (C hap ter 15), a n  im p o rtan t 
early  even t m ay  be com prom ise  of the in testina l ep ithe 
lial barrier, w h ich  enables the en try  of b o th  pathogen ic  
an d  com m ensal m icrobes a n d  the ir in teractions w ith  
local im m u n e  cells, re su ltin g  in  in flam m ation . The cycle 
o f in flam m ation  a n d  ep ithelia l in jury  m ay  be a n  im p o r
tan t com ponen t of the d isease, w ith  m icrobes p lay ing  
the cen tra l role.

• Cancer. V iruses, such  as HBV a n d  HCV, a n d  bacteria, 
such  as H. pylori, th a t a re  n o t k n o w n  to carry  o r to 
activate oncogenes a re  associa ted  w ith  cancers, p re 
sum ably  because these m icrobes trigger chronic inflam 
m atio n  w ith  su b seq u en t tissue regeneration , w h ich  
p ro v id es fertile g ro u n d  for the d ev e lo p m en t o f cancer 
(C hap ter 6 ).

Ä S U M M A R Y

H O W  M ICROORGANISM S CAUSE DISEASE

• Diseases caused by microbes involve an interplay of microbial 

virulence and host responses.

• Infectious agents can cause cell death or dysfunction by directly 

interacting with the cell.

• Injury may be due to  local or systemic release of bacterial 

products, including endotoxins (LPS), exotoxins, or superanti

gens, combined with the immune response.

• Absence of an immune response may reduce the damage 

induced by some infections; conversely, immunocompromise 

can allow uncontrolled expansion of opportunistic infections 

that can directly cause injury.

• Chronic immunological and inflammatory diseases and cancer 

have been associated with specific microorgansims.

Injurious Effects of Host Immune Responses * •

A s m en tio n ed  earlier, the  h o st im m u n e  response  to 
m icrobes can  som etim es be the cause of tissue in jury . A 
few  exam ples of types a n d  m echan ism s of in jury  are as 
follow s:
• Granulomatous inflammation. Infection  w ith  M. tuberculo

sis resu lts  in  a de layed  hypersensitiv ity  response  an d  
the fo rm ation  of g ranu lom as, w h ich  sequester the bacilli 
an d  p re v e n t its sp read , b u t also  p ro d u ce  tissue dam age 
(caseous necrosis) a n d  fibrosis.

• T-cell-mediated inflammation. D am age from  HBV an d  
H C V  infection  of hepatocy tes is d u e  m ain ly  to  the 
im m u n e  response  to the  infected  liver cells a n d  n o t to 
cy topath ic  effects of the  v irus.

• Innate immune inflammation. P a tte rn  recogn ition  recep 
to rs b in d  to  pathogen -assoc ia ted  m o lecu lar p a tte rn s  
(PAM PS) a n d  to  dam age-associa ted  m olecu lar p a tte rn s  
(DAMPS) re leased  from  d am ag ed  host cells, ac tivating  
the im m u n e  system  a n d  lead in g  to  in flam m ation  (dis
cussed  in  C h ap te r 5).

• Humoral immunity. P oststrep tococcal g lom eru loneph ri
tis can  develop  after in fection  w ith  S. pyogenes. It is 
caused  by  an tibod ies th a t b in d  to  streptococcal an tigens 
a n d  fo rm  im m u n e  com plexes, w h ich  d ep o sit in  renal 
g lom eru li a n d  p ro d u ce  neph ritis .

IMMUNE EVASION BY MICROBES

H u m o ra l a n d  cellu lar im m u n e  responses th a t p ro tec t 
the host from  m ost infections are  d iscussed  in  C h ap te r 5. 
N o t su rp rising ly , m icroorgan ism s hav e  d ev eloped  m any  
m eans to  resist a n d  evade  the  im m u n e  system  (Fig. 9.9). 
These m echan ism s of escap ing  the im m u n e  response  
are  im p o rta n t d e te rm in an ts  of m icrobial v iru lence and  
pathogenicity .
• Antigenic variation. N eu tra liz in g  an tibod ies  aga in st 

m icrobial an tigens block the ab ility  o f m icrobes to  infect 
cells a n d  rec ru it im m u n e  cells to kill pa thogens. To 
escape recognition , m icrobes u se  m any  stra teg ies th a t 
involve genetic  m echan ism s for g enera ting  an tigen ic  
varia tion . The low  fidelity  o f v ira l R N A  po lym erases 
(HIV a n d  in fluenza v irus) a n d  reasso rtm en t of v iral 
genom es (in fluenza v iruses) create v ira l an tigen ic varia 
tion  (Table 9.7). Borrelia species sw itch  their surface an ti
gens v ia  gene rea rrangem en t. Trypanosoma species have 
m any  genes for their m ajor surface an tigen , VSG, an d  
vary  the expression  of th is  surface p ro te in . T here are  
m ore th a n  90 d iffe ren t sero types of S. pneumoniae, each 
w ith  a d ifferen t cap su la r polysaccharide.

• Modification of surface proteins. H o st cationic an ti
m icrobial pep tid es , in c lu d in g  defensins, cathelicid ins,
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Fig. 9 . 9  An overview of mechanisms used by viral and bacterial pathogens 
to evade innate and adaptive immunity. ( M o d i f ie d  w i th  p e r m is s io n  f r o m  F in la y  

B , M c F a d d e n  G : A n t i - im m u n o lo g y :  e v a s io n  o f  t h e  h o s t  im m u n e  s y s te m  b y  b a c t e r ia l  

a n d  v ir a l  p a th o g e n s . Cell 1 2 4 : 7 6 7 —7 8 2 , 2 0 0 6 . )

an d  th rom bocid ins, p ro v id e  im p o rta n t in itia l defenses 
aga in st in v ad in g  m icrobes. These p ep tid es  b in d  the  bac
terial m em brane  a n d  fo rm  pores, k illing  the  b ac terium  
by osm otic  lysis. Bacterial p a th o g en s  (Shigella spp., S. 
aureus) avo id  k illing  by m ak ing  surface m olecu les th a t 
resist b in d in g  of an ti-m icrobial p ep tides , o r th a t inacti
va te  o r d o w n reg u la te  an ti-m icrobial pep tides.

• Overcoming antibodies and complement. H o st defense 
includes coating  of bacteria  w ith  an tibod ies  o r the com 
p lem en t p ro te in  C3b (opsonization) to  facilitate p h ag o 
cytosis by  m acrophages. H ow ever, the  facu lta tive  
in trace llu la r p a th o g en  M. tuberculosis subverts  the 
com plem en t response  by  ac tiva ting  the  a lte rna tive

Table 9.7 Mechanisms of A nti-genic Variation

M echan ism Example

A g en t(s ) D isease

High mutation rate HIV

Influenza virus

AIDS

Influenza

Genetic reassortment Influenza virus 
Rotavirus

Influenza
Diarrhea

Genetic rearrangement 
(e.g., gene recombination, 
gene conversion, 
site-specific inversion)

B o r r e l ia  b u r g d o r f e r i  

N e is s e r ia  g o n o r r h o e a e  

T r y p a n o s o m a  s p p .

P la s m o d iu m  s p p .

Lyme disease 
Gonorrhea 
African sleeping 

sickness 
Malaria

Large diversity of serotypes Rhinoviruses
S tre p to c o c c u s

p n e u m o n ia e

Colds
Pneumonia,

meningitis

com plem en t p a th w ay  in  the ex tracellu lar env ironm ent, 
an d  co m plem en t p ro d u c ts  coat the bacteria, re su ltin g  in  
u p ta k e  of the o rgan ism  by m onocytes; by  th is m eans, 
the  o rgan ism  reaches its site o f rep lication . M any  bacte
ria  (such as Shigella, en tero invasive  E. coli, M. tuberculo
sis, M. leprae, S. enterica sero type  Typhi) u se  the inside  
of cells as a  "h id e o u t"  th a t a llow s th em  to escape from  
an tibod ies  a n d  com plem ent. Listeria monocytogenes can 
m an ip u la te  the  cell cy toskele ton  to  sp read  d irectly  from  
cell to  cell, th u s  a llow ing  the bacteria  to  evade  im m u n e  
defenses.
Resisting phagocytosis and bacterial killing in phagosomes. 
P hagocytosis a n d  killing  of bacteria  by  n eu tro p h ils  an d  
m acrophages constitu te  a critical host defense  aga in st 
ex tracellu lar bacteria. The carb o h y d ra te  capsu le  o n  the 
surface of m an y  bacteria  th a t cause p n eu m o n ia  or m en 
ing itis  (S. pneumoniae, Neisseria meningitidis, H. influenzae) 
m akes th em  m ore v iru len t by p rev en tin g  phagocy tosis  
o f the  o rgan ism s by neu troph ils . Surface p ro te in s  tha t 
in h ib it phagocy tosis  inc lude  p ro te in s  A  (S. aureus) and  
M  (S. pyogenes). M acrophages u su a lly  kill bacteria  by 
fu sion  of the  phagosom e w ith  the  lysosom e to form  
a phago lysosom e. M. tuberculosis blocks fu sion  of the 
lysosom e w ith  the phagosom e, a llow ing  the  bacteria  to 
p ro life ra te  u nchecked  w ith in  the  m acrophage. Legionella 
p ro d u ces a pore-fo rm ing  p ro te in  called  listeriolysin O 
an d  tw o  ph o sp h o lip ases  th a t d eg rad e  the phagosom e 
m em brane , a llow ing  the  bacteria  to  escape in to  the  cyto
p lasm  a n d  av o id  d estru c tio n  in  the  m acrophage. Legio
nella also  secretes p ro te in s  th a t m o d u la te  sm all GTPases, 
m aste r reg u la to rs  of in trace llu la r signaling  to  m odify  
trafficking. A lso, m an y  bacteria  m ake  p ro te in s  th a t kill 
phagocytes, p re v e n t their m igration , o r d im in ish  their 
ox idative  burst.
Escaping the inflammasome. The activa tion  of the  cytosolic 
in flam m asom e is one p a th w a y  of in n a te  im m u n e  
responses to  m icrobes. It is s tim u la ted  by m icrobial 
p ro d u c ts  an d  cu lm inates in  the ac tiva tion  of caspases, 
w h ich  induce  the secretion  of the  p ro -in flam m atory  
cy tok ines IL-1 an d  IL-18 a n d  induce  a fo rm  of cell dea th  
called  py ro p to sis  (C hap ter 5). B oth in flam m ation  an d  
cell d e a th  lim it m icrobial v iru lence a n d  replication . 
Som e bacteria, such  as Yersinia a n d  Salmonella, express 
v iru lence p ro te in s  th a t in h ib it the fo rm ation  of the 
m a tu re  in flam m asom e, su p p ress  caspase activation , 
block signaling  p a th w ay s  th a t are req u ired  for inflam - 
m asom e activation , o r lim it the access o f o ther bacterial 
p ro te in s  to  the in flam m asom e. A ll these  m echan ism s 
serve to  d isable va rio u s com ponen ts o f th is ho st an ti
m icrobial defense  reaction.
Disruption of interferon pathways. V iruses have  devel
o p ed  a large  n u m b er of stra teg ies to  com bat in te rferons 
(IFNs), w h ich  are m ed ia to rs  of early  an tiv ira l defense. 
Som e v iru ses  p ro d u ce  so lub le hom ologues o f IFN  recep 
to rs th a t b in d  to  an d  block the  actions of secreted  IFNs, 
o r p ro d u ce  p ro te in s  th a t in h ib it in trace llu la r JA K /STA T 
signaling  d o w n stream  of IFN  recep tors. RIG-I (RNA 
helicase retino ic acid  inducib le  gene I p ro te in ) is a host 
cy top lasm ic p a tte rn  recogn ition  recep to r for in tracellu 
lar d o u b le -s tran d ed  R N A  viruses. RIG-I inh ib its  signal
ing  by th is recep tor, th u s  b locking the d o w n stream  IFN  
p a th w ay  a n d  overcom ing  th is host defense. Som e
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v iru ses  encode w ith in  the ir genom es hom ologs of cyto
k ines, chem okines, or the ir recep to rs th a t act as com 
petitive  an tagon ists  to inh ib it im m u n e  responses. 
F inally, v iru ses  have  d ev eloped  stra teg ies to  block 
apop tosis , w h ich  m ay  give the  v iru ses  tim e to  replicate, 
persist, or transfo rm  the in fected  h o st cell.

• Decreased T-cell recognition: D N A  v iru ses (e.g., HSV, 
CM V, an d  EBV) can  b in d  to  o r a lte r the localization  of 
m ajor h is tocom patib ility  com plex (M HC) class I p ro 
teins, im p a irin g  p e p tid e  p resen ta tio n  to  CD 8 + cytotoxic 
T cells. A lth o u g h  d o w n reg u la tio n  of M H C  class I m ol
ecules m ig h t cause v irus-in fec ted  cells to  be ta rge ts  for 
N K  cells, he rp esv iru ses  also  express M H C  class I hom o- 
loguess th a t ac t as decoys th a t engage inh ib ito ry  recep 
to rs of N K  cells. H erp esv iru ses  can  ta rge t M H C  class II 
m olecules for d eg radation , im p a irin g  an tig en  p re se n ta 
tion  to  CD4+ he lp er T cells. V iruses also  can  infect leu 
kocytes to  d irectly  com prom ise  the ir function  (e.g., HIV 
infects CD4+ T cells, m acrophages, an d  d en d ritic  cells).

H l  S U M M A R Y

IM M U N E  E V A S IO N  B Y  M IC R O B E S

After bypassing host tissue barriers, infectious microorganisms 

must also evade host innate and adaptive immunity mechanisms 

to  successfully proliferate and be transmitted to  the next host. 

Strategies include the following:

• Anti-genic variation

• Inactivating antibodies or complement

• Resisting phagocytosis (e.g., by producing a capsule)

• Escaping the phagosome

• Viral latency

• Suppressing the host adaptive immune response (e.g., by 

inhibiting antigen presentation and disrupting interferon 

pathways)

SPECTRUM OF INFLAMMATORY  
RESPONSES TO  INFECTIO N

In  con trast w ith  the v a s t m olecu lar d iversity  of m icrobes, 
the m orpho log ic  p a tte rn s  of tissue responses to  m icrobes 
are  lim ited , as are the  m echan ism s d irec ting  these 
responses. Therefore, m an y  p a th o g en s p ro d u ce  sim ilar 
reaction  pa tte rn s , a n d  few  fea tu res are u n iq u e  to  or

p a thognom on ic  for a p a rticu la r m icroorgan ism , a d d in g  to 
the  challenge in  h istopatho log ic  d iagnosis.

The in te rac tion  b e tw een  the m icrobe a n d  the  ho st de ter
m ines the h isto logic fea tu res  of the response  to the 
m icrobes. T here a re  five m ajor h isto logic p a tte rn s  of tissue 
reaction  in  infections: su p p u ra tiv e , m o n o n u c le a r/
g ran u lo m ato u s, cytopath ic-cy topro lifera tive , necrosis, an d  
chronic in flam m atio n /sca rrin g . S u p p u ra tiv e  in flam m ation  
is d iscussed  in  C h ap te r 3.

Mononuclear and Granulomatous Inflammation

D iffuse, p red o m in an tly  m ononuclear, in te rstitia l in filtrates 
are  a com m on fea tu re  of all chronic in flam m atory  p ro 
cesses, b u t som etim es they  ap p e a r acu tely  in  response  to 
v iruses, in trace llu la r bacteria, o r in trace llu la r parasites. In  
ad d itio n , sp irochetes a n d  som e h e lm in th s also  p rovoke  
chronic in flam m ation . E osinophilia  can  be p ro m in en t w ith  
som e he lm in th ic  infections.

M O R P H O L O G Y

Which mononuclear cell predominates within the inflammatory 

lesion depends on the host immune response to the organ

ism. Thus, lymphocytes predominate in HBV infection (Fig. 

9 .I0 A ), whereas plasma cells are common in the primary and 

secondary lesions of syphilis (see Fig. 9 .I0B ). The presence of 

these lymphoid cells reflects cell-mediated immune responses 

against the pathogen or pathogen-infected cells. Granulomatous 

inflammation is a distinctive form of mononuclear inflamma

tion usually evoked by infectious agents that resist eradication, 

but nevertheless are capable of stimulating strong T-cell-medi- 

ated immunity (e.g., M .  t u b e r c u lo s i s ,  H i s t o p l a s m a  c a p s u l a t u m ,  

schistosome eggs). Granulomatous inflammation (Chapter 3) 

is characterized by accumulation of activated macrophages 

called epithelioid cells, which may fuse to  form giant cells. In 

some cases, there is a central area of caseous necrosis (see 

Fig. 9 .I0 C ).

Cytopathic-Cytoproliferative Reaction

C ytopath ic-cy topro lifera tive  reactions u sua lly  a re  p ro 
duced  by v iruses. The lesions a re  charac terized  by cell 
necrosis o r cellu lar p ro lifera tion , u su a lly  w ith  sparse  
in flam m ato ry  cells.

J hesIS C

Fig. 9. l °  Mononuclear and granulomatous inflammation. (A) Acute viral hepatitis characterized by a predominantly lymphocytic infiltrate. (B) Secondary 
syphilis in the dermis with perivascular lymphoplasmacytic infiltrate and endothelial proliferation. (C) Granulomatous inflammation in response to tuberculosis. 
Note the zone of caseation ( a s te r is k ) ,  which normally forms the center of the granuloma, with a surrounding rim of activated epithelioid macrophages, some 
of which have fused to form giant cells ( a r r o w s ) ;  this in turn is surrounded by a zone of activated T lymphocytes. This high-magnification view highlights the 
histologic features; the granulomatous response typically takes the form of a three-dimensional sphere with the offending organism in the central area.
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M O R P H O L O G Y

Some viruses replicate within cells and make viral aggregates that 

are visible as inclusion bodies (e.g., herpesviruses or adenovirus) 

or induce cells to fuse and form multinucleated cells called 

p o l y k a r y o n s  (e.g., measles virus or herpesviruses) (see Fig. 9.1). 

Focal cell damage in the skin may cause epithelial cells to become 

detached, forming blisters. Some viruses can cause epithelial cells 

to  proliferate (e.g., venereal warts caused by HPV or the umbili- 

cated papules of molluscum contagiosum caused by poxviruses). 

Finally, viruses can contribute to  the development of malignant 

neoplasms (Chapter 6 ).

M O R P H O L O G Y_/

Sometimes an exuberant scarring response is the major cause 

of dysfunction. For example, schistosome eggs cause “pipestem” 

fibrosis of the liver or fibrosis of the bladder wall (Fig. 9.11). M .  

t u b e r c u lo s i s  causes constrictive fibrous pericarditis. Chronic HBV 

infection may cause cirrhosis of the liver, in which dense fibrous 

septa surround nodules of regenerating hepatocytes.

Finally, viruses can contribute to  the development of malignant 

neoplasms (Chapter 6 ).

Tissue Necrosis

Clostridium perfringens a n d  o th er o rgan ism s th a t secrete 
p o w erfu l toxins can  cause such  ra p id  a n d  severe necrosis 
th a t tissue dam age is the  d o m in an t feature.

M O R P H O L O G Y

Because few inflammatory cells are present, necrotic lesions 

resemble infarcts with disruption or loss of basophilic nuclear 

staining and preservation of cellular outlines. C l o s t r i d i a  often are 

opportunistic pathogens that are introduced into muscle tissue 

by penetrating trauma or infection of the bowel in a neutropenic 

host. Similarly, the parasite E . h i s t o l y t i c a  causes colonic ulcers and 

liver abscesses characterized by extensive tissue destruction and 

liquefactive necrosis without a prominent inflammatory infiltrate. 

By entirely different mechanisms, viruses can cause widespread 

necrosis of host cells associated with inflammation, as exempli

fied by destruction of the temporal lobes of the brain by HSV 

or the liver by HBV. The powerful exotoxins of C .  d i p h t h e r i a e  

cause necrosis of laryngeal epithelium giving rise to a pseudo

membrane comprised of necrotic cells enmeshed in a fibrinous 

exudate. This can cause asphyxia.

Chronic Inflammation and Scarring

M any infections elicit chronic in flam m ation , w h ich  can 
e ithe r reso lve w ith  com plete hea ling  o r lead  to  extensive 
scarring.

Fig. 9. l l  S c h is to s o m a  h a e m a t o b iu m  infection of the bladder with numerous 
calcified eggs and extensive scarring.

The p a tte rn s  of tissue reactions described  above are 
u sefu l gu idelines for an a lyz ing  m icroscopic fea tu res of 
in fectious p rocesses, b u t in  p ractice it m u s t be rem em bered  
th a t d iffe ren t types of ho st reactions o ften  occur a t the sam e 
tim e. For exam ple, the lu n g  of a p a tien t w ith  AIDS m ay  be 
infected  w ith  CMV, w h ich  causes cytolytic changes, and , 
a t the sam e tim e, by  Pneumocystis, w h ich  causes in te rstitia l 
in flam m ation . Sim ilar p a tte rn s  of in flam m ation  also  can  be 
seen in  tissue responses to  p hysica l o r chem ical agen ts  an d  
in  o th e r in flam m atory  cond itions of u n k n o w n  cause. 
Finally, in  im m u n o co m p ro m ised  in d iv iduals , the  absence 
of a h o s t in flam m ato ry  response  frequen tly  elim inates 
som e of the  h isto logic clues ab o u t the  p o ten tia l n a tu re  of 
in fecting  m icroorganism (s). Because of th is  p o ten tia l for 
m ixed  infections a n d /o r  lack of h o st response, o ther d iag 
nostic tests for in fection  in  ad d itio n  to  pa tho log ic  exam ina
tion  are  essen tial to  m ake  a defin itive d iagnosis.

Infections in Individuals W ith  Immunodeficiencies * •

In h erited  or acqu ired  defects in  im m u n ity  (C hap ter 5) 
o ften  im p a ir on ly  p a r t  of the im m u n e  system , ren d e rin g  
the  affected in d iv id u a ls  suscep tib le  to  specific types of 
infections.
• P a tien ts  w ith  an tib o d y  deficiency, as in  X-linked agam 

m aglobu linem ia, con tract severe bacterial infections by 
ex tracellu lar bacteria  a n d  a few  v ira l infections (ro tav i
ru s  an d  en terov iruses).

• P a tien ts  w ith  T-cell defects are suscep tib le  to  infections 
w ith  in trace llu la r p a thogens, no tab ly  v iru ses  a n d  som e 
parasites.

• P a tien ts  w ith  deficiencies in  early  co m plem en t com po
n en ts  are p a rticu la rly  suscep tib le  to infections by encap 
su la ted  bacteria, such  as S. pneumoniae, w h ereas 
deficiencies of the late  co m ponen ts  of com plem en t are  
associa ted  w ith  Neisseria infections.

• D eficiencies in  n e u tro p h il func tion  lead  to  increased  
infections w ith  S. aureus, som e g ram -negative  bacteria, 
an d  fungi.

• In d iv id u a ls  w ith  in h erited  deficiencies in  specific com 
p o n e n ts  of inna te  a n d  ad ap tiv e  im m u n ity  som etim es 
show  selective suscep tib ility  to p a rticu la r infections. 
T hese p a tte rn s  reveal the essen tia l ro les of d ifferen t m ol
ecules in  m ed ia tin g  p ro tec tive  im m u n ity  to  specific 
m icroorgan ism s. For exam ple, p a tien ts  w ith  m u ta tio n s 
in  signaling  m olecules d o w n stream  of several TLRs are  
p ro n e  to  pyogen ic  bacterial d iseases, p a rticu la rly  w ith  S. 
pneumoniae infections. Im p a ired  TLR3 responses are  
associa ted  w ith  ch ildhood  HSV encephalitis. Inherited  
defects in  IL-17 im m u n ity  (such as m u ta tio n s in  STAT3, 
a  tran sc rip tio n  factor n eed ed  for Th17 cell generation) are 
associa ted  w ith  chronic m ucocu taneous candid iasis.
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A cqu ired  im m unodefic iencies have  a varie ty  of causes, 
the  m ost w id e ly  k n o w n  be ing  in fection  w ith  HIV, w h ich  
causes AIDS (C hap ter 5). H IV  infects an d  kills CD4+ he lper 
T lym phocytes, lead in g  to  p ro fo u n d  im m u n o su p p ress io n  
a n d  a m u ltitu d e  of infections. O ther causes of acqu ired  
im m unodefic iency  inc lude  in filtrative p rocesses th a t su p 
p re ss  bone m arro w  function  (e.g., leukem ia), im m u n o su p 
pressive  d ru g s  (such as those  u sed  to  trea t certa in  
au to im m u n e  diseases), a n d  hem opoietic  stem  cell trans
p lan ta tion . D iseases of o rg an  system s o th e r th an  the 
im m u n e  system  also  can  m ake  p a tien ts  suscep tib le  to 
d isease d u e  to  specific m icroorgan ism s. In d iv id u a ls  w ith  
cystic fibrosis a n d  im p a ired  resp ira to ry  clearance com 
m on ly  get infections d o m in a ted  by Pseudomonas aeruginosa. 
Lack of sp lenic function  in  in d iv id u a ls  w ith  sickle cell 
d isease m akes them  susceptib le  to  infection  w ith  encapsu 
la ted  bacteria  such  as S. pneumoniae. B urns destroy  skin, 
rem ov ing  th is barrie r to  m icrobes, a llow ing  in fection  w ith  
p a th o g en s  such  as P. aeruginosa. F inally, m aln u tritio n  
im p a irs  im m u n e  defenses.

M O R P H O L O G Y

Patients with antibody, complement, or neutrophil defects may 

acquire severe local bacterial infections that do not elicit any 

significant neutrophilic infiltrate. In these patients, the identity of 

the causative organism determined by culture or special stains 

may not have been predicted from histology. Although many 

viral cytopathic effects (e.g., cell fusion or inclusions) (see Fig 

9.1) may still be present, viral infections in immunocompromised 

hosts may not engender the anticipated mononuclear inflamma

tory response. In patients with AIDS who have no helper T  cells 

and cannot mount normal cellular responses, organisms that 

would otherwise cause granulomatous inflammation (e.g., M .  

a v i u m  complex) fail to do so (Fig. 9.12).

Fig. 9 . I 2  In the absence of appropriate T-cell-mediated immunity, granulo
matous host response does not occur. M y c o b a c t e r iu m  a v iu m  infection in a 
duodenal biopsy from a patient with AIDS, showing massive intracellular 
macrophage infection with acid-fast organisms (filamentous and pink in this 
acid-fast stain preparation). The intracellular bacteria persist and even pro
liferate within macrophages, because there are inadequate T cells to mount 
a granulomatous response. AIDS, acquired immunodeficiency syndrome. 
( C o u r te s y  o f  D r .  A r le n e  S h a rp e ,  D e p a r t m e n t  o f  M ic r o b io lo g y  a n d  Im m u n o lo g y ,  

H a r v a r d  M e d ic a l  S c h o o l,  B o s to n ,  M a s s a c h u s e t t s . )

Ä S U M M A R Y

PATTERNS O F H O ST RESPONSES T O  MICROBES

• In normal (immunocompetent) individuals, the patterns of host 

responses are fairly stereotypical for different classes of 

microbes; these response patterns can be used to infer pos

sible causal organisms.

• Neutrophil-rich acute suppurative inflammation is typical of 

infections with many bacteria (“pyogenic” bacteria) and some 

fungi.

• Mononuclear cell infiltrates are common in many chronic 

infections and some acute viral infections.

• Granulomatous inflammation is the hallmark of infection with 

M .  t u b e r c u lo s i s  and certain fungi.

• Cytopathic and proliferative lesions are caused by some 

viruses.

• Necrosis results from tissue-damaging toxins produced by 

microbes such as C .  p e r f r i n g e n s .

• Chronic inflammation and scarring represent the final common 

pathway of many infections.
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V ascular d iseases a re  responsib le  for som e of the  m ost 
com m on  a n d  le thal cond itions afflicting m an k in d . A lthough  
m o st clinically significant d iso rd ers  involve arte ria l lesions, 
ven o u s patho log ies also  can  w re a k  havoc. V ascular d isease 
d evelops th ro u g h  tw o p rin c ip a l m echanism s:
• Narrowing o r complete obstruction of vessel lum ina , occur

rin g  e ither p rog ressive ly  (e.g., by  a therosclerosis) o r 
acu tely  (e.g., by  th rom bosis o r em bolism )

• Weakening of vessel w alls, causing  d ila tion  a n d /o r  
ru p tu re

W e sta rt w ith  a n  overv iew  of vascu lar s tru c tu re  and  
function , as back g ro u n d  for the d iseases of b lood  vessels 
d iscussed  in  the  chapter.

STRUCTURE A N D  F U N C TIO N  OF 
BLO OD VESSELS

Blood vessels a re  fu n d am en ta lly  all tubes com posed  of 
sm oo th  m uscle cells (SMCs) a n d  ex tracellu lar m atrix  
(ECM), w ith  an  in n e r lu m in a l face covered  by a con tinuous 
lin ing  of endo the lia l cells (ECs). H ow ever, the relative 
am o u n ts  o f SM Cs an d  ECM , an d  the p ro p ertie s  o f the ECs, 
v a ry  th ro u g h o u t the  vascu la tu re  d e p en d in g  o n  u n iq u e  
functional needs (Fig. 10.1). To accom m odate  pu lsa tile  
flow  a n d  h igher b lood  p ressu res, arterial w alls are th icker 
th an  veins a n d  in v ested  w ith  several re in fo rcing  layers of

SM Cs. A s arteries n a rro w  to arterioles, the ra tio  o f w all 
th ickness to  lu m en  d iam eter increases to  allow  m ore 
precise  reg u la tio n  of in trav ascu la r p ressu re . Veins, on  the 
o th e r h an d , are d istensib le  th in -w alled  vessels w ith  h igh  
capacitance. To facilitate m ax im al d iffusion, capillaries are  
essen tia lly  single-cell lin ings of ECs ly ing  on  a b asem en t 
m em brane .

Since va rio u s vessels have  u n iq u e  s tru c tu ra l features, 
it is n o t su rp ris in g  th a t certa in  lesions characteristi
cally involve on ly  specific reg ions of the vascu la tu re . For 
exam ple, atherosclerosis occurs m ain ly  in  larger, m uscu lar 
arteries, w h ile  h y p erten sio n  affects sm all arterio les, an d  
specific fo rm s of vascu litis selectively invo lve vessels of 
on ly  a certa in  caliber.

V essel w alls are  o rg an ized  in to  th ree  concentric  layers: 
intima, media, an d  adventitia (see Fig. 10.1). These layers are  
p re se n t in  all vessels b u t are m ost a p p a re n t in  la rger vessels 
a n d  p articu la rly  arteries. The in tim a consists of a n  EC 
m ono layer on  a b asem en t m em brane  w ith  m in im al u n d e r
ly ing  ECM; it is sep ara ted  from  the m ed ia  by a  dense  elastic 
m em b ran e  called  the  internal elastic lamina. The m ed ia  is 
com posed  p red o m in an tly  of SM Cs a n d  ECM , su rro u n d e d  
by  loose connective tissue, nerve  fibers, a n d  sm aller vessels 
o f the adven titia . A n  external elastic lamina is p re sen t in  
som e arte ries a n d  defines the  tran sitio n  be tw een  m ed ia  
a n d  adven titia . D iffusion of oxygen  an d  n u trien ts  from  the 
lu m e n  is ad eq u a te  to  su sta in  th in -w alled  vessels a n d  the 
in n e rm o st SM Cs of all vessels. In  large  a n d  m ed ium -sized
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Fig. 10.1 Regional vascular specializations. Although all vessels share the same general constituents, the thickness and composition of the various layers differ 
as a function of hemodynamic forces and tissue requirements.

vessels, how ever, sm all arterio les w ith in  the ad v en titia  
(called vasa vasorum — literally , "vessels of the  vessels") 
p e rfu se  the o u te r h a lf to tw o -th ird s  of the  m edia.

Vascular Organization * •

A rteries are d iv id ed  in to  th ree  types based  on  the ir size 
a n d  structu re:
• Large elastic arteries (e.g., ao rta , a rch  vessels, iliac an d  

p u lm o n a ry  arteries). In  these vessels, elastic fibers a lte r
n a te  w ith  SM Cs th ro u g h o u t the  m ed ia , w h ich  expands 
d u rin g  systo le (sto ring  som e of the energy  of each 
card iac contraction), a n d  recoils d u r in g  d iasto le  to 
p ro p e l b lood  distally . W ith  age a n d /o r  d iseases, such  as 
d iabe tes a n d  hypertension , the  elasticity  is lost; the 
vessels becom e "stiff p ip es"  th a t tran sm it h ig h  arteria l 
p re ssu re s  to d ista l o rgans, o r becom e d ila ted  an d  to rtu 
o u s (ectatic) a n d  p ro n e  to  ru p tu re .

• Medium-sized muscular arteries (e.g., co ronary  a n d  renal 
arteries). H ere, the  m ed ia  is com posed  p rim arily  of 
SMCs, w ith  e lastin  lim ited  to  the in te rn a l a n d  ex ternal 
elastic lam ina. The m ed ia l SM Cs are  c ircu larly  or sp i
rally  a rran g ed  a ro u n d  the  lum en , a n d  reg ional b lood 
flow  is reg u la ted  by SMC con traction  (vasoconstriction) 
a n d  re laxation  (vasodilation) con tro lled  by the au tonom ic 
n erv o u s system  a n d  local m etabolic  factors (e.g., acido
sis). ECs also  m o d u la te  arte ria l SMC tone, for exam ple,

by  re leasing  n itric  oxide (NO, causing  vasod ila tion ) o r 
en d o th e lin  (causing  vasoconstriction).

• Small arteries (2 m m  o r less in  d iam eter) and arterioles (20 
to  1 0 0  |im  in  d iam eter) lie w ith in  the connective tissue of 
organs. The m ed ia  in  these vessels is m ostly  com posed  
of SMCs. A rterio les are w h ere  b lood  flow  resistance is 
regu la ted . A s p re ssu re s  d rop  d u rin g  passage  th ro u g h  
arterio les, the  velocity  of b lood  flow  is sharp ly  reduced , 
an d  flow  becom es steady  ra th e r  th an  pu lsatile . Because 
the resistance to flu id  flow  is inversely p ropo rtiona l to  the 
fo u rth  p o w e r of the d iam eter (i.e., h a lv ing  the d iam eter 
increases resistance 16-fold), sm all changes in  arte rio lar 
lu m en  size have  p ro fo u n d  effects o n  b lood  p ressu re .

Capillaries have  lu m en  d iam eters slightly  sm aller than  
those  of re d  b lood  cells (7 to  8  |im ). These vessels are lined  
by ECs a n d  partia lly  su rro u n d e d  by  SM C-like cells called 
pericytes. Collectively, cap illary  beds have  a very  large  to tal 
cross-sectional a rea  a n d  a low  ra te  o f b lood  flow . W ith  their 
th in  w alls  a n d  slow  flow , cap illaries are  ideally  su ited  to 
the ra p id  exchange of d iffusib le substances be tw een  b lood 
an d  tissue. The cap illary  n e tw o rk  of m ost tissues is neces
sarily  ve ry  rich, because d iffusion  of oxygen  a n d  n u trien ts  
is n o t efficient bey o n d  1 0 0  |im ; m etabolically  active tissues 
(e.g., heart) have  the h ig h est cap illary  density .

Veins receive b lood  from  the  cap illary  beds as postcap il
lary  venu les, w h ich  anastom ose  to  fo rm  collecting  v enu les
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a n d  p rog ressive ly  la rger veins. The vascu lar leakage 
(edem a) a n d  leukocyte em ig ra tion  characteristic  of inflam 
m ation  occurs p referen tia lly  in  postcap illa ry  venu les 
(C hap ter 3).

C o m p ared  w ith  a rte ries a t the sam e level of b ranching , 
veins hav e  la rger d iam eters, la rger lum ina , a n d  th in n er 
w alls w ith  less d istinc t layers, a ll a d ap ta tio n s  to  the  low  
p ressu re s  fo u n d  o n  the  ven o u s side of the circu la tion  (see 
Fig. 10.1). T hus, veins a re  m ore  p ro n e  to  d ila tion , ex ternal 
com pression , a n d  p en e tra tio n  by  tu m o rs o r in flam m atory  
processes. In  veins w h ere  b lood  flow s ag a in st g rav ity  (e.g., 
in  the low er extrem ities), backflow  is p rev en ted  by valves. 
C ollectively, the  ven o u s system  has a h u g e  capacitance an d  
no rm ally  con tains app rox im ate ly  tw o  th ird s  of the b lood.

Lymphatics are  th in -w alled , end o th e liu m -lin ed  channels 
th a t d ra in  ly m p h  (w ater, e lectro ly tes, glucose, fat, p ro te ins, 
a n d  in flam m atory  cells) fro m  the in te rs titiu m  of tissues, 
even tua lly  reconnecting  w ith  the  b lood  s tream  via the tho
racic duct. L ym phatics tra n sp o rt in te rstitia l flu id  an d  
in flam m atory  cells fro m  the p e rip h e ry  to  ly m p h  nodes, 
thereby  facilita ting  a n tig en  p resen ta tio n  a n d  cell ac tiva tion  
in  the n o d a l tis su e s—a n d  enab ling  con tin u o u s m o n ito ring  
of p e rip h e ra l tissues for infection. This can  be a double- 
ed g ed  sw ord , how ever, a s  these channels can  a lso  d issem i
na te  d isease by tra n sp o rtin g  m icrobes o r tu m o r cells to 
d is tan t sites.

Endothelial Cells

Normotension 
Laminar flow
Growth factors (e.g., VEGF)

Basal state

Non-adhesive, non- 
thrombogenic surface

Endothelium

Turbulent flow 
Hypertension 
Cytokines 
Complement 
Bacterial products 
Lipid products 
Advanced glycation 

end-products 
Hypoxia, acidosis 
Viruses
Cigarette smoke

Increased expression of 
procoagulants, adhesion 
molecules, and 
proinflammatory factors 

Altered expression of 
chemokines, cytokines, 
and growth factors

Activated state

Fig. I ° . 2  Basal and activated endothelial cell states. Normal blood pressure, 
laminar flow, and stable growth factor levels promote a basal endothelial cell 
state that maintains a nonthrombotic surface and appropriate vascular wall 
smooth muscle tone. Injury or exposure to certain mediators results in 
endothelial activation, a state in which endothelial cells develop adhesive, 
procoagulant surfaces and release factors that lead to smooth muscle con
traction and/or proliferation and matrix synthesis.

E n d o th e liu m  is a  c o n tin u o u s  sh ee t o f cells l in in g  th e  
e n tire  v ascu la r tree  th a t  re g u la te s  m an y  aspec ts  o f b lo o d  
a n d  b lo o d  v esse l fu n c tio n  (Table 10.1). R esting  ECs m ain 
ta in  a non-th rom bogen ic  b lood-tissue in terface (C hap ter 4), 
m o d u la te  in flam m ation  (C hap ter 3), a n d  influence the 
g ro w th  a n d  behav io r o f o th e r cell types, p articu larly  SMCs.

Table 10.1 Endothelial Cell Properties and Functions

P ro p e rty /F u n c tio n M ed ia to rs /P ro d u cts

Maintenance of permeability 
barrier

Elaboration of anti-coagulant, 
anti-thrombotic, and fibrinolytic 
regulators

Prostacyclin 
Thrombomodulin 
Heparin-like molecules 
Plasminogen activator

Elaboration of prothrombotic 
molecules

Von Willebrand factor 
Tissue factor
Plasminogen activator inhibitor

Production of extracellular matrix Collagen, proteoglycans

Modulation of blood flow and 
vascular reactivity

V a s o c o n s t r ic to r s : endothelin, ACE 
V a s o d ila to rs : NO, prostacyclin

Regulation of inflammation and 
immunity

IL-1, IL-6 , chemokines 
Adhesion molecules: VCAM-1, 

ICAM, E-selectin, P-selectin 
Histocompatibility antigens

Regulation of cell growth G r o w th  s t im u la t o r s :  PDGF, CSF, 
FGF

G r o w th  in h ib i to r s :  heparin, TGF-ß

Oxidation of LDL

AC E, Angiotensin-converting enzyme; CSF, colony-stimulating factor; FGF, fibroblast 
growth factor; IC A M , intercellular adhesion molecule; IL, interleukin; LD L, low-density 
lipoprotein; N O , nitric oxide; PDGF, platelet-derived growth factor; TG F-fi, 

transforming growth factor-(3; V C A M , vascular cell adhesion molecule.

In  m ost reg ions, the in te ren d o th e lia l junc tions no rm ally  
a re  im perm eab le . H ow ever, these junc tions o p en  u n d e r  the 
influence of hem odynam ic  stress (e.g., h ig h  b lood  p res 
sure) a n d /o r  vasoactive agen ts (e.g., h istam ine  in  inflam 
m ation), flood ing  the  ad jacen t tissues w ith  electro ly tes a n d  
p ro te in . V acuolar transcy tosis also  p e rm its  the m o vem en t 
o f large  am o u n ts  o f so lu tes across in tac t end o th e liu m . Rel
ev an t to  pa tho log ic  processes, ECs also  a re  active partic i
p a n ts  in  the  eg ress of leukocytes d u rin g  in flam m atory  cell 
rec ru itm en t (C hap ter 3), a n d  EC dysfunction  underlies  
d ev e lo p m en t of a therosclerosis (d iscussed  later).

A lthough  ECs th ro u g h o u t the vascu la ture  share m any  
attribu tes, they also  show  pheno typ ic  variability  a n d  a d a p 
tations d ep en d in g  on  the anatom ic site a n d  local env iron 
m en tal cues. Thus, EC popu la tions from  different parts  of 
the vascu la ture  (e.g., large vessels versus capillaries, or 
arteries versus veins) have d istinct transcrip tional p rogram s 
an d  behaviors. Fenestrations (holes) in  ECs lin ing hepatocyte 
cords, renal glom eruli, an d  choro id  p lexus are specializa
tions tha t facilitate filtration. C onversely, in  the central 
nervous system , E C s—in  conjunction w ith  astrocytes — 
collaborate to  generate  an  im perm eable blood-brain barrier.

M ain tenance of a "n o rm al,"  n o n th rom bogen ic  EC lin ing  
req u ires  lam in ar flow , certa in  g ro w th  factors (e.g., vascu lar 
endo the lia l g ro w th  factor [VEGF]), a n d  firm  ad h esio n  to 
the u n d e rly in g  b asem en t m em brane  (Fig. 10.2). T rau m a or 
o th e r in juries th a t d e n u d e  vessel w alls  o f ECs tip  the  scales 
to w ard  th rom bosis a n d  vasoconstriction . H ow ever, ECs 
a lso  re sp o n d  to  v a rio u s physio log ic  a n d  pa tho log ic  stim uli 
by  m o d u la tin g  their u su a l (constitu tive) functions a n d  by 
exp ressing  new  (inducible) p ro p e r tie s—a process called 
endothelial activation.

http://ebooksmedicine.net

http://ebooksmedicine.net


364 C H A P T E R  10 Blood Vessels

In d u cers  o f endo the lia l ac tiva tion  inc lude  bacterial 
p ro d u c ts , in flam m atory  cytokines, h em odynam ic  stresses 
an d  lip id  p ro d u c ts  (re levan t to  a therosclerosis, d iscussed  
later), ad v an ced  glycation  en d  p ro d u c ts  ( im p o rtan t in  d ia 
betic vascu lar in jury), v iruses, com plem ent, an d  various 
m etabolic  in su lts  (e.g., hypoxia) (see Fig. 10.2). A ctivated  
ECs u n d e rg o  shape  changes, express ad h esio n  m olecules, 
an d  p ro d u ce  cytokines, chem okines, g ro w th  factors, p ro 
co agu lan t a n d  an ti-coagu lan t factors, a n d  a h o st of o ther 
biologically  active p ro d u c ts—all p resu m ab ly  in te n d e d  to 
resp o n d  to  the o rig inal stim ulus.

Som e of these responses are ra p id  (occurring  w ith in  
m inutes), reversib le , a n d  in d e p e n d e n t of new  p ro te in  syn
thesis (e.g., endo the lia l con trac tion  in d u ced  by  histam ine); 
o thers  invo lve a lte ra tions in  gene a n d  p ro te in  expression, 
an d  m ay  take days to  develop  or abate. E xposure  of 
ECs to  h ig h  levels o f stim uli for su sta in ed  p erio d s 
can  re su lt in  endothelial dysfunction, charac terized  by  im 
p a ired  e n d o th e liu m -d ep en d en t vasod ila tion , hypercoag- 
u lab le  states, a n d  increased  oxygen  free rad ical p roduc tion . 
D ysfunctional en d o th e liu m  can  in itia te  throm bosis, p ro 
m ote  a therosclerosis, o r con tribu te  to  fo rm ation  of the vas
cu lar lesions of h y p erten sio n  a n d  d iabetes.

Vascular Smooth Muscle Cells

SM Cs p artic ip a te  in  bo th  n o rm al vascu lar rep a ir  an d  
pa tho log ic  p rocesses such  as a therosclerosis. W h en  stim u 
la ted  by  various factors, SM Cs can  d o  the follow ing:
• P ro liferate
• U p reg u la te  ECM  collagen, elastin , a n d  p ro teog lycan

p ro d u c tio n
• E laborate g ro w th  factors a n d  cy tokines

SM Cs also  m ed ia te  the vasoconstric tion  or vasod ila tion  
th a t occurs in  response  to  physio log ic  o r pharm aco log ic  
stim uli.

The m ig ra to ry  a n d  p ro lifera tive  activ ities of SM Cs are  
reg u la ted  by n u m ero u s  factors. A m o n g  the m ost im p o rtan t 
p ro -g ro w th  factors a re  p la te le t-derived  g ro w th  factor 
(PDGF), endo the lin , th rom bin , fib rob last g ro w th  factors, 
an d  in flam m ato ry  m ed ia to rs  such  as in terferon-y  (IFN-y) 
an d  in terleukin-1  (IL-1). Factors th a t m a in ta in  SM Cs in  a 
qu iescen t sta te  inc lude  h e p a ra n  sulfate, N O , a n d  trans
fo rm ing  g ro w th  fac to r-a  (TGF-a).

Ä S U M M A R Y

VASCULAR STRUCTURE A N D  F U N C T IO N

• All vessels are lined by endothelium; although all ECs share 

certain homeostatic properties, ECs in specific vascular beds 

have special features that allow for tissue-specific functions 

(e.g., fenestrated ECs in renal glomeruli).

• The relative SMC and ECM content of vessel walls (e.g., in 

arteries, veins, and capillaries) varies according to hemodynamic 

demands (e.g., pressure, pulsatility) and functional requirements.

• EC function is tightly regulated in both the basal and activated 

states. Various physiologic and pathophysiologic stimuli induce 

endothelial activation and dysfunction that alter the EC pheno

type (e.g., procoagulative versus anti-coagulative, proinflamma

tory versus anti-inflammatory, nonadhesive versus adhesive).

C O NG ENITAL ANOMALIES

A lth o u g h  rare ly  sym ptom atic , u n u su a l anatom ic varian ts  
o f b lood  vessels can  cause com plications d u rin g  surgery , 
as m ay  occur w h e n  a vessel in  a n  u nexpec ted  location  is 
in ju red . C ard iac  su rgeons a n d  in terven tional card io log ists 
also  m u st be fam iliar w ith  coronary  a rte ry  v a rian ts  th a t can 
occur in  u p  to  1% to 5% of patien ts. A m ong  the o ther con
gen ita l vascu lar anom alies, th ree  deserve  fu rth e r m ention:
• Berry aneurysms are th in -w alled  arte ria l o u tp o u ch in g s in  

cerebral vessels, classically a t b ran ch  p o in ts  a ro u n d  the 
circle o f W illis; they  occur w h ere  the a rte ria l m ed ia  is 
congenitally  a tte n u a te d  a n d  can  spon tan eo u sly  ru p tu re  
causing  fa ta l in tracerebra l hem o rrh ag e  (C hap ter 23).

• Arteriovenous (AV) fistulas are  ab n o rm al connections 
be tw een  arte ries a n d  veins w ith o u t a n  in te rv en in g  cap 
illary  bed. They occur m ost com m only  as d evelopm en 
tal defects b u t can  also  re su lt from  ru p tu re  of a rteria l 
an eu ry sm s in to  ad jacen t veins, from  p e n e tra tin g  in juries 
th a t pierce a rte ries an d  veins, o r from  in flam m atory  
necrosis of ad jacen t vessels. AV fistu las can  be created  
surgically  to  p ro v id e  vascu lar access for hem odialysis. 
E xtensive AV fistu las can  cause h ig h -o u tp u t card iac 
failu re by sh u n tin g  large  v o lum es of b lood  from  the 
arte ria l to  the ven o u s circulation.

• Fibromuscular dysplasia is a focal irreg u la r th icken ing  of 
the  w alls  o f m ed iu m - a n d  large-sized  m u scu la r a rte ries 
d u e  to  a com bination  of m ed ia l an d  in tim al hy p erp lasia  
a n d  fibrosis. It can  m an ifest a t any  age b u t occurs m ost 
frequen tly  in  y o u n g  w om en . The focal w all th icken ing  
resu lts  in  lu m in a l stenosis o r can  be associa ted  w ith  
vessel spasm  th a t reduces vascu lar flow; in  the  renal 
arteries, it can  lead  to  renovascu lar hypertension . 
B etw een the  focal segm ents o f th ickened  w all, the a rte ry  
often  exhibits m ed ia l a ttenuation ; vascu lar ou tpouch - 
ings can  develop  in  these  p o rtio n s of the vessel an d  
som etim es ru p tu re .

BLO OD PRESSURE REGULATION

System ic a n d  local b lood  p ressu re  m u s t be m ain ta ined  
w ith in  a  n a rro w  range  to  m a in ta in  hea lth . Low  b lood  p res 
su re  (hypotension) resu lts  in  in ad eq u a te  o rg an  perfusion , 
o rg an  dysfunction , a n d  som etim es tissue dea th . C on
versely, h ig h  b lood  p ressu re  (hypertension) causes vessel 
an d  en d -o rg an  dam age a n d  is one of the  m ajor risk  factors 
for atherosclerosis (see later).

B lood pressure is  a function o f cardiac output and  
peripheral vascular resistance, bo th  of w hich  are influenced 
by  m ultip le  genetic an d  env ironm ental factors (Fig. 10.3). 
The in teg ration  of the various in p u ts  ensures adequate  sys
tem ic perfusion, despite  regional d em an d  differences.
• Cardiac output is a function of stroke volume and heart 

rate. The m ost im p o rta n t d e te rm in an t of stroke vo lum e 
is the  filling p ressu re , w h ich  is reg u la ted  th ro u g h  
so d iu m  hom eostasis  a n d  its effect o n  b lood  vo lum e. 
H e a rt ra te  an d  m yocard ia l con tractility  (a second  factor 
affecting  stroke vo lum e) are  b o th  reg u la ted  by  the a - 
a n d  P -adrenerg ic system s (in a d d itio n  to  their effects on  
vascu lar tone).
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Fig. I° .3  Blood pressure regulation.

• Peripheral resistance is regulated predominantly at the level 
of the arterioles by n e u ra l a n d  h u m o ra l in p u ts . V ascular 
tone reflects a balance be tw een  the actions of vasocon 
stric to rs (inc lud ing  an g io tensin  II, catecholam ines, and  
endo the lin ) a n d  v asod ila to rs  (inc lud ing  k in ins, p ro sta 
g land ins, an d  N O ). R esistance vessels also  exhib it 
au to reg u la tio n , w hereb y  increased  b lood  flow  induces 
vasoconstric tion  to  p ro tec t tissues aga in st h y p e rp e rfu 
sion. Finally, b lood  p re ssu re  is fine-tuned  by  tissue p H  
an d  hypox ia  to  accom m odate  local m etabolic  d em ands.

Factors re leased  from  the  k idneys, a d ren a l g lands, and  
m y o card iu m  in te rac t to influence vascu lar tone a n d  to 
regu la te  b lood  v o lum e by ad ju stin g  so d iu m  balance (Fig. 
10.4). Each day , the k id n ey s on  average filter 170 liters of 
p lasm a con ta in ing  23 m oles o f salt. T hus, w ith  a typ ical d ie t 
con ta in ing  100 m Eq of sod ium , 99.5% of the filtered  salt 
m u s t be reabso rbed  to  m ain ta in  to ta l bo d y  so d iu m  levels. 
A b o u t 98% of the filtered  so d iu m  is reabso rbed  by  several 
constitu tively  active transpo rte rs . R ecovery of the rem ain 
ing  2 % of so d iu m  occurs by  w ay  of the ep ithelia l so d iu m  
channel (ENaC), w h ich  is tigh tly  reg u la ted  by a ldosterone, 
a  d o w n stream  effector of the ren in -ang io tensin  system ; it is 
th is p a th w ay  th a t d e term ines n e t so d iu m  balance.

K idneys influence p e rip h e ra l resistance a n d  so d iu m  
e x c re tio n /re te n tio n  p rim arily  th ro u g h  the ren in- 
ang io tensin  system . The k id n ey s an d  h ea rt con ta in  cells 
th a t sense changes in  b lood  p re ssu re  a n d /o r  b lood  vo lum e. 
In  response, these cells release several im p o rta n t regu la to rs  
th a t act in  concert to  m ain ta in  no rm al b lood  pressure:
• Renin is a p ro teo ly tic  enzym e p ro d u ced  by rena l jux ta 

g lom eru lar ce lls—m yoep ithe lia l cells th a t su rro u n d  the 
g lom eru lar afferen t arterio les. It is re leased  in  response  
to low  b lood  p ressu re  in  a fferen t arterio les, e levated  
levels of c ircu la ting  catecholam ines, o r low  so d iu m  
levels in  the d ista l convo lu ted  rena l tubu les. The la tter 
occurs w h e n  the g lom eru lar filtra tion  ra te  falls (e.g., 
w h e n  the card iac o u tp u t is low ) because a h igher frac
tion  of the filtered  so d iu m  is reso rbed  in  the p rox im al 
tubules.

• Angiotensin. R enin  cleaves p lasm a ang io tensinogen  to 
ang io tensin  I, w h ich  in  tu rn  is converted  to  angiotensin

II by ang io tensin -converting  enzym e (ACE) in  the 
p e riphery . A n g io tensin  II ra ises b lood  p ressu re  by  (1) 
in d u c in g  vascu lar SMC contraction , (2) stim u la ting  
a ldosterone  secretion  by the  a d ren a l g land , a n d  (3) 
increasing  tu b u la r so d iu m  reso rp tion .

• Vasodilators. The k id n ey  also  p ro d u ces a  varie ty  of vas
cu lar re lax ing  substances (includ ing  p ro s tag lan d in s  and  
N O ) that presumably counterbalance the vasopressor effects 
of angiotensin.

• Aldosterone. A drena l a ldosterone  increases b lood  p res 
su re  by its effect o n  b lood  vo lum e; a ldosterone  increases 
so d iu m  re so rp tio n  (and  th u s  w ater) in  the d ista l convo
lu te d  a n d  collecting tubu les  w h ile  also  d riv in g  p o tas 
s ium  excretion  in to  the urine .

• Natriuretic peptides. M yocard ia l n a triu re tic  p ep tid es  are  
re leased  from  a tria l a n d  v en tricu lar m y o card iu m  in 
response  to  vo lum e expansion ; these in h ib it so d iu m  
reso rp tio n  in  the d ista l ren a l tubu les, th u s  lead in g  to 
so d iu m  excretion  a n d  d iu resis . They also  induce  sys
tem ic vasod ila tion .

Ä S U M M A R Y

B L O O D  PRESSURE REGULATION

• Blood pressure is determined by vascular resistance and 

cardiac output.

• Vascular resistance is regulated at the level of the arterioles, 

influenced by neural and hormonal inputs.

• Cardiac output is determined by heart rate and stroke volume, 

the latter of which is strongly influenced by blood volume. 

Blood volume in turn is regulated mainly by renal sodium 

excretion or resorption.

• Renin, a major regulator of blood pressure, is secreted by the 

kidneys in response to decreased blood pressure in afferent 

arterioles. In turn, renin cleaves angiotensinogen to angiotensin 

I; subsequent peripheral catabolism produces angiotensin II, 

which regulates blood pressure by increasing vascular SMC 

tone and by increasing adrenal aldosterone secretion, which 

consequently increases renal sodium resorption.

http://ebooksmedicine.net

http://ebooksmedicine.net


366 C H A P T E R  10 Blood Vessels

Liver

r
Atrial natriuretic peptide

\ Cardiac volume sensors

Vasodilation

\
<?
I*

Excretes Na+ 
and water

Blood
volume

|  BLOOD PRESSURE Normotension \  BLOOD PRESSURE

t Blood
volume

(Low volume or low resistance; 
renal artery stenosis)

t
Vaso

constriction

Resorbs Na+ 
and water

a

Low renal pressure 
Low renal sodium

f
Aldosterone

I

Renin

Angio-
tensinogen" Angiotensin I ■

Adrenal

Angiotensin II

J.__J
Angiotensin-converting

enzyme
Endothelium in many tissues 

Fig. 10.4 Interplay of renin, angiotensin, aldosterone, and atrial natriuretic peptide in blood pressure regulation (see text).

HYPERTENSIVE VASCULAR DISEASE

H y p erten s io n  is a m ajor h ea lth  p ro b lem  in  the developed  
w o rld . A lth o u g h  it occasionally  m an ifests in  a n  acu te  
aggressive  form , h ig h  b lood  p ressu re  is typically  asy m p 
tom atic  for m an y  years. This in sid ious cond ition  has 
been  d u b b ed  essential hypertension, so called  because 
the g ra d u a l age-associated  rise  in  b lood  p ressu re  w as  
considered  "essen tia l"  for n o rm al p e rfu sio n  of en d o rg an s  
such  as the brain . H ow ever, such  increases a re  ne ithe r 
essen tia l no r benign; besides increasing  the  risk  for stroke 
an d  a therosclero tic  co ronary  h e a rt disease, h y p erten sio n  
can  lead  to  card iac  h y p e rtro p h y  an d  h e a rt failu re (hyper
tensive heart disease; see C h ap te r 11), aortic  dissection, 
m ulti-in farc t dem entia , a n d  rena l failure. W hile  the 
m olecu lar p a th w ay s  of b lood  p re ssu re  reg u la tio n  are  
reasonab ly  w ell u n d e rs to o d , the m echan ism s lead in g  to 
h y p e rten s io n  in  the v ast m ajority  o f affected in d iv id u a ls  
rem ain  u n k n o w n . The accep ted  w isd o m  is th a t "essential 
hypertension" resu lts from  the interplay o f several 
genetic  p olym orphism s (w hich  in d iv id u a lly  m ight be  
inconsequentia l) and environm ental factors, w h ich  con
spire to increase b lood  volu m e and/or peripheral 
resistance.

Epidemiology of Hypertension

Like he ig h t a n d  w eigh t, b lood  p re ssu re  is a con tinuously  
d is tr ib u ted  variable; m oreover, d e trim en ta l consequences 
increase con tinuously  as the p ressu re  rises, w ith  no  rig id ly  
defined  th resh o ld  d ep en d ab ly  p red ic tin g  to ta l safety. 
N evertheless, sustained  d iastolic pressures greater than  
90 m m  H g or sustained  systolic  pressures in  excess of 
140 m m  H g are reliab ly  associated  w ith  an increased risk  
for atherosclerosis and are therefore u sed  as cutoffs in  
d iagn osin g  hypertension  in  clin ical practice. By these 
criteria, over 25% of in d iv id u a ls  in  the general p o p u la 
tion  are  hypertensive . A s n o ted  how ever, these v a lues are  
som ew h at arb itra ry , a n d  in  p a tien ts  w ith  o th er card iovas
cu lar risk  factors (e.g., d iabetes), low er th resh o ld s m ay  be 
applicable.

The prevalence  of patho log ic  effects o f h ig h  b lood 
p ressu re  increases w ith  age an d  is a lso  h igher in  A frican 
A m ericans. W ith o u t a p p ro p ria te  trea tm en t, som e 50% of 
h y p erten siv e  p a tien ts  d ie  of ischem ic h ea rt d isease (IHD) 
or congestive h e a rt failure, a n d  an o th er th ird  succum b to 
stroke. R eduction  of b lood  p ressu re  d ram atica lly  reduces 
the incidence a n d  clinical sequelae (inc lud ing  death ) of all 
fo rm s of h y p erten sio n -re la ted  disease. Indeed , trea tm en t 
of a sym ptom atic  h y p e rten s io n  constitu tes one of the few
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in stances in  w h ich  "p rev en tiv e  m ed icine" has  a m ajor 
d em o n stra ted  h ea lth  benefit.

A  sm all percen tage  of hyperten siv e  p a tien ts  (approxi
m ate ly  5%) p re sen t w ith  a ra p id ly  rising  b lood  p ressu re  
that, if u n trea ted , leads to  d e a th  in  w ith in  1 to  2 years. Such 
malignant hypertension u su a lly  is severe (i.e., systolic p res 
su res  over 200 m m  H g  o r d iasto lic  p ressu res  over 
120 m m  H g) an d  frequen tly  is associa ted  w ith  ren a l failu re 
a n d  re tina l hem orrhages, w ith  or w ith o u t p ap illedem a. It 
can  arise  d e  novo  b u t m o st com m only  is su p e rim p o sed  on  
preex isting  ben ign  hypertension .

Pathogenesis

H ypertension  m ay be primary (idiopathic) or le ss  com 
m on ly  secondary to an identifiab le u n derly ing  condition . 
In  close to 95% of cases hypertension  is  id iopath ic or 
"essential". M ost o f the rem ain ing cases (secondary 
hypertension) are due to primary renal d isease, renal 
artery narrow ing (renovascular hypertension), or adrenal 
disorders (Table 10.2). E ssential h y p erten sio n  is com pati
ble w ith  lo n g  life un less a  m yocard ia l infarction , stroke, o r 
o th e r com plication  supervenes. P rognosis of secondary  
h y p erten sio n  d e p en d s  on  ad eq u a te  trea tm en t of the u n d e r
ly ing  cause. Several re la tively  ra re  single-gene d iso rd ers  
cause h y p erten sio n  (and  hypo tension) by  affecting  rena l 
so d iu m  reso rp tion . Such d iso rd ers  include the  follow ing:
• Gene defects in enzymes involved in aldosterone metabo

lism  (e.g., a ldosterone  syn thase , 1 ip -hyd roxy lase , 17a-

Table 10.2 Types and Causes of H ypertension (Systolic and 
Diastolic)

Essential H ypertension

Accounts for 90% to 95% of all cases

Secondary H ypertension

R e n a l

Acute glomerulonephritis 
Chronic renal disease 
Polycystic disease 
Renal artery stenosis 
Renal vasculitis 
Renin-producing tumors

E n d o c r in e

Adrenocortical hyperfunction (Cushing syndrome, primary
aldosteronism, congenital adrenal hyperplasia, licorice ingestion) 

Exogenous hormones (glucocorticoids, estrogen [including pregnancy- 
induced and oral contraceptives], sympathomimetics and tyramine- 
containing foods, monoamine oxidase inhibitors) 

Pheochromocytoma 
Acromegaly
Hypothyroidism (myxedema)
Hyperthyroidism (thyrotoxicosis)
Pregnancy-induced (pre-eclampsia)

C a r d io v a s c u la r

Coarctation of the aorta 
Polyarteritis nodosa 
Increased intravascular volume 
Increased cardiac output 
Rigidity of the aorta

N e u r o lo g ic

Psychogenic
Increased intracranial pressure 
Sleep apnea
Acute stress, including surgery

hydroxylase), lead ing  to increased aldosterone secretion, 
increased  sa lt a n d  w a te r reso rp tion , a n d  p lasm a 
vo lum e expansion

• M utations in proteins that affect sodium resorption (as in  
Liddle syndrome, w h ich  is caused  by m u ta tio n s  th a t 
p re v e n t the no rm al d eg rad a tio n  of the  EN aC  sod ium  
channel, lead in g  to  increased  d is ta l tu b u la r re so rp tio n  
of sod ium )

Mechanisms of Essential Hypertension * •

A lth o u g h  the specific triggers are  u n k n o w n , it ap p ea rs  th a t
bo th  a lte red  rena l so d iu m  h a n d lin g  a n d  increased  vascu lar
resistance con tribu te  to  essen tia l hypertension .
• Reduced renal sodium excretion in  the presence of no rm al 

a rte ria l p ressu re  p robab ly  is a key p a thogen ic  feature; 
indeed , th is is a com m on  etiologic factor in  m o st fo rm s 
of hypertension . D ecreased  so d iu m  excretion  causes an  
ob ligato ry  increase in  flu id  vo lum e a n d  increased  
card iac o u tp u t, thereby  e leva ting  b lood  p re ssu re  (see 
Fig. 10.3). A t the n ew  h ig h er b lood  p ressu re , the  k idneys 
excrete ad d itio n a l sod ium . T hus, a n ew  steady  sta te  of 
so d iu m  excretion  is achieved, b u t a t the expense of an  
e levated  b lood  p ressu re .

• Increased vascular resistance may stem from  vasoconstriction 
or structural changes in vessel walls. These are  n o t neces
sarily  in d e p e n d e n t factors, as chronic vasoconstric tion  
m ay  resu lt in  p e rm a n e n t th icken ing  of the w alls  of 
affected vessels.

• Genetic factors p lay  a n  im p o rtan t ro le  in  d e te rm in ing  
b lood  p ressu re , as show n  by  fam ilial c lu ste ring  of 
h y p e rten s io n  a n d  by s tud ies  o f m onozygo tic  a n d  d izy 
gotic tw ins. In  a sm all p ro p o rtio n  of cases of essen tial 
h y p erten sio n  there  is linkage to  specific angio tensino- 
gen p o ly m o rp h ism s a n d  ang io tensin  II receptor variants; 
po lym orphism s of the renin-angiotensin  system  also  m ay  
con tribu te  to  the k n o w n  racial d ifferences in  b lood  p res 
su re  regu la tion . Susceptib ility  genes for essen tial h y p er
ten sion  in  the v as t m ajority  o f cases a re  cu rren tly  
u n k n o w n  b u t p robab ly  inc lude  those th a t influence 
rena l so d iu m  reso rp tion , the  p ro d u c tio n  of en d o g en o u s 
presso rs, a n d  SMC grow th .

• Environmental factors, such  as stress, obesity , sm oking, 
physical inactiv ity , a n d  h ig h  levels of salt consum ption , 
m odify  the im p ac t o f genetic de te rm inan ts . Evidence 
link ing  d ie ta ry  so d iu m  in take w ith  the  prevalence of 
h y p erten sio n  is p articu larly  strong.

^  M O R P H O L O G Y

Hypertension not only accelerates atherogenesis but also causes 

degenerative changes in the walls of large- and medium-sized 

arteries that can lead to aortic dissection and cerebrovascular 

hemorrhage. Three forms of small blood vessel disease are 

hypertension-related (Fig. 10.5):

• H ya lin e  a rte rio losc lero s is  is associated with benign hyper

tension. It is marked by homogeneous, pink hyaline thickening 

of the arteriolar walls, with loss of underlying structural detail, 

and luminal narrowing (see Fig. I0.5A). The lesions stem from 

leakage of plasma components across injured ECs into vessel
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Fig. 10.5 Hypertensive vascular disease. (A) Hyaline arteriosclerosis. The 
arteriolar wall is thickened with the deposition of amorphous proteinaceous 
material (hyalinized), and the lumen is markedly narrowed. (B) Hyperplastic 
arteriolosclerosis (“onion-skinning”) ( a r r o w )  causing luminal obliteration 
(periodic acid—Schiff stain). (B , C o u r te s y  o f  H e lm u t  R e n n k e ,  M D ,  B r ig h a m  a n d  

W o m e n ’s  H o s p i t a l ,  B o s to n ,  M a s s a c h u s e t t s . )

walls, and increased ECM production by SMCs in response to  

chronic hemodynamic stress. In the kidneys, the arteriolar 

narrowing caused by hyaline arteriosclerosis leads to diffuse 

vascular compromise and nephrosclerosis (glomerular 

scarring). Although the vessels of older adult patients (normo- 

tensive or hypertensive) show the same changes, hyaline arter

iolosclerosis is more generalized and severe in patients with 

hypertension. The same lesions also are common in diabetic 

microangiopathy; in this disorder, the underlying etiology is 

hyperglycemia-associated EC dysfunction.

• H yp erp las tic  a rte rio losc lero s is  is more typical of severe 

hypertension. Vessels exhibit “onion skin,” concentric, lami

nated thickening of arteriolar walls and luminal narrowing (see 

Fig. I0.5B). The laminations consist of SMCs and thickened, 

reduplicated basement membrane. In malignant hypertension, 

these changes are accompanied by fibrinoid deposits and vessel 

wall necrosis (n e c ro tiz in g  a rte r io lit is ) , which are particu

larly prominent in the kidney.

^ S U M M A R Y

HYPERTENSION

• Hypertension is a common disorder affecting 25% of the popu

lation; it is a major risk factor for atherosclerosis, congestive 

heart failure, and renal failure.

• Hypertension may be primary (idiopathic) or less commonly 

secondary to  an identifiable underlying condition. In close to  

95% of cases hypertension is idiopathic or “essential.” The 

remaining cases (secondary hypertension) are due to  primary 

renal disease, renal artery narrowing (renovascular hyperten

sion), or adrenal disorders.

• Essential hypertension represents 95% of cases and is a 

complex, multifactorial disorder, involving both environmental 

influences and genetic polymorphisms that may influence 

sodium resorption, aldosterone pathways, the adrenergic 

nervous system, and the renin-angiotensin system.

• Hypertension occasionally is caused by single-gene disorders 

or is secondary to diseases of the renal arteries, kidneys, 

adrenal glands, or other endocrine organs.

VASCULAR W ALL RESPONSE 
TO  INJURY

Injury to the v esse l w a ll — and in  particular to ECs — is the  
fundam ental basis for the vast m ajority o f vascular d is
orders. Such in ju rious stim uli m ay  be biochem ical, im m u 
nologic, o r hem odynam ic. The in teg ra ted  function  of 
E C s—a n d  the  u n d e rly in g  SM C s—is critical for the  vascu 
la tu re  to  re sp o n d  to  v a rio u s stim uli; such  responses can  be 
ad ap tiv e  o r m ay  lead  to  p a tho log ic  lesions. T hus, EC in jury  
o r d ysfunction  (as d iscussed  earlier) con tribu tes to  a ho st 
of pa tho log ic  p rocesses in c lu d in g  th rom bosis, atheroscle
rosis, an d  h ypertensive  vascu lar lesions. E nsu ing  SMC p ro 
lifera tion  a n d  m atrix  syn thesis can  help  to  rep a ir  a  d am aged  
vessel w all, b u t also  can  even tua lly  lead  to  lum inal 
occlusion.

Intimal Thickening: A  Stereotypical Response to  
Vascular Injury

Vascular injury lead in g  to EC lo ss  or d ysfu n ction  stim u
lates SM C grow th, ECM syn th esis, and th ick en in g  o f the  
vascular w all. H ealing  of in ju red  vessels involves the 
m ig ra tion  of SM Cs or SMC p recu rso r cells in to  the in tim a. 
These cells then  pro life ra te  a n d  synthesize  ECM  in  m u ch  
the  sam e w ay  th a t fibrob lasts fill in  a  w o u n d  elsew here  in  
the  bo d y  (Fig. 10.6), fo rm ing  a n eo in tim a th a t typically  is 
covered  by  an  in tac t EC layer. This neo in tim al response  
occurs w ith  an y  fo rm  of vascu lar dam age  or dysfunction , 
in c lu d in g  infection, in flam m ation , im m u n e  in jury , p hysi
cal trau m a  (e.g., from  a balloon  ca the ter o r hypertension), 
o r toxic exposu re  (e.g. ox id ized  lip id s  o r cigarette  sm oke). 
T hus, in tim al th icken ing  is a stereo typ ical response  of the 
vessel w all to  any  insult.

O f note, the  p h en o ty p e  of neo in tim al SM Cs is d istinct 
from  m ed ia l SMCs. T hus, neo in tim al SM Cs are  n o t con
tractile like m ed ia l SMCs, b u t do  have the  capacity  to 
d iv ide  a n d  have a considerab ly  g rea ter syn thetic  capacity
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Fig. 10.6 Stereotypical response to vascular injury. Schematic diagram of intimal thickening, emphasizing intimal smooth muscle cell migration and prolifera
tion associated with extracellular matrix synthesis. Intimal smooth muscle cells may derive from the underlying media or may be recruited from circulating 
precursors; they are depicted in a color different from that of the medial smooth muscle cells, to emphasize their distinct phenotype.

th a n  their sleepy co lleagues in  the m edia . A lth o u g h  neo- 
in tim al cells w ere  p rev iously  th o u g h t to  arise exclusively 
from  d ed ifferen tia ted  m ed ia l SMCs, a t least a subse t is 
d e riv ed  from  c ircu la ting  p recu rso r cells. The m igra to ry , 
p ro liferative, a n d  syn thetic  activ ities of the  in tim al SM Cs 
are  reg u la ted  by g ro w th  factors a n d  cy tokines p ro d u ced  
by  platelets, ECs, a n d  m acrophages, as w ell as by activated  
coagu la tion  a n d  co m plem en t factors (as d iscussed  earlier).

W ith  re s to ra tio n  a n d /o r  n o rm aliza tion  of the EC layer, 
in tim al SM Cs can  re tu rn  to  a n onp ro life ra tive  state, b u t no t 
before the  healing  response  has p ro d u c e d  in tim al th icken 
ing. W ith  pe rsis ten t o r recu rren t insu lts, fu rth e r  th icken ing  
can  occur th a t leads to  the  stenosis of sm all- a n d  m ed iu m 
sized  b lood  vessels (e.g., as in  atherosclerosis, d iscussed  
later). A s a final note, it is also  im p o rta n t to  recognize th a t 
g rad u a l ongo ing  in tim al th icken ing  a p p ea rs  to  be a p a r t  of 
"n o rm a l ag ing ." F o rtunate ly , such  age-re la ted  in tim al 
change typ ically  is o f no  consequence, in  p a r t  because com 
p en sa to ry  o u tw a rd  rem ode ling  of the  vessel w all re su lts  in  
little ne t change in  the  lu m in a l d iam eter.

ARTERIOSCLEROSIS

A rteriosclerosis literally  m eans "hardening o f the arter
ies"; it is  a generic term  reflecting arterial w a ll th ick en in g  
and loss o f elasticity. F our d istinc t types are recognized , 
each w ith  d ifferen t clinical a n d  patho log ic  causes an d  
consequences:
• Arteriolosclerosis affects sm all a rteries a n d  arterio les and  

m ay  cause d o w n stream  ischem ic in jury . The tw o  vari
ants, hyaline  a n d  h yperp lastic  arterio losclerosis, w ere  
d iscussed  earlier in  re la tion  to  hypertension .

• Monckeberg medial sclerosis is charac terized  by the  p res 
ence of calcific deposits  in  m u scu la r arteries, u sua lly  
cen tered  on  the  in te rn a l elastic lam ina, a n d  typ ically  in  
in d iv id u a ls  o lder th a n  50 y ears  o f age. The lesions do  
no t encroach  o n  the  vessel lu m en  a n d  u su a lly  are no t 
clinically significant.

• Fibromuscular intimal hyperplasia is a non-atherosclero tic  
p rocess th a t occurs in  m u scu la r a rte ries larger th an

arterio les. This is p red o m in an tly  a n  SMC- a n d  ECM -rich 
lesion  d riv en  by in flam m ation  (as in  a  hea led  arte ritis  o r 
transp lan t-assoc ia ted  a rte riopathy ; see C h ap te r 11), o r 
by  m echanical in jury  (e.g., associated  w ith  sten ts o r bal
loon  ang iop lasty , see later). Such a healing  response  can 
cause substan tia l stenosis of the  vessel; in d eed  such  inti- 
m al hy p erp lasia  u n d erlie s  in -sten t restenosis a n d  is the 
m ajor long-te rm  lim ita tion  of so lid  o rg an  transp lan ts .

• Atherosclerosis, from  G reek  ro o t w o rd s  for "g ru e l"  an d  
"h a rd en in g ,"  is the  m ost freq u en t a n d  clinically im p o r
tan t p a tte rn  a n d  is the  subject of the  nex t section.

ATHEROSCLEROSIS

A therosclerosis is  characterized by intim al le s io n s called
atheromas (or atheromatous or atherosclerotic plaques) 
that im pinge on  the vascular lu m en  and can rupture to 
cause su d d en  occlusion . It u n d erlie s  the pa thogenesis of 
coronary , cerebral, a n d  p erip h e ra l vascu lar d isease, an d  
causes m ore m o rb id ity  a n d  m orta lity  (rough ly  half of all 
deaths) in  the  W estern  w o rld  th a n  any  o th e r d iso rder. A th 
ero m ato u s p laq u es are ra ised  lesions com posed  of soft 
friable (g rum ous) lip id  cores (m ainly  cholestero l a n d  cho
lestero l esters, w ith  necro tic  debris) covered  by fibrous 
caps (Fig. 10.7). A s they  en larged , atherosclero tic  p laques 
m ay  m echanically  obstruc t vascu lar lum ina , lead in g  to  ste
nosis. O f g rea ter concern, how ever, a therosclero tic  p laques 
also  a re  p ro n e  to  ru p tu re , an  even t th a t m ay  resu lt in  
th rom bosis a n d  su d d e n  occlusion of the  vessel. The th ick 
ness of the  in tim al lesions also  m ay  be sufficient to  im pede  
the  pe rfu sio n  of the  u n d e rly in g  m ed ia , w h ich  m ay  be 
w eak en ed  by  ischem ia a n d  by changes in  the  ECM  caused  
by subsequen t in flam m ation . Together, these  tw o  factors 
w eak en  the m edia , se tting  the  stage fo r the  fo rm ation  of 
aneurysm s.

W ith  better trea tm en t of infectious d iso rders and  
increased access to  W estern  d ie tary  behaviors, atherosclero
sis is also becom ing increasingly prevalen t in  develop ing  
countries. Because coronary  artery  disease is an  im p o rtan t 
m anifestation  of atherosclerosis, epidem iologic da ta  related
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Fig. I ° J  The basic structure of an atheromatous plaque.

to  atherosclerosis-related  m ortality  typically reflect deaths 
caused  by ischem ic h eart disease (IHD) (C hapter 11); indeed , 
m yocard ial infarction is responsible for rough ly  one quarte r 
o f all dea ths in  the U nited  States.

Epidemiology of Atherosclerosis

A therosclerosis is v irtua lly  u b iq u ito u s  am o n g  m ost devel
o p e d  nations, w ith  prevalence increasing  a t a n  a la rm ing  
pace in  d eve lop ing  countries. The m orta lity  ra te  for IH D  
in the U n ited  States is a m o n g  the h ighest in  the w orld , 
app rox im ate ly  five tim es h ig h er th a n  th a t in  Japan. 
H ow ever, IH D  is increasing  in  Japan, w h ere  it is n o w  the 
second  lead in g  cause of death . F u rtherm ore , Japanese  em i
g ran ts w h o  com e to the U n ited  S tates a n d  a d o p t A m erican 
lifestyles a n d  d ie ta ry  custom s acqu ire  the  sam e atheroscle
rosis risk  as U .S .-born in d iv iduals , em p h asiz in g  the im p o r
tan t etiologic ro le  of en v iro n m en ta l factors.

The prevalence  a n d  severity  o f a therosclerosis  a n d  IH D  
have  been co rre la ted  w ith  a  n u m b er of risk  factors in 
several p ro spec tive  ana lyses in c lu d in g  the  lan d m ark  
F ram ingham  H eart S tudy; som e of these risk  factors a re  
constitu tiona l (and  therefore  less controllable), b u t o thers 
are  acqu ired  o r re la ted  to m odifiab le behav io rs (Table 
10.3). These risk factors have roughly multiplicative effects. 
Thus, tw o  factors increase the  risk  for m yocard ia l infarc
tion  app rox im ate ly  4-fold, a n d  th ree  (i.e., h y perlip idem ia , 
hypertension , a n d  sm oking) increase the ra te  by  a  factor 
of 7 (Fig. 10.8).

Constitutional Risk Factors

• Genetics. Fam ily h is to ry  is the m o st im p o rta n t in d ep en 
d en t risk  factor for atherosclerosis. C erta in  m endelian  
d iso rd ers  a re  s trong ly  associa ted  w ith  a therosclerosis 
(e.g., fam ilial hypercholestero lem ia) (C hap ter 7), b u t 
these accoun t for on ly  a sm all percen tage  of cases. M ost

a>
2
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o

to
E
to
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BP systolic 1 2 0 160 160
Cholesterol 2 2 0 2 2 0 260
HDL-C 50 50 50
Diabetes - - -
Cigarettes - - -
LVH by ECG - - -

160 160 160 160
260 260 260 260
35 35 35 35
- + + +
- - + +
- - - +

Fig. | 0 . 8  Estimated 10-year risk for coronary artery disease in 55-year-old men and women as a function of established risk factors— hyperlipidemia, hyper
tension, smoking, and diabetes. BP, blood pressure; ECG, electrocardiogram; HDL-C, high-density lipoprotein cholesterol; LVH, left ventricular hypertrophy. 
( D a t a  f r o m  O ’D o n n e l l  CJ, K a n n e l  W B :  C a rd io v a s c u la r  r is k s  o f  h y p e r te n s io n :  le s s o n s  f r o m  o b s e r v a t io n a l  s tu d ie s , J Hypertension l 6 [ S u p p l  6 ] : 3 ,  1 9 9 8 . )
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Table 10.3 M ajo r Risk Factors for Atherosclerosis

N o nm od ifiab le  (C o n s titu tio n a l)

Genetic abnormalities 
Family history 
Increasing age 
Male gender

M odifiab le

Hyperlipidemia 
Hypertension 
Cigarette smoking 
Diabetes 
Inflammation

fam ilial risk  is re la ted  to  m u ltifacto ria l tra its  th a t go 
h an d -in -h an d  w ith  a therosclerosis, in c lu d in g  h y p e rten 
sion, and , d iabetes.

• Age. A therosclerosis u sua lly  rem ains clinically silent 
u n til lesions reach  a critical th resh o ld  in  m id d le  age or 
later. T hus, the incidence of m yocard ia l in farction  
increases 5-fold be tw een  40 a n d  60 y ears  of age. D eath  
ra tes  from  IH D  con tinue to  rise  w ith  each successive 
decade.

• Gender. A ll o th e r factors being  equal, p rem en o p au sa l 
w o m en  are re la tively  p ro tec ted  ag a in st a therosclerosis 
(an d  its consequences) com pared  w ith  age-m atched  
m en. T hus, m yocard ia l in farc tion  a n d  o ther com plica
tions of atherosclerosis are u n co m m o n  in  p rem en o 
p au sa l w o m en  in  the  absence of o th e r p red isp o sin g  
factors such  as d iabetes, hyperlip idem ia , o r severe 
hypertension . A fter m enopause , how ever, the  incidence 
of a therosclerosis-re la ted  d isease increases a n d  can  even  
exceed th a t in  m en. A lth o u g h  a sa lu tary  effect of estro 
gen has long  been  p ro p o se d  to  exp lain  th is  g en d er differ
ence, clinical trials hav e  sh o w n  no  benefit of h o rm ona l 
th e rap y  for p rev en tio n  of vascu lar disease. Indeed , 
e strogen  rep lacem en t after 65 y ears  of age ap p ea rs  to 
actually  increase card iovascu lar risk. In  ad d itio n  to  a th 
erosclerosis, gen d er also  influences o th er factors th a t 
can  affect ou tcom e in  p a tien ts  w ith  IH D , such  as hem o
stasis, in farc t healing , a n d  m yocard ia l rem odeling .

M o d ifia b le  M a jo r  Risk Factors

• H yp erlip id em ia—and, m ore specifically, hypercholes- 
tero lem ia—is a major risk factor for develop m en t of 
atherosclerosis and is  sufficient to induce lesio n s in  
the absence o f other risk factors. The m ain  cholesterol 
com ponen t associa ted  w ith  increased  risk  is low -density  
lip o p ro te in  (LDL) cholestero l ("bad  cholesterol"); LDL 
d is trib u tes  cholestero l to p e rip h e ra l tissues. By contrast, 
h igh -density  lip o p ro te in  (HDL) cholesterol ("good  cho
lestero l") m obilizes cholestero l from  d eve lop ing  an d  
ex isting  vascu lar p laq u es  an d  tran sp o rts  it to  the liver 
for b iliary  excretion. C onsequen tly , h ig h er levels of 
H D L corre la te  w ith  red u ced  risk. R ecognition  of these 
re la tionsh ip s has sp u rre d  the d ev e lo p m en t o f d ie ta ry  
an d  pharm aco log ic  in te rven tions th a t low er to tal se ru m  
cholestero l o r LDL a n d /o r  ra ise  se ru m  HDL, as follow s: 
• High dietary intake of cholesterol a n d  sa tu ra ted  fats

(e.g., p re sen t in  egg  yolks, an im al fats, a n d  bu tter)
raises p lasm a  cholesterol levels. C onversely , d ie ts

low  in  cholestero l a n d /o r  con ta in ing  h ig h er ra tios of 
p o ly u n sa tu ra te d  fats, low er p lasm a  cholesterol levels.

• Omega-3 fatty acids (ab u n d a n t in  fish oils) are  
beneficial, w h ereas (tran s)-u n sa tu ra ted  fats p ro d u ced  
by artificial h y d ro g en a tio n  of p o ly u n sa tu ra te d  oils 
(used  in  baked  goods a n d  m argarine) adverse ly  
affect cholesterol profiles.

• Exercise a n d  m o d era te  co n su m p tio n  of e thano l raise 
H D L levels, w h e reas  obesity  an d  sm oking  low er 
them .

• Statins are  a w id e ly  u sed  class o f d ru g s  th a t low er 
c ircu la ting  cholestero l levels by inh ib iting  hydroxy- 
m eth y lg lu ta ry l coenzym e A  (HM G -CoA ) reductase , 
the ra te -lim iting  enzym e in  hepatic  cholesterol bio
syn thesis  (C hap ter 7).

• Hypertension (see earlier d iscussion) is an o th er m ajor 
risk  factor for d ev e lo p m en t of a therosclerosis. O n  its 
ow n , h y p erten sio n  can  increase the risk  for IH D  by 
app rox im ate ly  60% (see Fig. 10.8). H y p erten sio n  also  is 
the  m ajor cause of left ven tricu la r h y p e rtro p h y  (LVH), 
w h ich  also  can  con tribu te  to  m yocard ia l ischem ia (see 
Fig. 10.8).

• Cigarette smoking is a w ell-estab lished  risk  factor in  m en  
an d  p ro b ab ly  accounts for the  increasing  incidence and  
severity  o f a therosclerosis in  w om en . P ro longed  (years) 
sm oking  of one o r m ore  packs of c igarettes p e r  day  
doub les the ra te  of IH D -rela ted  m orta lity , w h ile  sm oking  
cessation  red u ces the  risk.

• Diabetes mellitus is associa ted  w ith  ra ised  circu la ting  
cholesterol levels an d  m ark ed ly  increases the  risk  for 
atherosclerosis. O ther factors being  equal, the  incidence 
of m yocard ia l in farc tion  is tw ice as h ig h  in  d iabetics 
as in  non-d iabetics. In  ad d itio n , th is d iso rd e r is associ
a ted  w ith  a n  increased  risk  for stroke a n d  a 1 0 0 -fold 
increase in  a therosc lerosis-induced  gangrene  of the 
low er extrem ities.

A dditional Risk Factors

R oughly  20% of card iovascu lar events occur in  the absence 
of identifiable risk factors. For exam ple, in  p rev iously  healthy  
w om en, m ore  than  75% of card iovascu lar events occur in  
those w ith  LDL cholesterol levels below  130 m g /  dL (a 
cutoff value  considered  to  connote only  borderline risk). 
O ther factors tha t con tribu te  to risk  include the following:
• Inflammation. Inflam m atory  cells are  p resen t d u rin g  all 

stages of a therom atous p laq u e  form ation  an d  are inti
m ately  linked  w ith  p laque  progression  an d  ru p tu re  (see 
the  fo llow ing discussion). There is som e evidence tha t a 
system ic pro-inflam m atory  state is associated  w ith  the 
developm ent of atherosclerosis an d  hence m easures of 
system ic in flam m ation  have been  u sed  in  risk  stratifica
tion. O f various system ic m arkers of inflam m ation, deter
m ination  of C-reactive protein (CRP) has em erged  as one 
of the sim plest an d  m ost sensitive. CRP is a n  acu te-phase  
reac tan t syn thesized  p rim arily  by the liver in  response  
to a  va rie ty  of in flam m atory  cytokines. In  som e stud ies, 
CRP levels independently predict the risk for myocardial 
infarction, stroke, peripheral arterial disease, and sudden 
cardiac death, even among apparently healthy individuals 
(Fig. 10.9). H ow ever, such  s tud ies  a re  con fo u n d ed  by 
lack of precise defin ition  of "h ea lth y  in d iv id u a ls"  
because clinically asym ptom atic  in d iv id u a ls  m ay  harb o r
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Fig. 10.9 Prognostic value of C-reactive protein (CRP) in coronary artery 
disease. Relative risk (y-axis) reflects the risk for a cardiovascular event (e.g., 
myocardial infarction). The x-axis shows the 10-year risk for a cardiovascular 
event calculated from the traditional risk factors identified in the Framingham 
Study. In each risk group, CRP levels further stratify the patients. ( D a t a  f r o m  

R id k e r  P M ,  e t  a l :  C o m p a r is o n  o f  C - r e a c t iv e  p r o t e in  a n d  lo w - d e n s i ty  l ip o p r o t e in  

c h o le s te r o l  le v e ls  in  t h e  p r e d ic t io n  o f  f i r s t  c a r d io v a s c u la r  e v e n ts . N Engl J Med 
3 4  7 : 1 5 5 7 , 2 0 0 2 . )

significant a therosclero tic  lesions w ith  associated  
in flam m ation . T hus e levated  CRP levels m ay  be a 
m ark er o f u n d e rly in g  asym ptom atic  atherosclerosis. 
F u rtherm ore , there  is no  d irect ev idence th a t low ering  
CRP d im in ishes card iovascu lar risk  or th a t CRP is 
invo lved  in  the fo rm ation  of a therom as. It is o f in te rest 
th a t CRP is red u ced  by  sm oking  cessation, w e ig h t loss, 
an d  exercise, a ll o f w h ich  cou ld  red u ce  the risk  of a th 
erosclerosis in d ep en d en tly . T hus, w h e th e r  e levated  
CRP is a m ark er of o r a consequence of p laq u e  inflam 
m ation  rem ains to  be resolved.

• Hyperhomocysteinemia. S erum  hom ocyste ine  levels cor
relate  w ith  co ronary  a therosclerosis, p e rip h e ra l vascu lar 
disease, stroke, a n d  ven o u s throm bosis. Homocystinuria, 
d u e  to  ra re  in b o rn  erro rs  of m etabolism , causes e levated  
c ircu la ting  hom ocyste ine  (g reater th a n  100 |im o l/L ) 
an d  is associated  w ith  early -onset vascu lar d isease. 
A lth o u g h  low  folate an d  v itam in  Bi2  levels can  increase 
hom ocyste ine  levels, su p p lem en ta l v itam in  ingestion  
does n o t affect the incidence of card iovascu lar d isease.

• Metabolic syndrome. A ssociated  w ith  cen tra l obesity  
(C hap ter 8 ), th is clinical en tity  is charac terized  by in su lin  
resistance, hypertension , dyslip idem ia  (elevated  triglyc
e rid es  a n d  d ep ressed  HDL), hypercoagu lab ility , an d  a 
p ro -in flam m ato ry  state, w h ich  m ay  be triggered  by 
cy tokines re leased  from  ad ipocytes. The dyslip idem ia, 
hyperg lycem ia, a n d  h y p erten sio n  are  all card iac  risk  
factors, w h ile  the system ic hypercoagu labg ram le  an d  
p ro -in flam m ato ry  sta te  m ay  con tribu te  to  endo the lia l 
d ysfunction  a n d /o r  throm bosis.

• Lipoprotein(a) levels. L ipopro tein(a) is a n  LDL-like 
particle  th a t con ta ins ap o lip o p ro te in  B-100 linked  to 
apo lipopro te in (a). L ipopro tein(a) levels a re  corre la ted  
w ith  risk  of co ronary  a n d  cerebrovascu lar d isease, 
in d e p e n d e n t o f to tal cholesterol o r LDL levels.

A po lipopro te in (a) is hom ologous to  p lasm inogen , sug 
gesting  a p o ten tia l link  be tw een  th rom bogenesis and  
c ircu la ting  m olecu les th a t can  d rive  atherosclerosis.

• Elevated levels of procoagulants are  p o te n t p red ic to rs  of 
risk  for m ajor card iovascu lar even ts in c lu d in g  m yocar
d ia l in farc tion  a n d  stroke. Excessive activa tion  of th ro m 
bin, w h ich  y o u  m ay  recall can  in itia te  in flam m ation  
th ro u g h  cleavage of p ro tease-ac tiva ted  recep to rs (PARs; 
C h ap te r 4) o n  leukocytes, endo the lium , a n d  o ther cells, 
m ay  be p articu larly  a therogenic.

• Clonal hematopoiesis. It is now  recogn ized  th a t a su rp ris 
ing ly  h igh  fraction  of o lder in d iv id u a ls  have clonal 
hem atopo iesis  (C hap ter 12), defined  by the p resence of 
a  m ajor clone of cells in  the  bone m arro w  th a t have  
acqu ired  som atic d riv e r m u ta tio n s in  one or m ore  w ell- 
charac terized  oncogenes o r tu m o r su p p resso r genes. 
D esp ite  the p resence of these  m u ta tions, such  pa tien ts  
typically  have  no rm al b lood  counts. U nexpected ly , ep i
dem iologic s tud ies  have fo u n d  th a t clonal hem atopo i
esis is strong ly  associa ted  w ith  a n  increased  risk  of 
d ea th  from  card iovascu lar disease, possib ly  because of 
a lte ra tions in  the function  of in n a te  im m u n e  cells 
d e riv ed  from  m u ta te d  hem atopo ie tic  stem  cells. W ork 
is o ngo ing  to  fu rth e r confirm  th is associa tion  a n d  de ter
m ine its m echanistic  basis.

• Other factors associated  w ith  d ifficu lt-to -quantify  risks 
include lack of exercise a n d  liv ing  a com petitive, stress
fu l lifestyle (" type  A  personality").

Pathogenesis

The currently h e ld  v iew  o f p ath ogen esis is em b od ied  in  
the response-to-injury hypothesis. T his m odel v iew s ath
erosclerosis as a chronic inflam m atory response o f the  
arterial w a ll to en d oth elia l injury. Lesion p rog ression  in 
volves in te rac tion  of m odified  lipop ro te in s, m onocyte- 
de rived  m acrophages, T  lym phocytes, an d  the cellu lar 
constituen ts o f the  a rte ria l w all (Fig. 10.10). A ccord ing  to 
th is m odel, a therosclerosis resu lts  from  the fo llow ing  
p a thogen ic  events:
• EC injury — an d  re su lta n t endo the lia l d y sfu n c tio n — 

lead in g  to  increased  perm eab ility , leukocyte adhesion , 
an d  th rom bosis

• Accumulation of lipoproteins (m ain ly  ox id ized  LDL and  
cholesterol crystals) in  the vessel w all

• Platelet adhesion
• Monocyte adhesion to the endothelium, migration into the 

intima, and differentiation into macrophages and foam cells
• Lipid accumulation within macrophages, w h ich  re sp o n d  by 

re leasing  in flam m atory  cytokines
• SMC recruitment d u e  to  factors re leased  from  ac tivated  

p latelets, m acrophages, a n d  vascu lar w a ll cells
• SMC proliferation and ECM production

Som e deta ils  o f these steps are p resen ted  next. 

Endothelial Injury

EC in ju ry  is the co rnerstone  of the response  to  in ju ry  
hypo thesis . EC loss d u e  to any  k in d  of in ju ry —in d u ced  
experim en tally  by m echanical d en u d a tio n , hem odynam ic  
forces, im m u n e  com plex  deposition , irrad ia tion , o r 
chem icals — resu lts  in  in tim al th ickening; in  the  p resence of 
h igh-lip id  d iets, typical a th e ro m as ensue. H ow ever, early
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h u m a n  atherosclero tic  lesions beg in  a t sites o f intact, b u t 
dysfunctional, en do the lium . These dysfunctional ECs 
exh ib it increased  perm eab ility , en h an ced  leukocyte  ad h e 
sion, a n d  a lte red  gene expression , all o f w h ich  m ay  con
trib u te  to  the d ev e lo p m en t o f atherosclerosis.

S uspected  triggers of early  a th e ro m ato u s lesions inc lude  
hypertension , hyperlip idem ia , toxins from  cigarette  sm oke, 
a n d  hom ocyste inem ia. In flam m atory  cy tok ines (e.g., tu m o r 
necrosis factor [TNF]) also  can  stim ula te  p roa therogen ic  
p a tte rn s  of EC gene expression . N evertheless, the  tw o  m ost 
im p o rta n t causes of endo the lia l dy sfu n c tio n  are  hem ody 
nam ic d istu rb an ces an d  hypercholestero lem ia.

H em odynam ic D istu rbances

The im portance  of hem odynam ic  factors in  a therogen- 
esis is illu stra ted  by the o bserva tion  th a t p laq u es tend  
to occur a t ostia  o f ex iting  vessels, a t b ran ch  po in ts, and  
a long  the p o ste rio r w a ll o f the ab d o m in a l aorta , w h ere  
there  is tu rb u len t b lood  flow . In vitro  s tud ies  fu rth e r 
d em o n stra te  th a t n o n tu rb u le n t lam inar flow  leads to  the 
in d u c tio n  of endo the lia l genes w hose  p ro d u c ts  p ro tec t 
ag a in st atherosclerosis. Such "a th e ro p ro tec tiv e"  genes m ay  
exp la in  the n o n ra n d o m  localization  o f early  a therosclero tic  
lesions.

Lipids

L ip ids typ ically  are tran sp o rted  in  the  b lo o d stream  b o u n d  
to  specific ap o p ro te in s  (form ing  lip o p ro te in  com plexes). 
Dyslipoproteinemias can  resu lt from  m u ta tio n s  in  genes tha t 
encode ap o p ro te in s  o r lip o p ro te in  recep tors, o r from  dis
o rd e rs  th a t d e ran g e  lip id  m etabolism , e.g., n eph ro tic  syn
d rom e, alcoholism , h y p o thy ro id ism , or d iabe tes  m ellitus. 
C om m on  lip o p ro te in  abnorm alities in  the  general p o p u la 
tion  (and  indeed , p re sen t in  m an y  m yocard ia l in farction  
surv ivors) inc lude  (1) increased  LDL cholestero l levels, (2) 
decreased  H D L cholesterol levels, a n d  3) increased  levels 
of lipopro tein(a).

Several lines of ev idence im plicate  hypercho lestero l
em ia  in  atherogenesis:
• The d o m in a n t lip id s  in  a th e ro m ato u s p laq u es a re  cho

lestero l an d  cholestero l esters.
• G enetic defects in  lip o p ro te in  u p ta k e  a n d  m etabo lism  

th a t cause h y p erlip o p ro te in em ia  are associated  w ith  
accelerated  a therosclerosis. T hus, hom ozygous fam il
ia l hypercho lestero lem ia, caused  by defective LDL 
recep to rs an d  in ad eq u a te  hepatic  LDL u p tak e , can 
lead  to  m yocard ia l in farc tion  by 2 0  y ea rs  o f age.

• O th e r genetic  o r acqu ired  d iso rd ers  (e.g., d iabetes m el
litus, hypo thy ro id ism ) th a t cause hypercho lestero lem ia 
lead  to  p re m a tu re  atherosclerosis.

• E pidem iologic analyses (e.g., the  F ram in g h am  study) 
d em o n stra te  a  significan t co rre la tion  be tw een  the  levels

Fig. 10.10 Response to injury in atherogenesis: I ,  Normal. 2 ,  Endothelial 
injury with monocyte and platelet adhesion. 3 , Monocyte and smooth muscle 
cell migration into the intima, with macrophage activation. 4 ,  Macrophage 
and smooth muscle cell uptake of modified lipids and further activation. 5 ,  

Intimal smooth muscle cell proliferation and extracellular matrix elaboration, 
forming a well-developed plaque.
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of to ta l p lasm a cholesterol o r LDL a n d  the severity  of 
atherosclerosis.

• L ow ering  se ru m  cholestero l by  d ie t o r d ru g s  slow s the 
ra te  of p rog ressio n  of atherosclerosis, causes reg ression  
of som e p laques, a n d  reduces the risk  for card iovascu lar 
events.

The m echan ism s by  w h ich  d yslip idem ia  con tribu tes to 
a therogenesis inc lude  the  follow ing:
• C hronic  h y p erlip idem ia , p a rticu la rly  hypercho lestero l

em ia, can  d irectly  im p a ir EC function  by  increasing  
local oxygen  free rad ical p roduction ; am o n g  o ther 
th ings, oxygen  free rad icals  accelerate N O  decay, 
d a m p in g  its v asod ila to r activity .

• W ith  chronic h y perlip idem ia , lip o p ro te in s  accum ulate  
w ith in  the in tim a, w h ere  they  are  h y p o th esized  to  gen
e ra te  tw o pathogen ic  derivatives, oxidized LDL and cho
lesterol crystals. LDL is ox id ized  th ro u g h  the action  of 
oxygen  free rad icals  g enera ted  locally by  m acrophages 
o r ECs a n d  ingested  by  m acrophages th ro u g h  the scav
enger receptor, re su ltin g  in  foam cell form ation . O xid ized  
LDL stim u la tes the local release of g ro w th  factors, 
cytokines, a n d  chem okines, increasing  m onocyte  
recru itm en t, a n d  a lso  is cytotoxic to  ECs a n d  SMCs. 
M ore recently , it has  been  sh o w n  th a t m in u te  extracel
lu la r cholestero l crysta ls fo u n d  in  early  a therosclero tic  
lesions serve as "d a n g e r"  signals th a t can  activate 
inna te  im m u n e  cells such  as m onocy tes a n d  m acro 
p h ag es to  p ro d u ce  IL-1 a n d  o ther p ro -in flam m ato ry  
m ed iato rs.

Inflam m ation

In flam m ation  con tribu tes to the  in itia tion , p rogression , 
an d  com plications of atherosclero tic  lesions. N orm al 
vessels do  n o t b in d  in flam m ato ry  cells. Early  in  a therogen- 
esis, how ever, dysfunctional ECs express adh esio n  m ol
ecules th a t p ro m o te  leukocyte adhesion , in  particu lar, 
m onocytes a n d  T cells w h ich  m ig ra te  in to  the in tim a u n d e r 
the influence of locally p ro d u c e d  chem okines.
• Monocytes differentiate into macrophages a n d  av id ly  engu lf 

lipopro te ins, in c lu d in g  ox id ized  LDL a n d  sm all cho
lestero l crystals. C holestero l crystals ap p e a r to  be p a r 
ticu larly  im p o rtan t in stiga to rs of in flam m ation  th ro u g h  
activation  of the  in flam m asom e a n d  subsequen t release 
of IL-1 (C hap ter 5). A ctivated  m acrophages also  p ro 
duce toxic oxygen  species tha t d rive  LDL ox idation  
an d  e laborate  g ro w th  factors th a t stim ula te  SMC 
pro liferation .

• T lymphocytes rec ru ited  to  the in tim a in te rac t w ith  the 
m acrophages an d  also  con tribu te  to chronic in flam m a
tion. It is n o t clear w h e th e r the  T cells are  re sp o n d in g  to 
specific an tigens (e.g., bacterial o r v ira l an tigens, heat- 
shock  p ro te in s  [see later], or m odified  arte ria l w a ll con
s titu en ts  a n d  lipopro te ins) o r are nonspecifically  
ac tivated  by  the local in flam m ato ry  m ilieu . N everthe 
less, ac tiva ted  T cells in  the g ro w in g  in tim al lesions 
e labora te  in flam m ato ry  cy tokines (e.g., IFN-y), w h ich  
stim ula te  m acrophages, ECs, a n d  SMCs.

• A s a consequence of the chronic in flam m atory  state, 
ac tivated  leukocytes a n d  vascu lar w a ll cells release 
g ro w th  factors th a t p ro m o te  SMC p ro life ra tion  and  
m atrix  synthesis.
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SMC Proliferation and M atrix Synthesis

In tim al SMC p ro life ra tion  an d  ECM  d ep o sitio n  lead  to  con
version  of the earliest lesion, a fa tty  streak, in to  a m a tu re  
a therom a, th u s  con trib u tin g  to  the p rog ressive  g ro w th  of 
atherosclero tic  lesions (see Fig. 10.10). Several g ro w th  
factors a re  im p lica ted  in  SM C p ro life ra tion  a n d  m atrix  syn 
thesis, in c lu d in g  p la te le t-de rived  g ro w th  factor (released 
by locally ad h e re n t p latelets, m acrophages, ECs, an d  
SM Cs), fib rob last g ro w th  factor, a n d  TGF-a . The recru ited  
SM Cs syn thesize  ECM  (m ost no tab ly  collagen), w h ich  sta
b ilizes a therosclero tic  p laques. H ow ever, ac tiva ted  inflam 
m ato ry  cells in  a th e ro m as also  can  cause in tim al SMC 
apop tosis  an d  b reak d o w n  of m atrix , lead in g  to  the  devel
o p m en t of unstab le  p laq u es (see later).

M O R P H O L O G Y

The development of atherosclerosis tends to follow a series of 

morphologic changes described below.

F a tty  S treaks . Fatty streaks begin as minute yellow, flat 

macules that coalesce into elongated lesions, 1 cm or more in 

length (Fig. 10.11). They are composed of lipid-filled foamy mac

rophages but are only minimally raised and do not cause any 

significant flow disturbance. Fatty streaks can appear in the 

aortas of infants younger than 1 year of age and are present in 

virtually all children older than 1 0  years of age, regardless of 

genetic, clinical, or dietary risk factors. N o t all fatty streaks are 

destined to progress to atherosclerotic plaques. Nevertheless, it 

is notable that coronary fatty streaks form during adolescence 

at the same anatomic sites that are prone to  plaques later in life.

A th e ro s c le ro tic  P laque . The key features of these lesions 

are intimal thickening and lipid accumulation (see Fig. 10.7). A th 

eromatous plaques are white to  yellow raised lesions; they range 

from 0.3 to  1.5 cm in diameter but can coalesce to form larger 

masses. Thrombus superimposed on ulcerated plaques imparts a 

red-brown color (Fig. 10.12).

Atherosclerotic plaques are patchy, usually involving only a 

portion of any given arterial wall; on cross-section, therefore, the 

lesions appear “eccentric” (Fig. I0 .I3 A ). The focal nature of ath

erosclerotic lesions may be related to the vagaries of vascular 

hemodynamics. Local flow disturbances, such as turbulence at 

branch points, make certain parts of a vessel wall especially 

susceptible to  plaque formation.

In descending order of severity, atherosclerosis involves the 

infrarenal abdominal aorta, the coronary arteries, the popliteal 

arteries, the internal carotid arteries, and the vessels of the circle 

of Willis. Even in the same patient, atherosclerosis typically is 

more severe in the abdominal aorta than in the thoracic aorta. 

Vessels of the upper extremities usually are spared, as are the 

mesenteric and renal arteries, except at their ostia. It is impor

tant to  note that the severity of atherosclerosis in one vascular 

location does not necessarily predict its severity in another (e.g., 

aorta versus coronary arteries); nevertheless, any given patient 

tends to  show comparable severity of disease throughout his or 

her vasculature. Finally, in any given vessel, lesions at various 

stages of severity often coexist.

A th e ro s c le ro tic  p laques have th re e  p rinc ipa l co m p o 

nents: (1 )  cells, including S M C s, m acrophages, and T  cells;
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Fig. 10.11 Fatty streaks. (A) Aorta with fatty streaks ( a r r o w s ) , mainly near the ostia of branch vessels. (B) Fatty streak in an experimental hypercholesterolemic 
rabbit, demonstrating intimal, macrophage-derived foam cells ( a r r o w s ) .  (B ,  C o u r te s y  o f  M y r o n  f. C y b u ls k y ,  M D ,  U n iv e r s i t y  o f  T o ro n to ,  T o ro n to ,  O n ta r io ,  C a n a d a . )

Fig. I ° . I2  Atherosclerotic lesions. (A) Aorta with mild atherosclerosis composed of fibrous plaques, one denoted by the a r r o w .  (B) Aorta with severe diffuse 
complicated lesions, including an ulcerated plaque ( o p e n  a r r o w ) ,  and a lesion with overlying thrombus ( c lo s e d  a r ro w ) .

Fig. 10.13 Atherosclerotic plaque, coronary artery. (A) Overall architecture demonstrating fibrous cap (F ) and a central necrotic (largely lipid) core (C ) ;  

collagen ( b lu e )  is stained with Masson trichrome. The lumen (L ) is moderately narrowed by this eccentric lesion, which leaves part of the vessel wall unaffected 
( a r r o w ) .  (B) Moderate-power view of the plaque shown in A , stained for elastin ( b la c k ) ;  the internal and external elastic membranes are attenuated, and the 
media of the artery is thinned under the most advanced plaque ( a r r o w ) . (C) High-power view of the junction of the fibrous cap and core, showing scattered 
inflammatory cells, calcification ( a r r o w h e a d s ) ,  and neovascularization ( s m a l l  a r ro w s ) .
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(2 )  E C M , including collagen, elastic fibers , and p ro teo g ly 

cans; and (3 )  in tra c e llu la r and e x tra c e llu la r  lipid (see Fig. 

I0 .I3 A  and B). The proportion and configuration of each com

ponent varies from lesion to lesion. Most commonly, plaques have 

a superficial fibrous cap composed of SMCs and relatively dense 

collagen. W here  the cap meets the vessel wall (the “shoulder”) 

is a more cellular area containing macrophages, T  cells, and SMCs. 

Deep to  the fibrous cap is a necrotic core, containing lipid (pri

marily cholesterol and cholesterol esters), necrotic debris, lipid

laden macrophages and SMCs (fo a m  cells), fibrin, variably 

organized thrombus, and other plasma proteins.The extracellular 

cholesterol frequently takes the forms of crystalline aggregates 

that are washed out during routine tissue processing, leaving 

behind empty “cholesterol clefts.” The periphery of the lesions 

shows n eovascu larization  (proliferating small blood vessels) 

(see Fig. I0 .I3 C ). The media deep to  the plaque may be attenu

ated and exhibit fibrosis secondary to smooth muscle atrophy 

and loss. Typical atheromas contain relatively abundant lipid, but 

some so-called fibrous plaques are composed almost exclu

sively of SMCs and fibrous tissue.

Plaques generally progressively enlarge over time through cell 

death and degeneration, synthesis and degradation of ECM 

(remodeling), and thrombus organization. Atheromas also often 

undergo calcification (see Fig. I0 .I3 C ). * •

A therosclero tic  p laq u es are  suscep tib le  to several clini
cally im p o rta n t changes:
• Rupture, ulceration, or erosion of the lu m in a l surface of 

a th e ro m a to u s  p laq u es exposes h igh ly  th rom bogen ic  
substances a n d  induces throm bus form ation. T hrom bi 
m ay  partia lly  o r com plete ly  occlude the lum en , lead ing  
to tissue ischem ia (e.g., in  the heart) (C hap ter 11) (Fig. 
10.14). If the p a tien t surv ives, th rom bi becom e o rga 
n ized  a n d  in co rp o ra ted  in to  the g row ing  p laque.

• Hemorrhage into a plaque. R u p tu re  of the overly ing  
fib rous cap o r of the th in -w alled  vessels in  the  a reas  of 
n eo v ascu lariza tion  can  cause in tra -p laq u e  hem orrhage; 
the resu ltin g  hem atom a m ay  cause ra p id  p laq u e  expan 
sion o r p laq u e  ru p tu re .

• Atheroembolism. R u p tu red  p laq u e  can  d ischarge debris 
in to  the  b lood , p ro d u c in g  m icroem boli com posed  of 
p laq u e  contents.

• Aneurysm formation. A therosclerosis-induced  p ressu re  
or ischem ic a tro p h y  of the u n d e rly in g  m ed ia , w ith  loss 
o f elastic tissue, causes s tru c tu ra l w eak en in g  th a t can 
lead  to  an eu ry sm al d ila tion  a n d  ru p tu re .

Clinicopathologic Consequences of 
Atherosclerosis

L arge elastic a rteries (e.g., ao rta , caro tid , a n d  iliac a rte r
ies) a n d  large- a n d  m ed iu m -sized  m u scu la r a rte ries (e.g., 
coronary , renal, a n d  p o p litea l arteries) a re  the vessels m ost 
com m only  in vo lved  by a therosclerosis. A ccordingly , a th 
erosclerosis is m ost likely to  p re sen t w ith  signs a n d  sym p
tom s re la ted  to ischem ia of the  heart, b ra in , k idneys, an d  
low er extrem ities. M yocardial infarction (heart attack), 
cerebral infarction (stroke), aortic aneurysm , and periph
eral vascular d isease (gangrene o f extrem ities) are the  
major clin ical consequences o f atherosclerosis.

The n a tu ra l h isto ry , m orpho log ic  features, an d  m ain  
p a thogen ic  even ts a re  schem atized  in  F igure 10.15. The 
p rinc ipa l pa thophysio log ic  ou tcom e stem m ing  from  a th 
erosclerotic lesions vary  d e p en d in g  on  the size of the 
affected vessel, the  size an d  stability  o f the p laques, an d  
the  degree  to  w h ich  p laq u es  d is ru p t the  vessel w all. W e 
nex t describe the  fea tu res  of a therosclero tic  lesions th a t are  
typically  responsib le  for the  clinical m anifesta tions.

Atherosclerotic Stenosis

A t early  stages, rem o d e lin g  of the m ed ia  ten d s to p reserve  
the lum inal d iam eter by  increasing  the overall vessel cir
cum ference. O w in g  to  lim its o n  rem odeling , how ever, 
even tua lly  the ex p an d in g  a th e ro m a m ay  im p inge  o n  b lood 
flow . A lth o u g h  th is m ost com m only  h a p p e n s  as a  conse
quence of acu te  p laq u e  change ( described  next), it can  also 
occur g radually , w ith  critical stenosis being  the tip p in g  
p o in t a t w h ich  chronic occlusion lim its flow  so severely

Fig. 10.14 Atherosclerotic plaque rupture. (A) Plaque rupture without superimposed thrombus, in a patient who died suddenly. (B) Acute coronary throm
bosis superimposed on an atherosclerotic plaque with focal disruption of the fibrous cap, triggering fatal myocardial infarction. In both A and B, an arrow 
points to the site of plaque rupture. (B , R e p r o d u c e d  f r o m  S c h o e n  FJ: Interventional and surgical cardiovascular pathology: clinical correlations and basic principles,
P h ila d e lp h ia ,  1 9 8 9 ,  S a u n d e rs ,  p  6 1 . )
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Pre-Clinical Phase
Usually young age

Clinical Phase
Usually middle age to elderly
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Fig. 10.15 Summary of the natural history, morphologic features, main pathogenic events, and clinical complications of atherosclerosis.

th a t tissue d e m an d  exceeds supp ly . In  the co ronary  artery  
(and  other) circulations, th is typically  occurs w h e n  the 
vessel is app rox im ate ly  70% occluded . A t rest, affected 
pa tien ts  hav e  ad eq u a te  card iac perfusion ; b u t w ith  even  
m o d est exertion , d e m an d  exceeds supp ly , a n d  chest p a in  
develops because of card iac ischem ia (stable angina) 
(C hap ter 11). The toll of chronic arte ria l h y p o p e rfu s io n  du e  
to  atherosclerosis in  various vascu lar beds inc ludes bowel 
ischemia, sudden cardiac death, chronic IHD, ischemic encepha
lopathy, a n d  intermittent claudication (ischem ic leg  pain).

A cute P laque Change

Plaque erosion  or rupture typ ica lly  triggers throm bosis, 
lead in g  to partial or com plete vascular obstruction and  
often  tissu e infarction (Fig. 10.15). P laque changes fall in to  
th ree  general categories:
• Rupture/fissuring, exposing  h igh ly  th rom bogen ic  p laq u e

constituen ts
• Erosion/ulceration, exposing  the th rom bogen ic  suben d o 

thelial b asem en t m em brane  to  b lood
• Hemorrhage into the atheroma, ex p an d in g  its vo lum e

It is now recognized that plaques responsible for myocardial 
infarctions and other acute coronary syndromes often are asymp
tomatic before the acute event; sym ptom s are  triggered  by 
th rom bosis on  a lesion  th a t p rev iously  d id  n o t p ro d u ce  
significant lum inal occlusion. The w orrisom e conclusion  is 
th a t large  n u m b ers  o f asym ptom atic  in d iv id u a ls  a re  a t risk  
for a ca tastroph ic  co ronary  event. The causes of acu te  
p laq u e  change are  com plex  a n d  inc lude  b o th  in trinsic  
factors (e.g., p laq u e  s tru c tu re  an d  com position) a n d  ex trin 
sic factors (e.g., b lood  p ressu re). These factors com bine to 
w eak en  the in teg rity  of the  p laque , m ak in g  it unab le  to 
w ith s ta n d  vascu lar shear forces.

Certain types of plaques are believed to be at particularly high 
risk of rupturing. These include p laques tha t con tain  large

num bers of foam  cells an d  ab u n d a n t extracellular lipid, 
p laques th a t have th in  fibrous caps contain ing few  SMCs, 
a n d  p laques th a t con tain  clusters of in flam m atory  cells. 
P laques a t h igh  risk  for ru p tu re  are  referred  to as vulnerable 
plaques (Fig. 10.16). The fibrous cap also undergoes continu
ous rem odeling; its m echanical s treng th  an d  stability are 
p roportiona l to its collagen content, so the  balance of colla
gen synthesis an d  degradation  affects cap integrity . Colla
gen  in  atherosclerotic p laques is syn thesized  prim arily  by 
SMCs, a n d  loss o f SMCs u n derstandab ly  resu lts in cap 
w eakening.

In  general, plaque inflam m ation increases collagen  
degradation and reduces co llagen  syn th esis, thereby  
d estab iliz in g  the m echanical integrity o f the cap. O f in ter
est, s ta tins m ay  hav e  a beneficial effect no t on ly  by

Vulnerable plaque Stable plaque

Lumen

Media

Lipid core Fibrous cap

Lumen

Lipid core Fibrous cap

Media

Fig. 10.16 Vulnerable and stable atherosclerotic plaque. Stable plaques have 
densely collagenized and thickened fibrous caps with minimal inflammation 
and negligible underlying atheromatous cores, whereas vulnerable plaques 
have thin fibrous caps, large lipid cores, and increased inflammation. ( A d a p t e d  

f r o m  L ib b y  P : M o le c u la r  b a s e s  o f  t h e  a c u t e  c o r o n a r y  s y n d r o m e s , Circulation 
9 1 : 2 8 4 4 ,  1 9 9 5 . )
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red u c in g  c ircu la ting  cholestero l levels b u t also  by  stabiliz
in g  p laq u es th ro u g h  a red u c tio n  in  p laq u e  inflam m ation .

Factors extrinsic to p laques also are im portan t. Thus, 
ad renerg ic  stim ulation  (as w ith  in tense em otions) can 
increase system ic b lood p ressu re  or induce  local vasocon
striction, thereby increasing the m echanical stress o n  a given 
plaque. Indeed, one explanation  for the p ronounced  circa
d ian  periodicity  in  the  onset of h eart a ttacks (peak incidence 
be tw een  6  AM  an d  12 noon) is the ad renerg ic surge associ
a ted  w ith  w ak in g  an d  r is in g -su ff ic ie n t to cause b lood  p res
su re  spikes an d  he igh tened  p la te le t reactivity.

F ortunate ly , n o t all p laq u e  ru p tu re s  re su lt in  occlu
sive th rom boses w ith  ca tastroph ic  consequences. In  fact, 
silen t p laq u e  d is ru p tio n  a n d  en su in g  superficial p la te le t 
ag g reg a tio n  a n d  th rom bosis p robab ly  occur frequen tly  
a n d  rep ea ted ly  in  those w ith  a therosclerosis. H ealing  of 
these subclinical p laq u e  d is r u p t io n s - a n d  their overly 
in g  th ro m b o s e s - is  a n  im p o rta n t m echan ism  of a the rom a 
en largem ent.

®  S U M M A R Y

A T H E R O S C L E R O S IS

• Atherosclerosis is an intima-based lesion composed of a 

fibrous cap and an atheromatous (literally, “gruel-like”) core; 

the constituents of the plaque include SMCs, ECM, inflamma

tory cells, lipids, and necrotic debris.

• Atherogenesis is driven by an interplay of vessel wall injury 

and inflammation. The multiple risk factors for atherosclerosis 

all cause EC dysfunction and influence SMC recruitment and 

stimulation.

• Major modifiable risk factors for atherosclerosis are hypercho

lesterolemia, hypertension, cigarette smoking, and diabetes 

mellitus.

• Atherosclerotic plaques develop and grow slowly over decades. 

Stable plaques can produce symptoms related to  chronic ische

mia by narrowing vessels, whereas unstable plaques can cause 

dramatic and potentially fatal ischemic complications related 

to acute plaque rupture, thrombosis, or embolization.

• Stable plaques tend to have a dense fibrous cap, minimal lipid 

accumulation, and little inflammation, whereas “vulnerable” 

unstable plaques have thin caps, large lipid cores, and relatively 

dense inflammatory infiltrates.

ANEURYSMS A N D  DISSECTIONS

A neurysm s are congenital or acquired d ilations o f b lood  
vesse ls  or the heart (Fig. 10.17). "T ru e"  an eu ry sm s involve 
all th ree  layers o f the a rte ry  (intim a, m ed ia , a n d  adven titia) 
o r the a tte n u a te d  w all o f the  heart; these  inc lude  a th e ro 
sclerotic a n d  congen ita l vascu lar aneu rysm s, as w ell as 
ven tricu la r an eu ry sm s resu ltin g  from  tran sm u ra l m yocar
d ia l in farctions. By com parison , a false aneurysm (p seudo 
aneu rysm ) resu lts  w h e n  a w all defect leads to the fo rm ation  
of a n  ex travascu lar hem atom a th a t com m unicates w ith  the 
in trav ascu la r space ("p u lsa tin g  hem atom a"). E xam ples are  
ven tricu la r ru p tu re s  con ta ined  by perica rd ia l adhesions 
a n d  leaks a t the  ju n c tio n  of a vascu lar graft w ith  a n a tu ra l 
a rtery . In  arterial dissections, pressu rized  b lood  gains en try  
to the a rte ria l w all th ro u g h  a surface defect a n d  then 
p u sh es  a p a r t the u n d e rly in g  layers. A neu rysm s a n d  dis
sections a re  im p o rta n t causes of stasis a n d  su b seq u en t 
throm bosis; they  also  have  a p ro p en sity  to  r u p tu r e - o f te n  
w ith  ca tastroph ic  resu lts.

A n eu ry sm s can  be classified by  shape  (see Fig. 10.17). 
Saccular aneurysms are  d iscrete  o u tp o u ch in g s ran g in g  
from  5 to  20 cm  in  d iam eter, o ften  w ith  a con tained  
th rom bus. Fusiform aneurysms are  circum feren tia l d ila 
tions u p  to 2 0  cm  in  d iam eter; these m ost com m only  
involve the aortic  arch, the ab d o m in a l aorta , o r the 
iliac arteries.

Pathogenesis

A rteries are  dynam ic  tissues tha t m u s t w ith s tan d  the 
co n stan t m echanical stress o f p u lsa tile  b lood  flow . A neu 
ry sm s occur w h e n  a lte ra tions in  SM Cs o r ECM  com 
prom ise  the s tru c tu ra l in teg rity  o f the arte ria l m edia . 
A m ong  the im p lica ted  factors in  an eu ry sm  fo rm ation  are  
the  follow ing:
• Inadequate or abnormal connective tissue synthesis. Several 

ra re  in h erited  d iseases p ro v id e  in sig h t in to  the types of 
abnorm alities th a t can  lead  to an eu ry sm  form ation . As 
d iscussed  earlier, TGF-P regu la tes SMC p ro life ra tion  
a n d  m atrix  synthesis. Thus, m u ta tio n s in  TGF-P recep 
tors o r d o w n stream  signaling  p a th w ay s  re su lt in  defec
tive e lastin  an d  co llagen synthesis; an eu ry sm s in  affected

Tear in 
intima

Dissection

A . Normal vessel B. True aneurysm 
(saccular)

C . True aneurysm D . False aneurysm 
(fusiform)

E. Dissection

Fig. 10.17 Aneurysms. (A) Normal vessel. (B) True aneurysm, saccular type. The wall bulges outward and may be attenuated but is otherwise intact. (C) True 
aneurysm, fusiform type. There is circumferential dilation of the vessel. (D) False aneurysm. The wall is ruptured, creating a collection of blood (hematoma) 
bounded externally by adherent extravascular tissues. (E) Dissection. Blood has entered the wall of the vessel and separated (dissected) the layers.
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Fig. 10.18 Cystic medial degeneration. (A) Cross-section of aortic media from a patient with Marfan syndrome, showing marked elastin fragmentation and 
areas devoid of elastin that resemble cystic spaces ( a s te r is k s ) . (B) Normal media for comparison, showing the regular layered pattern of elastic tissue. In both 
(A) and (B), elastin is stained black.

in d iv id u a ls  o ften  ru p tu re , even  w h e n  sm all. In  Marfan 
syndrome (C hap ter 7), defective syn thesis of the scaffold
in g  p ro te in  fibrillin leads to  increased  b ioavailab ility  of 
TGF-P in  the aortic  w all, w ith  su b seq u en t d ila tion  d u e  
to d y sreg u la ted  signaling  a n d  p rog ressive  loss o f elastic 
tissue. D efective type  III co llagen syn thesis lead in g  to 
an e u ry sm  fo rm ation  is a  ha llm ark  of type  IV Ehlers- 
Danlos syndrome (C hap ter 7).

• Excessive connective tissue degradation. Increased  m atrix  
m eta llop ro tease  expression  by  m acrophages in  a th e ro 
sclerotic p laq u e  can  con tribu te  to  an eu ry sm  develop 
m en t by  d eg rad in g  a rte ria l ECM  in  the arte ria l w all; 
sim ilarly , decreased  tissue inh ib ito rs o f m eta llop ro tease  
expression  can  also  tip  the balance to w ard  ne t ECM  
deg rad a tio n . A  genetic p red isp o sitio n  to  an eu ry sm  for
m atio n  in  the se tting  of in flam m ation  m ay  be re la ted  to 
p o ly m o rp h ism s in  these factors.

• Loss of SMCs or change in the SMC synthetic phenotype. 
A therosclero tic  th icken ing  of the  in tim a can  cause 
ischem ia of the inner m ed ia  by increasing  the  d iffusion  
d istance from  the lum en . C onversely , system ic h y p er
tension  can  cause lum inal n a rro w in g  of the aortic  vasa  
vaso ru m , lead in g  to  ischem ia of the  o u te r m edia . Such 
ischem ia resu lts  in  SMC loss as w ell as aortic  "d eg en 
era tive  changes," w h ich  inc lude  fibrosis (rep lacing  d is
tensib le elastic tissue), in ad eq u a te  ECM  synthesis, and  
accum ula tion  of increasing  am o u n ts  of am o rp h o u s  p ro 
teoglycans. H istologically , these changes a re  collectively 
called  cystic medial degeneration (Fig. 10.18), a lth o u g h  no  
tru e  cysts are form ed. Such changes are nonspecific; 
they can  occur w h en ev er ECM  syn thesis is defective, 
in c lu d in g  in  in h erited  d iso rd ers  such  as M arfan  syn
d rom e a n d  acqu ired  cond itions such  as scurvy.

The tw o m ost im portant p red isp osin g  conditions for 
aortic aneurysm s are atherosclerosis and hypertension.
A therosclerosis is the d o m in an t factor in  ab d o m in a l aortic 
aneurysm s, w h ile  h y p erten sio n  is associated  w ith  ascend 
ing  aortic  aneu rysm s. O ther cond itions th a t w eaken  
vessel w alls  a n d  lead  to  an eu ry sm s inc lude  traum a, vas
culitis (see later), congen ita l defects, a n d  infections, g iv ing

rise to  so-called "m ycotic  aneu ry sm s."  M ycotic an eu 
ry sm s m ay  re su lt from  (1 ) em boliza tion  of a septic 
em bolus, u sua lly  as a com plication  of infective endocard i
tis; (2) ex tension  of a n  ad jacen t su p p u ra tiv e  process; o r (3) 
d irec t in fection  of a n  arte ria l w all by  c ircu la ting  o rgan 
ism s. T ertiary  syphilis is a ra re  cause of aortic  aneurysm s. 
A  p red ilec tion  of the sp irochetes for the vasa  v aso ru m  of 
the  ascend ing  thoracic a o r ta —a n d  the su b seq u en t 
im m u n e  response  to  th e m —resu lts  in  a n  obliterative endar
teritis th a t com prom ises b lood  flow  to the  m edia; the 
en su in g  ischem ic in jury  leads to  an eu ry sm al d ila tion  th a t 
occasionally  also  can  involve the  aortic  va lve  annu lus.

Abdominal Aortic Aneurysm

A neurysm s occurring as a consequence o f atherosclerosis 
form  m ost com m only in  the abdom inal aorta and com m on  
iliac arteries, a n d  m ay  also  involve the  aortic  a rch  an d  
descen d in g  thoracic aorta . A bdom inal aortic  aneu ry sm s 
(AAAs) occur m ore frequen tly  in  m en  a n d  in  sm okers an d  
rare ly  develop  before 50 years o f age. A therosclerosis is a 
m ajor cause of A A A , b u t o ther factors clearly  contribu te , 
since the  incidence is less th a n  5% in  m en  o ld er th an  60 
years of age desp ite  the  a lm ost un iv ersa l p resence of 
abdom ina l aortic  atherosclerosis in  th is pop u la tio n .

In  the m ajority  of cases, A A A  resu lts  from  ECM  deg
rad a tio n  m ed ia ted  by  proteolytic enzym es re leased  from  
inflam m atory  infiltrates in  atherosclerotic lesions. A thero 
sclerotic p laques also com prom ise the d iffusion of nu trien ts 
an d  w astes betw een  the vascular lu m en  an d  the arterial 
w all, alternations th a t have deleterious effects o n  SMCs in 
the  m edia. D ue to this com bination  of effects, the m edia  
undergoes degeneration  an d  necrosis, w h ich  resu lts in  
arterial w all th inning. A  fam ilial p red isposition  to  AAA, 
in d ep en d en t of genetic p redilections to  atherosclerosis or 
hypertension , appears to  be a factor in  som e ind iv iduals. 
O f note, sm okers w h o  develop  A A A  tend  to  have m ore 
severe chronic obstructive p u lm onary  disease, particu larly  
em physem a, suggesting  tha t such patien ts are constitu tion 
ally p red isposed  to  develop d iso rders associated w ith  ECM 
degradation .
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Abdominal aortic aneurysms typically occur between the renal 

arteries and the aortic bifurcation; they can be saccular or fusi

form and up to 15 cm in diameter and 25 cm in length (Fig 

10.19). In the vast majority of cases, extensive atherosclerosis is 

present, with thinning and focal destruction of the underlying 

media.The aneurysm sac usually contains bland, laminated, poorly 

organized mural thrombus, which can fill much of the dilated 

segment. N o t infrequently, AAAs are accompanied by smaller 

iliac artery aneurysms. N ext we describe some of the less 

common forms of aortic aneurysms:

• In f la m m a to ry  A A A s  are a distinct subtype characterized by 

dense periaortic fibrosis containing abundant lymphoplasma- 

cytic inflammation with many macrophages and giant cells.

• A  subset of inflammatory AAAs may be a vascular manifesta

tion of a recently recognized entity called im m un og lob u lin  

G 4 ( Ig G 4 )-re la te d  disease. This disorder is marked by 

tissue fibrosis associated with frequent infiltrating IgG4- 

expressing plasma cells. As discussed in Chapter 5, IgG4- 

related diseases can also affect a variety of tissues, including 

the pancreas, biliary system, thyroid gland, and salivary gland. 

Affected individuals have aortitis and periaortitis that weaken 

the wall sufficiently in some cases to  give rise to  aneurysms. 

Recognition of this entity is important since it responds well 

to steroid therapy.

• M yco tic  A A A s  occur when circulating microorganisms (as in 

bacteremia from infective endocarditis) seed the aneurysm 

wall or the associated thrombus; the resulting suppuration 

accelerates the medial destruction and may lead to  rapid dila

tion and rupture.

Fig. I ° . l 9  Abdominal aortic aneurysm. (A) External site of rupture of a 
large aortic aneurysm is indicated by the a r ro w . (B) Opened aorta, with the 
location of the rupture tract indicated by a p r o b e .  The wall of the aneurysm 
is attenuated, and the lumen is filled by a large, layered thrombus.

Clinical C o n seq u en ces

The clinical consequences of A A A  include the  follow ing:
• Obstruction of a  vessel b ranch ing  off the  ao rta  (e.g., the 

renal, iliac, verteb ral, o r m esen teric  arteries), resu lting  
in  ischem ia of the k idneys, legs, sp ina l cord , or gastro 
in testina l tract, respectively

• Embolism of a th e ro m a to u s  m ateria l (e.g., cho lesterol 
crystals) or m u ra l th ro m b u s

• Impingement on adjacent structures (e.g., com pression  of 
a  u re te r o r e ro sion  of verteb rae  by the  expan d in g  
aneurysm )

• An abdominal mass (often pa lp ab ly  pu lsa ting ) th a t sim u 
lates a tu m o r

• Rupture in to  the p e rito n ea l cavity  or re troperitonea l 
tissues, lead in g  to  m assive, o ften  fatal hem orrhage

The risk  for ru p tu re  is re la ted  to  the size of AA A s. 
Those 4 cm  or less in  d iam ete r a lm ost never bu rst, w h ile  
those  be tw een  4 a n d  5 cm  d o  so a t a ra te  o f 1% p e r year. 
The risk  rises to  11% p e r y ear for A A A s 5 to 6  cm  in 
d iam eter, a n d  to  25% p e r y ear for an eu ry sm s g rea ter than  
6  cm  in  d iam eter. T hus, an eu ry sm s 5 cm  in  d iam eter o r 
larger are  m an ag ed  surgically , e ithe r by  o p en  p lacem en t 
of tu b u la r p ro sthe tic  grafts o r w ith  en d o lu m in a l in sertion  
of sten ted  grafts (expandab le  w ire  fram es covered  by a 
c lo th  sleeve). T im ely in te rv en tio n  is critical, because the 
m orta lity  ra te  for elective p ro ced u res  is app rox im ate ly  5%, 
w h ereas the  ra te  for em ergency  su rgery  after ru p tu re  is 
ro u g h ly  50%.

A p o in t w o rth y  of em phasis  is th a t because atheroscle 
rosis is a system ic d isease, a p a tien t w ith  A A A  also  is very  
likely to  hav e  a therosclerosis in  o th e r vascu lar beds a n d  is 
a t a significantly  increased  risk  for ischem ic h ea rt d isease 
an d  stroke.

Thoracic Aortic Aneurysm

Thoracic aortic  an eu ry sm s m ost com m only  are  asso 
ciated  w ith  hypertension , b icusp id  aortic  valves, and  
M arfan  syndrom e. Less com m only , d iso rd ers  caused  by 
m u ta tio n s  in  the TGF-P signaling  p a th w ay  are causative. 
These an eu ry sm s m an ifest w ith  the  fo llow ing  signs and  
sym ptom s:
• Respiratory or feeding difficulties d u e  to  a irw ay  or esopha 

geal com pression , respectively , because of encroach 
m en t o n  m ed iastina l s truc tu res

• Persistent cough from  irrita tio n  o f the re c u rren t la ryngeal 
nerves

• Pain caused  by erosion  of bone (i.e., ribs a n d  verteb ra l 
bodies)

• Cardiac disease d u e  to  v a lv u la r insufficiency o r n a rro w 
in g  of the co ronary  ostia; h e a rt fa ilu re  in d u ced  by aortic 
v a lv u la r incom petence

• Aortic dissection or ru p tu re

Aortic Dissection

Aortic d issection  occurs w h en  b lood  sp lays apart the  
lam inar p lanes o f the m edia  to form  a b lood -filled  
channel w ith in  the aortic w a ll (Fig. 10.20). This develop 
m en t can  be ca tastroph ic  if the  d issecting  b lood  ru p tu re s  
th ro u g h  the  ad v en titia  a n d  escapes in to  ad jacen t spaces.
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Fig. 10.20 Aortic dissection. (A) An opened aorta with a proximal dissection originating from a small, oblique intimal tear ( id e n t i f ie d  b y  t h e  p r o b e )  associated 
with an intramural hematoma. Note that the intimal tear occurred in a region largely free of atherosclerotic plaque. The distal edge of the intramural hema
toma ( b la c k  a r r o w s )  lies at the edge of a large area of atherosclerosis ( w h i t e  a r r o w ) ,  which arrested the propagation of the dissection. (B) Histologic preparation 
showing the dissection and intramural hematoma ( a s te r is k ) . Aortic elastic layers are b la c k ,  and blood is r e d  in this section, stained with Movat stain.

A ortic  d issection  n eed  n o t be associa ted  w ith  aortic  d ila 
tion, a n d  the  o lder te rm  dissecting aneurysm  sh o u ld  be 
avo ided . A ortic d issection  occurs m ain ly  in  tw o  age 
groups: (1) m en  40 to  60 years of age w ith  an teced en t 
h y p e rten s io n  (m ore th an  90% of cases); a n d  (2) y o u n g e r 
p a tien ts  w ith  connective tissue abnorm alities th a t affect 
the  ao rta  (e.g., M arfan  syndrom e). D issections a lso  can 
be ia trogenic  (e.g., com plicating  arte ria l cannu la tion  
d u r in g  d iagnostic  ca the teriza tion  or ca rd io p u lm o n ary  
bypass).

R arely, p reg n an cy  is associated  w ith  aortic  (or o ther 
vessel) d issection  (rough ly  1 0  to  2 0  cases p e r  1  m illion  
b irths). This typically  occurs d u r in g  or after the th ird  tri
m ester, a n d  m ay  be re la ted  to  h o rm o n e-in d u ced  vascu lar 
rem o d e lin g  an d  the  hem odynam ic  stresses of the  p e rin a ta l 
p eriod . D issection  is u n u su a l in  the presence of substan tia l 
a therosclerosis o r o th e r causes of m ed ia l scarring , p re su m 
ab ly  because the m ed ia l fibrosis inh ib its  p ro p ag a tio n  o f the 
d issecting  hem ato m a (see Fig. 10.20).

Pathogenesis

H ypertension  is the major risk factor for aortic d issec
tion . A ortas in  hyp erten siv e  p a tien ts  show  n a rro w in g  of 
the vasa  v aso ru m  associa ted  w ith  degenera tive  changes 
in  ECM  a n d  variab le  loss of m ed ia l SMCs, suggesting  
th a t d im in ish ed  flow  th ro u g h  the vasa  v aso ru m  is con
tribu to ry . A b ru p t , tran sien t increase in  b lood  p ressu re , 
as m ay  occur w ith  cocaine abuse, is also  k n o w n  to cause 
aortic  d issection . M ost o ther d issections are  re la ted  to 
heritab le  o r acqu ired  connective tissue d iso rd ers  th a t give 
rise to  abno rm al aortic  ECM , in c lu d in g  M arfan  syndrom e, 
E hlers-D anlos synd rom e type  IV, a n d  defects in  copper 
m etabolism .

The trigger for the in tim al tear a n d  su b seq u en t in tra 
m u ra l hem orrhage  is n o t k n o w n  in  m ost cases. N everthe 
less, once the tear has occurred , b lood  u n d e r  system ic 
p ressu re  dissects th ro u g h  the  m ed ia  a long  lam inar p lanes. 
A ccordingly , aggressive  p ressu re -red u cin g  th e rap y  m ay 
be effective in  lim iting  a n  evo lv ing  d issection . In  ra re  cases, 
d is ru p tio n  of the  vasa  v aso ru m  can  give rise  to  a n  in tra 
m u ra l hem atom a w ith o u t a n  in tim al tear.

^  M O R P H O L O G Y

In most dissections, the intimal tear marking the point of origin 

is found in the ascending aorta within 1 0  cm of the aortic valve 

(see Fig. I0.20A). Such tears usually are transverse or oblique in 

orientation and I to 5 cm long, with sharp, jagged edges. The 

dissection plane can extend retrograde toward the heart or 

distally, occasionally as far as the iliac and femoral arteries, and 

usually lies between the middle and outer thirds of the media 

(see Fig. I0.20B).

External rupture causes massive hemorrhage, or results in 

cardiac tamponade if it occurs into the pericardial sac. In some 

(fortunate) instances, the dissecting hematoma reenters the 

lumen of the aorta through a second distal intimal tear, creating 

a second vascular channel within the media (so-called “double

barreled aorta”). O ver time, such a false channel becomes endo- 

thelialized forming a chronic dissection.

In most instances, no specific underlying causal defect is identi

fied in the aortic wall. The most frequent histologically detectable 

lesion is the cystic m ed ia l d eg en era tio n  discussed earlier; this 

is characterized by SMC dropout and necrosis, elastic tissue frag

mentation, and accumulations of amorphous proteoglycan-rich 

ECM (see Fig. 10.18). Inflammation is characteristically absent. 

Recognizable medial damage appears to be neither a prerequisite 

for dissection nor a guarantee that dissection is imminent. Occa

sionally, dissections occur in the setting of seemingly trivial medial 

degeneration, while marked degenerative changes may be seen at 

autopsy in individuals without dissection. * •

C lin ica l C o nsequ ences

The clinical m an ifesta tions of d issection  d ep en d  p rim arily  
on  the p o rtio n  of the  ao rta  affected; the m ost serious com 
p lications occur w ith  d issections invo lv ing  the  p rox im al 
ao rta  a n d  arch. T hus, aortic  d issections generally  a re  clas
sified in to  tw o  types (Fig. 10.21):
• Proximal lesions (type A  dissections), invo lv ing  the  ascend 

in g  aorta , w ith  or w ith o u t inv o lv em en t o f the descend 
in g  ao rta  (DeBakey type  I o r II, respectively)
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DeBakey I

NN/i

DeBakey II 

NN/l/

DeBakey III

Type A Type B

Fig. I 0 .2 I Classification of dissections. Type A dissections (proximal) 
involve the ascending aorta, either as part of a more extensive dissection 
(DeBakey type I), or in isolation (DeBakey type II). Type B dissections (distal, 
or DeBakey type III) arise after the takeoff of the great vessels. Type A dis
sections typically have the most serious complications and the greatest 
associated mortality.

• Distal lesions (type B dissections), u sua lly  b eg inn ing  be
y o n d  the subclav ian  a rte ry  (D eBakey type  III)

The classic clinical sy m p to m  of aortic  d issection  is the 
su d d e n  o n se t o f excrucia ting  tearing  o r s tabb ing  pain , 
u sua lly  b eg inn ing  in  the  an te rio r chest, ra d ia tin g  to  the 
back be tw een  the scapulae, a n d  m o v in g  d o w n w a rd  as the 
d issection  p rogresses. The m ost com m on cause of d e a th  is 
ru p tu re  of the d issection  in to  the  pericard ia l, p leu ra l, o r 
p e ritonea l cavity . R etrograde  d issection  in to  the aortic  roo t 
also  can  cause fa ta l d is ru p tio n  of the aortic  v a lv u la r a p p a 
ra tu s  o r com pression  of the co ronary  arteries. C om m on 
clinical p resen ta tio n s stem m ing  from  card iac invo lvem en t 
include tam p o n ad e , aortic  insufficiency, a n d  m yocard ia l 
infarction . O ther com plications a re  re la ted  to  ex tension  of 
the d issection  to  the  g rea t a rteries of the  neck  an d  the renal, 
m esenteric , o r iliac arteries, any  of w h ich  m ay  becom e 
obstruc ted . S im ilarly, com pression  of sp ina l a rte ries can 
cause transverse  m yelitis.

In  type  A  d issections, ra p id  d iagnosis a n d  in s titu tio n  of 
in tensive  an ti-hypertensive  th e rap y  coup led  w ith  surgical 
p lication  of the aortic  in tim al tear can  save 65% to 85% of 
the patien ts. H ow ever, the m orta lity  ra te  app ro ach es 70% 
in  p a tien ts  w h o  p re sen t w ith  h em o rrh ag e  o r sym ptom s 
re la ted  to  d ista l ischem ia, a n d  the overall 1 0 -year su rv ival 
ra te  is on ly  40% to 60%. M ost type  B dissections can  be 
m an ag ed  conservatively ; p a tien ts  hav e  a 75% surv ival 
ra te  w h e th e r  they  are  trea ted  w ith  su rg ery  o r w ith  an ti
hyp erten siv e  m ed ica tion  only.

Ä S U M M A R Y

A N E U R Y S M S  A N D  D IS S E C T IO N S

• Aneurysms are congenital or acquired dilations of the heart 

or blood vessels that involve the entire wall thickness. 

Complications are related to  rupture, thrombosis, and 

embolization.

• Dissections occur when blood enters the wall of a vessel and 

separates the various layers. Complications arise as a result of 

rupture or obstruction of vessels branching off the aorta.

• Aneurysms and dissections result from structural weakness of 

the vessel wall caused by loss of SMCs or weakening of the 

ECM, which can be a consequence of ischemia, genetic defects, 

or defective matrix remodeling.

VASCULITIS

V ascu litis is a general term  for v esse l w a ll inflam m ation. 
The tw o m ost com m on pathogenic m echanism s o f vascu
litis  are im m une-m ediated  inflam m ation and direct vas
cular in vasion  by in fectiou s pathogens. Infections also 
can  ind irec tly  p rec ip ita te  im m u n e-m ed ia ted  vascu litis 
(e.g., by  genera ting  im m u n e  com plexes o r triggering  cross
reactiv ity). In  any  g iven  pa tien t, it is critical to  d is tin g u ish  
be tw een  in fectious a n d  im m unolog ic  m echan ism s because 
im m u n o su p p ress iv e  th e rap y  is a p p ro p ria te  for im m une- 
m ed ia ted  vascu litis b u t cou ld  exacerbate in fectious vascu 
litis. Physical a n d  chem ical in jury , in c lu d in g  th a t d u e  to 
rad ia tion , m echanical traum a, a n d  toxins, also  can  cause 
vasculitis.

Som e 20 p rim ary  form s of vascu litis are recognized , and  
classification schem es a tte m p t (w ith  variab le  success) to 
g ro u p  th em  accord ing  to  vessel d iam eter, ro le  o f im m u n e  
com plexes, p resence of specific au toan tibod ies , g ran u lo m a 
form ation , o rg an  specificity, a n d  even  p o p u la tio n  dem o
g raph ics (Table 10.4 a n d  Fig. 10.22).

The possib le clinical m an ifesta tions are  p ro tean , b u t 
they largely  d ep e n d  on  the  specific vascu lar b ed  th a t is 
affected. Besides find ings referab le to  the  affected tissue(s), 
there  a re  u sua lly  also  signs a n d  sym ptom s of system ic 
in flam m ation , such  as fever, m yalgia, a rth ra lg ias, an d  
m alaise. T here is considerab le  clinical a n d  patho log ic  
overlap  am o n g  these entities, as w ill be ev id en t from  the 
d iscussion  of in d iv id u a l fo rm s below .

Noninfectious Vasculitis

The m ain  im m unolog ic  m echan ism s u n d e rly in g  noninfec
tious vascu litis are  as follow s:
• Im m u n e  com plex  deposition
• A n ti-n eu tro p h il cy top lasm ic an tibod ies
• A nti-EC  an tibod ies
• A u to reactive  T cells

Im m u n e  C om plex-A ssociated  Vasculitis 

T his form  o f vascu litis is seen  in  im m unologic disorders 
such  as system ic lupus erythem atosus (Chapter 5) that are 
associated  w ith  autoantibody production. The vascu lar 
lesions resem ble  those  fo u n d  in  experim en ta l im m u n e
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Table 10.4 P rim ary  Form s of Vasculitis

G ia n t C e ll 
A r te r it is

G ran u lo m atos is  
W ith  Polyangiitis

C h u rg -
Strauss
S yn d ro m e

P o lyarte ritis
N odosa

Leukocytoclastic
Vasculitis

B u erg e r
Disease

B ehçet
Disease

Sites o f Invo lvem ent

Aorta + - - - - - -

Medium-sized
arteries

+ + + + - + +

Small-sized
arteries

- + + + + + +

Capillaries - - - - + - +

Veins - - - - + + +

In fla m m a to ry  Cells Present

Lymphocytes + + + ± ± ± ±

Macrophages + + + ± ± ± ±

Neutrophils Rare + + ± ± ± Required

Eosinophils Very rare ± Required ± ± ± ±

O th e r  Features

Granulomas ±* Required* ± - - - -

Giant cells Often; not 
required

± - - - - -

Thrombosis ± ± ± ± ± Required ±

Serum ANCA  
positivity

- + + ± - - -

Clinical
history

>40 years 
of age, ± 
polymyalgia 
rheumatica

Any Asthma,
atopy

Any Any Young
male
smoker

Orogenital
ulcers

*The granulomas of giant cell arteritis are found within the vessel wall as part of the inflammation comprising the vasculitis, but need not be present to render the diagnosis. 
The granulomas of granulomatosis with polyangiitis are larger, spanning between vessels, and associated with areas of tissue necrosis.
A N C A , Anti-neutrophil cytoplasmic antibodies.
From Seidman MA, Mitchell RN: Surgical pathology of small-and medium-sized vessels. In Winters, GL, ed., C u rre n t c o n ce p ts  in  ca rd io v a s c u la r p a th o lo g y , Philadelphia, 2012, Saunders.

Capillaries

Arterioles Venules

Arteries Veins

Aorta

Immune complex 
mediated 

(e.g., polyarteritis 
nodosa)

Anti-endothelial 
cell antibodies 
(e.g., Kawasaki 

disease)

Vasculitis without 
asthma or granulomas 

(microscopic 
polyangiitis)

Granulomas, 
no asthma 

(granulomatosis 
with polyangiitis)

Eosinophilia, asthma, 
and granulomas 
(Churg-Strauss 

syndrome)
_________I

Large vessel vasculitis

Granulomatous disease 
(e.g., giant cell arteritis, 

Takayasu arteritis)

Paucity of immune complexes (often with ANCA)

Small vessel vasculitis

Immune complex mediated

r T
SLE IgA

(e.g., SLE (e.g., Henoch- 
vasculitis) Schönlein purpura)

I I
Cryoglobulin Other (e.g., 

(e.g., cryoglobulin Goodpasture 
vasculitis) disease)

Fig. 10.22 Vascular sites involved in the more common vasculitides and their presumptive etiology. Note the considerable overlap in distributions. ANCA, 
anti-neutrophil cytoplasmic antibody; IgA, immunoglobulin A; SLE, systemic lupus erythematosus. ( D a t a  f r o m  J e n n e t t e  J C , F a lk  RJ: N o s o lo g y  o f  p r im a r y  v a s c u lit is ,  

Curr Opin Rheumatol 1 9 : 1 7 , 2 0 0 7 . )
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co m p lex -m ed ia ted  d iso rders, such  as the A rth u s  p h en o m 
enon  a n d  se ru m  sickness, a n d  in  som e cases con ta in  read ily  
iden tifiab le an tib o d y  an d  com plem ent. O ften, how ever, 
th is type  of vascu litis is a d iagnostic  challenge. O nly  rarely  
is the specific an tig en  responsib le  for im m u n e  com plex 
fo rm ation  know n , an d  in  m o st in stances it is n o t clear 
w h e th e r the  p a thogen ic  an tig en -an tib o d y  com plexes are  
d eposited  in to  the  vessel w all from  the  c ircu la tion  o r fo rm  
in situ. In  fact, in  m an y  suspec ted  cases, even  the  an tigen- 
an tibody  deposits  are scarce, p e rh a p s  because the im m u n e  
com plexes have  been  d eg rad ed  by the tim e of b iopsy.

Im m u n e  com plex  dep o sitio n  is a lso  im p licated  in  the 
fo llow ing  vasculitides:
• Drug hypersensitivity vasculitis. In  som e cases, d ru g s  

(e.g., penicillin) a p p e a r to  act as h ap ten s  by b in d in g  to 
h o st p ro te ins; o th e r agen ts  are them selves fo reign  p ro 
teins (e.g., s trep tok inase). In  e ither case, an tibod ies 
d irected  aga in st the d rug -m od ified  p ro te in s  o r foreign 
m olecu les re su lt in  im m u n e  com plex fo rm ation . The 
clinical m an ifesta tions can  be m ild  a n d  self-lim iting, o r 
severe a n d  even  fatal; sk in  lesions are  m ost com m on. It 
is a lw ays im p o rta n t to  consider d ru g  hypersensitiv ity  
as a cause of vasculitis, since d isco n tin u a tio n  of the 
o ffend ing  ag en t u sua lly  leads to  reso lu tion .

• Vasculitis secondary to infections. A ntibod ies to  m icrobial 
constituen ts can  fo rm  im m u n e  com plexes th a t circulate  
a n d  d ep o sit in  vascu lar lesions. For exam ple, in  u p  to 
30% of p a tien ts  w ith  polyarteritis nodosa (d iscussed  in  
g rea te r deta il later), the vascu litis can  be ascribed  to 
im m u n e  com plexes com posed  of h epatitis  B surface 
an tig en  (HBsAg) an d  anti-H B sA g an tibody .

A nti-N eu tro p h il Cytoplasm ic Antibodies

M any patien ts w ith  vasculitis have circulating  an tibodies 
tha t react w ith  n eu troph il cytoplasm ic antigens, so-called 
"an ti-neu troph il cytoplasm ic an tibodies (ANCAs)." A N C A s 
are a heterogeneous g roup  of au toan tibodies d irected  
against constituen ts (m ainly enzym es) of n eu troph il p rim ary  
granules, m onocyte lysosom es, an d  ECs. A N C A s are  very  
useful d iagnostic m arkers; their titers generally  m irro r clini
cal severity, an d  a rise in  titers after periods of quiescence 
is pred ictive of disease recurrence. A lthough  a n u m b er of 
A N C A s have been described, tw o are m ost im portan t. These 
are classified according to  their an tigen  specificity:
• Anti-proteinase-3 (PR3-ANCA), prev iously  called c-ANCA. 

PR3 is a  n eu tro p h il azu roph ilic  g ranu le  co n stitu en t th a t 
shares hom ology  w ith  n u m ero u s  m icrobial pep tides, 
possib ly  exp lain ing  the  g enera tion  of PR3-A N CA s. PR3- 
A N C A s are  associa ted  w ith  granulomatosis with polyan
giitis (see later).

• Anti-myeloperoxidase (MPO-ANCA), p rev iously  called 
p-ANCA. M PO  is a lysosom al g ranu le  co n stitu en t 
in vo lved  in  oxygen  free rad ical genera tion  (C hap ter 3). 
M PO -A N C A s are  in d u ced  by several th e rap eu tic  agents, 
p articu larly  p ro p y lth io u rac il (u sed  to  trea t h y p e rth y 
ro id ism ). M PO -A N C A s are  associated  w ith  microscopic 
polyangiitis a n d  Churg-Strauss syndrome (see later).

The close associa tion  be tw een  A N C A  titers an d  disease 
activ ity  suggests a p a thogen ic  ro le  for these an tibod ies. Of 
note, A N C A s can  d irectly  activate  neu tro p h ils , stim u la ting  
the release of reactive oxygen  species an d  p ro teo ly tic

enzym es; in  vascu lar beds, th is m ay  lead  to  EC in jury . 
W hile  the an tigen ic  ta rge ts  o f A N C A  are  p rim arily  in tracel
lu la r (and  therefore  n o t u su a lly  accessible to  circu la ting  
an tibodies), it is n o w  clear th a t A N C A  an tigens (especially 
PR3) e ither a re  constitu tively  expressed  a t low  levels on  the 
p lasm a m em brane  o r are transloca ted  to  the cell surface in  
ac tiva ted  a n d  apop to tic  leukocytes.

A  p lausib le  p a thogen ic  sequence for the  d ev e lo p m en t 
o f A N C A  vascu litis involves the follow ing:
• D ru g s o r cross-reactive m icrobial an tig en s induce  A N C A  

form ation ; a lternatively , leukocyte surface expression  or 
release of PR3 a n d  M PO  (in the  se tting  of infection) 
incites A N C A  d ev e lo p m en t in  a suscep tib le  in d iv idua l.

• Subsequent inflam m atory  stim uli elicit the release of 
cytokines such as TNF tha t up regu la te  the surface expres
sion of PR3 an d  M PO o n  neu troph ils  a n d  o ther cell types.

• A N C A s b in d  to  these cy tok ine-activated  cells, causing  
fu rth e r n eu tro p h il activation .

• A N C A -activated  n eu tro p h ils  cause EC in ju ry  by  releas
in g  g ranu le  con ten ts a n d  e lab o ra tin g  reactive oxygen  
species.

The A N C A  auto-an tibodies are d irected  against cellular 
constituen ts an d  do  n o t fo rm  circulating  im m une com plexes, 
no r do  the vascular lesions typically contain  dem onstrable 
an tibody  an d  com plem ent; therefore A N C A -associated vas- 
culitides o ften  are described as "pauci-im m une." Of interest, 
A N C A s directed  against p ro te ins o ther than  PR3 an d  M PO 
are som etim es seen in  patien ts w ith  non-vasculitic inflam 
m ato ry  d iso rders (e.g., inflam m atory  bow el disease, scleros
ing  cholangitis, an d  rheum ato id  arthritis).

A nti-E ndothelia l Cell Antibodies and  A utoreactive T  Cells

A ntibod ies to  ECs u n d erlie  certa in  vascu litides, such  as 
K aw asaki d isease (d iscussed  later). A u to reactive  T cells 
cause in ju ry  in  som e form s of v ascu litides charac terized  by 
fo rm ation  of g ranu lom as.

P resen ted  nex t is a brief overv iew  of several o f the best- 
charac terized  vascu litides. A lth o u g h  each  is p re sen ted  as a 
d istinct en tity , it m u s t be acknow ledged  th a t m an y  cases of 
vascu litis lack a classic conste lla tion  find ing  or have  over
la p p in g  fea tu res th a t m ay  re n d e r classification difficult.

G ian t Cell (Tem pora l) A rteritis

G iant cell (temporal) arteritis is a chronic inflam m atory  
disorder, typ ica lly  w ith  granulom atous inflam m ation, 
that principally  affects large- to sm all-sized  arteries in  
the head. The tem p o ra l a rteries a re  n o t m ore  vu lnerab le  
th an  o ther arteries, b u t have lean t their nam e to  the d isor
d e r because the d iagnosis is typically  estab lished  by biopsy  
of these vessels. V ertebral a n d  o ph tha lm ic  arteries, as w ell 
as the ao rta  (giant cell aortitis), are  o ther com m on  sites of 
invo lvem ent. Because o ph tha lm ic  a rte ry  vascu litis can  lead  
to su d d e n  a n d  p e rm a n e n t b lindness, affected  in d iv id u a ls  
m u s t be p ro m p tly  d iag n o sed  a n d  trea ted  p ro m p tly . It is 
the m o st com m on  form  of vascu litis am o n g  o ld e r a d u lts  in  
d ev eloped  countries.

Pathogenesis

G ian t cell a rte ritis  likely occurs as a re su lt o f a T-cell- 
m ed ia ted  im m u n e  response  to  a n  as-yet uncharac ter
ized  vessel w all an tigen . P ro -in flam m atory  cy tokines
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(especially  TNF) a n d  anti-EC  an tibod ies a lso  contribu te . 
The characteristic  g ran u lo m ato u s in flam m ation , a n  asso 
cia tion  w ith  certa in  M H C  class II hap lo types, a n d  the excel
len t th e rap eu tic  response  to  stero ids, all s trong ly  su p p o rt 
a n  im m u n e  etio logy. The p red ilec tio n  for vessels o f the 
head  rem ains u n exp la ined , a lth o u g h  one h ypo thesis  is th a t 
vessels in  v a rio u s p a rts  o f the  bo d y  develop  from  d istinct 
an lag en  an d  m ay, therefore, express u n iq u e  an tigens.

C lin ica l Features

T em pora l a rte ritis  is ra re  before 50 y ears  of age. S igns an d  
sym ptom s m ay  be vag u e  a n d  constitu tiona l (e.g., fever, 
fatigue, w e ig h t loss) o r take the  fo rm  of facial p a in  o r h ead 
ache, m o st in tense  a long  the  course of the  superficial tem 
p o ra l a rtery , w h ich  is p a in fu l to  p a lpa tion . O cular 
sym ptom s (associated  w ith  inv o lv em en t o f the oph tha lm ic  
artery) ab ru p tly  ap p e a r in  ab o u t 50% of patien ts; these 
ran g e  from  d ip lo p ia  to  com plete v ision  loss. D iagnosis 
d e p en d s  o n  b iopsy  an d  histo logy; how ever, because the 
vascu lar in flam m ation  is patchy , a negative  b iopsy  resu lt 
does n o t exclude the  d iagnosis. C orticostero id  o r anti-TN F 
therap ies are effective treatm en ts.

^  M O R P H O L O G Y

In giant cell arteritis, the pathologic changes are notoriously 

patchy along the length of affected vessels. Involved arterial seg

ments exhibit nodular intimal thickening (and occasional throm 

boses) that reduce the vessel diameter and cause distal ischemia. 

The vast majority of lesions exhibit g ra n u lo m ato u s  in flam -

m a tio n  within the inner media centered on the internal elastic 

membrane; there is an infiltrate of lymphocytes and macro

phages, with multinucleate giant cells, and fra g m e n ta tio n  of 

th e  in te rn a l elastic  la m in a  (Fig. 10.23). In up to  25% of cases, 

granulomas and giant cells are absent, and lesions exhibit only a 

nonspecific panarteritis with a mixed infiltrate of acute and 

chronic inflammation. Healing is marked by intimal thickening, 

medial thinning and scarring, and adventitial fibrosis. Character

istically, lesions at different stages of development are seen within 

the same artery.

Takayasu A rteritis

Takayasu arteritis is  a granulom atous vascu litis of  
m edium - and large-sized  arteries characterized princi
p a lly  by ocular disturbances and m arked w eak en in g  of 
the p u lses in  the upper extrem ities (hence the a lte rna te  
nam e, pulseless disease). This d iso rd e r m an ifests w ith  trans
m u ra l scarring  an d  th icken ing  of the  a o r ta —particu larly  
the  aortic  a rch  a n d  g rea t v esse ls—w ith  severe lu m in a l n a r
ro w in g  of the m ajor b ran ch  vessels (Fig. 10.24). A ortic 
lesions share  m an y  of the clinical a n d  histo logic fea tu res  of 
g ian t cell aortitis. Indeed , the  d istinc tion  be tw een  the tw o 
en tities is m ad e  largely  on  the  basis of a p a tie n t's  age; in  
those  o ld e r th an  50 years of age are  sa id  to  have  giant cell 
aortitis, a n d  lesions th a t occur in  those y o u n g e r th a n  50 
y ears  of age are  desig n a ted  Takayasu aortitis. A lth o u g h  his
torically  associated  w ith  Japanese e thn ic ity  a n d  certa in  
H L A  hap lo types, T akayasu  ao rtitis  has  a g lobal d is trib u 
tion. A n  au to im m u n e  etio logy  is likely.

Fig. 10.23 Temporal (giant cell) arteritis. (A) Hematoxylin-eosin-stained section of a temporal artery showing giant cells near the fragmented internal elastic 
membrane ( a r r o w ) ,  along with medial and adventitial inflammation. (B) Elastic tissue stain demonstrating focal destruction of the internal elastic membrane 
( a r r o w )  and medial attenuation and scarring.
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Fig. 10.24 Takayasu arteritis. (A) Aortic arch angiogram showing reduced 
flow of contrast material into the great vessels and narrowing of the bra
chiocephalic, carotid, and subclavian arteries ( a r r o w s ) . (B) Cross-sections of 
the right carotid artery from the patient shown in A demonstrating marked 
intimal thickening and luminal narrowing. The white circles correspond to 
the original vessel wall; the inner core of tan tissue is the area of intimal 
hyperplasia. (C) Histologic appearance in active Takayasu aortitis illustrating 
destruction and fibrosis of the arterial media associated with mononuclear 
infiltrates and giant cells ( a r r o w s ) .

^  M O R P H O L O G Y

Takayasu a r te r it is  classically affects th e  a o rtic  arch  and  

arch vessels; one th ird  o f cases also involve th e  re m a in 

d e r  o f th e  a o r ta  and its b ranches. Occasionally, aortic root 

involvement causes dilation and aortic valve insufficiency. Pulmo

nary arteries are involved in 50% of patients, and renal and coro

nary arteries also can be affected. The takeoffs of the great 

vessels can be markedly narrowed and even obliterated (see Fig 

I0 .24A  and B), explaining the upper-extremity weakness and faint

carotid pulses. The histologic picture (see Fig. I0 .24C) encom

passes a spectrum ranging from adventitial mononuclear infil

trates and perivascular cuffing of the vasa vasorum, to intense 

transmural mononuclear inflammation, to  granulomatous inflam

mation, replete with giant cells and patchy medial necrosis. The 

inflammation is associated with irregular thickening of the vessel 

wall, intimal hyperplasia, and adventitial fibrosis.

C lin ica l Features

In itia l signs an d  sym ptom s u sually  a re  nonspecific, inc lud 
in g  fatigue, w e ig h t loss, a n d  fever. W ith  p rogression , vas
cu lar signs a n d  sym ptom s ap p e a r a n d  d om ina te  the  clinical 
p ic tu re . These inc lude  red u ced  upper-ex trem ity  b lood 
p re ssu re  a n d  p u lse  streng th ; neuro log ic  deficits; a n d  ocu lar 
d istu rbances, in c lu d in g  v isua l field defects, re tina l hem or
rhages, a n d  to tal b lindness. D istal ao rta  d isease can  m an i
fest as leg claudication , a n d  p u lm o n ary  a rte ry  invo lvem en t 
can  cause p u lm o n ary  hypertension . N arro w in g  of the coro
nary  ostia  can  lead  to  m yocard ia l infarction , a n d  involve
m en t o f the  rena l a rteries causes system ic h y p erten sio n  in  
rou g h ly  one half o f patien ts. The evo lu tion  of the  d isease 
is variab le. Som e cases ra p id ly  progress, w h ile  o thers 
becom e qu iescen t after 1 to  2 years. In  the la tte r scenario, 
long-te rm  surv ival, a lbeit w ith  v isua l o r neuro log ic  defi
cits, is possible.

Polyarteritis N odosa

Polyarteritis nod osa  (PAN) is a system ic vascu litis of 
sm all- or m ed iu m -sized  m uscular arteries; it typ ically  
in v o lv es the renal and visceral v esse ls  and spares the pu l
m onary circulation. T here is no  associa tion  w ith  A N C A s, 
b u t one th ird  of p a tien ts  have  chronic h ep a titis  B infection, 
w h ich  leads to  the  fo rm ation  of im m u n e  com plexes contain 
ing  h epatitis  B an tig en s th a t d ep o sit in  affected vessels. The 
cause  is u n k n o w n  in  the rem ain in g  cases.

M O R P H O L O G Y

Classic PAN is a segm enta l tra n s m u ra l n ec ro tiz in g  in fla m 

m a tio n  of small- to medium-sized arteries, often with super

imposed thrombosis. Kidney, heart, liver, and gastrointestinal tract 

vessels are affected in descending order of frequency. Lesions 

usually involve only part of the vessel circumference and have a 

predilection for branch points. Im p a ire d  perfusion may lead 

to  ulcerations, infarcts, ischemic atrophy, or hemorrhages in the 

distribution of affected vessels. The inflammatory process also 

w eakens th e  a r te r ia l w a ll, leading to aneurysms and rupture.

In the acute phase, there is transmural mixed inflammatory 

infiltrate composed of neutrophils and mononuclear cells, fre

quently accompanied by fib rin o id  necrosis and luminal throm 

bosis (Fig. 10.25). O lder lesions show fibrous thickening of the 

vessel wall extending into the adventitia. Characteristically, all 

stages of activity (from early to  late) coexist in different vessels 

or even within the same vessel, suggesting ongoing and recurrent 

pathogenic insults.
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Fig. 10.25 Polyarteritis nodosa, associated with segmental fibrinoid necrosis 
and thrombotic occlusion of a small artery. Note that part of the vessel 
( u p p e r - r ig h t ,  a r r o w )  is uninvolved. ( C o u r te s y  o f  S id n e y  M u r p h r e e ,  M D ,  D e p a r t m e n t  

o f  P a th o lo g y ,  U n iv e r s i t y  o f  T e x a s  S o u th w e s te rn  M e d ic a l  S c h o o l,  D a lla s ,  T e x a s .)

C lin ica l Features

P A N  is p rim arily  a d isease of y o u n g  a d u lts  b u t can 
occur in  all age g roups. The clinical course  typically  is 
episodic, w ith  long  sym ptom -free  in tervals. The system ic 
find ings — m alaise, fever, an d  w e ig h t lo ss—are nonspecific, 
an d  the vascu lar invo lvem en t is w id e ly  scattered , so tha t 
the  clinical m an ifesta tions can  be va ried  a n d  pu zz lin g . A 
"classic" p re sen ta tio n  involves involve som e com bination  
of ra p id ly  accelerating  h y p erten sio n  d u e  to  rena l a rte ry  
invo lvem ent; ab d o m in a l p a in  an d  b loody  stools caused  
by g astro in testina l lesions; d iffuse m u scu la r aches an d  
pains; an d  p erip h e ra l neuritis , p red o m in an tly  affecting 
m o to r nerves. R enal invo lvem en t o ften  is p ro m in en t an d  
is a m ajor cause of dea th . U n trea ted , P A N  typically  is 
fatal; how ever, w ith  im m u n o su p p ressio n , 5-year su rv ival 
is close to  80%. R elapse occurs in  u p  to  25% of the cases, 
m ore  often  in  non-H B V -associa ted  cases th an  those  th a t 
follow  HBV infection. The la tte r  have  a be tte r long-te rm  
prognosis.

K aw asak i D isease

K aw asaki d isease is an acute, febrile , u su ally  se lf-lim ited  
illn e ss  o f in fancy and ch ild h ood  associated w ith  an arte
ritis o f m ain ly  large- to m ed iu m -sized  vesse ls . A pprox i
m ate ly  80% of p a tien ts  are  y o u n g e r th an  4 y ears  o f age. Its 
clinical significance stem s from  the invo lvem en t of coro
n a ry  arteries. C o ronary  arte ritis  can  resu lt in  aneu ry sm s 
tha t ru p tu re  or th rom bose, causing  m yocard ia l infarction . 
O rig inally  described  in  Japan, the d isease is n o w  recog
n ized  in  the U n ited  S tates a n d  elsew here.

In  genetically  suscep tib le  in d iv idua ls , a va rie ty  of infec
tious agen ts (m ostly  viral) have  been  p osited  to  trigger 
the disease. The vascu litis m ay  resu lt from  a de layed -type  
hypersensitiv ity  response  d irec ted  aga in st cross-reactive 
o r new ly  unco v ered  vascu lar antigen(s). S ubsequen t cyto
k ine  p ro d u c tio n  an d  po lyclonal B cell ac tiva tion  resu lt 
in  au to -an tibod ies to  ECs a n d  SM Cs th a t p rec ip ita te  the 
vasculitis.

^  M O R P H O L O G Y

The vasculitis resembles that seen in polyarteritis nodosa. There 

is a dense transmural inflammatory infiltrate, although fibrinoid 

necrosis usually is less prominent than in polyarteritis nodosa. 

The vasculitis typically subsides spontaneously or in response 

to  treatment, but aneurysm formation due to  wall damage may 

supervene. As with other arteritides, healing may be accompanied 

by the development of obstructive intimal thickening. Pathologic 

changes outside the cardiovascular system are rarely significant.

C lin ica l Features

K aw asaki d isease typ ically  m an ifests  w ith  conjunctival 
an d  o ral e ry them a a n d  blistering , ed em a of the h an d s  
an d  feet, e ry them a of the pa lm s a n d  soles, a desq u am a
tive rash , a n d  cervical ly m p h  n o d e  en largem en t (hence its 
o th e r nam e, mucocutaneous lymph node syndrome). A pprox i
m ately  2 0 % of u n tre a te d  p a tien ts  develop  card iovascu lar 
sequelae, ran g in g  from  asym ptom atic  co ronary  arteritis, 
to co ronary  arte ry  ectasia, to  large co ronary  a rte ry  an eu 
ry sm s (7 to  8  m m  in  d iam eter); the  la tte r m ay  be asso 
c ia ted  w ith  ru p tu re , throm bosis, m yocard ia l infarction , 
a n d /o r  su d d e n  dea th . T rea tm en t consists o f in trav en o u s 
im m u n o g lo b u lin  in fusions (w hich  su p p ress  in flam m ation  
th ro u g h  unclear m echanism s) a n d  asp irin , w h ich  w h e n  
g iven  together m ark ed ly  decrease the incidence of sym p
tom atic  co ronary  a rte ry  d isease.

M icroscopic Polyangiitis

M icroscopic p o lyan g iitis  is a necrotizing vascu litis that 
generally  affects capillaries, as w e ll as sm all arterioles 
and ven u les. It a lso  is called  hypersensitivity vasculitis or 
leukocytoclastic vasculitis. U nlike in  PA N , all lesions of 
m icroscopic po lyang iitis  ten d  to  be of the  sam e age in  any 
given  pa tien t. The skin, m ucous m em branes, lungs, brain , 
heart, gastro in testina l tract, k idneys, a n d  m uscle  all can  be 
involved; necrotizing glomerulonephritis (seen in  90% of 
pa tien ts) a n d  pulmonary capillaritis are  p a rticu la rly  com m on. 
M icroscopic angiitis can  be a fea tu re  of a n u m b er of 
im m u n e  d iso rders, such  as Henoch-Schonlein purpura, essen
tial mixed cryoglobulinemia, o r the  vascu litis associa ted  w ith  
connective tissue d iso rders.

In  som e cases, an tib o d y  responses to  an tig en s such  as 
d ru g s  (e.g., penicillin), m icroorgan ism s (e.g., streptococci), 
he tero logous p ro te ins, o r tu m o r p ro te in s  have  been  im pli
cated . These reactions can  e ither lead  to  im m u n e  com plex 
deposition  o r trigger secondary  im m u n e  responses (e.g., 
the d eve lopm en t o f A N C A s) th a t a re  pathogen ic . Indeed , 
m ost cases of m icroscopic po lyang iitis  are associated  w ith  
M PO -A N C A . R ecru itm en t a n d  ac tiva tion  of n eu tro p h ils  
w ith in  affected  vascu lar b ed s  is p robab ly  responsib le  for 
the d isease m anifesta tions.

C lin ica l Features

D ep en d in g  o n  the vascu lar b ed  invo lved , m ajor fea tu res 
include hem optysis , h em atu ria , p ro te in u ria , abdom ina l 
p a in  or b leed ing , m uscle p a in  o r w eakness, an d  p a lpab le  
cu tan eo u s p u rp u ra . W ith  the exception  of pa tien ts  w ith
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Fig. 10.26 ANCA-associated small vessel vasculitis. (A) Microscopic polyangiitis (leukocytoclastic vasculitis) with fragmented neutrophils in the thickened 
vessel wall. (B and C) Granulomatosis with polyangiitis. (B) Vasculitis of a small artery with adjacent granulomatous inflammation including giant cells ( a r r o w s ) .  

(C) Lung from a patient with granulomatosis with polyangiitis, demonstrating large nodular cavitating lesions. (A , C o u r te s y  o f  S c o t t  G r a n te r ,  M D ,  B r ig h a m  a n d  

W o m e n ’s  H o s p i t a l ,  B o s to n ,  M a s s a c h u s e t t s .  C , C o u r te s y  o f  S id n e y  M u r p h r e e ,  M D ,  D e p a r t m e n t  o f  P a th o lo g y ,  U n iv e r s i t y  o f  T e x a s  S o u th w e s te r n  M e d ic a l  S c h o o l,  D a lla s ,  T e x a s .)

w id e sp re a d  rena l o r CNS invo lvem ent, im m u n o su p p res 
sion  a n d  rem oval o f the  o ffend ing  ag en t induce  du rab le  
rem issions.

M O R P H O L O G Y

Microscopic polyangiitis is characterized by segmental fibrinoid 

necrosis of the media with focal transmural necrotizing lesions; 

granulomatous inflammation is absent. These lesions resemble 

those of polyarteritis nodosa but spare medium- and large-sized 

arteries, so that macroscopic infarcts are uncommon. In some 

areas (typically postcapillary venules), only infiltrating neutrophils 

undergoing fragmentation are seen, giving rise to the term  l e u -  

k o c y t o c la s t i c  v a s c u l i t i s  (Fig. I0.26A). Although immunoglobulins 

and complement components can be demonstrated in early skin 

lesions, most lesions are “pauci-immune” (i.e., show little or no 

antibody).

Granulom atosis W ith  Polyangiitis

P rev iously  called  Wegener granulomatosis, granu lom atosis  
w ith  po lyang iitis  (GPA) is a necro tiz ing  vascu litis charac
te rized  by a triad  of the  follow ing:
• Necrotizing granulomas of the u p p e r-re sp ira to ry  tract 

(ear, nose, sinuses, th roat) o r the low er-resp ira to ry  tract 
(lung) o r bo th

• Necrotizing or granulomatous vasculitis affecting  sm all- to 
m ed iu m -sized  vessels (e.g., capillaries, venu les, a rte ri
oles, a n d  arteries), m ost p ro m in en tly  the lungs an d  
u p p e r  a irw ays b u t o th e r sites as w ell

• Focal necrotizing, often crescentic, glomerulonephritis

"L im ited" form s of d isease can  be restric ted  to  the resp i
ra to ry  tract. C onversely , w h e n  w id e sp re a d  the d isease m ay  
affect the eyes, skin, a n d  o th e r o rgans, m ost no tab ly  the 
heart; clinically, w id esp read  G PA  resem bles PA N  w ith  the 
ad d itio n a l fea tu re  of resp ira to ry  invo lvem ent.

G PA  is likely in itia ted  as a cell-m ed iated  h ypersensitiv 
ity  response  to  in h a led  in fectious o r env ironm en ta l

an tigens. PR 3-A N C A s are p re sen t in  a lm ost 95% of cases 
a n d  p robab ly  d rive  the  tissue in jury . The A N C A  level also 
is a u sefu l m ark e r of d isease activ ity , as an tib o d y  titers fall 
d ram atica lly  w ith  effective im m u n o su p p ress iv e  the rap y  
a n d  rise p rio r to  d isease relapse.

^  M O R P H O L O G Y

Upper respiratory tract lesions range from g ran u lo m ato u s  

sinusitis to  u lc e ra tiv e  lesions of the nose, palate, or pharynx; 

lung findings also vary, ranging from diffuse parenchymal infil

trates to granulomatous nodules. There is multifocal necrotizing 

g ran u lo m a to u s  vasculitis with a surrounding fibroblastic pro

liferation (Fig. I0.26B). Multiple granulomata can coalesce to  

produce radiographically visible nodules with central cavitation 

(Fig. I0.26BC). Destruction of vessels can lead to hemorrhage 

and hemoptysis. Lesions can ultimately undergo progressive 

fibrosis and organization.

The renal lesions range from mild, focal glomerular necrosis 

associated with thrombosis of isolated glomerular capillary loops 

(focal and segm enta l n e c ro tiz in g  g lo m e ru lo n e p h ritis ) to  

more advanced glomerular lesions with diffuse necrosis and 

parietal cell proliferation forming epithelial crescents (crescen 

tic  g lo m e ru lo n e p h ritis ) (Chapter 14).

C lin ica l Features

The typical p a tien t is a m id d le  ag ed  m an , a lth o u g h  w o m en  
a n d  in d iv id u a ls  o f o th e r ages can  be affected. C lassic p re 
sen ta tions include b ila tera l p n eu m o n itis  w ith  n o d u les  an d  
cav itary  lesions (95%), chronic sinusitis  (90%), m ucosal 
u lcera tions of the n aso p h a ry n x  (75%), a n d  ren a l d isease 
(80%). P atien ts w ith  m ild  rena l invo lvem en t m ay  dem on 
stra te  on ly  h em a tu ria  an d  p ro te in u ria , w h e reas  m ore 
severe d isease m ay  p o rte n d  rap id ly  p rog ressive  rena l 
failure. R ash, m yalgias, articu lar invo lvem ent, neuritis , 
a n d  fever also  m ay  occur. If un trea ted , the m orta lity  ra te
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a t 1 y ear is 80%. T rea tm en t w ith  stero ids, cyc lophospha
m ide, TNF inh ib ito rs, a n d  anti-B -cell an tibod ies (ritux- 
im ab) has  im p ro v ed  th is  p ic tu re  considerab ly . M ost 
p a tien ts  w ith  G PA  n o w  surv ive, b u t rem ain  a t h ig h  risk  for 
re lapses th a t m ay  u ltim ate ly  lead  to  ren a l failure.

Churg-Strauss Syndrom e

Churg-Strauss syndrom e (also called  allergic granuloma
tosis and angiitis) is  a sm all-vessel necrotizing vascu litis  
classically  associated w ith  asthm a, allergic rh in itis, lu n g  
infiltrates, peripheral eosin op h ilia , extravascular necro
tiz in g  granulom as, and a strik ing infiltration o f v esse ls  
and perivascular tissu es by eosin op h ils . It is a ra re  d isor
der, affecting  1 in  1 m illion  in d iv iduals . C u tan eo u s  involve
m en t (w ith  p a lpab le  p u rp u ra ) , gastro in testina l b leed ing , 
a n d  ren a l d isease (p rim arily  as  focal a n d  segm enta l glo
m eru losclerosis) are  the  m ajor associations. C ytotoxicity  
p ro d u c e d  by  the  m yocard ia l eosinophilic  in filtrates often  
leads to  card iom yopathy . C ard iac  invo lvem en t is seen  in  
60% of p a tien ts  a n d  is a m ajor cause of m o rb id ity  and  
death .

C hurg -S trauss synd rom e m ay  stem  from  "h y p e rre sp o n 
siveness" to  som e no rm ally  innocuous allergic stim ulus. 
M PO -A N C A s are  p re sen t in  a m ino rity  o f cases, suggesting  
th a t the d iso rd e r is pa thogen ica lly  heterogeneous. The vas
cu lar lesions d iffer from  those  o f P A N  o r m icroscopic p o ly 
ang iitis  by v irtu e  of the  presence of g ran u lo m as a n d  
eosinophils.

Throm boangiitis O bliterans (B uerger D isease) 

T hrom boangiitis obliterans (Buerger disease) is charac
terized by segm ental, throm bosing, acute and chronic 
inflam m ation o f m edium - and sm all-sized  arteries, prin
c ipally  the tib ia l and radial arteries, w ith  occasional 
secondary extension  into the ve in s and nerves o f the  
extrem ities. B uerger d isease occurs a lm ost exclusively in  
heav y  tobacco sm okers a n d  u su a lly  develops before 35 
y ears  o f age. D irect EC toxicity caused  by som e com po
n e n t o f tobacco is suspected ; a lternatively , a reactive com 
p o u n d  in  tobacco m ay  m odify  vessel w all com ponen ts an d  
induce  a n  im m u n e  response. Indeed , m o st p a tien ts  w ith  
B uerger d isease a re  hypersensitive  to  tobacco extracts. A 
genetic p red ilec tion  is suggested  by a n  increased  p rev a 
lence in  certa in  ethn ic  g ro u p s  (Israeli, In d ian  subcon
tinen t, Japanese) a n d  an  associa tion  w ith  certa in  H LA  
hap lo types.

^  M O R P H O L O G Y

In thromboangiitis obliterans, there is a sharply  segm enta l 

acu te  and chron ic tra n s m u ra l vasculitis o f m e d iu m - and  

sm all-sized  a rte rie s , predominantly those of the extremities. 

In the early stages, mixed inflammatory infiltrates are accompa

nied by luminal thrombosis; small microabscesses, occasionally 

rimmed by granulomatous inflammation, also may be present (Fig 

10.27). The inflammation often extends into contiguous veins and 

nerves (a feature that is rare in other forms of vasculitis). W ith  

time, thrombi can organize and recanalize, and eventually the 

artery and adjacent structures become encased in fibrous tissue.

Fig. 10.27 Thromboangiitis obliterans (Buerger disease). The lumen is 
occluded by thrombus containing a sterile abscess ( a r r o w ) ,  and the vessel 
wall is infiltrated with leukocytes.

C lin ica l Features

E arly  m an ifesta tions inc lude  co ld -induced  R ay n au d  p he 
n o m en o n  (see later), in step  foot p a in  in d u ced  by exercise 
(instep claudication), a n d  superficial n o d u la r  ph leb itis 
(venous in flam m ation). The vascu lar insufficiency of Buerger 
d isease  ten d s to  be accom pan ied  by severe p a in - e v e n  a t 
r e s t—u n d o u b te d ly  from  the  n eu ra l invo lvem ent. C hronic 
ex trem ity  u lcerations m ay  develop , p ro g ressin g  over tim e 
(occasionally  p recip itously ) to  fran k  gangrene. Sm oking 
abstinence in  the early  stages of the d isease o ften  am elio 
ra tes  fu rth e r attacks; how ever, once estab lished , the vascu 
lar lesions d o  n o t resp o n d  to  sm oking  abstinence.

Vasculitis Associated W ith  O th er Noninfectious D isorders

V asculitis resem bling  hypersensitiv ity  angiitis o r classic 
P A N  m ay  be seen  in  associa tion  w ith  m an y  o ther diseases, 
in c lu d in g  m alignancies a n d  im m unolog ic  d iso rd ers  such  
as rh eu m ato id  a rth ritis , system ic lu p u s  e ry them atosus, 
an ti-p h o sp h o lip id  an tib o d y  syndrom e, a n d  H enoch- 
S chönlein  p u rp u ra . Rheumatoid vasculitis m ay  occur in  
p a tien ts  w ith  severe, lo n g -stan d in g  rh eu m ato id  arth ritis; it 
can  cause a clinically significant aortitis  b u t m ore  typically  
affects sm all- an d  m ed iu m -sized  arteries, lead in g  to vis
ceral infarction . L ink ing  vascu litis to  specific d iso rd ers  
m ay  have  im p o rta n t the rapeu tic  im plications. For exam ple, 
a lth o u g h  classic im m u n e  com plex lupus vasculitis a n d  an ti
p h o sp h o lip id  an tib o d y  synd rom e share  certa in  m o rp h o 
logic features, the  fo rm er req u ires  an ti-in flam m atory  
th e rap y  w h ile  an ticoagu la tion  is ind ica ted  in  the  latter.

Infectious Vasculitis

Localized arte ritis  m ay  be caused  by the d irect invasion  of 
a rteries by  in fectious agents, u sua lly  bacteria  o r fungi, an d  
in  p a rticu la r Aspergillus a n d  Mucor spp . V ascular invasion  
m ay  be p a r t o f a nearby  local tissue in fection  (e.g., bacterial 
p n eu m o n ia  o r a n  ad jacen t abscesses), o r —less com m only  — 
m ay  arise from  h em atogenous sp read  of bacteria  o r em bo
lization  from  infective endocard itis .

V ascular infections m ay  w eak en  arte ria l w alls  a n d  cul
m inate  in  mycotic aneurysms described  earlier, o r m ay
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in d u ce  th rom bosis a n d  infarction . T hus, in flam m ation  of 
vessels in  bacterial m en ing itis  can  cause th rom bosis an d  
infarction , lead in g  u ltim ate ly  to  ex tension  of a subarach 
n o id  infection  in to  the  b ra in  parenchym a.

f t  S U M M A R Y

V A S C U L IT IS

• Vasculitis is defined as inflammation of vessel walls; it fre

quently is associated with systemic manifestations (including 

fever, malaise, myalgias, and arthralgias) and organ dysfunction 

that depends on the pattern of vascular involvement.

• Vasculitis can result from infections but more commonly has 

an immunologic basis such as immune complex deposition, 

anti-neutrophil antibodies (ANCAs), or anti-EC antibodies.

• Different forms of vasculitis tend to  specifically affect vessels 

of a particular caliber and location (see Fig. 10.22 and 

Table 10.4).

DISORDERS OF BLOOD VESSEL 
HYPERREACTIVITY

Several d iso rd ers  a re  charac terized  by in ap p ro p ria te  o r 
exaggera ted  vasoconstric tion  of b lood  vessels.

Raynaud Phenomenon

Raynaud phenomenon resu lts  from  vasoconstric tion  of a rte r
ies a n d  arterio les in  the  extrem ities, p a rticu la rly  the fingers 
a n d  toes, b u t also  som etim es the nose, earlobes, o r lips. The 
restric ted  b lood  flow  induces paroxysm al p a llo r o r cyano
sis; invo lved  d ig its characteristically  show  "red -w h ite -an d - 
b lue" color changes from  m ost p rox im al to  m ost distal, 
reflecting  p rox im al vasod ila tion , cen tra l vasoconstriction , 
a n d  m ore d ista l cyanosis, respectively . R ay n au d  p h en o m 
enon  can  be a p rim ary  en tity  or m ay  be secondary  to  o ther 
d iso rders.

Primary Raynaud phenomenon (p rev iously  called Raynaud 
disease) is caused  by exaggera ted  cen tra l a n d  local vasom o
to r responses to  cold  o r em otion; it affects 3% to 5% of the 
general p o p u la tio n  an d  has a p red ilec tion  for y o u n g  
w om en . S truc tu ra l changes in  the arte ria l w alls  a re  absen t 
except late  in  the course, w h e n  in tim al th icken ing  m ay 
appear. The course u sua lly  is benign, b u t in  chronic cases, 
a tro p h y  of the skin, subcu taneous tissues, a n d  m uscles 
m ay  occur. U lceration  a n d  ischem ic g ang rene  are  rare.

Secondary Raynaud phenomenon refers to  vascu lar insuf
ficiency d u e  to  arte ria l d isease caused  by  o ther en tities 
in c lu d in g  system ic lu p u s  ery them atosus, scleroderm a, 
B uerger disease, o r ev en  a therosclerosis. Indeed , since 
R aynaud  p h en o m en o n  m ay  be the first m an ifesta tion  of 
such  conditions, every  p a tien t w ith  R ay n au d  p h en o m en o n  
shou ld  be ev a lu a ted  for these secondary  causes.

Myocardial Vessel Vasospasm

V asospasm  of card iac a rte ria l o r a rte rio la r beds has been 
called  cardiac Raynaud and in a subset of cases leads to

Prinzmetal angina (ang ina d u e  to  vasospasm ). If such  spasm  
is o f sufficient d u ra tio n  (20 to  30 m inutes), m yocard ia l 
in farc tion  can  resu lt. E levated  levels o f catechols also 
increase h eart ra te  a n d  m yocard ia l contractility , exacerbat
ing  ischem ia caused  by  the vasospasm . The ou tcom e can 
be su d d e n  card iac d e a th  (caused  by a fa ta l a rrh y th m ia) o r 
a n  ischem ic d ila ted  c a rd io m y o p a th y -so -c a lle d  "Takot- 
subo  ca rd io m y o p a th y "  (also called  "b ro k en  h eart syn
d rom e,"  because of the  association  w ith  em o tional duress). 
H isto log ic find ings in  acu te  cases m ay  inc lude  m icroscopic 
a reas of necrosis charac terized  by m yocyte hypercon trac 
tion  (contraction  b an d  necrosis) (C hap ter 11); in  subacu te  
an d  chronic cases, m icroscopic foci of g ran u la tio n  tissue 
a n d /o r  scar m ay  be p resen t.

VEINS A N D  LYMPHATICS

V aricose veins a n d  p h le b o th ro m b o sis /th ro m b o p h leb itis  
accoun t for a t least 90% of cases of clinically re levan t 
venous d isease.

Varicose Veins of the Extremities

Varicose v e in s are abnorm ally d ilated  tortuous v e in s pro
duced  b y  chronically increased intralum inal pressures 
and w eak en ed  v esse l w a ll support. The superficial veins 
of the  u p p e r  a n d  low er leg typically  a re  invo lved . U p to 
one fifth  of m en  a n d  one th ird  of w o m en  develop  low er- 
ex trem ity  varicose veins. O besity  increases the  risk, an d  
the h igher incidence in  w o m en  p robab ly  reflects the 
p ro lo n g ed  e levation  in  ven o u s p re ssu re  caused  by com 
p ressio n  of the  in ferio r ven a  cava by the g rav id  u te ru s  
d u rin g  p regnancy . T here is a lso  a fam ilial tendency  to w ard  
p rem a tu re  varicosities.

C lin ica l Features

V aricose d ila tion  ren d e rs  the ven o u s valves in com peten t 
an d  leads to  low er-ex trem ity  stasis, congestion , edem a, 
pa in , a n d  throm bosis. The m ost d isab ling  sequelae inc lude  
p e rsis ten t ed em a in  the ex trem ity  a n d  secondary  ischem ic 
sk in  changes, in c lu d in g  stasis derm atitis  an d  u lcerations. 
The la tte r can  becom e chronic varicose ulcers as a conse
quence of p o o r w o u n d  healing  a n d  su p erim p o sed  infec
tions. O f note, em bolism  from  these superficial veins is 
very  rare, in  con trast w ith  the re la tively  freq u en t em boli 
th a t arise  from  th rom bosed  deep  veins (C hap ter 4).

Varicosities of O ther Sites * •

V enous d ila tions in  tw o  o th e r sites m erit special atten tion :
• Esophageal varices. Liver cirrhosis (and  less frequen tly , 

p o rta l ve in  o bstruc tion  o r hepatic  ve in  throm bosis) 
causes p o rta l v enous h y p erten sio n  (C hap ter 16). This, in  
tu rn , leads to  the  o p en in g  of porto -system ic sh u n ts  an d  
increased  b lood  flow  in to  veins a t the (1 ) gastroesopha 
geal ju n c tio n  (form ing  esophageal varices); (2 ) rec tum  
(form ing  hem orrho ids); a n d  (3) pe rium bilica l veins of 
the ab d o m in a l w all (fo rm ing  a  c a p u t m edusae). E sopha
geal varices a re  m o st im p o rta n t since they  are  p ro n e  to 
ru p tu re s  th a t can  lead  to  m assive  (even fatal) u p p e r  
gastro in testina l hem orrhage.
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• Hemorrhoids are  varicose d ila tions of the  venous p lexus 
a t the  anorec ta l ju n c tio n  th a t re su lt from  p ro lo n g ed  
pelv ic  vascu lar congestion  associa ted  w ith  p reg n an cy  o r 
s tra in in g  to  defecate. H em o rrh o id s a re  a source of 
b leed in g  a n d  are  p ro n e  to  th rom bosis a n d  pa in fu l 
u lceration .

Thrombophlebitis and Phlebothrombosis

T hrom bosis o f deep leg  ve in s accounts for m ore than  
90% o f cases o f throm bophleb itis and phlebothrom bosis.
These tw o  term s are largely  in te rchangeab le  designations 
for ven o u s th rom bosis accom pan ied  by in flam m ation . 
O th e r sites w h ere  ven o u s th rom bi m ay  fo rm  are the  pe ri
p rosta tic  ven o u s p lexus in  m ales a n d  the pelv ic venous 
p lexus in  fem ales, as w ell as the large  veins in  the  skull 
a n d  the d u ra l sinuses (especially  in  the se tting  of infection  
o r inflam m ation). P eritoneal infections, in c lu d in g  p eriton i
tis, append ic itis , salp ing itis, a n d  pelv ic abscesses, as w ell 
as certa in  cond itions associated  w ith  hypercoagu lab ility  
(e.g., po lycy them ia  vera) (C hap ter 12) can  lead  to p o rta l 
vein  throm bosis.

In  deep ven ou s throm bosis (DVT) o f the legs, pro
lo n g ed  im m ob iliza tion  resu ltin g  in  ven ou s stasis is the  
m ost im portant risk  factor. This can  occur w ith  ex tended  
bed  rest o r ev en  ju s t s itting  d u r in g  long  p lane  o r au tom o 
bile trips. The p ostopera tive  state  is an o th er in d e p e n d e n t 
risk  factor for DVT, as are  congestive h e a rt failure, p reg 
nancy, o ra l con tracep tive  use, m alignancy , obesity , m ale 
sex, a n d  age over 50 years. Inherited  defects in  coagula 
tion  factors (C hap ter 4) o ften  p red isp o se  affected in d iv id 
ua ls to  d ev e lo p m en t of th rom boph leb itis . V enous th rom bi 
also  can  resu lt from  elabo ra tion  of p ro co ag u lan t factors 
from  cancers (C hap ter 6 ); the resu ltin g  hypercoagu lab le  
state  can  m an ifest as evanescen t th rom boses in  d ifferen t 
vascu lar beds a t d iffe ren t tim es, so-called "m ig ra to ry  
th rom boph leb itis"  o r "T rousseau  syndrom e."

T hrom bi in  legs ten d  to  p ro d u ce  few , if any, reliable 
signs or sym ptom s. W hen  p resen t, local m an ifesta tions 
inc lude  d ista l edem a, cyanosis, superficial ve in  d ilation , 
heat, tenderness, redness, sw elling, a n d  pa in . In  som e 
cases, p a in  is elicited  by p ressu re  over affected  veins, 
sq ueez ing  the  calf m uscles, o r forced dorsiflex ion  of the 
foo t (Homan sign). H ow ever, m an y  DVTs are  asy m p to m 
atic, especially  in  b e d r id d e n  patien ts, an d  the  absence of 
find ings does n o t exclude their presence.

Pulm onary em b olism  is a com m on and serious clin ical 
com plication  o f D V T, resu ltin g  from  fragm entation or 
detachm ent o f the ven ou s throm bus. In  m an y  cases, the 
first m an ifesta tion  of th rom boph leb itis  is a p u lm o n ary  
em bolus. D ep en d in g  o n  the size an d  n u m b er o f em boli, the 
ou tcom e can  ran g e  from  reso lu tion  w ith  no  sym ptom s to 
death .

Superior and Inferior Vena Cava Syndromes

The superior vena cava syndrome u su a lly  is caused  by  neo
p lasm s th a t com press or in v ad e  the  su p erio r v en a  cava, 
such  as b ronchogen ic  carcinom a o r m ed iastina l lym phom a. 
The re su ltin g  o bstruc tion  p ro d u ces  a characteristic  clinical 
com plex consisting  of m ark ed  d ila tion  of the veins of the 
head , neck, a n d  arm s associated  w ith  cyanosis. P u lm o n ary

vessels also  can  be com pressed , causing  resp ira to ry  
d istress.

The inferior vena cava syndrome can  be caused  by neo
p lasm s th a t com press o r invade  the  in ferio r ven a  cava or 
by  a th ro m b u s from  the hepatic , renal, o r low er-ex trem ity  
veins th a t p ro p ag a tes  cephalad . C erta in  neop lasm s — 
p articu la rly  hepatoce llu lar carc inom a a n d  rena l cell 
carc inom a — show  a strik ing  tendency  to  g row  w ith in  
veins, a n d  these tu m o rs m ay  u ltim ate ly  occlude the infe
rio r vena  cava. O b stru c tio n  of the in ferio r vena  cava 
in d u ces m ark ed  low er-ex trem ity  edem a, d is ten tio n  of the 
superficial collateral veins of the  low er abdom en , a n d  — 
w ith  rena l vein  in v o lv e m e n t—m ark ed  p ro te inu ria .

Lymphangitis and Lymphedema

P rim ary  d iso rd ers  o f lym phatic  vessels a re  extrem ely  
uncom m on . M uch  m ore  com m only , lym phatic  vessels are  
secondarily  invo lved  by  in flam m atory , infectious, o r 
m alig n an t processes.

Lymphangitis refers to  a n  acu te  in flam m ation  caused  by 
bacteria l seed ing  of the lym phatic  vessels (C hap ter 3). 
C linically, the  in flam ed  lym phatics ap p e a r as red, painful 
subcutaneous streaks, u su a lly  associa ted  w ith  ten d er en large
m en t of d ra in in g  ly m p h  n o d es (acute lymphadenitis). If bac
teria  a re  n o t con ta ined  w ith in  the ly m p h  nodes, they  can  
p ass in to  the ven o u s c ircu la tion  a n d  cause bac terem ia or 
sepsis.

P rim ary  ly m p h ed em a  m ay  occur as an  iso la ted  con
genital defect (sim ple congenita l lym phedem a) or as the 
fam ilial Milroy disease (heredofamilial congenital lymphedema), 
resu ltin g  from  agenesis o r h y p o p lasia  of lym phatics. Sec
o n d a ry  o r obstruc tive  ly m p h ed em a  stem s from  the  accu
m u la tio n  of in te rstitia l flu id  b eh in d  a n  obstruc ted , 
p rev iously  n o rm al lym phatic; such  ob stru c tio n  can  resu lt 
from  the fo llow ing  d iso rd ers  o r conditions:
• T um ors invo lv ing  e ithe r the lym phatic  channels o r the

reg ional ly m p h  nodes
• Surgical p ro ced u res  th a t sever lym phatic  connections

(e.g., axillary  ly m p h  n o d es in  rad ica l m astectom y)
• P o strad ia tio n  fibrosis
• F ilariasis
• P ostin flam m atory  th rom bosis a n d  scarring

R egard less o f the cause, ly m p h ed em a  increases the 
h yd rosta tic  p re ssu re  in  the lym phatics d ista l to  the  o bstruc 
tion  a n d  causes edem a. C hronic  ed em a in  tu rn  m ay  lead  
to dep o sitio n  of ECM  a n d  fibrosis, p ro d u c in g  b raw n y  
in d u ra tio n  o r a peau d'orange ap p earan ce  of the overly ing  
sk in  (as m ay  occur in  the  skin  overly ing  a b reas t carci
nom a). E ventually , in ad eq u a te  tissue pe rfu sio n  m ay  lead  
to sk in  u lceration . R u p tu re  of d ila ted  lym phatics, typically  
fo llow ing  obstruc tion  by  a n  in filtra ting  tu m o r m ass, can 
lead  to  m ilky  accum ula tions of ly m p h  in  va rio u s spaces 
desig n a ted  chylous ascites (abdom en), chylothorax, and  
chylopericardium.

TUMORS

T um ors of b lood  vessels a n d  lym phatics inc lude  ben ign  
hem ang iom as (extrem ely  com m on), locally aggressive
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Table 10.5 Classification ofVascular Tum ors and Tum or-Like  
Conditions

Benign N eoplasm s: D eve lopm enta l and A cqu ired  
C onditions

Hemangioma
Capillary hemangioma 
Cavernous hemangioma 
Pyogenic granuloma 

Lymphangioma
Simple (capillary) lymphangioma 
Cavernous lymphangioma (cystic hygroma)

Glomus tumor 
Vascular ectasias 

Nevus flammeus
Spider telangiectasia (arterial spider)
Hereditary hemorrhagic telangiectasis (Osler-Weber-Rendu disease) 

Reactive vascular proliferations 
Bacillary angiomatosis

In te rm e d ia te -G ra d e  Neoplasm s

Kaposi sarcoma 
Hemangioendothelioma

M alignan t N eoplasm s

Angiosarcoma

neop lasm s th a t m etastasize  in frequen tly , a n d  rare, h igh ly  
m alig n an t ang iosarcom as (Table 10.5).

V ascular n eop lasm s arise  e ithe r from  en d o th e liu m  (e.g., 
hem ang iom a, lym phang iom a, angiosarcom a) o r cells th a t 
su p p o rt o r su rro u n d  b lood  vessels (e.g., g lom us tum or). 
P rim ary  tu m o rs of large  vessels (aorta, p u lm o n ary  artery , 
a n d  vena  cava) occur in frequen tly  a n d  are  m ostly  sarco
m as. A lth o u g h  a ben ig n  h em ang iom a canno t by  confused  
w ith  a n  anap lastic  angiosarcom a, "g ray -zone" lesions of 
u n ce rta in  m alignancy  are som etim es observed . C ongenita l 
o r d eve lopm en ta l m alfo rm ations a n d  non-neop lastic  reac
tive vascu lar p ro life ra tions (e.g., bacillary angiomatosis) 
can  also  m an ifest as tum or-like  lesions th a t m ay  p re sen t 
d iagnostic  challenges. In  general, ben ig n  a n d  m alig n an t 
vascu lar n eo p lasm s are d is tin g u ish ed  by  the  fo llow ing  
features:
• B enign tu m o rs u sua lly  are  com posed  of vascu lar chan 

nels filled w ith  b lood  cells o r ly m p h  th a t a re  lined  by  a 
m ono layer o f n o rm al-ap p earin g  ECs.

• M alignan t tu m o rs a re  m ore  cellu lar, show  cytologic 
a typ ia , a re  p ro lifera tive , a n d  u sually  do  n o t fo rm  
w ell-o rgan ized  vessels; confirm ation  of the  endo the lia l 
deriva tion  of such  p ro lifera tions m ay  req u ire  im m u n o 
histochem ical detection  of EC-specific m arkers.

Benign Tumors and Tumor-Like Conditions

Vascular Ectasias

Ectasia is a  generic te rm  for any  local d ila tion  of a s tructu re , 
w h ile  telangiectasia is u se d  to  describe a p e rm an en t d ila tion  
of p reex isting  sm all vessels (capillaries, venules, a n d  arte 
rioles, u sua lly  in  the skin  o r m ucous m em branes) th a t 
fo rm s a d iscre te  red  lesion. These lesions can  be congenital 
o r acqu ired  a n d  are  n o t true  neop lasm s.
• Nevus flammeus (a "b irth m ark "), the m ost com m on  fo rm  

of vascu lar ectasia, is a ligh t p in k  to  deep  p u rp le  flat

lesion on  the  h ead  o r neck  com posed  of d ila ted  vessels. 
M ost u ltim ate ly  reg ress spon taneously .

• The so-called "p o r t w in e  sta in" is a  special fo rm  of 
n ev u s  flam m eus. These lesions ten d  to  grow  d u rin g  
ch ildhood , th icken the  skin surface, a n d  do  n o t fade 
w ith  tim e. Such lesions occurring  in  the d is trib u tio n  of 
the  trigem inal nerve  are  associated  w ith  the Sturge- 
Weber syndrome (also called  encephalo trigem inal ang io 
m atosis). This u ncom m on  congenita l d iso rd e r is 
associated  w ith  facial p o rt w in e  nevi, ip sila te ra l venous 
ang iom as in  the  cortical lep tom eninges, m en ta l re ta rd a 
tion, seizures, hem ipleg ia , a n d  rad io log ic  opacities of 
the skull. Thus, a large  facial telangiectasia  in  a child  
w ith  m en ta l deficiencies m ay  ind ica te  the  p resence of 
ad d itio n a l vascu lar m alform ations.

• Spider telangiectasias are  non-neop lastic  vascu lar lesions. 
These lesions m an ifest as rad ia l, o ften  pu lsa tile  a rrays 
of d ila ted  subcu taneous arteries or arterio les (the "legs" 
of the sp ider) ab o u t a cen tra l core (the sp id e r 's  "body") 
th a t b lanch  w ith  p ressu re . S p ider telangiectasias com 
m only  occur on  the face, neck, o r u p p e r  chest a n d  m ost 
frequen tly  a re  associa ted  w ith  hyperestrogen ic  states 
(e.g., in  p re g n a n t w o m en  o r p a tien ts  w ith  cirrhosis).

• Hereditary hemorrhagic telangiectasia (Osler-Weber-Rendu 
disease) is a n  au tosom al d om inan t d iso rder caused  by 
m u ta tions in  genes th a t encode com ponents of the TGF-P 
signaling  p a th w ay  in  ECs. The telangiectasias are  m alfor
m ations com posed  of d ila ted  capillaries an d  veins tha t 
are p resen t a t birth . They are w id e ly  d istribu ted  over the 
skin an d  oral m ucous m em branes, as w ell as in  the respi
ratory , gastrointestinal, a n d  u rinary  tracts. The lesions 
can spon taneously  ru p tu re , causing  serious epistaxis 
(nosebleed), gastro in testinal bleeding, o r hem aturia .

H em ang iom as

H em ang iom as are  very  com m on  tu m o rs com posed  of 
b lood-filled  vessels These lesions constitu te  7% of all 
ben ign  tu m o rs of infancy an d  ch ildhood; m ost are  p re sen t 
from  b irth  an d  in itia lly  increase in  size, b u t m any  ev en tu 
ally  reg ress spon tan eo u sly  (Fig. 10.28). W hile hem ang io 
m as typically  a re  localized  lesions confined  to  the h ead  an d  
neck, they  occasionally  m ay  be m ore extensive (angiomato
sis) a n d  can  a rise in ternally . N early  one th ird  of these in te r
na l lesions are fo u n d  in  the liver. M alignan t transfo rm ation  
is rare. Several h isto logic a n d  clinical v a rian ts  have  been 
described:
• Capillary hemangiomas are  the m ost com m on type; these 

occur in  the  skin, subcu taneous tissues, a n d  m ucous 
m em branes of the  o ral cavities an d  lips, as w ell as in  the 
liver, sp leen, a n d  k id n ey s (Fig. 10.28A). H isto logically , 
they are com posed  of th in -w alled  cap illaries w ith  scan t 
strom a (Fig. 10.28B).

• Juvenile hemangiomas (so-called " s traw b erry  hem ang io 
m as") o f the n ew b o rn  sk in  are  ex trem ely  com m on ( 1  in  
200 b irths) a n d  can  be m u ltip le . These grow  rap id ly  for 
a  few  m o n th s  b u t th en  fade by 1 to  3 y ears  of age, w ith  
com plete  reg ression  by 7 years o f age in  the v ast m ajor
ity  of cases.

• Pyogenic granulomas are  cap illary  h em ang iom as th a t 
m an ifest as rap id ly  g ro w in g  re d  p e d u n cu la ted  lesions 
on  the skin, g ingival, o r o ra l m ucosa. M icroscopically  
they resem ble  ex u b eran t g ran u la tio n  tissue. They bleed
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Fig. 10.28 Hemangiomas. (A) Hemangioma of the tongue. (B) Histologic appearance in juvenile capillary hemangioma. (C) Pyogenic granuloma of the lip. 
(D) Histologic appearance in cavernous hemangioma. (A  a n d  D ,  C o u r te s y  o f  J o h n  S e x to n ,  M D ,  B e th  I s r a e l  H o s p i t a l ,  B o s to n ,  M a s s a c h u s e t t s .  B , C o u r te s y  o f  C h r is to p h e r  

D .M .  F le tc h e r ,  M D ,  B r ig h a m  a n d  W o m e n ’s  H o s p i t a l ,  B o s to n ,  M a s s a c h u s e t t s .  C , C o u r te s y  o f  T h o m a s  R o g e rs ,  M D ,  U n iv e r s i t y  o f  T e x a s  S o u th w e s te rn  M e d ic a l  S c h o o l,  D a lla s ,  

Texas.)

easily  a n d  often  u lcerate  (Fig. 10.28C). R oughly  one 
fo u rth  of the lesions develop  after traum a, reach ing  a 
size of 1 to  2 cm  w ith in  a few  w eeks. C u re ttage  and  
cau tery  u sua lly  are  curative . Pregnancy tumor (g ranu 
lom a g rav id aru m ) is a  pyogen ic  g ran u lo m a th a t occurs 
in frequen tly  in  the  g ing iva of p re g n a n t w om en . These 
lesions m ay  spon tan eo u sly  reg ress (especially  after 
p regnancy) o r u n d e rg o  fibrosis, b u t occasionally  requ ire  
su rg ical excision.

• Cavernous hemangiomas are com posed  of large, d ila ted  
vascu lar channels. C om p ared  w ith  cap illary  h em ang io 
m as, cavernous hem ang iom as are  m ore infiltrative, 
frequen tly  invo lve deep  struc tu res, a n d  do  n o t sp o n ta 
neously  regress. O n  h isto logic exam ination , the m ass is 
sharp ly  defined  b u t u n en cap su la ted  a n d  is com posed  of 
large b lood-filled  vascu lar spaces sep ara ted  by connec
tive tissue strom a (Fig. 10.28D). In trav ascu la r th rom bo 
sis a n d  d y stro p h ic  calcification are com m on. These 
lesions m ay  be locally destructive , an d  surg ical excision 
is req u ired  in  som e cases. M ore often  the tu m o rs are  of 
little clinical significance, b u t they  can  be cosm etically  
troub lesom e a n d  are v u lnerab le  to  traum atic  u lceration  
a n d  b leed ing . B rain h em ang iom as are  prob lem atic , 
because they  m ay  cause sym ptom s re la ted  to com pres
sion  of ad jacen t tissue or m ay  ru p tu re . C avernous hem 
ang iom as constitu te  one co m p o n en t of von Hippel-Lindau 
disease (C hap ter 23), in  w h ich  vascu lar lesions are

com m only  fo u n d  in  the cerebellum , b ra in  stem , retina, 
pancreas, a n d  liver. In  som e cases cerebral cavernous 
h em ang iom as are  fam ilial, caused  by m u ta tio n s  in  one 
of th ree  tu m o r su p p resso r genes called  CCM1, CCM2, 
o r CCM3

Lym phangiom as

L ym phang iom as are  the  ben ig n  ly m phatic  co u n te rp a rt of
hem ang iom as.
• Simple (capillary) lymphangiomas are slightly  e levated  or 

som etim es p ed u n c u la te d  lesions u p  to  1  to  2  cm  in  d iam 
e ter th a t occur p red o m in an tly  in  the  head , neck, an d  
ax illary  subcu taneous tissues. H isto logically , ly m p h an 
giom as are  com posed  of ne tw o rk s of endo the lium -lined  
spaces th a t are d is tin g u ish ed  from  cap illary  channels 
on ly  by the absence of b lood  cells.

• Cavernous lymphangiomas (cystic hygromas) typically are 
found  in  the neck or axilla of children , an d  m ore rarely  
in  the re troperitoneum . C avernous lym phang iom as can 
be large (up to  15 cm), filling the axilla o r p rod u c in g  gross 
deform ities o f the neck. These lesions are com posed 
of m assively  d ila ted  lym phatic  spaces lined by ECs 
an d  sep ara ted  by in te rv en in g  connective  tissue s trom a 
contain ing  lym pho id  aggregates. The tum or m arg ins are 
ind istinct an d  unencapsu la ted , m ak ing  definitive resec
tion  difficult. O f note, cavernous lym phang iom as of the 
neck are com m on in  T urner syndrom e.
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Glom us Tumors (G lom angiom as)

Glomus tumors are ben ign , exquisitely  p a in fu l tum ors 
a ris in g  from  specia lized  SM Cs of g lom us bodies, a rte rio 
ven o u s s tru c tu res  in vo lved  in  therm oregu la tion . D istinc
tion  from  cavernous h em ang iom as is based  o n  clinical 
fea tu res a n d  im m unohistochem ica l s ta in ing  for sm ooth  
m uscle  m arkers. They m o st com m only  are  fo u n d  in  the 
d is ta l p o rtio n  o f the  d ig its, especially  u n d e r  the fingernails. 
Excision is curative.

Bacillary Angiom atosis

Bacillary angiomatosis is a vascu lar p ro life ra tion  in  im m u 
nocom p ro m ised  hosts (e.g., pa tien ts  w ith  AIDS) caused  by 
o p p o rtu n is tic  g ram -negative  bacilli of the Bartonella fam ily. 
The lesions can  invo lve the skin, bone, b ra in , a n d  o ther 
o rgans. Tw o species have  been  im plicated:
• Bartonella henselae, w h o se  p rinc ipa l reservo ir is the 

dom estic  cat; th is o rgan ism  causes cat-scratch  d isease (a 
necro tiz ing  g ran u lo m ato u s in flam m ation  of ly m p h  
nodes) in  im m u n o co m p eten t hosts.

• Bartonella quintana, w h ich  is tran sm itted  by h u m a n  body  
lice; th is m icrobe w as the cause of " tren ch  fever" in  
W orld  W ar I.

Skin lesions take the  fo rm  of re d  p ap u le s  a n d  nodu les, 
o r ro u n d e d  subcu tan eo u s m asses. H istologically , there  is a 
p ro life ra tion  of capillaries lined  by p ro m in en t ep ithelio id  
ECs, w h ich  exhib it nuc lear a ty p ia  a n d  m itoses (Fig. 10.29). 
O ther fea tu res inc lude  in filtra ting  neu tro p h ils , nuc lear 
debris, a n d  p u rp lish  g ran u la r collections of the causative  
bacteria.

The bacteria  induce  ho st tissues to p ro d u ce  hypoxia- 
inducib le  fac to r-1a  (H IF-1a), w h ich  d rives VEGF p ro d u c 
tion  a n d  v ascu la r p ro lifera tion . The in fections (and  lesions) 
a re  cu red  by an tib io tic  treatm en t.

Intermediate-Grade (Borderline) Tumors

K aposi S arcom a

K aposi sarcom a (KS) is a vascular n eop lasm  caused  by  
K aposi sarcom a herpesvirus (KSHV, also k n ow n  as

hum an herpesvirus-8, or HHV-8). A lth o u g h  it occurs in  a 
n u m b er of contexts, it is m ost com m on  in  p a tien ts  w ith  
AIDS; indeed , its p resence is u sed  as a  c rite rion  for the 
d iagnosis. F our form s of KS, b ased  on  p o p u la tio n  dem o
g raph ics an d  risks, are  recognized:
• Classic KS is a d iso rd e r of o lder m en  of M edite rranean , 

M idd le  E astern , o r E astern  E u ro p ean  descen t (especially 
A shkenazi Jews); it is u n co m m o n  in  the  U n ited  States. 
It can  be associa ted  w ith  m alignancy  or a lte red  im m u 
n ity  b u t is n o t associa ted  w ith  H IV  infection. C lassic KS 
m an ifests  as m u ltip le  red -p u rp le  skin  p laq u es or 
nodu les, u su a lly  on  the  d ista l low er extrem ities; these 
p rog ressive ly  increase in  size a n d  n u m b er a n d  sp read  
proxim ally . A lth o u g h  persisten t, the tu m o rs typically  
are  asym ptom atic  a n d  rem ain  localized  to  the sk in  and  
subcu taneous tissue.

• Endemic African KS typically  occurs in  y o u n g e r (u n d er 
40 years o f age) H IV -seronegative in d iv id u a ls  an d  can  
follow  a n  in d o len t or aggressive  course; it involves 
ly m p h  nodes m u ch  m ore frequen tly  th a n  in  the classic 
varian t. In  com bination  w ith  A ID S-associated KS (see 
later), KS is n o w  the  m ost com m on tu m o r in  cen tra l 
Africa. A  p articu larly  severe form , w ith  p ro m in en t 
ly m p h  n o d e  a n d  visceral invo lvem ent, occurs in  p re p u 
berta l ch ild ren ; the  p rognosis  is poor, w ith  a n  a lm ost 
100% m orta lity  w ith in  3 years.

• Transplantation-associated KS occurs in  solid  o rg an  trans
p la n t recip ien ts in  the  se tting  of T-cell im m u n o su p 
pression . In  these patien ts, the risk  for KS is increased  
100-fold. It p u rsu e s  a n  aggressive  course  a n d  often  
involves ly m p h  nodes, m ucosa, a n d  viscera; cu tane 
o u s lesions m ay  be absen t. Lesions often  reg ress w ith  
a tten u a tio n  of im m u n o su p p ressio n , b u t a t the  risk  for 
o rg a n  rejection.

• AIDS-associated (epidemic) KS is a n  A ID S-defining illness; 
w o rld w id e  it rep resen ts  the  m ost com m on  H IV -related  
m alignancy  (C hap ter 5). A lth o u g h  the incidence of KS 
has fallen  m ore  th an  80% w ith  the  ad v e n t o f an tire tro 
v ira l therapy , it still occurs in  H IV -infected in d iv id u a ls  
w ith  a 1 0 0 0 -fo ld  h igher incidence th a n  in  the  general 
po p u la tio n , a n d  afflicts 2% to 3% of the H IV -infected 
U.S. pop u la tio n . A ID S-associated KS often  involves
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Fig. 10.29 Bacillary angiomatosis. (A) Characteristic cutaneous lesion. (B) Histologic features are those of acute inflammation and capillary proliferation. 
Inset, Modified silver (Warthin-Starry) stain demonstrates clusters of tangled bacilli ( b la c k ) .  (A , C o u r te s y  o f  R ic h a r d  J o h n s o n ,  M D ,  B e th  I s ra e l D e a c o n e s s  M e d ic a l  

C e n te r ,  B o s to n ,  M a s s a c h u s e t t s .  B  a n d  in s e t ,  c o u r te s y  o f  S c o t t  G ra n te r ,  M D ,  B r ig h a m  a n d  W o m e n ’s  H o s p i t a l ,  B o s to n ,  M a s s a c h u s e t t s . )
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ly m p h  n o d es a n d  d issem inates w id e ly  to  v iscera early  
in  its course. M ost p a tien ts  even tua lly  die of o p p o rtu 
n istic  infections ra th e r th an  from  KS.

Pathogenesis

Virtually all KS lesions are infected by K SH V  (HHV-8). Like 
E pstein-B arr v irus, KSHV is a y-herpesv irus. It is transm it
ted  bo th  th ro u g h  sexual con tact a n d  po ten tia lly  v ia  oral 
secretions a n d  cu tan eo u s exposu res (of note, the  p rev a 
lence of endem ic  A frican  KS is inversely  re la ted  to  the 
w ea rin g  of shoes). KSHV an d  a lte red  T-cell im m un ity  
p ro b ab ly  are req u ired  for KS developm ent; in  o ld e r adu lts , 
d im in ished  T-cell im m u n ity  m ay  be re la ted  to  aging. It also 
is p robab le  th a t acqu ired  som atic  m u ta tio n s  in  the cells of 
o rig in  con tribu te  to  tu m o r d ev e lo p m en t a n d  p rogression .

KSHV causes lytic a n d  la ten t in fections in  ECs, bo th  of 
w h ich  p robab ly  are im p o rtan t in  KS pathogenesis. A  v irally  
enco d ed  G  p ro te in  in d u ces VEGF p ro d u c tio n , stim u la ting  
endo the lia l g row th , a n d  cy tok ines p ro d u c e d  by  in flam m a
tory  cells rec ru ited  to  sites of ly tic in fection  a lso  create a 
local p ro life ra tive  m ilieu . In  la ten tly  infected  cells, KSHV- 
encoded  p ro te in s  d is ru p t no rm al cellu lar p ro life ra tion  con
tro ls (e.g., th ro u g h  syn thesis o f a v iral hom ologue  of cyclin 
D) a n d  p re v e n t apop tosis  by  inh ib iting  p53. T hus, the  local 
in flam m atory  en v iro n m en t favors cellu lar pro lifera tion , 
an d  la ten tly  infected  cells have  a g ro w th  advan tage . In  its 
early  stages, on ly  a few  cells are  KSHV-infected, b u t w ith  
tim e, v irtua lly  all of the p ro life ra ting  cells carry  the v irus. 
As w ith  EBV infection, early  lesions are  po lyclonal b u t 
w ith  accum ula tion  of m u ta tio n s the tu m o rs becom e 
m onoclonal.

^  M O R P H O L O G Y

In classic Kaposi sarcoma (and sometimes in other variants), the 

cutaneous lesions progress through three stages: patch, plaque, 

and nodule.

• Patches are pink, red, or purple macules, typically confined to  

the distal lower extremities (Fig. I0.30A). Microscopic exami

nation reveals dilated, irregular, and angulated blood vessels 

lined by ECs and an interspersed infiltrate of chronic

inflammatory cells, sometimes containing hemosiderin. These 

lesions can be difficult to distinguish from granulation tissue.

• W ith  time, lesions spread proximally and become larger, v io 

laceous, raised plaques (Fig. I0.30A) composed of dilated, 

jagged dermal vascular channels lined and surrounded by 

plump spindle cells. O ther prominent features include extrava

sated red cells, hemosiderin-laden macrophages, and other 

mononuclear cells.

• Eventually nodular, more overtly neoplastic, lesions appear. 

These are composed of plump, proliferating spindle cells, 

mostly located in the dermis or subcutaneous tissues (Fig 

I0.30B), often with interspersed slitlike spaces. The spindle 

cells express both EC and SMC markers. Hemorrhage and 

hemosiderin deposition are more pronounced, and mitotic 

figures are common. The nodular stage often is accompanied 

by nodal and visceral involvement, particularly in the African 

and AIDS-associated variants.

C lin ica l Features

The course  of d isease varies w id e ly  accord ing  to  the  clini
cal setting . M ost p rim ary  KSHV infections are  asy m p to m 
atic. C lassic KS is — a t least in itia lly —largely  restric ted  to 
the  surface of the body , a n d  surg ical resection  u sually  is 
ad eq u a te  for a n  excellent p rognosis. R ad ia tion  th e rap y  can  
be u se d  for m u ltip le  lesions in  a restric ted  area, a n d  che
m o th erap y  y ie ld s  satisfactory  resu lts  for m ore  d issem i
n a te d  disease, in c lu d in g  n o d a l invo lvem ent. In  KS 
associated  w ith  im m u n o su p p ressio n , w ith d ra w a l of 
th e rap y  (w ith  or w ith o u t ad junct ch em otherapy  o r rad io 
therapy ) often  is effective. For A ID S-associated KS, HIV  
an ti-re trov ira l th e rap y  generally  is beneficial, w ith  or 
w ith o u t ad d itio n a l therapy . IFN-y a n d  ang iogenesis inh ib i
to rs also  have  p ro v ed  variab ly  effective.

H em angioendotheliom as

Hemangioendotheliomas com prise a w id e  sp ec tru m  of bor
derline  vascu lar n eop lasm s w ith  clinical behav io rs in te r
m ed ia te  be tw een  those of benign, w ell-d ifferen tia ted  
hem ang iom as a n d  aggressively  m alig n an t ang iosarcom as

B

Fig. 10.30 Kaposi sarcoma. (A) Characteristic coalescent cutaneous red-purple macules and plaques. (B) Histologic view of the nodular stage, demonstrating 
sheets of plump, proliferating spindle cells and slitlike vascular spaces. ( C o u r te s y  o f  C h r is to p h e r  D M .  F le tc h e r ,  M D ,  B r ig h a m  a n d  W o m e n ’s  H o s p i t a l ,  B o s to n ,  

M a s s a c h u s e t t s . )
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Epithelioid hemangioendothelioma is a  tu m o r of a d u lts  
a ris in g  in  association  w ith  m ed iu m - to  large-sized  veins. 
The clinical course is h igh ly  variab le. W hile excision is 
cu ra tive  in  a m ajority  o f the  cases, u p  to 40% of the  tum ors 
recur; 20% to 30% even tua lly  m etastasize , a n d  15% of 
p a tien ts  d ie  of the ir tum ors.

Malignant Tumors

Angiosarcom as

A ngiosarcom as are m alignant en d oth elia l neop lasm s  
ranging from  h igh ly  d ifferentiated  tum ors resem bling  
hem angiom as to w ild ly  anaplastic lesion s. O lder a d u lts  
are  m ore  com m only  affected, w ith o u t gen d er p red ilec 
tion; lesions can  occur a t any  site, b u t m ost o ften  involve 
the  skin, soft tissue, breast, a n d  liver. C linically, ang io 
sarcom as are  aggressive  tu m o rs th a t in v ad e  locally 
an d  m etastasize . C u rren t 5-year su rv iva l ra tes a re  only  
a b o u t 30%.

A ngiosarcom as can  arise in  the se tting  of lym phedem a, 
classically in  the ipsila te ra l u p p e r  ex trem ity  several years 
after rad ica l m astec tom y (i.e., w ith  ly m p h  n o d e  resection) 
for b reast cancer. In  such  instances, the tu m o r p resu m ab ly  
arises from  lym phatic  vessels (lymphangiosarcoma). A ngio 
sarcom as can  also  be in d u ced  by rad ia tio n  a n d  rare ly  are  
associated  w ith  long -te rm  (years) in d w ellin g  foreign 
bod ies (e.g., catheters).

Hepatic angiosarcomas are  associa ted  w ith  certa in  car
cinogens, in c lu d in g  arsen ical pestic ides a n d  po lyv iny l 
ch lo ride  (one o f the b est k n o w n  exam ples of h u m a n  chem i
cal carcinogenesis). M u ltip le  y ears  typically  tran sp ire  
be tw een  exposu re  a n d  su b seq u en t tu m o r developm ent.

^  M O R P H O L O G Y

In the skin, angiosarcomas begin as small, sharply demarcated, 

asymptomatic red nodules. More advanced lesions are large, 

fleshy red-tan to gray-white masses (Fig. I 0 . 3 I A) with margins 

that blend imperceptibly with surrounding structures. Necrosis 

and hemorrhage are common.

On microscopic examination, the extent of differentiation is 

extremely variable, ranging from plump atypical ECs that form  

vascular channels (Fig. I0.3IB) to  undifferentiated spindle cell 

tumors without discernible blood vessels. The EC origin can be 

demonstrated in the poorly differentiated tumors by staining for 

the EC markers C D 3 I  and von Willebrand factor (Fig. I 0 . 3 I C ).

Ä s U M M A R Y

V A S C U L A R  T U M O R S

• Vascular ectasias are not neoplasms, but rather dilations of 

existing vessels.

• Vascular neoplasms can derive from either blood vessels or 

lymphatics, and can be composed of ECs (e.g., hemangioma, 

lymphangioma, angiosarcoma) or other cells of the vascular 

wall (e.g., glomus tumor).

• Most vascular tumors are benign (e.g., hemangioma); some 

have an intermediate, locally aggressive behavior (e.g., 

Kaposi sarcoma); and others are highly malignant (e.g., 

angiosarcoma).

• Benign tumors typically form obvious vascular channels lined 

by normal-appearing ECs. Malignant tumors more often are 

solid and cellular, exhibit cytologic atypia, and lack well-defined 

vessels.

,lu  VV» * V
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Fig. 10.31 Angiosarcoma. (A) Angiosarcoma of the right ventricle. (B) Moderately differentiated angiosarcoma with dense clumps of atypical cells lining 
distinct vascular lumina. (C) Immunohistochemical staining of angiosarcoma for the endothelial cell marker CD3I.
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PATHOLOGY OF VASCULAR 
INTERVENTION

The m orpho log ic  changes th a t occur in  vessels fo llow ing  
th e rap eu tic  in te rv e n tio n -b a llo o n  ang iop lasty , sten ting , o r 
by p ass  s u rg e ry - re c a p i tu la te  m an y  of the  changes th a t 
occur in  the se tting  of o th e r fo rm s of vascu lar in jury . Local 
tra u m a  (d u e  to  sten ting), vascu lar th rom bosis (after ang io 
p lasty), a n d  abno rm al m echanical forces (e.g., a saph en o u s 
vein  in se rted  in to  the arte ria l c ircu la tion  as a coronary  
arte ry  bypass graft) all induce  the sam e stereo typ ical 
hea ling  re sp o n se s - f ib ro m u sc u la r  in tim al h yperp lastic  
lesions com posed  of SM Cs an d  ECM. T hus, ju s t as w ith  
atherosclerosis, in te rv en tio n s th a t in ju re  the en d o th e liu m  
also  ten d  to  in d u ce  in tim al th icken ing  by rec ru itin g  SM Cs 
an d  p ro m o tin g  ECM  deposition .

Endovascular Stenting

A rteria l stenoses (especially  those in  co ronary  an d  caro tid  
arteries) can  be d ila ted  by transien tly  in fla ting  a balloon 
cathe ter to  p re ssu re s  sufficient to  ru p tu re  the  occlud ing  
p laq u e  (balloon angioplasty); in  d o ing  so, a lim ited  arterial 
dissection also  is induced . A ng iop lasty  can  be com plicated  
by  abrupt reclosure resu ltin g  from  com pression  of the  lu m en  
by  a n  extensive circum feren tia l o r lo n g itu d in a l dissection, 
o r by  throm bosis. In  v iew  of th is  w ell over 90% of en d o 
vascu lar co ronary  p ro ced u res  involve b o th  ang iop lasty  
a n d  con cu rren t coronary stent placem ent.

C oronary  sten ts are expandab le  tubes of m etallic m esh. 
They p ro v id e  a la rger a n d  m ore reg u la r lum en , " tack  
d o w n " the  in tim al flaps a n d  dissections th a t occur d u rin g  
ang iop lasty , a n d  m echanically  lim it vascu lar spasm . 
N evertheless, as a consequence of endo the lia l in jury ,

thrombosis is a n  im p o rta n t im m ed ia te  p o st-s ten tin g  com 
plication; p a tien ts  m u s t receive p o ten t an ti-th rom botic  
agen ts (p rim arily  p la te le t an tagon ists) to p re v e n t acu te 
catastroph ic  th rom botic  occlusions u n til the  s ten ted  
reg ion  becom es endo the lia lized . The long -te rm  success of 
an g iop lasty  is lim ited  by  the  d ev e lo p m en t of proliferative 
in-stent restenosis. Such in tim al th icken ing  resu lts  in  clini
cally significan t lu m in a l occlusion  in  u p  to  one th ird  of 
p a tien ts  w ith in  6  to  12 m o n th s of s ten ting  (Fig. 10.32). 
The new est genera tion  of drug-eluting stents is designed  
to avo id  th is com plication  by re leasing  an ti-p ro lifera tive  
d ru g s  (e.g., paclitaxel, siro lim us) in to  the  ad jacen t vessel 
w a ll th a t block SMC activation . U se of such  sten ts reduces 
the  incidence of restenosis a t 1 y ear by 50% to 80%.

Vascular Replacement

Synthetic  o r au to logous v ascu lar grafts com m only  a re  u sed  
to  rep lace d am ag ed  vessels o r by p ass  d iseased  arteries. Of 
the  syn thetic  g rafts, large-bore (1 2 - to  18-m m -d iam eter) 
condu its  function  w ell in  h igh-flow  locations such  as the 
aorta , w h ile  sm all-bore artificial grafts ( 8  m m  o r less in  
d iam eter) generally  fail as a resu lt of acu te  th rom bosis o r 
late  in tim al h yperp lasia , p rim arily  a t the junc tion  of the 
graft a n d  the  na tive  vascu la tu re .

C onsequen tly , w h e n  sm all-bore vessel rep lacem en t is 
n eed ed  (e.g., for co ronary  a rte ry  bypass surgeries), the 
grafts a re  fash ioned  e ither from  au to lo g o u s saph en o u s 
ve in  (taken  from  the  p a tie n t 's  o w n  leg) o r left in te rna l 
m am m ary  artery . The long -te rm  pa tency  of saph en o u s 
vein  grafts is on ly  50% a t 10 years; these grafts occlude 
th ro u g h  th rom bosis (typically  early), in tim al th ickening  
(m onths to  years postoperatively ), a n d  ve in  g raft 
a therosclerosis. By con trast, m ore  th a n  90% of in te rna l 
m am m ary  a rte ry  grafts a re  p a te n t after 1 0  years.

A B .

Fig. 10.32 Restenosis after angioplasty and stenting. (A) Gross view demonstrating residual atherosclerotic plaque ( a r r o w s )  and a new, glistening intimal 
proliferative lesion. (B) Histologic view shows a thickened neointima overlying the stent wires ( b la c k  d ia m o n d  in d ic a t e d  b y  t h e  a r r o w ) ,  which encroaches on 
the lumen ( a s te r is k ) .  (B ,  R e p r o d u c e d  f r o m  S c h o e n  FJ, E d w a r d s  W D :  P a th o lo g y  o f  c a r d io v a s c u la r  in te r v e n t io n s ,  in c lu d in g  e n d o v a s c u la r  th e r a p ie s ,  r e v a s c u la r iz a t io n ,  v a s c u la r  

r e p la c e m e n t ,  c a r d ia c  a s s is t / r e p la c e m e n t ,  a r r h y th m ia  c o n t r o l,  a n d  r e p a i r e d  c o n g e n i ta l  h e a r t  d is e a s e . In  S i lv e r  M D ,  e t  a l.,  e d i to r s :  Cardiovascular pathology, e d  3 ,  P h ila d e lp h ia ,  

2 0 0 1 ,  C h u r c h i l l  L iv in g s to n e . )
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The h e a rt is a tru ly  rem arkab le  o rgan , bea ting  m ore than  
40 m illion  tim es p e r  y ear an d  p u m p in g  over 7500 liters of 
b lood  a day; in  a typ ical lifespan, its cum ula tive  o u tp u t 
w o u ld  fill th ree  su pertankers . The card iovascu lar system  
is the first o rg an  system  to becom e functional in  u te ro  (at 
app rox im ate ly  8  w eeks of gestation); w ith o u t a bea ting  
h ea rt an d  vascu lar supp ly , d ev e lo p m en t canno t p roceed , 
a n d  the em bryo  dies. W hen  the  h ea rt fails d u rin g  p o stn a ta l 
life, the  resu lts  a re  equally  catastrophic . Indeed , card iovas
cu lar d isease is the  lead in g  cause of m orta lity  w o rld w id e  
a n d  accounts for one in  fo u r o f all d ea th s  in  the U nited  
S ta te s—approx im ate ly  1 d e a th  every  m inu te , o r 610,000 
d ea th s each  y ear (a g rea ter m orta lity  ra te  th an  for all fo rm s 
of cancer com bined). The an n u a l econom ic im pact of 
card iac  d isease exceeds $ 2 0 0  b illion, w ith  ischem ic h ea rt 
d isease  con trib u tin g  w ell over half. M oreover, ro u g h ly  one 
th ird  of these d ea th s  are  "p re m a tu re ,"  occurring  in  ind i
v id u a ls  y o u n g e r th an  75 years of age; thus, a n  ad d itio n a l 
econom ic b u rd e n  is im p o sed  th ro u g h  lost y ea rs  of 
p roductiv ity .

OVERVIEW OF HEART DISEASE

A lthough  a w id e  range of d iseases can  affect the cardiovas
cular system , the pathophysio log ic p a th w ay s th a t resu lt in  
a  "b roken" h eart distill d o w n  to six principal m echanism s:

• Failure of the pump. In  the m ost com m on  situation , the 
card iac m uscle contracts w eak ly  a n d  the cham bers 
can n o t em p ty  p ro p e rly  — so-called "systo lic  dysfunc
tion." In  som e cases, the m uscle  canno t relax  sufficiently 
to  p e rm it ven tricu la r filling, re su ltin g  in  diastolic 
dysfunction.

• Obstruction to flow. Lesions th a t p rev en t valve  o p en ing  
(e.g., calcific aortic  valve  stenosis) o r cause increased  
ven tricu la r cham ber p ressu res  (e.g., system ic h y p e rten 
sion or aortic  coarctation) can  o verw ork  the m yocar
d ium , w h ich  has to  p u m p  ag a in st the obstruction .

• Regurgitant flow. V alve p a tho logy  th a t a llow s backw ard  
flow  of b lood  resu lts  in  increased  v o lum e w o rk lo ad  an d  
m ay  ov erw h e lm  the p u m p in g  capacity  of the affected 
cham bers.

• Shunted flow. D efects (congenital o r acqu ired ) th a t d iv e rt 
b lood  in ap p ro p ria te ly  from  one cham ber to  ano ther, o r 
from  one vessel to  ano ther, lead  to  p ressu re  a n d  vo lum e 
overloads.

• Disorders of cardiac conduction. U nco o rd in a ted  card iac 
im pu lses o r b locked co nduc tion  p a th w a y s  can  cause 
a rrh y th m ias  th a t slow  con tractions o r p re v e n t effective 
p u m p in g  a ltogether.

• Rupture of the heart or major vessel. Loss of c ircu la tory  
con tinu ity  (e.g., a g u n sh o t w o u n d  th ro u g h  the  thoracic 
aorta) m ay  lead  to  m assive  b lood  loss, h ypo tensive  
shock, a n d  death .
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HEART FAILURE

Heart failure, often  referred to as congestive heart failure 
(CHF), is  the com m on end  point for m any form s o f cardiac 
d isease and typ ically  is a progressive condition  w ith  a 
poor prognosis. In  the  U n ited  S tates alone, over 5 m illion  
in d iv id u a ls  a re  affected, re su ltin g  in  w ell over 1  m illion  
hosp ita liza tions annually , a n d  a financial b u rd e n  in  excess 
o f $32 billion. R ough ly  one half of p a tien ts  d ie  w ith in  5 years 
o f receiv ing  a d iagnosis of CHF, a n d  1 in  9 d ea th s  in  the 
U n ited  States inc lude  h eart fa ilu re  as a con tribu to ry  
cause.

C H F occurs w h e n  the  h ea rt canno t genera te  sufficient 
o u tp u t to  m eet the m etabolic  d em an d s  of the  tissues, o r 
can  on ly  do  so a t h igher-than -no rm al filling p ressu res; 
in  a m in o rity  of cases, h ea rt fa ilu re  is a consequence of 
greatly  increased  tissue dem an d s, as in  hy p erth y ro id ism , 
o r decreased  oxygen  carry in g  capacity , as in  anem ia  (high
output failure). The onse t of C H F is som etim es ab ru p t, 
as in  the se tting  of a large  m yocard ia l in farct o r acu te  
valve  dysfunction . In  m ost cases, how ever, C H F devel
ops g rad u a lly  a n d  insid iously  o w in g  to  the  cum ula tive  
effects of chronic w o rk  o v erload  or p rog ressive  loss of 
m yocard ium .

Heart failure m ay resu lt from  systolic  or d iastolic  
dysfunction . Systolic dysfunction  resu lts  from  in ad 
equate  m yocard ia l contractile  function , u su a lly  as a 
consequence of ischem ic h eart d isease o r hypertension . 
D iastolic d ysfunction  refers to  a n  inab ility  of the h ea rt to 
ad eq u a te ly  relax  a n d  fill, w h ich  m ay  be a consequence 
of m assive  left v en tricu lar h y p ertro p h y , m yocard ia l 
fibrosis, am ylo id  deposition , o r constrictive pericard itis. 
A pprox im ate ly  one ha lf of C H F cases are a ttribu tab le  to 
d iasto lic dysfunction , w ith  a g rea ter frequency  seen  in  
o lder adu lts, d iabetic patients, an d  w om en. H eart failure 
m ay  also  be caused  by  valve  dysfunction  (e.g., d u e  to 
endocard itis), o r m ay  occur fo llow ing  ra p id  increases 
in  b lood  vo lum e o r b lood  p ressu re , ev en  if the h ea rt is 
norm al.

W hen, the failing  h ea rt can  no  longer efficiently p u m p  
blood, there  is a n  increase in  end-d iasto lic  ven tricu lar 
vo lum es, increased  end-d iasto lic  p ressu res, a n d  e levated  
ven o u s p ressu res. T hus, in ad eq u a te  card iac  o u tp u t— 
called  forward failure—is a lm ost a lw ays accom pan ied  by 
increased  congestion  of the ven o u s c ircu la tio n —th a t is, 
backward failure. A lth o u g h  the ro o t p ro b lem  in  C H F typ i
cally is deficient card iac function , v irtu a lly  every  o ther 
o rg a n  is even tua lly  affected  by som e com bination  of 
fo rw ard  a n d  back w ard  failure.

The card iovascu lar system  a ttem p ts  to  com pensate  for 
re d u ced  m yocard ia l con tractility  o r increased  h em o d y 
nam ic b u rd e n  th ro u g h  several hom eosta tic  m echanism s:
• The Frank-Starling mechanism. Increased  end-d iasto lic  

filling vo lum es d ila te  the h eart a n d  cause increased  
card iac m yofiber stretching; these len g th en ed  fibers con
tract m ore  forcibly, thereby  increasing  card iac  o u tp u t. If 
the d ila ted  ven tric le  is able to  m a in ta in  card iac o u tp u t 
by th is m eans, the pa tien t is sa id  to  be in  compensated 
heart failure. H ow ever, ven tricu la r d ila tion  com es a t 
the expense of increased  w all ten sion  a n d  m agnifies 
the oxygen  req u irem en ts  o f a n  a lready -com prom ised

m y o card ium . W ith  tim e, the  failing  m uscle is no  longer 
ab le to  p ro p e l sufficient b lood  to  m eet the  n eeds of 
the  body , a n d  the  pa tien t develops decompensated heart 
failure.

• Activation of neurohumoral systems:
• Release of the n e u ro tran sm itte r n o rep in ep h rin e  by 

the au tonom ic  n erv o u s  system  increases h eart ra te  
an d  au g m en ts  m yocard ia l con tractility  an d  vascu lar 
resistance.

• A ctivation  of the ren in -ang io tensin -a ldosterone  
system  sp u rs  w a te r  a n d  salt re ten tio n  (augm en ting  
c ircu la tory  vo lum e) a n d  increases vascu lar tone.

• Release of a tria l n a triu re tic  p e p tid e  acts to  balance 
the ren in -ang io tensin -a ldosterone  system  th ro u g h  
d iu resis  an d  vascu lar sm oo th  m uscle  relaxation .

• Myocardial structural changes, including augmented 
muscle mass. C ard iac  m yocytes a d a p t to increased  w o rk 
load  by assem bling  new  sarcom eres, a change tha t is 
accom pan ied  by m yocyte en largem en t (hypertrophy) 
(Fig. 11.1).
• In  pressure overload states (e.g., h y p e rten s io n  or val

v u la r stenosis), new  sarcom eres ten d  to  be a d d e d  
para lle l to  the long  axis o f the m yocytes, ad jacen t to 
ex isting  sarcom eres. The g ro w in g  m uscle  fiber d iam 
eter th u s  resu lts  in  concentric hypertrophy— the ven 
tricu lar w a ll th ickness increases w ith o u t a n  increase 
in  the size of the  cham ber.

• In  volume overload states (e.g., v a lv u la r reg u rg ita 
tion  or shunts), the new  sarcom eres a re  a d d e d  in  
series w ith  existing  sarcom eres, so th a t the  m uscle 
fiber len g th  increases. C onsequen tly , the ven 
tricle ten d s to  d ilate, an d  the  resu ltin g  w all thick
ness can  be increased , no rm al, o r decreased ; thus, 
h ea rt w e ig h t—ra th e r  th a n  w all th ickness — is the 
best m easu re  of h y p e rtro p h y  in  vo lum e-overloaded  
hearts.

Compensatory hypertrophy com es a t a cost. The oxygen  
req u irem en ts  of h y p ertro p h ic  m y o card iu m  are am plified  
ow in g  to  increased  m yocard ia l cell m ass. Because the 
m yocard ia l cap illary  bed  does no t ex p an d  in  step  w ith  
the increased  m yocard ia l oxygen  dem an d s, the m yocar
d iu m  becom es vu lnerab le  to  ischem ic in jury . H y p e rtro 
p h y  a lso  typically  is associa ted  w ith  a lte red  p a tte rn s  of 
gene expression  rem in iscen t of fetal m yocytes, such  as 
changes in  the  d o m in an t fo rm  of m yosin  heavy  chain  
p ro d u ced . A lte red  gene exp ression  m ay  con tribu te  to 
changes in  m yocyte function  tha t lead  to  increases in  
h eart ra te  a n d  force of contraction , bo th  of w h ich  im prove  
card iac o u tp u t, b u t w h ich  a lso  lead  to  h ig h er card iac 
oxygen  consum ption . In  the face of ischem ia a n d  chronic 
increases in  w o rk lo ad , o th e r pa tho log ic  changes ev en tu 
ally supervene , in c lu d in g  m yocyte apop tosis , cytoskele- 
tal a ltera tions, an d  increased  ex tracellu lar m atrix  (ECM) 
deposition .

P athologic com pensa to ry  card iac  h y p e rtro p h y  is cor
re la ted  w ith  increased  m ortality ; in deed , card iac h y p er
tro p h y  is a n  in d e p e n d e n t risk  factor for su d d e n  card iac 
death . By contrast, the v o lum e-loaded  h y p e rtro p h y  
in d u ced  by reg u la r aerobic exercise (physio logic h y p er
trophy) typically  is accom pan ied  by  a n  increase in  capil
lary  density , w ith  decreased  restin g  h eart ra te  a n d  b lood
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Fig. I l . l  Left ventricular hypertrophy. (A) Pressure hypertrophy due to left ventricular outflow obstruction. The left ventricle is on the lo w e r  r i g h t  in this 
apical four-chamber view of the heart. (B) Left ventricular hypertrophy with and without dilation, viewed in transverse heart sections. Compared with a 
normal heart ( c e n te r ) ,  the pressure-hypertrophied hearts ( le f t  a n d  in  A )  have increased mass and a thick left ventricular wall, while the hypertrophied, dilated 
heart ( r ig h t )  has increased mass and a normal wall thickness. (C) Normal myocardium. (D) Hypertrophied myocardium (panels C  and D  are photomicrographs 
at the same magnification). Note the increases in both cell size and nuclear size in the hypertrophied myocytes. (A  a n d  B , R e p r o d u c e d  w i th  p e r m is s io n  f r o m  

E d w a r d s  W D :  C a r d ia c  a n a t o m y  a n d  e x a m in a t io n  o f  c a r d ia c  s p e c im e n s .  In  E m m a n o u i l id e s  G C , e t  a l,  e d i to r s :  Moss and Adams heart disease in infants, children, and 
adolescents: including the fetus and young adults, e d  5 ,  P h ila d e lp h ia ,  1 9 9 5 ,  W i l l i a m s  &  W i lk in s ,  p  8 6 . )

pressu re . These physio log ic ad ap ta tio n s  red u ce  overall 
ca rd iovascu lar m o rb id ity  a n d  m orta lity . In  com parison , 
static exercise (e.g., w e ig h t lifting) is associa ted  w ith  p res 
su re  h y p e rtro p h y  a n d  m ay  n o t have  the sam e beneficial 
effects.

Left-Sided Heart Failure

Heart failure can affect predominantly the left or the right side 
of the heart or may involve both sides. The m ost com m on 
causes of left-sided  card iac failu re a re  ischem ic heart 
d isease  (IHD), system ic hypertension , m itra l o r aortic  
valve  disease, an d  p rim a ry  d iseases of the m y o card iu m  
(e.g., am ylo idosis). The m orpho log ic  a n d  clinical effects of 
left-sided  C H F stem  from  d im in ished  system ic pe rfu sio n  
a n d  e levated  back-p ressu res w ith in  the p u lm o n ary  
circulation.

M O R P H O L O G Y

H e a r t .  The gross cardiac findings depend on the underlying 

disease process, for example, myocardial infarction or valvular 

deformities may be present. W ith  the exception of failure due to  

mitral valve stenosis or restrictive cardiomyopathies (described 

later), the left ventricle usually is hypertrophied and can be 

dilated, sometimes massively. Left ventricular dilation can result 

in mitral insufficiency and left atrial enlargement, which is associ

ated with an increased incidence of atrial fibrillation. The m ic ro 

scopic changes in heart failure are nonspecific, consisting 

primarily of myocyte hypertrophy with interstitial fibrosis of 

variable severity. Superimposed on this background may be other 

lesions that contribute to the development of heart failure (e.g., 

recent or old myocardial infarction).

Lungs. In acute left-sided heart failure, rising pressure in the 

pulmonary veins is ultimately transmitted back to the capillaries
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and arteries of the lungs, resulting in congestion and edema as 

well as pleural effusion due to  an increase in hydrostatic pressure 

in the venules of the visceral pleura. The lungs are heavy and 

boggy, and microscopically show perivascular and interstitial 

transudates, alveolar septal edema, and accum ula tio n  of 

e d e m a  flu id  in th e  a lv eo la r spaces. In chronic heart failure, 

variable numbers of red cells extravasate from the leaky capil

laries into alveolar spaces, where they are phagocytosed by 

macrophages. The subsequent breakdown of red cells and hemo

globin leads to  the appearance of hemosiderin-laden alveolar 

macrophages— so-called h e a rt  fa ilu re  cells— that reflect previ

ous episodes of pulmonary edema.

C lin ica l Features

D ysp n ea  (shortness o f breath) on  exertion is u su ally  the  
earliest and m ost significant sym ptom  o f le ft-sid ed  heart 
failure; cough  is a lso  com m on  as a consequence of flu id  
tra n su d a tio n  in to  a ir spaces. A s failu re p rogresses, pa tien ts  
experience d y sp n ea  w h e n  recu m b en t (orthopnea); th is 
occurs because the  sup ine  po sitio n  increases ven o u s re tu rn  
from  the  low er ex trem ities a n d  also  elevates the  d iap h rag m . 
O rth o p n ea  typically  is re lieved  by sitting  o r stand ing , so 
p a tien ts  u su a lly  sleep in  a  sem i-seated  position . Paroxysmal 
nocturnal dyspnea is a p articu larly  d ram atic  fo rm  of b rea th 
lessness, aw ak en in g  p a tien ts  from  sleep w ith  ex trem e 
d y sp n ea  b o rd erin g  o n  feelings of suffocation.

O th e r m an ifesta tions of left v en tricu la r failu re include 
a n  en la rg ed  h e a rt (cardiom egaly), tachycard ia, a  th ird  
h e a rt so u n d  (S3), a n d  fine rales a t the lu n g  bases, caused  by 
the  o p en in g  of ed em a to u s  p u lm o n ary  alveoli. W ith  p ro 
g ressive v en tricu lar d ilation , the p ap illa ry  m uscles are  d is
p laced  o u tw ard , causing  m itra l reg u rg ita tio n  a n d  a systolic 
m u rm u r. S ubsequen t chronic d ila tion  o f the left a tr iu m  can 
cause  atrial fibrillation, m anifested  by  an  " irreg u la rly  irreg 
u la r"  heartbeat. Such u n co o rd in a ted , chaotic a tria l contrac
tions reduce  the  a tria l co n tribu tion  to v en tricu lar filling, 
th u s  red u c in g  the  v en tricu lar stroke vo lum e. A tria l fibril
la tion  also  causes stasis of the b lood  (particu larly  in  the 
a tria l ap pendage), frequen tly  lead in g  to  the fo rm ation  of 
th ro m b i th a t can  shed  em boli a n d  cause strokes a n d  m an i
festa tions of in farc tion  in  o ther organs.

D im in ished  card iac o u tp u t leads to  decreased  rena l p e r
fu sion  tha t in  tu rn  triggers the  ren in -ang io tensin -a ldoste 
ro n e  axis, increasing  in travascu la r vo lum e a n d  p ressu res  
(C hap ters 4 a n d  10). U nfortunate ly , w ith  a  failing  heart, 
these com pensa to ry  effects exacerbate the p u lm o n ary  
edem a. W ith  fu rth e r p rog ressio n  of CHF, prerenal azotemia 
m ay  supervene , w ith  im p a ired  excretion  of n itro g en o u s 
w astes  a n d  increasing  m etabolic  de rangem en t. In  severe 
CHF, d im in ished  cerebral pe rfu sio n  m ay  m an ifest as 
hypoxic encephalopathy m ark ed  by irritab ility , d im in ished  
cognition , an d  restlessness th a t can  p rog ress  to s tu p o r an d  
com a.

T rea tm en t for C H F is typically  focused  — a t least 
in itia lly —o n  correcting  the u n d e rly in g  cause, for exam ple  
a  v a lv u la r defect o r in ad eq u a te  card iac  perfusion . In  lieu  
of such  op tions, the clinical ap p ro ach  inc ludes salt restric 
tion  o r pharm aco log ic  agen ts th a t variously  reduce  vo lum e 
o v erload  (e.g., d iuretics), increase m yocard ia l con tractility  
(so-called "positive  ino tropes"), o r reduce  a fte rload  (ad ren 

ergic b lockade o r inh ib ito rs of ang io tensin -converting  
enzym es). A ng io tensin -converting  enzym e inh ib ito rs 
a p p e a r to  benefit p a tien ts  n o t on ly  by o p p o sin g  a ldosterone 
m ed ia ted  salt a n d  w a te r  re ten tion , b u t also  by lim iting  car
d iom yocyte  h y p e rtro p h y  a n d  rem ode ling  th ro u g h  
u n certa in  m echanism s. A lth o u g h  card iac  resynch ron iza 
tion  th e rap y  (exogenous p ac ing  of b o th  the rig h t a n d  left 
ventricles) an d  card iac  contractility  m o d u la tio n  (exogenous 
s tim u la tion  of card iac m uscle) h av e  recen tly  au g m en ted  the 
card io log is t's  a rm am en ta riu m , C H F rem ains a serious cause 
of h u m a n  m o rb id ity  a n d  m orta lity .

Right-Sided Heart Failure

R igh t-sid ed  heart failure is  u su a lly  the consequence of  
le ft-sid ed  heart failure, since any pressure increase in  the  
pulm onary circulation in evitab ly  produces an increased  
burden on  the right side o f the heart. C onsequen tly , the 
causes of r ig h t-s id ed  h eart fa ilu re  include all of those tha t 
induce  left-sided  h ea rt failure. Iso la ted  rig h t-s id ed  h eart 
failu re is in freq u en t a n d  typically  occurs in  p a tien ts  w ith  
one of a  varie ty  of d iso rd ers  affecting  the lungs; hence it is 
o ften  re ferred  to  as cor pulmonale. Besides pa renchym al 
lu n g  diseases, cor p u lm o n a le  also  m ay  arise secondary  
to d iso rd ers  th a t affect the p u lm o n ary  vascu la tu re , for 
exam ple, p rim ary  p u lm o n ary  h y p erten sio n  (C hap ter 13), 
recu rren t p u lm o n ary  th rom boem bolism , o r cond itions 
tha t cause p u lm o n ary  vasoconstric tion  (obstructive sleep 
apnea). The common feature of these disorders is pulmonary 
hypertension (d iscussed  later), w h ich  resu lts  in  h y p e rtro p h y  
an d  d ila tion  o f the  rig h t side of the  heart. In  cor pu lm onale , 
m yocard ia l h y p e rtro p h y  a n d  d ila tion  generally  are con
fined to  the  rig h t ven tric le  a n d  a triu m , a lth o u g h  b u lg in g  of 
the v en tricu lar sep tu m  to the left can  reduce  card iac  o u tp u t 
by  causing  ou tflow  trac t obstruction .

The m ajor m orpho log ic  a n d  clinical effects o f p u re  rig h t
sided  h eart fa ilu re  d iffer from  those  of left-sided  h eart 
failu re in  th a t engo rgem en t o f the system ic a n d  p o rta l 
venous system s typically  is p ro n o u n ced  a n d  p u lm o n ary  
congestion  is m inim al.

M O R P H O L O G Y

L iv e r and P o rta l S ys tem . The liver usually is increased in size 

and weight (congestive  h ep a to m e g a ly ). A  cut section dis

plays prominent passive congestion , a pattern referred to as 

n u tm e g  liver (Chapter 4); congested centrilobular areas are 

surrounded by peripheral paler, noncongested parenchyma. 

W hen left-sided heart failure is also present, severe central 

hypoxia produces c e n trilo b u la r necrosis in addition to  the 

sinusoidal congestion. W ith  long-standing severe right-sided 

heart failure, the central areas can become fibrotic, creating 

so-called card iac c irrhosis.

Right-sided heart failure can also lead to elevated pressure in 

the portal vein and its tributaries (p o rta l h yp ertens io n ), with 

vascular congestion producing a tense, enlarged spleen (conges

tiv e  sp len om egaly ). If severe, chronic passive congestion and 

attendant edema of the bowel wall may interfere with absorption 

of nutrients and medications.
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P le u ra l, P ericard ia l, and P erito n ea l Spaces. Systemic 

venous congestion due to  right-sided heart failure can lead to  

transu da tes  (effusions) in the pleural and pericardial spaces, 

but usually does not cause pulmonary parenchymal edema. 

Pleural effusions are most pronounced when there is combined 

right-sided and left-sided heart failure leading to elevated pulmo

nary and systemic venous pressures. A  combination of hepatic 

congestion (with or without diminished albumin synthesis) and 

portal hypertension can lead to peritoneal transudates (ascites). 

If uncomplicated, effusions associated with right-sided CHF are 

trasudates with a low protein content and lack of inflammatory 

cells.

S ubcutaneous Tissues. Edema of dependent portions of 

the body, especially the feet and lower legs, is a hallmark of right

sided CHF. In chronically bedridden patients, the edema may be 

primarily presacral.

C lin ica l Features

U nlike left-sided  h e a rt failure, p u re  rig h t-s id ed  h ea rt 
fa ilu re  typically  is n o t associa ted  w ith  resp ira to ry  sym p
tom s. Instead , the  clinical m an ifesta tions are re la ted  to  sys
tem ic a n d  p o rta l ven o u s congestion  a n d  include hepatic  
an d  splenic en largem ent, p e rip h e ra l edem a, p leu ra l effu
sion, an d  ascites. V enous congestion  a n d  hypox ia  of the 
k id n ey s a n d  b ra in  d u e  to  righ t-s ided  h e a rt failu re can 
p ro d u ce  deficits com parab le  to  those  caused  by the  hy p o 
p erfu sio n  of left-sided  h ea rt failure.

O f note, card iac d eco m pensa tion  is o ften  m ark ed  by the 
ap p earan ce  of b iven tricu lar CHF, encom passing  fea tu res 
o f bo th  righ t-s ided  a n d  left-sided  h ea rt failure. A s CHF 
progresses, p a tien ts  m ay  becom e frank ly  cyanotic an d  aci- 
dotic, as a consequence of decreased  tissue perfu sion  
re su ltin g  from  bo th  d im in ish ed  card iac  o u tp u t a n d  increas
ing  congestion .

^ S U M M A R Y

H E A R T  FA ILU R E

• CHF occurs when the heart is unable to provide adequate 

perfusion to  meet the metabolic demands of peripheral tissues; 

inadequate cardiac output usually is accompanied by conges

tion of the venous circulation.

• Left-sided heart failure is most commonly secondary to  isch

emic heart disease, systemic hypertension, mitral or aortic 

valve disease, or primary diseases of the myocardium; symp

toms are mainly a consequence of pulmonary congestion and 

edema, although systemic hypoperfusion can cause renal and 

cerebral dysfunction.

• Right-sided heart failure is due most often to  left-sided heart 

failure and, less commonly, to  primary pulmonary disorders; 

signs and symptoms are related chiefly to peripheral edema 

and visceral congestion.

C O NG ENITAL HEART DISEASE

C ongenital heart d iseases are abnorm alities o f the heart 
or great v esse ls  that are present at birth. They accoun t 
for 20% to 30% of all b irth  defects a n d  include a b road

Table 11.1 Frequency of Congenital Cardiac M alform ations*

M a lfo rm a tio n
Inc idence p e r 1 
M illion  Live B irths %

Ventricular septal defect 4482 42

Atrial septal defect 1043 1 0

Pulmonary stenosis 836 8

Patent ductus arteriosus 781 7

Tetralogy of Fallot 577 5

Coarctation of aorta 492 5

Atrioventricular septal defect 396 4

Aortic stenosis 388 4

Transposition of great 
arteries

388 4

Truncus arteriosus 136 1

Total anomalous pulmonary 
venous connection

1 2 0 1

Tricuspid atresia 118 1

TOTAL 9757

*Summary of 44 published studies. Percentages do not add to 100% because of 
rounding. Data from Hoffman JI, Kaplan S: The incidence of congenital heart disease, J  

A m  C o ll C a rd io l 39:1890, 2002.

sp ec tru m  of m alfo rm ations, ran g in g  from  severe anom a
lies incom patib le  w ith  in trau te rin e  or p e rin a ta l surv ival, to 
lesions th a t p ro d u ce  few  o r no  sym ptom s, som e of w h ich  
go  com plete ly  u n recogn ized  d u rin g  life. C ongenita l h ea rt 
d isease  affects nearly  1% of n ew b o rn s (or ro ugh ly  40,000 
in fan ts p e r  year in  the U n ited  States). The incidence is 
h igher in  p re m a tu re  in fan ts a n d  in  stillborns, app rox i
m ate ly  one fo u rth  of w h ich  have  significant card iac  m al
fo rm ations. D efects th a t p e rm it live b irth  u sua lly  involve 
on ly  single cham bers o r reg ions of the  heart. Tw elve en ti
ties accoun t for 85% of congenita l h ea rt d isease; the ir fre
quencies a re  sh o w n  in  Table 11.1.

T hanks to  surg ical advances, the n u m b er of pa tien ts  
su rv iv in g  w ith  congenita l h ea rt d isease is increasing  
rap id ly  a n d  is cu rren tly  estim ated  a t over 2  m illion  ind i
v id u a ls  in  the  U n ited  S tates alone. A lth o u g h  su rgery  m ay 
correct the  h em odynam ic  abnorm alities, the rep a ired  h ea rt 
m ay  n o t be com plete ly  norm al, since the  m yocard ia l h y p er
tro p h y  a n d  card iac  rem o d e lin g  b ro u g h t a b o u t by  the con
genital defect m ay  be irreversib le; in  add ition , v irtua lly  all 
card iac su rgery  resu lts  in  som e degree  of m yocard ia l scar
ring . Such changes can  lead  secondarily  to  a rrh y th m ias  
an d  m yocard ia l dysfunction , w h ich  occasionally  ap p ea r 
m any  y ears  after surg ical correction.

Pathogenesis

C ongenital heart d isease m ost com m only arises from  
fau lty  em bryogenesis during gestational w eek s 3 through  
8, w h en  major cardiovascular structures develop . The
cause is u n k n o w n  in  a lm ost 90% of cases. O f the  accep ted  
etiologic factors, en v iro n m en ta l exposures, in c lu d in g  con
genital rube lla  infection, tera togens, an d  m a te rn a l d ia 
betes, a n d  genetic  factors are best characterized . G enetic 
factors inc lude  specific loci im p lica ted  in  fam ilial fo rm s of 
congenita l h ea rt d isease a n d  certa in  ch rom osom al abno r
m alities (e.g., trisom ies 13, 15, 18, an d  21, a n d  T u rner 
syndrom e).
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C ard iac  m orphogenesis  invo lves m u ltip le  genes th a t 
w o rk  together to  ch o reo g rap h  a com plex series of tightly  
reg u la ted  events. Key steps inc lude  com m itm en t o f p ro 
gen ito r cells to  the  m yocard ia l lineage, fo rm ation  an d  
loop ing  of the h ea rt tube, segm en ta tion  a n d  g ro w th  of the 
card iac cham bers, card iac  valve  fo rm ation , a n d  connection  
of the g rea t vessels to  the  heart. P ro p er o rchestra tion  of 
these rem arkab le  transfo rm ations d e p en d s  o n  n e tw o rk s of 
transc rip tion  factors a n d  several signaling  p a th w a y s  and  
m olecules, in c lu d in g  the  W nt, vascu lar endo the lia l g ro w th  
factor (VEGF), bone m orphogenetic  p ro te in  (BMP), trans
fo rm ing  g ro w th  factor-P (TGF-P), fib rob last g ro w th  factor, 
an d  N o tch  p a th w ay s. A lso essen tia l for card iac  m o rp h o 
genesis is the m echanical force im p a rte d  by flow ing  p u lsa 
tile blood, w h ich  is sensed  by the  cells of the develop ing  
h ea rt a n d  vessels.

Since crafting  a n o rm al h ea rt involves m an y  steps, even  
sub tle  p e rtu rb a tio n s  can  adverse ly  influence the outcom e. 
M ost of the k n o w n  genetic defects a re  au to so m al d o m in an t 
m u ta tio n s causing  loss (or som etim es gain) of function  of 
a p a rticu la r factor. Several m u ta tio n s  invo lve transc rip tion  
factors. For exam ple, a tria l sep ta l defects (ASDs) a n d  ven 
tricu lar sep ta l defects (VSDs) a n d /o r  conduction  defects 
m ay  be caused  by  transc rip tion  factor m u ta tions, such  as 
TBX5 m u ta tio n s  in  the H olt-O ram  syndrom e. O ther d isor
ders (e.g., N o o n an  syndrom e) a re  associa ted  w ith  m u ta 
tions in  in trace llu la r signaling  cascades th a t cause 
constitu tive  activation . M icroRN A s, as w ell as ep igenetic  
changes (e.g., D N A  m ethylation), also  a re  increasing ly  rec
ogn ized  as im p o rtan t con tribu to rs. It is likely th a t even  
tran sien t en v iro n m en ta l stresses a t critical ju n c tu re s  early  
in  p reg n an cy  can  cause sub tle  changes in  transcrip tion  
factor activ ity  th a t m ay  recap itu la te  defects p ro d u ced  by 
heritab le  m uta tions.

C lin ica l Features

The various structural anom alies in  congenital heart 
d isease can be assign ed  to three major groups based  on  
their hem odynam ic and clin ical consequences: (1) m alfor
m ations causing a left-to-right shunt; (2) m alform ations 
causing  a right-to-left shunt (cyanotic congenital heart 
diseases); and (3) m alform ations causing obstruction.

A shunt is a n  ab n o rm al com m un ica tion  be tw een  cham 
bers o r b lood  vessels. D ep en d in g  on  p ressu re  re la tion 
ships, sh u n ts  p e rm it the flow  of b lood  from  the left to  the 
rig h t side  of the h e a rt (or vice versa).
• W ith  right-to-left shunt, a d u sk y  b lueness of the skin 

(cyanosis) resu lts  because the  p u lm o n ary  circu lation  
is byp assed  an d  poo rly  oxygenated  b lood  collected 
from  the ven o u s system  en ters the system ic arteria l 
c irculation.

• By contrast, left-to-right shunts increase b lood  flow  in to  
the p u lm o n ary  c ircu la tion  a n d  are  n o t associa ted  (at 
least initially) w ith  cyanosis. H ow ever, they  expose 
the low -pressu re , low -resistance p u lm o n ary  circu lation  
to h ig h  p ressu res  a n d  increased  volum es; these  a ltera 
tions lead  to  ad ap tiv e  changes th a t increase lu n g  vascu 
lar resistance to  p ro tec t the p u lm o n ary  bed , re su ltin g  in  
rig h t ven tricu la r h y p e rtro p h y  a n d —even tua lly  rig h t
sided  — failure. W ith  tim e, increased  p u lm o n ary  resis
tance also  can  cause sh u n t reversa l (righ t to  left) an d  
la te-onset cyanosis.

• Som e congenita l anom alies obstruct vascular flow by n ar
ro w in g  the  cham bers, valves, o r m ajor b lood  vessels. 
A  m alfo rm ation  charac terized  by  com plete obstruc tion  
is called  a n  atresia. In  som e d iso rd ers  (e.g., te tra logy  of 
Fallot), a n  o bstruc tion  (p u lm o n ary  stenosis) also  is asso 
ciated  w ith  a  sh u n t (right-to-left, th ro u g h  a VSD).

The a lte red  hem odynam ics of congen ita l h e a rt d isease 
u sua lly  lead  to  cham ber d ila tion  o r w a ll h y p ertro p h y . 
H ow ever, som e defects re su lt in  a red u ced  m uscle  m ass or 
cham ber size; th is is called  hypoplasia if it occurs before 
b irth  a n d  atrophy if it develops postnata lly .

Malformations Associated W ith  
Left-to-Right Shunts

D iso rders associated  w ith  L eft-to-right sh u n ts  a re  the  m ost 
com m on types of congenita l card iac m alfo rm ations. They 
inc lude  atrial septal defects (A SD s), ventricular septal 
defects (V SD s), a n d  patent ductus arteriosus (PDA) (Fig.
11.2). ASDs typically  increase on ly  r ig h t v en tricu lar an d  
p u lm o n ary  ou tflow  volum es, w h ile  VSDs a n d  PD A s cause 
bo th  increased  p u lm o n ary  b lood  flow  a n d  p ressu re . M ani
festations of these sh u n ts  range  from  com plete ly  asy m p 
tom atic  to  fu lm in an t h ea rt failure.

C yanosis is n o t an  early  fea tu re  of these defects. 
H ow ever, as d iscussed  earlier, p ro lo n g ed  left-to -righ t

A

ASD

Fig. 11.2 Common congenital causes of left-to-right shunts ( a r r o w s  indicate 
direction of blood flow). (A) Atrial septal defect (ASD). (B) Ventricular septal 
defect (VSD). (C) Patent ductus arteriosus (PDA). A o , Aorta; L A , left atrium; 
LV, left ventricle; PT, pulmonary trunk; R A , right atrium; RV right ventricle.
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sh u n tin g  m ay  even tua lly  give rise  to  p u lm o n ary  h y p e rten 
sion an d  righ t-to -left sh u n tin g  of unoxy g en a ted  b lood  in to  
the system ic c irculation , a change m ark ed  by the ap p ea r
ance of cyanosis (Eisenmenger syndrome). O nce significant 
p u lm o n ary  h y p erten sio n  develops, the  s tru c tu ra l defects 
of congenita l h e a rt d isease a re  considered  irreversib le . This 
is the  ra tiona le  for early  in te rven tion , in  m ost cases 
surgically .

A tria l S eptal D efects and  P atent Foram en Ovale

D u rin g  n o rm al card iac developm ent, pa tency  is m ain 
ta in ed  be tw een  the rig h t a n d  left a tria  by  a series o f fenes
tra tio n s (ostium primum a n d  ostium secundum)  th a t 
even tua lly  becom e the foramen ovale. This a rran g em en t 
a llow s oxygenated  b lood  from  the  m a te rn a l c ircu la tion  to 
flow  from  the  rig h t to  the left a trium , thereby  susta in ing  
fetal developm en t. A t la te r stages of in trau te rin e  develop 
m en t, tissue flaps (septum primum a n d  septum secundum) 
g row  to occlude the fo ram en  ovale, a n d  in  80% of cases, 
the  h igher left-sided  p ressu res  in  the h eart th a t occur a t 
b irth  p e rm an en tly  fuse the sep ta  ag a in st the fo ram en  ovale. 
In  the rem ain in g  20% of cases, a patent foramen ovale results; 
a lth o u g h  the  flap is of ad eq u a te  size to  cover the foram en, 
the  u n sea led  sep ta  can  a llow  tran sien t righ t-to -left b lood 
flow , such  as w ith  a Valsalva maneuver d u rin g  sneezing  or 
s tra in in g  d u rin g  bow el m ovem ents. A lth o u g h  th is  typ i
cally has little significance, it occasionally  m an ifests as 
paradoxical embolism, defined  as ven o u s em boli (e.g., from  
deep  leg  veins) th a t en te r the system ic arte ria l circu lation  
via a fo ram en  ovale defect.

In  con trast to  p a te n t fo ram en  ovale, a n  ASD is an  abno r
m al fixed o p en in g  in  the  a tria l sep tu m  th a t a llow s u n re 
s tric ted  b lood  flow  b etw een  the  a tria l cham bers. A  m ajority  
(90%) of ASDs are so-called "o s tiu m  secu n d u m " defects in  
w h ich  g ro w th  of the  se p tu m  se cu n d u m  is insufficient to 
occlude the second  ostium .

M O R P H O L O G Y

O s tiu m  secundum  ASDs (90% of ASDs) are smooth-walled 

defects near the foramen ovale, typically without other associ

ated cardiac abnormalities. Hemodynamically significant lesions 

are accompanied by right atrial and ventricular dilation, right 

ventricular hypertrophy, and dilation of the pulmonary artery, 

reflecting the effects of a chronically increased volume load.

O s tiu m  p rim u m  ASDs (accounting for 5% of these defects) 

occur at the lowest part of the atrial septum and can be associ

ated with mitral and tricuspid valve abnormalities, reflecting the 

close relationship between development of the septum primum 

and the endocardial cushions. In more severe cases, additional 

defects may include a VSD and a c o m m o n  a tr io v e n tr ic u la r  

canal.

Sinus venosus A S D s  (accounting for another 5% of the 

cases) are located high in the atrial septum and often are accom

panied by anomalous drainage of the pulmonary veins into the 

right atrium or superior vena cava.

C lin ica l Features

ASDs u sually  a re  a sym ptom atic  u n til ad u lth o o d . A lthough  
VSDs are m ore com m on, m an y  close spon taneously . C on
sequen tly , A S D s—w h ich  are less likely to  spon taneously

close — are the m ost com m on defects to  be first d iagnosed  
in  adu lts . ASDs in itially  cause left-to -righ t shun ts, d u e  to 
low er p ressu res  in  the p u lm o n ary  c ircu la tion  a n d  the rig h t 
side of the heart. In  general, these defects a re w ell to lerated , 
especially  if they  a re less th an  1 cm  in  d iam eter; ev en  larger 
lesions d o  n o t u su a lly  p ro d u ce  any  sym ptom s in  ch ild 
hood . O ver tim e, how ever, chronic vo lum e a n d  p ressu re  
overloads can  cause p u lm o n ary  hypertension . Surgical o r 
in travascu la r ASD closure is th u s  p e rfo rm ed  to  p reem p t 
the d ev e lo p m en t of h eart failure, paradox ica l em bolization , 
a n d  irreversib le  p u lm o n ary  vascu lar disease. M orta lity  is 
low , a n d  p o sto p era tiv e  su rv iv a l is com parab le  to  th a t for 
an  unaffected  popu la tion .

Ventricular S eptal D efects

D efects in  the  v en tricu lar sep tu m  allow  left-to -righ t sh u n t
ing  a n d  constitu te  the  m o st com m on congen ita l card iac 
anom aly  a t b irth  (see Table 11.1 a n d  Fig. 11.3). The ven 
tricu lar sep tu m  no rm ally  is fo rm ed  by a m u scu la r r idge  
th a t g row s u p w a rd  from  the  h ea rt apex  fu sing  w ith  a 
th in n er m em b ran o u s p a rtitio n  th a t g row s d o w n w a rd  from  
the en d o card ia l cush ions. The basal (m em branous) reg ion  
is the last p a r t  o f the se p tu m  to develop  a n d  is the  site of 
app rox im ate ly  90% of VSDs. M ost VSDs close spo n tan e 
ously  in  ch ildhood , b u t on ly  20% to 30% of VSDs occur in  
isolation; the  rem a in d e r are associa ted  w ith  o ther card iac 
m alform ations.

^  M O R P H O L O G Y

The size and location of VSDs are variable (see Fig. 11.3), ranging 

from minute defects in the membranous septum to large defects 

involving virtually the entire interventricular wall. In defects asso

ciated with a significant left-to-right shunt, the right ventricle is 

hypertrophied and often dilated. The diameter of the pulmonary 

artery is increased, owing to  the increased right ventricular 

output and higher right sided pressures. Vascular changes typical 

of pulmonary hypertension are common (Chapter 13).

Fig. 11.3 Ventricular septal defect of the membranous type ( a r r o w ) .  ( C o u r 

te s ’/  o f  W i l l i a m  D . E d w a r d s ,  M D ,  M a / o  C l in ic ,  R o c h e s te r ,  M in n e s o ta . )
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C lin ica l Features

Sm all VSDs m ay  be asym ptom atic; half of those in  the m us
cu lar p o rtion  of the sep tum  close spontaneously  du rin g  
infancy or ch ildhood. L arger defects, how ever, resu lt in  
chronic left-to-right shunting , often  com plicated  by pu lm o
n ary  hypertension  an d  CHF. P rogressive p u lm onary  hyper
tension, w ith  resu ltan t reversal o f the sh u n t an d  cyanosis, 
occurs earlier an d  m ore frequently  w ith  VSDs than  w ith  
ASDs. Early surgical correction is therefore ind icated  for 
such  lesions. Small- o r m ed ium -sized  defects tha t p roduce  
je t lesions in  the righ t ventricle cause endothelial dam age 
a n d  increase the risk for infective endocarditis.

P atent Ductus Arteriosus

The ductus arteriosus arises from  the left p u lm o n ary  artery  
a n d  jo ins the ao rta  ju s t d ista l to  the  o rig in  of the left sub 
clavian  artery . D u rin g  in trau te rin e  life, it p e rm its  b lood  to 
flow  from  the p u lm o n ary  a rte ry  to  the ao rta , bypassing  the 
u n o x y g en a ted  lungs. W ith in  1 to  2 days of b irth  in  healthy  
te rm  infan ts, the d u c tu s  constricts a n d  closes; these changes 
occur in  response  to  increased  arte ria l oxygenation , 
decreased  p u lm o n ary  vascu lar resistance, a n d  declin ing  
local levels o f p ro s tag lan d in  E2. C om plete  ob litera tion  
occurs w ith in  the  first few  m o n th s of ex trau te rin e  life, 
leav ing  on ly  a s tran d  of resid u a l fib rous tissue k n o w n  as 
the ligamentum arteriosum. D uctal closure can  be delayed  
(or even  absent) in  in fan ts w ith  h ypox ia  (re la ted  to resp ira 
to ry  d istress o r h ea rt disease). PD A s accoun t for ab o u t 7% 
of congenita l h e a rt lesions (see Table 11.1 a n d  Fig. 11.2); 
the g rea t m ajority  o f these (90%) are  iso la ted  defects.

C lin ica l Features

PD A s are high-pressure left-to-right shunts that produce 
harsh, "m achinery-like" murm urs. A sm all PD A  generally  
causes no  sym ptom s, a lth o u g h  la rger defects even tually  
can lead  to  E isenm enger synd rom e w ith  cyanosis a n d  con
gestive h e a rt fa ilu re . H ig h -p ressu re  sh u n ts  also  p red isp o se  
pa tien ts  to  d eve lop ing  infective endocard itis . W hile  iso
la ted  PD A s shou ld  be c losed as early  in  life as is feasible, 
p rese rv a tio n  of ducta l patency  (by ad m in is te rin g  p ro sta 
g land in  E) can be lifesav ing  w h e n  a PDA is the  on ly  m eans 
to su sta in  system ic or p u lm o n ary  b lood  flow  (e.g., in 
in fan ts w ith  aortic  o r p u lm on ic  atresia).

Malformations Associated W ith  
Right-to-Left Shunts

A  Classic tetralogy of Fallot

With VSD Without VSD

B Complete transposition

Fig. I M  Common congenital right-to-left shunts (cyanotic congenital heart 
disease). (A) Tetralogy of Fallot ( a r r o w  indicates direction of blood flow). 
(B) Transposition of the great vessels with and without VSD. A o , Aorta; 
L A , left atrium; LV, left ventricle; PT, pulmonary trunk; R A , right atrium; 
RV, right ventricle.

congen ita l card iac  m alfo rm ations (see Table 11.1). The four 
ca rd in a l fea tu res  a re  (Fig. 11.4A):
• VSD
• R ight ven tricu la r ou tflow  trac t ob stru c tio n  (subpu l

m onic stenosis)
• O v errid in g  of the  VSD by the  ao rta
• R ight v en tricu lar h y p e rtro p h y

Cardiac m alform ations associated w ith  right-to-left 
shunts are d istin gu ish ed  by early cyanosis. This occurs 
because poo rly  oxygenated  b lood  from  the  rig h t side of the 
h ea rt flow s d irectly  in to  the  arte ria l c ircu lation . Tw o of the 
m ost im p o rta n t cond itions associa ted  w ith  cyanotic con
gen ital h ea rt d isease are  te tra logy  of Fallo t a n d  transposi
tion  of the g rea t vessels (Fig. 11.4). C linical consequences 
of severe, system ic cyanosis inc lude  c lubb ing  of the  tip s of 
the  fingers a n d  toes (hypertroph ic  o s teoarth ropa thy ), po ly 
cy them ia, a n d  paradox ica l em bolization .

Tetralogy o f  Fallot

Tetralogy o f Fallot is the m ost com m on cause o f cyanotic 
congenital heart d isease. It accounts for ab o u t 5% of all

A ll of the  fea tu res  of te tra logy  of Fallot re su lt from  
an te ro su p e rio r d isp lacem en t of the in fu n d ib u la r sep tu m  
lead in g  to  abno rm al sep ta tion  be tw een  the p u lm o n ary  
tru n k  a n d  the  aortic  root.

M O R P H O L O G Y

The heart is enlarged and “boot-shaped” as a consequence of 

rig h t v e n tr ic u la r  h yp ertro ph y; the proximal aorta is dilated, 

while the pulmonary trunk is hypoplastic. The left-sided cardiac 

chambers are of normal size, while the right ventricular wall is 

markedly hypertrophied, sometimes even exceeding the thick

ness of the left ventricle. The V S D  usually is large and lies in the
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vicinity of the membranous portion of the interventricular 

septum; the aortic valve lies immediately over the VSD (o v e r

rid ing  a o r ta )  and is the major site of egress for blood flow  

from both ventricles. The obstruction of the right ventricular 

outflow most often is due to narrowing of the infundibulum 

(su b pu lm o nic  stenosis) but also can be caused by pulmonary 

valve stenosis or complete atresia of the valve and the proximal 

pulmonary arteries. In such cases, a persistent PDA or dilated 

bronchial arteries are the only route for blood to  reach the lungs.

C lin ica l Features

The hem odynam ic consequences o f tetralogy o f Fallot 
are right-to-left shunting, decreased pulm onary b lood  
flow , and increased aortic volum es. The clinical severity  
largely  d e p en d s  o n  the  degree  of the  p u lm o n ary  ou tflow  
obstruction ; even  u n trea ted , som e p a tien ts  can  su rv ive  in to  
a d u lt  life. T hus, if the pu lm o n ic  obstruc tion  is m ild , the 
cond ition  resem bles a n  iso la ted  VSD because the h ig h  left
s id ed  p ressu re  causes on ly  a left-to -righ t sh u n t w ith  no  
cyanosis. M ore com m only, m ore  severe degrees of p u l
m onic stenosis cause early  cyanosis. M oreover, as the  child  
g row s a n d  the  h e a rt increases in  size, the p u lm on ic  orifice 
does n o t ex p an d  p ro po rtiona te ly , lead in g  to  p rog ressive  
w o rsen in g  of the stenosis. Fortu itously , the pu lm onic  
ou tflow  stenosis p ro tec ts  the p u lm o n ary  v ascu la tu re  from  
p ressu re  a n d  vo lum e overloads, so th a t p u lm o n a ry  h y p er
tension  does n o t develop , a n d  rig h t ven tricu la r failu re is 
ra re . N evertheless, p a tien ts  develop  the typical sequelae of 
cyanotic h ea rt d isease, such  as h y p ertro p h ic  o s teo arth ro p 
a th y  a n d  po lycy them ia  (d u e  to  hypoxia) w ith  a tte n d a n t 
hyperv iscosity ; righ t-to -left sh u n tin g  also  increases the risk  
for infective endocard itis  a n d  system ic em bolization . C om 
p lete  surg ical rep a ir  is possib le  w ith  classic te tra logy  of 
Fallot b u t is m ore  com plicated  in  the  se tting  of p u lm o n ary  
atresia.

Transposition o f  the G rea t A rteries

T ransposition  o f the great arteries is a discordant connec
tion  o f the ventricles to their vascular outflow . The
em bryologic defect is a n  ab n o rm al fo rm ation  o f the trunca l 
an d  ao rto p u lm o n ary  sep ta  so th a t the ao rta  arises from  the 
rig h t ven tricle  an d  the  p u lm o n ary  arte ry  em anates from  
the  left ven tric le  (Fig. 11.4B). The a trium -to -ven tric le  con
nections, how ever, are  no rm al (concordant), w ith  the  rig h t 
a tr iu m  jo in ing  the  rig h t ven tric le  a n d  the  left a tr iu m  em p 
ty ing  in to  the  left ventricle.

The functional ou tcom e is sep ara tio n  of the system ic 
an d  p u lm o n ary  circulations, a cond ition  incom patib le  w ith  
p o stn a ta l life un less a sh u n t (such  as a VSD) allow s delivery  
of oxygenated  b lood  to  the  ao rta . Indeed , VSDs occur in  
one th ird  of cases (see Fig. 11.4, B). There is m ark ed  rig h t 
ven tricu la r h y p ertro p h y , since th a t cham ber functions as 
the system ic ventricle; the left ven tricle  is hypop lastic , 
since it p u m p s  on ly  to  the low -resistance p u lm o n ary  circu
lation . Som e n ew b o rn s w ith  transposition  of the  g rea t 
a rte ries h av e  a p a te n t fo ram en  ovale or PD A  th a t allow s 
oxygenated  b lood  to  reach  the ao rta , b u t these tend  to 
close; such  in fan ts typically  requ ire  em erg en t surgical 
in te rv en tio n  w ith in  the  first few  days of life.

C lin ica l Features

The d o m in an t m an ifesta tion  is cyanosis, w ith  the p ro g n o 
sis d e p en d in g  o n  the  m ag n itu d e  of shun ting , the degree  of 
tissue hypoxia, a n d  the  ab ility  o f the  rig h t ventricle  to 
m ain ta in  system ic p ressu res. W ith o u t su rgery  (even w ith  
stable shun ting), m ost p a tien ts  w ith  u n co rrec ted  transposi
tion  of the g rea t a rteries die w ith in  the first m o n th s of 
life. H ow ever, im p ro v ed  surg ical techn iques n o w  p erm it 
defin itive repa ir, a n d  such  p a tien ts  o ften  su rv ive  in to  
ad u lth o o d .

Malformations Associated W ith  
Obstructive Lesions

C ongen ita l obstruc tion  of b lood  flow  can  occur a t the level 
of the  h e a rt valves o r m ore  d ista lly  w ith in  a g rea t vessel. 
O bstruc tion  can  also  occur p rox im al to  the  valve, as w ith  
su bpu lm on ic  stenosis in  te tra logy  of Fallot. R elatively 
com m on exam ples o f congenita l obstruc tions are  pu lm onic  
valve  stenosis, aortic  valve  stenosis o r atresia , a n d  coarcta 
tion  of the aorta .

A ortic  C oarctation

Coarctation (narrowing, or constriction) o f the aorta is a 
com m on form  o f obstructive congenital heart d isease (see 
Table 11.1). M ales are  affected  tw ice as o ften  as fem ales, 
a lth o u g h  fem ales w ith  T u rn er synd rom e frequen tly  have  
coarctation . T here are tw o  classic fo rm s (Fig. 11.5):
• A n  "in fan tile"  p re d u c ta l fo rm  fea tu rin g  h ypop lasia  of 

the  aortic  a rch  p rox im al to  a PD A
• A n  "a d u lt"  p o s td u c ta l fo rm  consisting  of a d iscrete 

ridge like  in fo ld ing  of the aorta , ad jacen t to  the ligam en
tu m  a rte rio su m

C oarc ta tion  can  occur as a so litary  defect, b u t in  m ore  
th an  half of the  cases is accom pan ied  by a b icusp id  aortic 
valve. A ortic valve  stenosis, ASD, VSD, o r m itra l reg u rg ita 
tion  a lso  can  be p resen t.

Fig. I I . 5  Coarctation of the aorta with (“infantile” or preductal form) and 
without a patent ductus arteriosus (PDA) (“adult” or postductal form); a r r o w  

indicates direction of blood flow. A o , Aorta; L A , left atrium; LV, left ventricle; 
PT, pulmonary trunk; R A , right atrium; RV, right ventricle.
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Fig. I I . 6  Coarctation of the aorta, postductal type. The coarctation is a 
segmental narrowing of the aorta ( a r r o w ) .  Such lesions typically manifest later 
in life than preductal coarctations. The dilated ascending aorta and major 
branch vessels are to the left of the coarctation. The lower extremities are 
perfused predominantly by way of dilated, tortuous collateral channels. ( C o u r 

te s y  o f  S id  M u r p h r e e ,  M D ,  D e p a r t m e n t  o f  P a th o lo g y ,  U n iv e r s i t y  o f  T e x a s  S o u th 

w e s te r n  M e d ic a l  S c h o o l,  D a lla s ,  T e x a s .)

^  M O R P H O L O G Y

P red u c ta l co arc ta tio n  is characterized by circumferential nar

rowing of the aortic segment between the left subclavian artery  

and the ductus arteriosus; the ductus typically is patent and is 

the main source of (unoxygenated) blood delivered to  the distal 

aorta. The pulmonary trunk is dilated to accommodate the 

increased blood flow; because the right side of the heart now 

perfuses the body distal to  the narrowed segment (“coarct”), the 

right ventricle typically is hypertrophied.

In the more common “ a d u lt”  postducta l coa rc ta tio n , 

the aorta is sharply constricted by a tissue ridge adjacent to  the 

nonpatent ligamentum arteriosum (Fig. 11.6). The constricted 

segment is made up of smooth muscle and elastic fibers derived 

from the aortic media. Proximal to the coarctation, the aortic 

arch and its branch vessels are dilated and the left ventricle is 

hypertrophied.

C lin ica l Features

C linical m an ifesta tions d e p e n d  on  the  severity  of the n a r
ro w in g  a n d  the pa tency  of the d u c tu s  arteriosus.
• Preductal coarctation with a PDA u su a lly  p resen ts  early  

in  life, classically as cyanosis localized  to  the  low er half 
o f the body; w ith o u t in te rven tion , m o st affected in fan ts 
die in  the n eonata l period .

• Postductal coarctation without a PDA u sua lly  is asy m p 
tom atic, an d  the d isease m ay  rem ain  un reco g n ized  w ell 
in to  a d u lt life. C lassically, there  is u pper-ex trem ity  
h y p e rten s io n  p a ire d  w ith  w eak  pu lses  an d  relative 
h y p o ten sio n  in  the low er extrem ities, associa ted  w ith  
sy m p to m s of c laud ica tion  a n d  coldness. E xuberan t col
la te ra l c ircu la tion  "a ro u n d "  the coarcta tion  o ften  devel
ops th ro u g h  m ark ed ly  en la rg ed  in tercosta l a n d  in terna l 
m am m ary  arteries; expansion  of the flow  th ro u g h  these 
vessels can  lead  to  rad iog raph ica lly  v isible "n o tch ing" 
of the ribs.

In  m ost cases, significant coarcta tions a re  associated  
w ith  systolic m u rm u rs  a n d  occasionally  p a lp ab le  thrills. 
Balloon d ila tion  a n d  s ten t p lacem en t o r surg ical resection  
w ith  end -to -end  anastom osis (or rep lacem en t o f the 
affected aortic  segm en t by  a p ro sthe tic  graft) y ie lds excel
len t results.

S U M M A R Y

C O N G E N IT A L  H E A R T  DISEASE

• Congenital heart disease represents defects of cardiac cham

bers or the great vessels; these either result in shunting of 

blood between the right- and left-sided circulation or cause 

outflow obstructions. Lesions range from relatively asymptom

atic to rapidly fatal. Environmental (toxic or infectious) and 

genetic causes both contribute.

• Malformations associated with Left-to-right shunts are the 

most common and include ASDs, VSDs, and PDA. Shunting 

results in right-sided volume overload that eventually causes 

pulmonary hypertension and, with reversal of flow and right- 

to-left shunting, cyanosis ( E i s e n m e n g e r  s y n d r o m e ) .

• Malformations associated with Right-to-left shunts include 

tetralogy of Fallot and transposition of the great arteries. 

These lesions cause early-onset cyanosis and are associated 

with polycythemia, hypertrophic osteoarthropathy, and para

doxical embolization.

• Obstructive lesions include forms of aortic coarctation; the 

clinical severity of these lesions depends on the degree of 

stenosis and the patency of the ductus arteriosus.

ISCHEMIC HEART DISEASE

Ischem ic heart d isease (IHD) is a broad term  encom pass
in g  several c losely  related syndrom es caused  b y  myocar
d ial isch em ia—an im balance b etw een  cardiac b lood  
su p p ly  (perfusion) and m yocardial oxygen  and nutri
tional requirem ents. Since card iac  m yocytes generate  
energy  a lm ost exclusively  th ro u g h  m itochondria l ox ida
tive p ho sp h o ry la tio n , card iac function  is strictly  d e p e n d e n t 
u p o n  the con tin u o u s flow  of oxygenated  b lood  th ro u g h  the 
co ronary  arteries. D esp ite  d ram atic  im p ro v em en ts  in  
th e rap y  in  the  p a s t q u a rte r cen tu ry , IH D  in  its v a rio u s form s 
rem ains the lead in g  cause of m orta lity  in  the U n ited  S tates 
a n d  o th e r d ev eloped  nations, accoun ting  for 7.5 m illion  
d ea th s w o rld w id e  each year.

In  m ore than 90% of cases, IH D  is a consequence of 
reduced coronary b lood  flow  secondary to obstructive  
atherosclerotic vascular d isease (C hap ter 10). T hus, un less 
o therw ise  specified, IH D  u sually  is sy nonym ous w ith  
co ronary  a rte ry  d isease (CAD). In  m ost cases, the various 
synd rom es of IH D  are consequences of co ronary  a th e ro 
sclerosis th a t has  been  g rad u a lly  p ro g ressin g  for decades 
(beg inn ing  even  in  ch ildhood  or adolescence). In  the 
rem ain in g  cases, card iac  ischem ia m ay  be the re su lt of 
increased demand (e.g., w ith  increased  h ea rt ra te  o r h y p er
tension); diminished blood volume (e.g., w ith  h y p o ten sio n  or 
shock); diminished oxygenation (e.g., d u e  to  p n eu m o n ia  or 
CHF); o r diminished oxygen-carrying capacity (e.g., d u e  to 
anem ia  o r carbon  m onox ide po isoning).

http://ebooksmedicine.net

http://ebooksmedicine.net


Ischemic Heart Disease 409

The m an ifesta tions of IH D  are  a d irec t consequence of 
the  insufficien t b lood  su p p ly  to  the  heart. The clinical p re 
sen ta tion  m ay  inc lude  one o r m ore  of the fo llow ing  cardiac 
syndromes:
• Angina pectoris (literally, "chest pa in"). Ischem ia induces 

p a in  b u t is insufficient to  cause m yocyte dea th . A ng ina  
can  be stable (occurring  p red ic tab ly  a t certa in  levels of 
exertion), can  be caused  by  vessel spasm  (Prinzmetal 
angina), or can  be unstable (occurring  w ith  progressively  
less exertion  o r ev en  a t rest).

• Myocardial infarction (MI). This occurs w h e n  the severity  
o r d u ra tio n  o f ischem ia is sufficient to  cause card iom yo 
cyte death .

• Chronic IHD with CHF. This p rog ressive  card iac  decom 
pensa tion , w h ich  occurs after acu te  M I o r secondary  to 
accum ula ted  sm all ischem ic insu lts, even tua lly  precip i
ta tes m echanical p u m p  failure.

• Sudden cardiac death (SCD). This can  occur as a conse
quence of tissue dam age  from  MI, b u t m ost com m only  
resu lts  from  a le tha l arrhythmia w ith o u t m yocyte 
necrosis (see " A rrh y th m ias" la te r in  the  chapter).

The te rm  acute coronary syndrome is ap p lied  to  any  of the 
th ree  ca tastroph ic  m an ifesta tions of IH D —un stab le  ang ina, 
MI, a n d  SCD.

E p idem io logy

M ore th a n  700,000 A m ericans experience a M I each year, 
an d  ro u g h ly  half of those  affected  die. A s tro u b lin g  as th is 
to ll is, it rep resen ts  a  spectacu lar advance; since p eak in g  in  
1963, the m orta lity  re la ted  to  IH D  in  the  U n ited  S tates has 
declined  by  50%. The im p ro v em en t is largely  a ttr ib u ted  to 
in te rv en tio n s th a t have  d im in ish ed  cardiac risk factors 
(behaviors o r cond itions th a t p ro m o te  atherosclerosis; 
(C hap ter 10), in  p a rticu la r sm oking  cessation  p rog ram s, 
h y p e rten s io n  a n d  d iabe tes trea tm en t, a n d  u se  of cholesterol
lo w erin g  agents. To a lesser extent, d iagnostic  a n d  thera 
p eu tic  advances also  have  con tribu ted ; these inc lude  
asp irin  p rophy lax is, be tte r a rrh y th m ia  contro l, estab lish 
m en t o f co ronary  care un its , th rom bolysis for MI, ang io 
p lasty  a n d  endovascu la r sten ting , a n d  co ronary  artery  
bypass g raft su rgery . M ain ta in ing  th is d o w n w a rd  tren d  in  
m orta lity  w ill be p a rticu la rly  challeng ing  g iven  the p re 
d ic ted  longev ity  of "b ab y  boom ers," as w ell as the ep i
dem ic of obesity  th a t is sw eep ing  the U n ited  S tates an d  
o ther p a rts  o f the w orld .

Pathogenesis

IH D  is  a consequence o f inadequate coronary perfusion  
relative to m yocardial dem and, u su ally  as a consequence  
o f a preexisting ("fixed") atherosclerotic occlusion  o f the  
coronary arteries and n ew , superim posed  throm bosis and,/ 
or vasospasm . A therosclero tic  n a rro w in g  can  affect any 
of the  co ronary  a rte r ie s—left an te rio r descen d in g  (LAD), 
left circum flex (LCX), a n d  rig h t co ronary  a rte ry  (RCA) — 
singly o r in  com bination . C linically  significant p laques 
tend  to  occur w ith in  the first several cen tim eters o f the 
LAD a n d  LCX takeoff from  the  ao rta , a n d  a long  the en tire  
len g th  of the RCA. Som etim es, secondary  b ranches also 
are  in vo lved  (i.e., d iagonal b ranches of the LAD, ob tuse  
m arg ina l b ranches of the LCX, or po ste rio r descend ing  
b ranch  of the  RCA).

Fixed o bstruc tions th a t occlude less th a n  70% of a  coro
nary  vessel lu m en  typically  are asym ptom atic , even  w ith  
exertion . In  com parison , lesions th a t occlude m ore than  
70% of a vessel lu m e n —resu ltin g  in  so-called "critical ste
nosis" — generally  cause sym ptom s in  the  se tting  of 
increased  dem and ; w ith  critical stenosis, certa in  levels of 
exertion  p red ic tab ly  cause chest pain , a n d  the p a tien t is said  
to have  stable angina. A fixed stenosis th a t occludes 90% or 
m ore of a vascu lar lu m en  can  lead  to  in ad eq u a te  coronary  
b lood  flow  w ith  sym ptom s ev en  a t r e s t—one of the form s 
of unstable angina (see " A ng ina  Pectoris"  la te r in  the chapter).

O f im portance, if a n  a therosclero tic  lesion  p rog res 
sively occludes a  coronary  a rte ry  a t a sufficiently  slow  
ra te  over years, o th e r co ronary  vessels m ay  u n d e rg o  
rem ode ling  a n d  p ro v id e  com pensa to ry  b lood  flow  to the 
area  a t risk; such  collateral perfusion can  subsequen tly  
p ro tec t ag a in st MI, even  if the o rig inal vessel becom es 
com pletely  occluded . U nfortunate ly , w ith  acu te  coronary  
blockage, there  is no  tim e for collateral flow  to develop  
an d  in farc tion  resu lts.

The fo llow ing  e lem en ts con tribu te  to  the d ev e lo p m en t 
an d  consequences of co ronary  atherosclerosis:
• Inflammation plays an essential role at all stages of athero

sclerosis, from  incep tion  to  p laq u e  ru p tu re  (C hap ter 10). 
It beg ins w ith  the in te rac tion  of endo the lia l cells and  
c ircu la ting  leukocytes, re su ltin g  in  T-cell a n d  m acro 
phag e  rec ru itm en t an d  activation . These cells d rive  sub 
sequen t sm oo th  m uscle cell accum ula tion  an d  
pro lifera tion , w ith  associa ted  m atrix  p ro d u c tio n , su p er
im posed  on  a n  a th e ro m ato u s core of lip id , cholesterol, 
calcification, a n d  necro tic  debris. A t la te r stages, desta 
b iliza tion  of a therosclero tic  p laq u e  can  occur th ro u g h  
m acrophage  m eta llop ro te inase  secretion.

• Thrombosis associated with an eroded or ruptured plaque 
triggers the acute coronary syndromes. P artia l vascu lar 
occlusion by a new ly  fo rm ed  th ro m b u s on  a d is ru p ted  
a therosclero tic  p laq u e  can  w ax  a n d  w an e  w ith  tim e an d  
lead  to  un stab le  ang ina  o r su d d e n  death ; alternatively , 
even  p a rtia l lu m in a l occlusion by a th ro m b u s can  com 
prom ise  b lood  flow  sufficiently  to  cause a in farc tion  of 
the in n e rm o st zone of the m y o card iu m  (subendocardial 
infarct). O rg an iz in g  th rom bi p ro d u ce  p o te n t activators 
of sm ooth  m uscle pro lifera tion , w h ich  can  con tribu te  to 
the g ro w th  of a therosclero tic  lesions. M ura l th rom bi in  
a co ronary  a rte ry  can  also  em bolize; indeed , sm all 
em boli can  be fo u n d  in  the d ista l in tram y o card ia l circu
la tion  (along w ith  associa ted  m icroinfarcts) a t au to p sy  
of p a tien ts  w ith  unstab le  angina. In  the  m ost serious 
case, com plete ly  obstruc tive  th ro m b u s over a d is ru p ted  
p laq u e  can  cause m assive  MI.

• Vasoconstriction directly  com prom ises lu m en  diam eter; 
m oreover, by  increasing  local m echanical shear forces, 
vessel sp asm  can  po ten tia te  p laq u e  d isru p tio n . Vaso
constric tion  in  a therosclero tic  p laq u es can  be stim u la ted  
by the follow ing:
• C ircu la ting  ad renerg ic  agon ists
• Locally re leased  p la te le t con ten ts
• Im balance be tw een  endo the lia l ce ll-re lax ing  factors 

(e.g., n itric  oxide) a n d  -co n trac tin g  factors (e.g., 
endo thelin ) d u e  to  endo the lia l dysfunction

• M ed ia to rs re leased  from  perivascu la r in flam m atory  
cells
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A c u te  Plaque C hange

O nset o f m y ocard ia l ischem ia d e p en d s  n o t on ly  o n  the 
ex ten t a n d  severity  o f fixed a therosclero tic  d isease b u t also 
o n  dynam ic  changes in  co ronary  p laq u e  m orpho logy . In  
m ost patients, unstable angina, infarction, and sudden  
cardiac death occur because o f abrupt p laque change fo l
lo w ed  by th rom b osis—hence the term  acute coronary  
syndrom e  (Fig. 11.7).

The in itia ting  ev en t is typically  a su d d e n  d isru p tio n  
(rang ing  from  erosion  to  ru p tu re )  o f a p a rtia lly  occlusive 
p laque . M ore th a n  one m echan ism  of in ju ry  m ay  be 
involved: rupture, fissuring, or ulceration o f p laq u es  expose
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ACUTE CORONARY SYNDROMES

Fig. 11.7 Diagram of sequential progression of coronary artery lesions 
leading to various acute coronary syndromes. ( M o d i f ie d  a n d  r e d r a w n  f r o m  

S c h o e n  FJ: Interventional and surgical cardiovascular pathology: clinical cor
relations and basic principles, P h ila d e lp h ia ,  1 9 8 9 ,  S a u n d e rs ,  p  6 3 . )

h igh ly  th rom bogen ic  constituen ts o r u n d e rly in g  suben d o 
thelial b asem en t m em brane , lead in g  to  ra p id  th rom bosis. In 
add ition , hem o rrh ag e  in to  the core of p laq u es can  expand  
p laq u e  vo lum e, thereby  acu te ly  exacerbating  the degree  of 
lum inal occlusion.

Factors th a t trigger p laq u e  ero sion  include endo the lia l 
in ju ry  an d  apop tosis , likely a ttrib u tab le  to  som e com bina
tion  of in flam m ato ry  an d  toxic exposures. A cute p laq u e  
ru p tu re , on  the o ther h an d , involves factors th a t influence 
p laq u e  suscep tib ility  to  d is ru p tio n  by m echanical stress. 
These inc lude  in trinsic  aspects o f p laq u e  com position  an d  
s tru c tu re  (C hap ter 10) a n d  extrinsic  factors, such  as b lood 
p ressu re  a n d  p la te le t reactivity:
• Plaques that contain large atheromatous cores or have thin 

overlying fibrous caps are more likely to rupture and are 
therefore termed vulnerable. F issures frequen tly  occur a t 
the  ju n c tio n  of the  fib rous cap a n d  the  ad jacen t no rm al 
p laque-free  a rte ria l segm ent, w h e re  the m echanical 
stresses are  h ig h est a n d  the fib rous cap is th innest. 
F ib rous caps also  a re  con tinuously  rem odeling ; their 
overall balance o f collagen syn thesis v e rsu s d eg rad a tio n  
d e term ines m echanical s tren g th  a n d  p laq u e  stability . 
C ollagen  is p ro d u c e d  by sm oo th  m uscle  cells an d  
d eg rad ed  by the action  of m eta llop ro teases e labora ted  
by m acrophages. C onsequen tly , a therosclero tic  lesions 
w ith  a p au c ity  of sm oo th  m uscle  cells or large  n u m b ers  
of in flam m atory  cells are  vu lnerab le  to  ru p tu re . O f 
in terest, s ta tins (inh ib ito rs o f hyd ro x y m eth y lg lu ta ry l 
Co-A  reductase , a key enzym e in  cholesterol synthesis) 
can  p ro v id e  ad d itio n a l benefit in  C A D  a n d  IH D  by 
red u c in g  p laq u e  in flam m ation  a n d  increasing  p laq u e  
stability , effects d istinc t from  a n d  their p rim ary  
cholestero l-low ering  activity .

• Influences extrinsic to the plaque also are important. A d ren 
ergic s tim u la tio n  can  p u t  physical stress on  the p laq u e  
by causing  h y p erten sio n  o r local v asospasm . Indeed , the 
su rge  in  ad renerg ic  s tim u la tio n  associa ted  w ith  aw ak 
en ing  an d  ris ing  m ay  u n d e rlie  the observa tion  th a t the 
incidence of acu te  M I is h ighest be tw een  6  AM a n d  12 
noon . In tense  em otional stress also  leads to ad renerg ic  
s tim ulation , exp la in ing  the  associa tion  of n a tu ra l catas
tro p h es such  as ea rth q u ak es a n d  floods w ith  secondary  
w av es  of M Is in  suscep tib le  in d iv iduals .

In  a m ajority  of cases, the "c u lp rit lesion" in  pa tien ts  
w h o  suffer a n  M I w as  n o t critically stenotic  o r even  sym p
tom atic  before its ru p tu re . A s n o ted  p rev iously , ang ina l 
sym ptom s typically  occur w ith  fixed lesions exhib iting  
g rea te r th a n  70% chronic occlusion. P athologic a n d  clinical 
s tud ies  show  th a t tw o  th ird s  of ru p tu re d  p laq u es a re  less 
th a n  or equa l to 50% stenotic  before p laq u e  ru p tu re , an d  
85% exhib it in itia l stenotic  occlusion of less th a n  or equal 
to  70%. T hus, the w o rriso m e conclusion  is th a t a large 
n u m b er of asym ptom atic  a d u lts  are  a t significant risk  for 
a ca tastroph ic  co ronary  event. A t p resen t, it is im possib le  
to p red ic t p laq u e  ru p tu re  in  any  g iven  pa tien t.

P laque  d is ru p tio n  a n d  en su in g  non-occlusive th rom bo 
sis also  are com m on, repetitive , a n d  o ften  clinically silent 
com plications of a therom as. The hea ling  of such  subclini
cal p laq u e  d is ru p tio n  a n d  overly ing  th rom bosis is an  
im p o rta n t m echan ism  by  w h ich  atherosclero tic  lesions 
p rog ressive ly  en large  (Fig. 11.7) .
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Angina Pectoris

A n gin a  pectoris is an interm ittent chest pain  caused  
b y  transient, reversible m yocardial ischem ia. The p a in  is 
a  consequence of the ischem ia-induced  release of adenos
ine, b radyk in in , a n d  o ther m olecu les th a t stim ula te  au to 
nom ic nerves. The fo llow ing  th ree  v a rian ts  a re  reco g n ized :
• Typical or stable angina is p red ic tab le  ep isod ic  chest p a in  

associa ted  w ith  p a rticu la r levels o f exertion  or som e 
o th e r increased  d e m an d  (e.g., tachycardia). The p a in  
is described  as a c ru sh in g  or squeez ing  sub ste rn a l sen
sa tion  tha t o ften  rad ia tes  d o w n  the left a rm  or to  the left 
jaw  (referred  pain). The p a in  u sua lly  is re lieved  by  rest 
(reducing  d em and) o r by  d ru g s  such  as n itrog lycerin , a 
v asod ila to r th a t increases coronary  perfusion .

• Prinzmetal o r variant angina occurs a t re s t a n d  is caused  
by coronary  a rte ry  spasm . A lth o u g h  such  spasm s typ i
cally occur o n  o r near existing  a therosclero tic  p laques, 
a com plete ly  no rm al vessel can  be affected. P rinzm eta l 
ang ina  typically  re sp o n d s  p ro m p tly  to  vasod ila to rs 
such  as n itrog lycerin  a n d  calcium  channel blockers.

• Unstable angina (also called  crescendo angina) is character
ized  by  increasing ly  freq u en t pain , p rec ip ita ted  by  p ro 
gressively  less exertion  o r even  occu rring  at rest. 
U nstab le  ang ina  is associa ted  w ith  p laq u e  d isru p tio n  
an d  su p erim p o sed  th rom bosis, d ista l em boliza tion  of 
the  th rom bus, a n d /o r  vasospasm ; it can  be a h a rb inger 
o f MI, p o rte n d in g  com plete  vascu lar occlusion.

Myocardial Infarction

M yocardial infarction (MI), also com m only referred to as 
"heart attack," is  necrosis o f the heart m uscle resu lting  
from  ischem ia. The m ajor u n d e rly in g  cause of IH D  is a th 
erosclerosis; w h ile  M Is can  occur a t v irtua lly  any  age, the 
frequency  rises p rog ressive ly  w ith  ag in g  an d  w ith  increas
in g  risk  factors for atherosclerosis (C hap ter 10). N everthe 
less, app rox im ate ly  10% of M Is occur before 40 y ears  of 
age, a n d  45% occur before 65 years of age. Blacks an d  
w h ites  a re  equally  affected. M en  are  a t g rea ter risk  than  
w om en , a lth o u g h  the  gap  p rogressively  n a rro w s w ith  age. 
In  general, w o m en  ten d  to be p ro tec ted  against M I d u rin g  
the ir rep ro d u c tiv e  years. H ow ever, m e n o p a u se —w ith  
dec lin ing  estrogen  p ro d u c tio n —is associa ted  w ith  exacer
bation  of co ronary  a rte ry  disease, a n d  IH D  is the m ost 
com m on cause of d ea th  in  o lder a d u lt w om en.

Pathogenesis

The vast m ajority o f M Is are caused by acute throm bosis  
w ith in  coronary arteries (Fig. 11.7). In  m ost instances, d is
ru p tio n  or e rosion  of p reex isting  atherosclero tic  p laque  
serves as the n id u s  for th ro m b u s generation , vascu lar 
occlusion, an d  subsequen t in farc tion  of the pe rfu sed  
m yocard ium . In  10% of M Is, how ever, tran sm u ra l infarc
tion  occurs in  the absence of occlusive a therosclero tic  vas
cu lar d isease; such  infarcts a re  m ostly  ascribed  to  coronary  
arte ry  v aso sp asm  or to em bo liza tion  from  m u ra l th rom bi 
(e.g., in  the se tting  of a tria l fibrillation) o r from  valve  veg
e ta tions. O ccasionally, especially  w ith  infarcts lim ited  to 
the in n erm o st (subendocard ia l) m yocard ium , th rom bi or 
em boli a re  absent. In  such  cases, severe fixed coronary

atherosclerosis leads to  m arg in a l p e rfu sio n  of the heart. In 
th is  setting , a p ro lo n g ed  p e rio d  of increased  d e m an d  (e.g., 
d u e  to  tachycard ia  o r hypertension ) can  lead  to  ischem ic 
necrosis of endo m y o card iu m , the  p o rtio n  of the  h e a rt th a t 
is m o st d ista l to  the ep icard ia l vessels. Finally, ischem ia 
w ith o u t detectab le  atherosclerosis o r th rom boem bolic  
d isease can  be caused  by d iso rd ers  of sm all in tram yocard ia l 
arterio les, in c lu d in g  vasculitis, am y lo id  deposition , o r 
stasis, as in  sickle cell d isease.

C o ro n a ry  A r te r y  O cc lus ion

In  a  typical MI, the  fo llow ing  sequence of even ts takes 
place:
• An atheromatous plaque is eroded or su d d en ly  d is ru p ted  

by  endo the lia l in jury , in trap laq u e  hem orrhage , o r 
m echanical forces, exposing  su bendo the lia l collagen 
a n d  necro tic  p laq u e  con ten ts to  the b lood.

• Platelets adhere, aggregate, and are activated , re leasing  
th rom boxane  A2, adenosine  d ip h o sp h a te  (ADP), an d  
s e ro to n in -c a u s in g  fu rth e r p la te le t ag g regation  and  
v aso sp asm  (C hap ter 4).

• Activation of coagulation by exposu re  of tissue factor an d  
o ther m echan ism s a d d s  to the g ro w in g  th rom bus.

• W ith in  m inu tes, the  th ro m b u s can  evolve to  com pletely  
occlude the co ronary  a rte ry  lum en.

The evidence for th is scenario  derives from  au to p sy  s tud ies  
of p a tien ts  d y in g  of acu te  MI, a s  w ell a s  im ag ing  stud ies 
d em o n stra tin g  a h ig h  frequency  of th rom botic  occlusion 
early  a fte r MI. A n g io g rap h y  p e rfo rm ed  w ith in  4 h o u rs  of 
the o n se t o f M I d em o n stra tes  co ronary  th rom bosis in  
a lm ost 90% of cases. W hen  an g io g rap h y  is p e rfo rm ed  12 
to 24 h o u rs  after onse t of sym ptom s, how ever, evidence of 
th rom bosis is seen  in  on ly  60% of patien ts, even  w ith o u t 
in te rven tion . Thus, a t least som e occlusions clear spo n tan e 
ously  th ro u g h  lysis o f the th ro m b u s o r re laxation  o f spasm . 
This sequence of even ts in  a typical M I a lso  has the rapeu tic  
im plications: early  th rom bolysis  a n d /o r  ang iop lasty  can 
be h igh ly  successful in  lim iting  the ex ten t o f m yocard ia l 
necrosis.

M yo card ia l Response to  Ischem ia

Loss of b lood  su p p ly  has p ro fo u n d  functional, b iochem i
cal, a n d  m orpho log ic  consequences for the  m yocard ium . 
W ith in  seconds of vascu lar obstruction , aerobic m etabo 
lism  ceases, lead in g  to  a d ro p  in  ad en o sin e  tr ip h o sp h a te  
(ATP) a n d  accum ula tion  of po ten tia lly  nox ious m etabolites 
(e.g., lactic acid) in  the  card iac m yocytes. The functional 
consequence is a ra p id  loss o f contractility , occurring  
w ith in  a m in u te  or so of the onse t of ischem ia. U ltrastruc 
tu ra l changes (inc lud ing  m yofibrillar relaxation , glycogen 
depletion , cellu lar a n d  m itochondria l sw elling) a re  also  
seen. These early  changes a re  reversib le . O n ly  p ro lo n g ed  
ischem ia lasting  a t  least 20 to  40 m in u te s  causes irreversib le  
dam ag e  a n d  coagu lative  necrosis of m yocytes (C hap ter 2). 
W ith  longer p e rio d s of ischem ia, vessel in ju ry  ensues, 
lead in g  to  su p erim p o sed  m icrovascu lar throm bosis.

T hus, if b lood  flow  is resto red  before irreversib le  in jury  
occurs, m y o card iu m  can  be p reserved ; th is  is the goal of 
early  d iagnosis a n d  p ro m p t in te rv en tio n  by th rom bolysis  
o r ang iop lasty . H ow ever, as d iscussed  later, reperfu sion  
can  have  dele te rious effects. E ven  if rep erfu sio n  is tim ely,
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Fig. 11.8 Progression of myocardial necrosis after coronary artery occlusion. A transmural segment of myocardium that is dependent on the occluded 
vessel for perfusion constitutes the area at risk ( o u t l in e d ) .  Necrosis begins in the subendocardial region in the center of the ischemic zone and with time 
expands to involve the entire wall thickness. Note that a very narrow zone of myocardium immediately beneath the endocardium is spared from necrosis 
because it can be oxygenated by diffusion from the ventricle.

postischem ic m y o card iu m  can  be p ro fo u n d ly  dysfunc
tional for a  n u m b er of days d u e  to  p e rsis ten t abnorm alities 
in  cellu lar b iochem istry  th a t re su lt in  a  noncon tractile  state  
(stu n n ed  m yocard ium ). Such s tu n n in g  can  be severe 
en o u g h  to  p ro d u ce  tran sien t b u t reversib le  card iac  failure.

M yocard ia l ischem ia also  con tribu tes to  a rrhy thm ias, 
p robab ly  by causing  electrical in stab ility  (irritability) of 
ischem ic reg ions of the  heart. A lth o u g h  m assive  m yocar
d ial dam age  can  cause a  fatal m echanical failure, su d d e n  
card iac d e a th  in  the se tting  of m yocard ia l ischem ia m ost 
o ften  (in  80% to 90% of cases) is d u e  to  v en tricu lar fibrilla
tion  caused  by m yocard ia l irritability .

Irreversib le  in jury  of ischem ic m yocytes first occurs in  
the suben d o card ia l zone (Fig. 11.8). A s a lread y  m en tioned , 
th is reg ion  is especially  suscep tib le  to  ischem ia because it 
is the  last a rea  to  receive b lood  de livered  by  the ep icard ia l 
vessels, a n d  also  because it is exposed  to  re la tively  h igh  
in tram u ra l p ressu res, w h ich  act to  im p ed e  the  inflow  of 
blood. W ith  m ore p ro lo n g ed  ischem ia, a  w av efro n t of cell 
d ea th  m oves th ro u g h  o th er reg ions of the m yocard ium ,

d riv en  by p rog ressive  tissue ed em a a n d  m yocard ial- 
d e riv ed  reactive oxygen  species an d  in flam m atory  m ed ia 
tors. A n  in farc t u sua lly  achieves its fu ll ex ten t w ith in  3 to 
6  hours; in  the  absence of in te rven tion , a n  in farc t caused  
by occlusion of a n  ep icard ia l vessel can  involve the en tire  
w a ll th ickness (tran sm u ra l infarct). C linical in te rven tion  
w ith in  th is  critical w in d o w  of tim e can  lessen  the  size of 
the  in farc t w ith in  the  " te rrito ry  a t risk."

P atterns  o f In farction

The location, size, a n d  m orpho log ic  fea tu res o f a n  acu te 
m y ocard ia l in farc t d e p e n d  o n  m u ltip le  factors:
• Size and distribution of the invo lved  vessel (Fig. 11.9)
• Rate of development a n d  d u ra tio n  of the occlusion
• Metabolic demands of the m y o card iu m  (affected, for 

exam ple, by  b lood  p re ssu re  a n d  h e a rt rate)
• Extent of collateral supply

A cute occlusion o f the p rox im al left an te rio r descend ing  
(LAD) a rte ry  is the cause of 40% to 50% of all M Is an d
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Fig. 11.9 Dependence of myocardial infarction on the location and nature of the diminished perfusion. L e f t , Patterns of transmural infarction resulting from 
major coronary artery occlusion. The right ventricle may be involved with occlusion of the right main coronary artery ( n o t  d e p ic te d ) .  R ig h t , Patterns of infarc
tion resulting from partial or transient occlusion ( to p ) ,  global hypotension superimposed on fixed three-vessel disease ( m id d le ) ,  or occlusion of small intra
myocardial vessels ( b o t to m ) .

typically  resu lts  in  in farc tion  of the  an te rio r w all of the  left 
ventricle , the an te rio r tw o  th ird s  of the v en tricu la r sep tum , 
a n d  m ost o f the  h ea rt apex; m ore  d ista l occlusion  of the 
sam e vessel m ay  affect on ly  the apex. S im ilarly, acu te  
occlusion  of the p rox im al left circum flex (LCX) a rte ry  (seen 
in  15% to 20% of M Is) causes necrosis of the la te ra l left 
ventricle , a n d  p rox im al r ig h t coronary  a rte ry  (RCA) occlu
sion  (30% to 40% of M Is) affects m u ch  of the r ig h t ventricle. 
C o ronary  occlusion in  the p rox im al left an te rio r descend 
in g  a rte ry  has been  d u b b ed  the  "w id o w  m aker" because 
so m u ch  m yocard ia l te rrito ry  is p e rfu sed  by  th a t vessel, 
an d  acu te  obstruc tions a re  o ften  fatal.

The po ste rio r th ird  of the  sep tu m  an d  the po ste rio r left 
ven tric le  are  p e rfu sed  by  the p o ste rio r descen d in g  artery . 
The posterio r d escend ing  a rte ry  can  arise  from  either the 
RCA (in 90% of ind iv iduals) o r the  LCX. By convention , 
the  co ronary  a r te ry —either RCA o r LCX —th a t gives rise 
to the p o ste rio r descen d in g  a rte ry  a n d  thereby  perfuses 
p o rtio n s  o f the  in fe rio r/p o s te rio r  left ven tric le  a n d  the p os
terio r th ird  of the  sep tu m  is considered  the d o m in an t 
vessel. T hus, in  a rig h t d o m in an t heart, occlusion of the 
RCA can  lead  to  po ste rio r sep ta l a n d  po ste rio r w a ll ische
m ic in jury . In  com parison , in  a left d o m in an t heart, w h ere  
the  po ste rio r descen d in g  a rte ry  arises from  the  circum flex 
artery , occlusion o f the LCX generally  affects the left la tera l 
w a ll as w ell as the p o ste rio r th ird  of the sep tum , a n d  the 
in ferio r a n d  po ste rio r w a ll o f the left ventricle .

O cclusions also  can  occur w ith in  secondary  branches, 
such  as the d iagonal b ranches of the LAD arte ry  or m ar
g inal b ranches of the LCX artery . In teresting ly , atheroscle
rosis is p rim arily  a d isease of ep icard ia l vessels; significant

a therosclerosis o r th rom bosis of p en e tra tin g  in tram yocar
d ia l b ranches of co ronary  arte ries is ra re  — a lth o u g h  these 
can  be affected  by vascu litis  o r vasospasm , a n d  can  be 
occ luded  by em bolization .

E ven  th o u g h  the th ree  m ajor co ronary  arteries are end  
arteries, these  ep icard ia l vessels are  in terconnected  by 
n u m ero u s  in te rco ronary  anastom oses (collateral circula
tion). A lth o u g h  these channels a re  no rm ally  closed, g rad u a l 
n a rro w in g  o f one a rte ry  a llow s b lood  to  flow  from  h igh- to 
low -p ressu re  a reas th ro u g h  the collateral channels. In  th is 
m anner, g ra d u a l collateral d ila tion  can  p ro v id e  ad eq u a te  
p e rfu s io n  to  a reas  of the m y o card iu m  d esp ite  occlusion of 
a n  ep icard ia l vessel. Based o n  the  size of the  invo lved  
vessel a n d  the degree  of co llateral circulation , m yocard ia l 
in farcts m ay  take one of the  fo llow ing  pa tte rns:
• Transmural infarctions invo lve the  full th ickness of the 

ven tric le  a n d  are  caused  by ep icard ia l vessel occlusion 
th ro u g h  a com bination  of chronic atherosclerosis and  
acu te  throm bosis; such  tran sm u ra l M Is typically  y ie ld  
ST segm en t e levations o n  the e lec trocard iog ram  (ECG) 
a n d  can  have  negative  Q  w av es  w ith  loss o f R w av e  
am p litu d e . These in farcts a re  also  called ST-segment 
elevated MIs (STEMIs).

• Subendocardial infarctions are  M Is lim ited  to  the  inner 
th ird  of the  m yocard ium ; these in farcts typ ically  d o  no t 
exhibit ST segm ent elevations or Q  w av es  o n  the  ECG 
trac ing  (so-called "n on -S T -segm en t e levated  M Is" or 
"N STEM Is"), a lth o u g h  they  can  have  ST-segm ent 
d ep ressions o r T w a v e  abnorm alities. A s m en tioned  
earlier, the  suben d o card ia l reg ion  is m ost v u ln erab le  to 
h y p o p erfu sio n  a n d  hypoxia. T hus, in  the se tting  of
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severe co ronary  a rte ry  disease, tran sien t decreases in  
oxygen  delivery  (as from  hypo tension , anem ia, o r p n eu 
m onia) o r increases in  oxygen  d e m an d  (as w ith  tachy
card ia  o r hypertension ) can  cause su b endocard ia l 
ischem ic in jury . This p a tte rn  also  can  occur w h e n  an  
occlusive th ro m b u s lyses before a  fu ll-th ickness infarc
tion  can  develop.

• Microscopic infarcts occur in  the se tting  of sm all-vessel 
occlusions an d  m ay  n o t show  any  d iagnostic  ECG 
changes. These can  occur in  the se tting  of vasculitis, 
em bo liza tion  of valve  vegeta tions o r m u ra l th rom bi, o r 
vessel sp asm  d u e  to  e leva ted  catecholam ines, as m ay  
occur in  ex trem e em o tional stress, w ith  certa in  tum ors 
(e.g., pheochrom ocy tom a), or as a consequence of 
cocaine use.

M O R P H O L O G Y

Nearly all transmural infarcts (involving 50% or more of the 

ventricle thickness) affect at least a portion of the left ventricle 

and/or interventricular septum. Roughly 15% to 30% of MIs that 

involve the posterior or posteroseptal wall also extend into the 

right ventricle. Isolated right ventricle infarcts occur in only 1% 

to  3% of cases. Even in transmural infarcts, a narrow rim (approxi

mately 0 . 1  mm) of viable subendocardial myocardium is pre

served by diffusion of oxygen and nutrients from the ventricular 

lumen.

The gross and microscopic appearance of an MI depends on 

the age of the injury. Areas of damage progress through a highly 

characteristic sequence of morphologic changes from coagulative 

necrosis, to acute and then chronic inflammation, to fibrosis

(Table 11.2). Myocardial necrosis proceeds invariably to scar 

formation without any significant regeneration; studies looking 

at whether tissue stem cells can be used to regenerate functional 

myocardium are ongoing but have yet to  bear fruit.

Gross and/or microscopic recognition of very recent myo

cardial infarcts can be challenging, particularly when death occurs 

within a few hours. M yocard ia l infarcts less than  12 hours  

old usually a re  n o t grossly ap p a re n t. However, infarcts more 

than 3 hours old can be visualized by exposing myocardium to  

vital stains, such as triphenyltetrazolium chloride, a substrate for 

lactate dehydrogenase. Because this enzyme is depleted in the 

area of ischemic necrosis (it leaks out of the damaged cells), the 

infarcted area is unstained (pale), while old scars appear white 

and glistening (Fig. 11.10). By 12 to  24 hours a fte r  M I, an 

in farct usually can be grossly iden tified  by a  red -b lue  

disco loration  caused by s tag nated , tra p p e d  b lood . There

after, infarcts become progressively better delineated as soft, 

yellow-tan areas; by 10 to 14 days, infarcts are rimmed by hyper- 

emic (highly vascularized) granulation tissue. O ver the succeeding 

weeks, the infarcted tissue evolves to a fibrous scar.

The microscopic appearance also undergoes a characteristic 

sequence of changes (see Table 11.2 and Fig. 11.11). Typical fea

tures of coagulative necrosis (Chapter 2) become detectable 

within 4 to 12 hours of infarction. “Wavy fibers” also can be 

present at the edges of an infarct; these reflect the stretching 

and buckling of noncontractile dead fibers. Sublethal ischemia can 

also induce intracellular m yo cy te  v acu o liza tio n ; such myo

cytes are viable but frequently contract poorly.

Necrotic myocardium elicits acute inflammation (typically 

most prominent 1 to  3 days after MI), followed by a wave of 

macrophages that remove necrotic myocytes and neutrophil

Table 11.2 Evolution of M orphologic Changes in Myocardial Infarction

T im e  F ra m e G ross Features L ig h t M icroscopic Findings
E lec tro n  M icroscopic  
Findings

Reversible In ju ry

0 - X  hour None None Relaxation of myofibrils; glycogen 
loss; mitochondrial swelling

Irrevers ib le  In ju ry

X  -4  hours None Usually none; variable waviness of fibers at border Sarcolemmal disruption;
mitochondrial amorphous densities

4-12 hours Occasionally dark mottling Beginning coagulation necrosis; edema; hemorrhage

12-24 hours Dark mottling Ongoing coagulation necrosis; pyknosis of nuclei; 
hypereosinophilic appearance of myocytes; 
marginal contraction band necrosis; beginning 
neutrophilic infiltrate

1-3 days Mottling with yellow-tan infarct 
center

Coagulation necrosis with loss of nuclei and 
striations; interstitial infiltrate of neutrophils

3-7 days Hyperemic border; central 
yellow-tan softening

Beginning disintegration of dead myofibers, with 
dying neutrophils; early phagocytosis of dead 
cells by macrophages at infarct border

7-10 days Maximally yellow-tan and soft, 
with depressed red-tan margins

Well-developed phagocytosis of dead cells; early 
formation of fibrovascular granulation tissue at 
margins

10-14 days Red-gray depressed infarct 
borders

Well-established granulation tissue with new blood 
vessels and collagen deposition

2 - 8  weeks Gray-white scar, progressive from 
border toward core of infarct

Increased collagen deposition, with decreased 
cellularity

> 2  months Scarring complete Dense collagenous scar
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Fig. 1 1 . 1 °  Acute myocardial infarct of the posterolateral left ventricle 
demonstrated by a lack of triphenyltetrazolium chloride staining in areas of 
necrosis ( a r r o w ) ;  the absence of staining is due to enzyme leakage after cell 
death. Note the anterior scar ( a r r o w h e a d ) ,  indicative of remote infarction. 
The myocardial hemorrhage at the right edge of the infarct ( a s te r is k )  is due 
to ventricular rupture, and was the acute cause of death in this patient 
(specimen is oriented with the posterior wall at the t o p ) .

fragments (most pronounced 5 to  10 days after MI).The infarcted 

zone is progressively replaced by granulation tissue (most promi

nent 1 to 2 weeks after MI), which in turn forms the provisional 

scaffolding upon which dense collagenous scar forms. In most 

instances, scarring is well advanced by the end of the sixth week, 

but the efficiency of repair depends on the size of the original 

lesion and the ability of the host tissues to  heal. Healing requires 

the migration of inflammatory cells and ingrowth of new vessels 

from the infarct margins. Thus, an MI heals from its borders 

toward the center, and a large infarct may not heal as fast or as 

completely as a small one. Moreover, malnutrition, poor vascula

ture, or exogenous anti-inflammatory steroids can impede infarct 

scarring (Chapter 3). Once an MI is completely healed, it is 

impossible to  distinguish its age: whether present for 8  weeks 

or 1 0  years, fibrous scars look the same.

In farc t M o d ifica tion  by Reperfusion

The the rapeu tic  goal in  acu te  M I is resto ra tio n  of tissue 
p e rfu s io n  as qu ickly  as possib le (hence the ad ag e  "tim e  is 
m yocard ium "). Such rep erfu sio n  is ach ieved  by th ro m 
bolysis (d isso lu tion  of th ro m b u s by  tissue p lasm inogen  
activator), ang iop lasty , o r co ronary  a rte ria l bypass graft.

Fig. 11.11 Microscopic features of myocardial infarction and its repair. (A) One-day-old infarct showing coagulative necrosis and wavy fibers, compared with 
adjacent normal fibers ( r ig h t ) .  Necrotic cells are separated by edema fluid. (B) Dense neutrophilic infiltrate in the area of a 2- to 3-day-old infarct. (C) Nearly 
complete removal of necrotic myocytes by phagocytic macrophages (7 to 10 days). (D) Granulation tissue characterized by loose connective tissue and 
abundant capillaries. (E) Healed myocardial infarct consisting of a dense collagenous scar. A few residual cardiac muscle cells are present. (D) and (E) are 
Masson’s trichrome stain, which stains collagen blue.
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U nfo rtunate ly , w h ile  p rese rv a tio n  of a  v iable (bu t at-risk) 
h e a rt can  im prove  b o th  short- a n d  long -te rm  outcom es, 
rep erfu sio n  is n o t a n  u n a llo y ed  blessing. Indeed , la te  res
to ra tio n  of b lood  flow  in to  ischem ic tissues can  incite 
g rea te r local dam ag e  th a n  m ig h t o therw ise  h av e  occu rred  — 
so-called "rep e rfu s io n  in jury".

The factors th a t con tribu te  to  rep erfu sio n  in ju ry  inc lude  
the  follow ing:
• Mitochondrial dysfunction. Ischem ia alters the  m itochon 

d ria l m em brane  perm eab ility , w hich  a llow s p ro te in s  to 
m ove in to  the  m itochondria . This leads to  sw elling  and  
ru p tu re  of the o u te r m em brane , re leasing  m itochondria l 
con ten ts th a t p ro m o te  apop tosis .

• Myocyte hypercontracture. D u rin g  p erio d s of ischem ia, 
the in trace llu la r levels o f calcium  are  increased  as a 
resu lt of im p a ired  calcium  cycling  a n d  sarco lem m al 
dam age. A fter reperfusion , the con traction  of m yofibrils 
is au g m en ted  a n d  uncon tro lled , causing  cytoskeletal 
dam age a n d  cell death .

• Free radicals, in c lu d in g  superox ide  an io n  (•O -), h y d ro 
gen  perox ide  (H 2 O2), h y poch lo rous acid  (HOCl), n itric  
o x id e -d e riv e d  peroxyn itrite , a n d  h y d roxy l rad icals 
(•O H ). These a re  p ro d u c e d  w ith in  m in u tes  of rep erfu 
sion  a n d  cause dam age  to the m yocytes by  a lte ring  
m em b ran e  p ro te in s  an d  p h o spho lip id s .

• Leukocyte aggregation m ay  occlude the  m icrovascu la tu re  
a n d  con tribu te  to  the  "no-reflow " p h enom enon . F urther, 
leukocytes e laborate  p ro teases a n d  elastases th a t cause 
cell death .

• Platelet and complement activation also  con tribu te  to 
m icrovascu lar in jury . C om plem en t ac tiva tion  is th o u g h t 
to p lay  a ro le  in  the  no-reflow  p h en o m en o n  by in ju ring  
the endo the lium .

The typ ical app earan ce  of rep erfu sed  m y o card iu m  
in  the se tting  of an  acu te  M I is sh o w n  in  F igure 11.12. 
Such in farcts are hem orrhag ic  as a consequence of vas
cu lar in ju ry  a n d  leakiness. M icroscopically, irreversib ly  
d am ag ed  m yocytes after rep erfu sio n  develop  contraction 
band necrosis; in  th is patho log ic  process, in tense  eosino
ph ilic  b an d s  of h y p erco n trac ted  sarcom eres are crea ted  by

a n  influx of calcium  across p lasm a m em branes th a t heigh t
ens actin -m yosin  in teractions. In  the absence of ATP, the 
sarcom eres canno t relax  a n d  get stuck  in  a n  agonal tetanic 
state. T hus, w h ile  rep erfu sio n  can  salvage reversib ly  
in ju red  cells, it a lso  alters the m orp h o lo g y  of irreversib ly  
in ju red  cells.

C lin ica l Features

The classic MI is  heralded by severe, crushing substernal 
chest pain  (or pressure) that can radiate to the neck, jaw , 
epigastrium , or le ft arm. In  co n trast to  ang ina  pectoris, the 
associated  p a in  typically  lasts several m in u te s  to  hours, 
a n d  is n o t re lieved  by n itrog lycerin  o r rest. H ow ever, in  a 
substan tia l m inority  of patien ts (10% to 15%), M Is p resen t w ith  
the atyp ical signs a n d  sym ptom s, a n d  m ay  ev en  be en tirely  
asym ptom atic . Such "silen t"  in farcts a re  particu larly  
com m on in  p a tien ts  w ith  u n d e rly in g  d iabetes m ellitu s (in 
w h ich  au tonom ic  n e u ro p a th y  m ay  p re v e n t p e rcep tio n  of 
pain) a n d  in  o lder adu lts .

The p u lse  generally  is ra p id  a n d  w eak , a n d  p a tien ts  are  
o ften  d iapho re tic  (sw eating) a n d  n au seo u s (particu larly  
w ith  posterio r w all M Is). D yspnea  is com m on, resu lting  
from  im p a ired  m yocard ia l con tractility  a n d  dysfunction  
of the m itra l valve  ap p a ra tu s , w ith  re su lta n t acu te  p u lm o 
n a ry  congestion  a n d  edem a. W ith  m assive  M Is (involv ing  
m ore  th a n  40% of the left ventricle), card iogenic shock 
develops.

Electrocardiographic abnormalities are im p o rta n t for the 
d iagnosis o f MI; these inc lude  Q  w aves, ST segm ent 
changes, a n d  T  w av e  inversions (the la tte r tw o  rep resen t
in g  abnorm alities in  m yocard ia l repo lariza tion ). A rrh y th 
m ias caused  by electrical abnorm alities in  the  ischem ic 
m y o card iu m  a n d  co nduc tion  system  are  com m on; indeed , 
su d d e n  card iac d ea th  from  a le thal a rrh y th m ia  accounts for 
the v as t m ajority  o f M I-related  d ea th s  occu rring  before 
hosp ita lization .

The laboratory evaluation  o f MI is based  on  m easur
in g  b lo o d  lev e ls  o f m acrom olecules that leak out of  
injured m yocardial cells through dam aged cell m em 
branes (Fig. 11.13). These m olecu les inc lude  m yoglobin , 
card iac  tro p o n in s  T a n d  I (TnT, TnI), creatine  k inase  (CK;

- B

Fig. 11.12 Reperfused myocardial infarction. (A) The transverse heart slice (stained with triphenyl tétrazolium chloride) exhibits a large anterior wall myo
cardial infarction that is hemorrhagic because of bleeding from damaged vessels. The posterior wall is at the to p . (B) Hemorrhage and contraction bands, 
visible as prominent hypereosinophilic cross-striations spanning myofibers ( a r r o w ) ,  are seen microscopically.
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Fig. 11.13 Acute increases in myocardium-derived troponin I, myocardial 
creatine kinase (CK-MB), and myoglobin followling myocardial infarction. The 
kinetics of enzyme elevations can be used to estimate the timing of the MI. 
Myoglobin can also be measured, but is substantially less sensitive and specific 
for myocardial injury.

specifically the m yocard ia l isoform , CK-MB), a n d  lactate  
d ehyd rogenase . T ropon ins (and  to  a lesser ex ten t CK-MB) 
h av e  h ig h  specificity a n d  sensitiv ity  for m yocard ia l 
dam age.
• CK-MB has lo n g  been  the b iom arker of m yocard ia l 

in jury , b u t is n o w  tested  for less frequen tly  in  favor of 
the m ore sensitive cardiac-specific tropon ins. Total CK 
activ ity  is n o t a  reliable m ark er of card iac in jury  since 
various isoform s of CK are  fo u n d  in  non-card iac  tissues. 
H ow ever, the CK-MB iso fo rm —princ ipa lly  derived  
from  m yocard ium , b u t also  p re se n t a t low  levels in  skel
e ta l m uscle — is a m ore  specific ind ica to r o f h ea rt 
dam age. CK-MB activ ity  beg ins to  rise  w ith in  2 to  4 
h o u rs  of MI, p eaks a t 24 to  48 hou rs, a n d  re tu rn s  to 
n o rm a l w ith in  app rox im ate ly  72 hours.

• TnI and TnT norm ally  are n o t fo u n d  in  the circulation; 
how ever, after acu te  MI, bo th  a re  detectab le  w ith in  2 to 
4 hou rs, w ith  levels p eak in g  a t 48 h o u rs  an d  rem ain ing  
e leva ted  for 7 to  10 days. P ersistence of e leva ted  tropo 
n in  levels allow s the d iagnosis of a n  acu te  M I to  be 
m ade  long  after CK-MB levels have  re tu rn e d  to  norm al. 
W ith  reperfusion , b o th  tro p o n in  a n d  CK-MB levels m ay  
p eak  earlier ow in g  to  m ore ra p id  w a sh o u t o f the  enzym e 
from  the necrotic tissue.

Consequences and  Com plications o f  M yo card ia l Infarction

E x trao rd inary  p rog ress  has  been  m ad e  in  im p ro v in g  
p a tien t ou tcom es after acu te  MI; the overall in -hosp ita l 
d e a th  ra te  for M I is app rox im ate ly  7% to 8 %, w ith  MI 
associa ted  w ith  ST segm ent e levations (approxim ately  
1 0 % m orta lity ) experiencing  h ig h er m orta lity  ra tes than  
those  w ith o u t (approx im ate ly  6 %). U nfortunate ly , out-of
h o sp ita l m orta lity  is substan tia lly  poorer: one th ird  of ind i
v id u a ls  w ith  STEMIs die, u sua lly  of a n  a rrh y th m ia  w ith in

1  h o u r of sy m p to m  onset, before they  receive ap p ro p ria te  
m edical a tten tion . Such statistics m ake  the rising  ra te  of 
coronary  a rte ry  d isease in  d eve lop ing  coun tries w ith  scarce 
hosp ita l facilities all the  m ore w orrisom e.

N early  th ree  fo u rth s  of p a tien ts  experience one or 
m ore  of the fo llow ing  com plications after a n  acu te  MI 
(Fig. 11.14):
• Contractile dysfunction. In  general, M Is affect left ven 

tricu lar p u m p  function  in  p ro p o rtio n  to  the  vo lum e of 
dam age. In  m ost cases, there  is som e degree  of left ven 
tricu lar fa ilu re  m an ifested  as hypo tension , p u lm o n ary  
congestion , a n d  p u lm o n ary  edem a. Severe "p u m p  
fa ilu re" (cardiogenic shock) occurs in  ro u g h ly  1 0 % of 
pa tien ts  w ith  tran sm u ra l M Is an d  typically  is associated  
w ith  in farcts th a t dam ag e  40% o r m ore of the left 
ventricle.

• Papillary muscle dysfunction. A lth o u g h  p ap illa ry  m uscles 
ru p tu re  in frequen tly  after MI, they often  are dysfunc
tional a n d  can  be poo rly  contractile  as a re su lt o f ische
m ia, lead in g  to  postin farc t m itra l regu rg ita tion . M uch 
later, p ap illa ry  m uscle fibrosis an d  sh o rten in g  o r global 
ven tricu la r d ila tion  also  can  cause m itra l valve 
insufficiency.

• Right ventricular infarction. A lth o u g h  iso la ted  rig h t ven 
tricu lar in farc tion  occurs in  on ly  1% to 3% of M Is, the 
r ig h t ven tric le  is affected by RCA occlusions lead in g  to 
posterio r sep ta l or left v en tricu lar infarction . In  e ither 
case, r ig h t-s id ed  h ea rt fa ilu re  is a com m on  outcom e, 
lead in g  to poo ling  of b lood  in  the ven o u s circu la tion  
an d  system ic hypo tension .

• Myocardial rupture. R u p tu re  com plicates on ly  1% to 5% 
of M Is b u t is frequen tly  fatal w h e n  it occurs. Left ven 
tricu lar free w all ru p tu re  is m ost com m on, u sua lly  
re su ltin g  in  ra p id ly  fatal h em o p erica rd iu m  a n d  card iac 
ta m p o n ad e  (Fig. 11.14A). V en tricu lar sep ta l ru p tu re  
creates a  VSD w ith  left-to -righ t sh u n tin g  (Fig. 11.14B), 
an d  p ap illa ry  m uscle ru p tu re  leads to  severe m itra l 
reg u rg ita tio n  (Fig. 11.14C). R u p tu re  occurs m ost com 
m on ly  w ith in  3 to 7 days after in fa rc tio n —the tim e in  
the hea ling  p rocess w h e n  lysis o f necrotic m y o card iu m  
is m axim al a n d  w h e n  m u ch  of the in farct has  been  con
verted  to soft, friable g ran u la tio n  tissue. R isk factors for 
free w all ru p tu re  include age o lder th a n  60 years, an te 
rio r or la tera l w a ll in farctions, fem ale gender, lack of left 
ven tricu la r h y p e rtro p h y , an d  first M I (since scarring  
associated  w ith  p rio r M Is ten d s to lim it the  risk  for 
m yocard ia l tearing).

• Arrhythmias. M Is lead  to  m yocard ia l irritab ility  a n d  con
d uc tion  d is tu rb an ces th a t can  cause su d d e n  death . 
A pprox im ate ly  90% of p a tien ts  develop  som e fo rm  of 
rh y th m  d istu rbance , w ith  the incidence being  h ig h er in  
STEMIs v ersus NSTEM Is. M I-associated  a rrh y th m ias  
inc lude  h ea rt block of variab le  degree  (inc lud ing  asys
tole), b radycard ia , sup rav en tricu la r tachyarrhy thm ias, 
ven tricu la r p re m a tu re  con tractions or ven tricu la r tachy
cardia, a n d  v en tricu lar fibrillation. The risk  for serious 
a rrh y th m ias  (e.g., v en tricu lar fibrillation) is g rea test in  
the first h o u r a n d  declines thereafter.

• Pericarditis. T ran sm u ra l M Is can  elicit a fib rinohem or- 
rhag ic pericard itis; th is  is a n  ep icard ia l m an ifesta tion  of 
the  u n d e rly in g  m yocard ia l in flam m ation  (Fig. 11.14D). 
H era ld ed  by an te rio r chest p a in  a n d  a pericard ia l
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Fig. 11.14 Complications of myocardial infarction. (A to C) Cardiac rupture. (A) Anterior free wall myocardial rupture ( a r r o w ) .  (B) Ventricular septal rupture 
( a r r o w ) .  (C) Papillary muscle rupture. (D) Fibrinous pericarditis, with a hemorrhagic, roughened epicardial surface overlying an acute infarct. (E) Recent expan
sion of an anteroapical infarct with wall stretching and thinning ( a r r o w )  and mural thrombus. (F) Large apical left ventricular aneurysm ( a r r o w ) .  (A  t o  E , R e p ro d u c e d  

b y  p e r m is s io n  f r o m  S c h o e n  FJ: Interventional and surgical cardiovascular pathology: clinical correlations and basic principles, P h ila d e lp h ia ,  1 9 8 9 ,  S a u n d e rs ;  F, C o u r te s y  

o f W i l l i a m  D . E d w a r d s ,  M D ,  M a y o  C lin ic ,  R o c h e s te r ,  M in n e s o ta . )

friction  rub , pericard itis  typically  ap p ea rs  2 to  3 days 
after in farc tion  a n d  th en  g rad u a lly  reso lves over the 
nex t few  days. Extensive in farcts o r severe pericard ia l 
in flam m ation  occasionally  can  lead  to  large  effusions or 
can  o rgan ize  to  fo rm  dense  adhesions th a t even tually  
m an ifest as a constrictive lesion.

• Chamber dilation. Because of the w eak en in g  of necrotic 
m uscle, there  m ay  be d isp ro p o rtio n a te  stretch ing , th in 
n ing , an d  d ila tion  of the in farc ted  reg ion  (especially 
w ith  an te ro sep ta l infarcts).

• Mural thrombus. W ith  any  infarct, the com bination  of 
a tte n u a te d  m yocard ia l con tractility  (causing  stasis), 
cham ber d ilation , a n d  endocard ia l dam age (causing  a 
th rom bogen ic  surface) can  foster mural thrombosis (Fig. 
11.14E), eventually  lead ing  to  left-sided thromboembolism.

• Ventricular aneurysm. A late com plication , an eu ry sm s of 
the ven tricle  m ost com m only  re su lt from  a large  trans
m u ra l an te ro sep ta l in farc t th a t heals w ith  the fo rm ation  
of a th in n ed  w all of scar tissue (Fig. 11.14F). A lthough  
v en tricu la r an eu ry sm s frequen tly  give rise to  fo rm ation  
of m u ra l th rom bi, a rrh y th m ias, a n d  h e a rt failure, they 
do  n o t ru p tu re .

• Progressive heart failure. This is d iscussed  u n d e r  " C hronic 
Ischem ic H ea rt D isease"  next.

The risk  for com plications a n d  the  overall p rognosis 
d e p e n d s  on  in farc t size, site, a n d  type  (subendocard ia l 
v e rsu s tran sm u ra l infarct). T hus, large  tran sm u ra l infarcts 
a re  associa ted  w ith  a h ig h er p robab ility  of card iogenic 
shock, a rrhy thm ias, a n d  la te  CHF, a n d  p a tien ts  w ith  an te 
rio r tran sm u ra l M Is are a t g rea test risk  for free w all ru p tu re , 
expansion , an eu ry sm  form ation , a n d  fo rm ation  of m u ra l 
th rom bi. By contrast, po ste rio r tran sm u ra l in farcts are  
m ore  likely to  be com plicated  by  co nduc tion  blocks, r ig h t 
v en tricu la r invo lvem ent, o r both; w h e n  ven tricu la r sep tal 
ru p tu re s  occur in  th is area , they are  m ore d ifficult to 
m anage. O verall, p a tien ts  w ith  an te rio r infarcts have  a 
m u ch  m ore  g u a rd e d  p rognosis  th an  those w ith  posterio r 
infarcts. W ith  su bendocard ia l infarcts, th rom bi m ay  fo rm  
o n  the  endocard ia l surface, b u t pericard itis , ru p tu re , an d  
an eu ry sm s rare ly  occur.

In  ad d itio n  to  the  afo rem en tioned  scarring , the rem ain 
in g  v iable m y o card iu m  a ttem p ts  to  com pensa te  for the  loss 
o f contractile  m ass. N on in farc ted  reg ions u n d e rg o  h y p er
tro p h y  a n d  d ilation; in  com bination  w ith  the scarring  and  
th in n in g  of the in farc ted  zones, the changes a re  collectively 
te rm ed  ventricular remodeling. The in itial com pensa to ry  
h y p e rtro p h y  of non in fa rc ted  m y o card iu m  is hem odynam i- 
cally beneficial. The ad ap tiv e  effect of rem ode ling  can  be
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o v erw helm ed , how ever, a n d  v en tricu lar function  m ay 
decline in  the  se tting  of v en tricu lar an eu ry sm  form ation .

The long -te rm  p rognosis  after M I d e p en d s  on  m any  
factors, the  m o st im p o rta n t o f w h ich  are  the quality  of left 
ven tricu la r function  a n d  the  severity  o f a therosclero tic  n a r
ro w in g  of vessels p e rfu sin g  the rem ain in g  viable m yocar
d ium . The overall m orta lity  ra te  w ith in  the  first y ea r is 
a b o u t 30%, in c lu d in g  d ea th s  occu rring  before the pa tien t 
reaches the  hosp ita l. T hereafter, the  an n u a l m orta lity  ra te  
for p a tien ts  w h o  have  su ffered  an  M I is 3% to 4%.

Chronic Ischemic Heart Disease

Chronic IH D , also called  ischem ic cardiom yopathy, is  
progressive heart failure secondary to ischem ic myocar
d ial dam age . In  m ost instances, there  is a k n o w n  clinical 
h is to ry  of p rev io u s MI. A fter p rio r  infarction(s), chronic 
IH D  a p p ea rs  w h e n  the com pensa to ry  m echan ism s (e.g., 
h y p ertro p h y ) of resid u a l m y o card iu m  beg in  to fail. In 
o th e r cases, severe C A D  can  cause diffuse m yocard ia l dys
function , a n d  ev en  m icro-infarction  a n d  rep lacem en t fibro
sis, w ith o u t an y  clinically ev id en t ep isode  of frank  
infarction.

The h e a rt failu re of chronic IH D  is typically  severe an d  
is occasionally  p u n c tu a te d  by new  ep isodes of an g in a  o r 
infarction . A rrhy thm ias, CHF, a n d  in te rcu rren t M I accoun t 
for m ost o f the associa ted  m o rb id ity  a n d  m orta lity .

^  M O R P H O L O G Y

Patients with chronic IH D  typically exhibit left ventricular dila

tion and hypertrophy, often with discrete areas of gray-white 

scarring from previous healed infarcts. Invariably, there is moder

ate to severe atherosclerosis of the coronary arteries, some

times with total occlusion. The endocardium generally shows 

patchy, fibrous thickening, and mural thrombi may be present. 

Microscopic findings include myocardial hypertrophy, diffuse sub

endocardial myocyte vacuolization, and fibrosis from previous 

infarction.

Cardiac Stem Cells

Because of the serious m o rb id ity  associa ted  w ith  IHD, 
there  is m u ch  in te rest in  exp lo ring  the possib ility  of u sing  
card iac stem  cells to rep lace d am ag ed  m yocard ium . 
A lth o u g h  card iac  reg en era tio n  in  m etazoans (such as 
new ts  a n d  zebrafish) is w ell described , card iac m yocytes 
o f h ig h er-o rd er an im als a re  classically considered  a po st
m ito tic  cell p o p u la tio n  w ith o u t rep licative  po ten tia l. 
Increasing  evidence, how ever, p o in ts  to the p resence of 
bone m a rro w -d e riv e d  p recu rso rs  — as w ell as a sm all resi
d e n t stem  cell p o p u la tio n  w ith in  the  m y o c a rd iu m —capable 
of re p o p u la tin g  the m am m alian  heart. These cells express 
a  c luste r o f cell surface m arkers  th a t allow  the ir iso lation  
an d  purification , a n d  like all o th e r tissue stem  cells, they 
occur in  very  low  frequency.

B esides self-renew al, these card iac stem  cells can  gen
era te  all cell lineages seen w ith in  the m yocard ium . They 
have  a slow  in trinsic  ra te  o f p ro lifera tion , w h ich  is g reatest

in  neonates a n d  decreases w ith  age. O f in terest, stem  cell 
n u m b ers  a n d  p ro g en y  also  increase a fter m yocard ia l in jury  
o r  h y p ertro p h y , a lbeit to a  lim ited  extent, since hearts  th a t 
suffer an  M I clearly  do  n o t recover any  significant function  
in  the necrotic zone. N evertheless, the p o ten tia l for stim u 
la ting  the p ro life ra tion  of these  cells in vivo  is tan ta liz ing  
because it cou ld  facilitate recovery  o f m yocard ia l function  
after acu te  M I or chronic IH D . Ex v ivo  expansion  an d  sub 
seq u en t ad m in is tra tio n  o f such  cells after an  M I is ano th er 
a rea  of v igo rous investigation . U nfortunate ly , resu lts  th u s 
far have  been  less th an  exciting.

®  S U M M A R Y

IS C H E M IC  H E A R T  DISEASE

• In the vast majority of cases, cardiac ischemia is due to  coro

nary artery atherosclerosis; vasospasm, vasculitis, and embo

lism are less common causes.

• Cardiac ischemia results from a mismatch between coronary 

supply and myocardial demand and manifests as different, albeit 

overlapping syndromes:

• A n g in a  p e c t o r i s  is exertional chest pain due to  inadequate 

perfusion, and is typically due to  atherosclerotic disease 

causing greater than 70% fixed stenosis (so-called “critical 

stenosis”).

• U n s t a b l e  a n g i n a  is characterized by increasingly frequent pain, 

precipitated by progressively less exertion or even occurring 

at rest. It results from an erosion or rupture of atheroscle

rotic plaque triggering platelet aggregation, vasoconstriction, 

and formation of a mural thrombus that need not necessarily 

be occlusive.

• A c u t e  m y o c a r d i a l  i n f a r c t i o n  typically results from acute throm 

bosis after plaque disruption; a majority occur in plaques that 

did not previously exhibit critical stenosis.

• S u d d e n  c a r d ia c  d e a t h  usually results from a fatal arrhythmia, 

typically without significant acute myocardial damage.

• I s c h e m ic  c a r d i o m y o p a t h y  is progressive heart failure due to  

ischemic injury, either from previous infarction(s) or chronic 

ischemia.

• Myocardial ischemia leads to  loss of myocyte function within

1 to  2 minutes but causes death after only 30 to  40 minutes. 

Myocardial infarction is diagnosed on the basis of symptoms, 

electrocardiographic changes, and measurement of serum bio

markers such as cardiac-specific troponins. Gross and histo

logic changes of infarction require hours to days to develop.

• Infarction can be modified by therapeutic intervention (e.g., 

thrombolysis or stenting), which salvages myocardium at risk 

but may also induce reperfusion-related injury.

• Complications of infarction include ventricular rupture, papil

lary muscle rupture, aneurysm formation, mural thrombus, 

arrhythmia, pericarditis, and CHF.

ARRHYTHMIAS

Aberrant rhythm s can be in itia ted  anyw here in  the con
duction  system , from  the sinoatrial (SA) node d ow n  to 
the lev e l o f an in d iv id u a l m yocyte; they are typ ically  
d esignated  as originating from  the atrium  (supraventricu 
lar) or w ith in  the ventricular m yocardium . A bnorm alities 
in  m yocard ia l conduc tion  can  be su sta in ed  o r sporad ic
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(paroxysmal). They can  m an ifest as tachycardia (fast h ea rt 
rate), bradycardia (slow  h ea rt rate), a n  irreg u la r rh y th m  
w ith  n o rm al ven tricu la r contraction , chaotic depo lariza 
tion  w ith o u t functional ven tricu la r con traction  (ventricular 
fibrillation), or no  electrical activ ity  a t a ll (asystole). P atien ts 
m ay  be u n aw are  of a rh y th m  d iso rder, o r m ay  no te  a 
" rac in g  h ea rt"  or palpitations (irregu lar rhy thm ); loss of 
ad eq u a te  card iac  o u tp u t d u e  to  su sta ined  a rrh y th m ia  can 
p ro d u ce  lig h th ead ed n ess  (near syncope), loss of conscious
ness (syncope), o r sudden cardiac death (see later).

Ischem ic injury is the m ost com m on cause o f rhythm  
disorders, either th ro u g h  d irec t dam age or th ro u g h  the 
d ila tion  of h e a rt cham bers th a t a lte rs signal conduction .
• If the  SA n o d e  is d am ag ed  (e.g., sick sinus syndrome), 

o th e r fibers o r ev en  the a trio v en tricu la r (AV) n ode  can 
take over pacem aker function , a lbeit a t a m u ch  slow er 
in trinsic  ra te  (causing  b radycard ia).

• If the a tria l m yocytes becom e " irritab le"  a n d  depo larize  
in d ep en d en tly  an d  sporad ically  (as occurs w ith  a tria l 
d ilation), the  signals a re  variab ly  tran sm itted  th ro u g h  
the AV n o d e  lead in g  to  the ra n d o m  " irreg u la rly  irreg u 
lar" h e a rt ra te  o f atrial fibrillation.

• If the A V n ode  is dysfunctional, v a ry in g  degrees of heart 
block occur, ran g in g  from  sim ple  p ro lo n g a tio n  of the  P-R 
in terva l on  the ECG (first-degree heart block), to  in te rm it
ten t transm ission  of the signal (second-degree heart block), 
to  com plete fa ilu re  (third-degree heart block).

C erta in  heritab le  cond itions (fo rtunate ly  rare) can  also 
cause  a rrhy thm ias. They are  im p o rta n t to  recognize 
because they  m ay  a le rt p hysic ians to  the need  for in te rven 
tion  to  p re v e n t su d d e n  card iac  d e a th  (d iscussed  later) in  
the  p ro b a n d  a n d  their fam ily  m em bers. Som e of these 
d iso rd ers  a re  associated  w ith  recognizab le  ana tom ic  abno r
m alities (e.g., congen ita l anom alies, h y p ertro p h ic  card io 
m y o p a th y , m itra l valve  pro lapse). H ow ever, o ther heritab le  
d iso rd ers  p rec ip ita te  a rry th m ias a n d  su d d e n  d e a th  in  the 
absence of s tru c tu ra l card iac  p a tho logy  (so-called "p rim a ry  
electrical d iso rders"). These synd rom es can  on ly  be d iag 
n o sed  by  genetic  testing , w h ich  is perfo rm ed  in  those w ith  
a  positive  fam ily  h is to ry  o r a n  u n ex p la in ed  non le tha l 
a rrh y th m ia . The m ost im p o rta n t of these  are the  channelo- 
pathies, w h ich  are caused  by m u ta tio n s  in  genes th a t are  
req u ired  for n o rm al function  of Na+, K+, a n d  Ca+ channels. 
Since ion  channels a re  responsib le  for co nduc ting  the  elec
trical cu rren ts  th a t m ed ia te  con trac tion  of the heart, it is n o t 
su rp ris in g  th a t defects in  these channels m ay  p rovoke  
arry thm ias. The p ro to ty p e  is the long QT syndrome, charac
terized  by p ro lo n g a tio n  of the  Q T segm en t in  ECGs an d  
suscep tib ility  to  m alig n an t v en tricu lar a rrhy thm ias. M u ta 
tions in  several d iffe ren t genes accoun t for the cases o f long  
Q T syndrom e, w ith  KCNQ1 being  the m ost com m on; it 
resu lts  in  decreased  p o ta ss iu m  curren ts.

Sudden Cardiac Death

Su d d en  cardiac death (SCD) is defined  as unexpected  
death due to a lethal arrhythm ia such as asystole or sus
ta in ed  ventricular fibrillation. R oughly  400,000 in d iv id u 
als are v ictim s of SCD each y ear in  the U n ited  States. 
C o ronary  a rte ry  d isease  is the  lead in g  cause of SCD, being  
responsib le  for 80% to 90% of cases. U nfortunate ly , SCD

m ay  be the  first m an ifesta tion  of IH D . O f in terest, au to p sy  
typically  show s severe a therosclero tic  d isease w ith o u t evi
dence o f acu te  p laq u e  d isru p tio n . T hus, in  the  v ast m ajority  
o f cases, there  is no  associa ted  m yocard ia l infarction; 80% 
to 90% of p a tien ts  w h o  suffer SCD b u t are successfully  
resusc ita ted  d o  n o t show  any  enzym atic  o r ECG evidence 
of m yocard ia l n e c ro s is - e v e n  if the cause is IHD! H ealed  
rem o te  M Is are  p re sen t in  ab o u t 40% of cases.

In  y o u n g e r v ictim s of SCD, nonatherosclero tic  causes 
a re  m ore com m on, in c lu d in g  the  follow ing:
• H ered ita ry  (channelopath ies) o r acqu ired  abnorm alities 

of the card iac co nduc tion  system
• C ongen ita l co ronary  arte ria l abnorm alities
• M itra l valve  p ro lapse
• M yocard itis  o r sarcoidosis
• D ila ted  or h y p ertro p h ic  card io m y o p a th y
• P u lm o n ary  h y p erten sio n
• M yocard ia l h y p e rtro p h y . Increased  card iac  m ass is an  

in d e p e n d e n t risk  factor for SCD; thus, in  som e y o u n g  
in d iv id u a ls  w h o  d ie  su d d en ly , in c lu d in g  ath letes, 
hyp erten siv e  h y p e rtro p h y  or unex p la in ed  increased  
card iac m ass is the  on ly  patho log ic  finding.

A lth o u g h  ischem ic in jury  (and  o th e r patho log ic  cond i
tions) can  d irectly  affect the  m ajor com ponen ts o f the  con
d uc tion  system , m o st cases of fatal a rrh y th m ia  are  triggered  
by electrical irritab ility  o f m y o card iu m  d is tan t from  the 
conduction  system .

The p rognosis  o f m an y  p a tien ts  a t risk  for SCD, inc lud 
ing  those w ith  chronic IH D , is m ark ed ly  im p ro v ed  by 
im p lan ta tio n  of a  pacem aker o r a n  au tom atic  card ioverte r 
defibrilla tor, w h ich  senses a n d  electrically coun teracts an  
ep isode  of ven tricu la r fibrillation.

The re la tionsh ip  of co ronary  arte ry  d isease to  the various 
clinical en d  p o in ts  d iscussed  earlier is d ep ic ted  in  
Fig. 11.15.

®  S U M M A R Y

A R R H Y T H M IA S

• Arrhythmias can be caused by ischemic or structural changes 

in the conduction system or by myocyte electrical instability. 

In structurally normal hearts, arrhythmias more often are due 

to mutations in ion channels that cause aberrant repolarization 

or depolarization.

• SCD most frequently is due to coronary artery disease leading 

to ischemia. Myocardial irritability typically results from nonle

thal ischemia or from preexisting fibrosis from previous myo

cardial injury. SCD less often is due to acute plaque rupture 

with thrombosis that induces a rapidly fatal arrhythmia.

HYPERTENSIVE HEART DISEASE

H ypertensive  h ea rt d isease (H H D ) is a consequence of the 
increased  d em an d s p laced  on  the  h ea rt by hypertension , 
causing  p ressu re  overload  an d  ven tricu lar h y p ertrophy . As 
d iscussed  in  C hap ter 10, h ypertension  is a com m on d isor
d e r associated  w ith  considerab le m orb id ity  an d  affecting 
m an y  organs, inc lud ing  the heart, brain , an d  k idneys. The 
com m ents here  w ill focus specifically o n  the m ajor cardiac

http://ebooksmedicine.net

http://ebooksmedicine.net


Hypertensive Heart Disease 421

Fig. 11.15 Pathways in the progression of ischemic heart disease showing 
the relationships among coronary artery disease and its major sequelae.

com plications of hypertension , w h ich  resu lt from  p ressu re  
overload  a n d  ven tricu lar h y p ertrophy . M yocyte h y p ertro 
p h y  is a n  ad ap tiv e  response  to p ressu re  overload; there  are 
lim its to  m yocard ia l ad ap tiv e  capacity , how ever, an d  persis
ten t h ypertension  even tually  can  culm inate  in  dysfunction , 
cardiac d ilation, CHF, an d  even  su d d e n  death . A lthough  
hypertensive  h ea rt disease m ost com m only  affects the left

side of the h ea rt secondary  to  system ic hypertension , p u l
m onary  h ypertension  also can  cause righ t-sided  h y perten 
sive c h a n g e s -so -c a lle d  "co r pu lm onale ."

Systemic (Left-Sided) Hypertensive 
Heart Disease

The criteria  for the  d iagnosis of system ic h ypertensive  
h e a rt d isease a re  (1 ) left v en tricu la r h y p e rtro p h y  in  
the  absence of o th e r card iovascu lar pa th o lo g y  (e.g., 
v a lv u la r stenosis), a n d  (2 ) a h is to ry  or pa tho log ic  evidence 
of hypertension . The F ram in g h am  H e a rt S tudy  estab 
lished  unequ ivocally  th a t even  m ild  h y p erten sio n  (above 
140 /90  m m  H g), if sufficiently  p ro longed , induces left 
v en tricu la r h y p e rtro p h y . R oughly  25% of the  U.S. p o p u la 
tion  suffers from  a t least th is  degree  of hypertension .

M O R P H O L O G Y

As discussed earlier, systemic hypertension imposes pressure 

overload on the heart and is associated with gross and micro

scopic changes somewhat distinct from those caused by volume 

overload. The essential feature of hypertensive heart disease is 

left ventricular hypertrophy, typically without ventricular dilation 

until very late in the process (Fig. I I . I 6 A ). The heart weight can 

exceed 500 g (normal for a 60- to 70-kg individual is 320 to  

360 g), and the left ventricular wall thickness can exceed 2.0 cm 

(normal is 1.2 to 1.4 cm). W ith  time, the increased left ventricu

lar wall thickness imparts a stiffness that impairs diastolic filling 

and can result in left atrial dilation. In long-standing systemic 

hypertensive heart disease leading to congestive failure, the 

hypertrophic left ventricle typically is dilated.

Microscopically, the transverse diameter of myocytes is 

increased and there is prominent nuclear enlargement and hyper- 

chromasia (“boxcar nuclei”), as well as intercellular fibrosis (see 

also Fig. I I . I D ).

Fig. 11.16 Hypertensive heart disease. (A) Systemic (left-sided) hypertensive heart disease. There is marked concentric thickening of the left ventricular wall 
causing reduction in lumen size. The left ventricle and left atrium are shown on the r ig h t  in this four-chamber view of the heart. A pacemaker is present 
incidentally in the right ventricle ( a r r o w ) .  Note also the left atrial dilation ( a s te r is k )  due to stiffening of the left ventricle and impaired diastolic relaxation, 
leading to atrial volume overload. (B) Chronic cor pulmonale. The right ventricle ( s h o w n  o n  th e  le f t )  is markedly dilated and hypertrophied with a thickened 
free wall and hypertrophied trabeculae. The shape and volume of the left ventricle have been distorted by the enlarged right ventricle.
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Clinical Features

C o m p en sa ted  H H D  typically  is a sym ptom atic  a n d  is sus
pec ted  on ly  from  d iscovery  of e levated  b lood  p re ssu re  on  
ro u tin e  physical exam ination , o r from  ECG or echocardio- 
g raph ic  find ings of left v en tricu lar h y p e rtro p h y . In  som e 
pa tien ts, the  d isease com es to  a tten tio n  w ith  the  onse t of 
a tria l fib rilla tion  (secondary  to  left a tria l en largem ent) 
a n d /o r  CHF. The m echan ism s by  w h ich  h y p erten sio n  
leads to  h ea rt fa ilu re  are incom plete ly  u n d ersto o d ; p re 
sum ably  the  h y p ertro p h ic  m yocytes fail to  con tract effi
ciently, possib ly  d u e  to  s tru c tu ra l abnorm alities in  new ly  
assem bled  sarcom eres a n d  because the vascu lar su p p ly  is 
in ad eq u a te  to  m eet the d em a n d s  of the increased  m uscle 
m ass. D ep en d in g  on  the severity  a n d  d u ra tio n  of the cond i
tion, the  u n d e rly in g  cause of hypertension , a n d  the  ad e 
quacy  of the rapeu tic  contro l, p a tien ts  can  (1 ) enjoy no rm al 
longev ity  an d  d ie  of u n re la ted  causes, (2) develop  IH D  
ow ing  to  the effects o f h y p e rten s io n  in  p o ten tia tin g  coro
n a ry  atherosclerosis, (3) suffer rena l dam ag e  o r cerebrovas
cu lar stroke, o r (4) experience congestive h e a rt failure. The 
risk  for SCD also  is increased . Effective h y p erten sio n  
contro l can  p re v e n t o r lead  to  the  reg ression  of card iac 
h y p e rtro p h y  a n d  its a tte n d a n t risks.

Pulmonary Hypertensive Heart Disease—
Cor Pulmonale

Cor p u lm onale consists o f right ventricular hypertrophy  
and d ila tio n —frequently  accom panied b y  right-sided  
heart failure — caused by pulm onary hypertension  attrib
utable to primary disorders o f the lu n g  parenchym a or 
pulm onary vasculature (Table 11.3). R ight ven tricu lar 
d ila tion  a n d  h y p e rtro p h y  caused  by left v en tricu lar failu re 
(or by  congenita l h ea rt disease) is substan tia lly  m ore 
com m on b u t is excluded  by th is  defin ition .

C or p u lm o n a le  can  be acu te  in  onset, as w ith  p u lm o n ary  
em bolism , o r can  have  a slow  a n d  in sid ious onse t w h e n  
d u e  to  p ro lo n g ed  p re ssu re  overload  in  the se tting  of chronic 
lu n g  a n d  p u lm o n ary  vascu lar d isease (see Table 11.3).

M O R P H O L O G Y

In a c u te  c o r p u lm o n a le , the right ventricle usually shows only 

dilation; if an embolism causes sudden death, the heart may even 

be of normal size. C h ro n ic  c o r p u lm o n a le  is characterized by 

right ventricular (and often right atrial) hypertrophy. In extreme 

cases, the thickness of the right ventricular wall may be compa

rable to  or even exceed that of the left ventricle (Fig. I I . I 6 B). 

W hen ventricular failure develops, the right ventricle and atrium 

often are dilated. Because chronic cor pulmonale occurs in the 

setting of pulmonary hypertension, the pulmonary arteries often 

contain atheromatous plaques and other lesions, reflecting long

standing pressure elevations.

VALVULAR HEART DISEASE

V alvu lar d isease m ay  resu lt in  stenosis, insufficiency 
(regu rg ita tion  o r incom petence), o r both .
• Stenosis is the  fa ilu re  of a valve  to  o p e n  com pletely , 

ob stru c tin g  fo rw ard  flow. V alvular stenosis is a lm ost

Table 11.3 Disorders Predisposing to  C o r Pulm onale

Diseases o f th e  P u lm o nary  Parenchym a

Chronic obstructive pulmonary disease

Diffuse pulmonary interstitial fibrosis

Pneumoconiosis

Cystic fibrosis

Bronchiectasis

Diseases o f th e  P u lm o nary  Vessels

Recurrent pulmonary thromboembolism 

Primary pulmonary hypertension

Extensive pulmonary arteritis (e.g., Granulomatosis with polyangiitis) 

Drug-, toxin-, or radiation-induced vascular obstruction 

Extensive pulmonary tumor microembolism

Disorders A ffec ting  C hest M ovem en t

Kyphoscoliosis

Marked obesity (Pickwickian syndrome) 

Neuromuscular diseases

Disorders Inducing P u lm o nary  A r te r ia l C onstric tion

Metabolic acidosis 

Hypoxemia

Obstructive sleep apnea 

Idiopathic alveolar hypoventilation

l S UMMARY

HYPERTENSIVE HEART DISEASE

• Hypertensive heart disease can affect either the left ventricle 

or the right ventricle; in the latter case, the disorder is most 

often due to  primary pulmonary disease and is called c o r  p u l 

m o n a l e .  Elevated pressures induce myocyte hypertrophy and 

interstitial fibrosis that increases wall thickness and stiffness.

• The chronic pressure overload of systemic hypertension 

causes left ventricular concentric hypertrophy, often associated 

with left atrial dilation due to  impaired diastolic filling of the 

ventricle. Persistently elevated pressure overload can cause 

ventricular failure with dilation.

• C or pulmonale results from pulmonary hypertension due to  

primary lung parenchymal or vascular disorders. Hypertrophy 

of both the right ventricle and the right atrium is characteristic; 

dilation also may be seen when failure supervenes. * •

a lw ays d u e  to  a p rim ary  cuspal abno rm ality  stem m ing  
from  a chronic p rocess (e.g., calcification o r valve 
scarring).

• Insufficiency re su lts  from  failu re of a valve  to  close 
com pletely , thereby  a llow ing  reg u rg ita tio n  (backflow) 
of blood. V alvu lar insufficiency can  re su lt from  either 
in trinsic  d isease of the valve  cusps (e.g., endocard itis) 
o r d is ru p tio n  of the  su p p o rtin g  s tru c tu res  (e.g., the 
aorta , m itra l an n u lu s, ten d in o u s  cords, p ap illa ry  
m uscles, o r ven tricu la r free w all) w ith o u t p rim ary  
cuspal in jury . It can  ap p e a r ab ru p tly , as w ith  cho rda l 
ru p tu re , o r in sid iously  as a consequence of leaflet scar
ring  an d  retraction .

Stenosis o r reg u rg ita tio n  m ay  occur alone o r toge ther in
the sam e valve. V alvu lar d isease can  involve on ly  one
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valve  (the m itra l valve  being  the m ost com m on target), o r 
m ore  th a n  one valve. T u rb u len t flow  th ro u g h  d iseased  
valves typically  p ro d u ces  ab n o rm al h ea rt so u n d s  called 
murmurs; severe lesions can  even  be ex ternally  p a lp a te d  as 
thrills. D ep en d in g  o n  the  valve  involved , m u rm u rs  are best 
h e a rd  a t d iffe ren t locations o n  the chest w all; m oreover, the 
n a tu re  (regu rg ita tion  v ersu s stenosis) a n d  severity  of 
the  v a lv u la r d isease d e term ines the q ua lity  a n d  tim ing  of 
the  m u rm u r (e.g., h a rsh  systolic o r soft d iasto lic m urm urs).

The ou tcom e of v a lv u la r d isease d e p en d s  o n  the valve 
invo lved , the  degree  of im pairm en t, the tem po  of its devel
o pm en t, a n d  the  effectiveness of com pensa to ry  m echa
n ism s. For exam ple, ra p id  d estru c tio n  of a n  aortic  valve  
cusp  by in fection  can  cause m assive  reg u rg ita tio n  a n d  the 
a b ru p t o n se t of card iac  failure. By contrast, rh eum atic  
m itra l stenosis u sua lly  p rog resses over years, an d  its clini
cal effects are  w ell to le ra ted  u n til la te  in  the course.

V alvu lar abnorm alities can  be congen ita l or acqu ired . By 
far the m ost com m on  congenita l v a lv u la r lesion is a  bicuspid 
aortic valve, con ta in ing  on ly  tw o  functional cusps in stead  of 
the  n o rm al three; th is  m alfo rm ation  occurs w ith  a frequency  
of 1 % to 2 % of all live b irths, a n d  has been  associa ted  w ith  
a  n u m b er of m u ta tions, in c lu d in g  those affecting  p ro te in s  
o f the  N o tch  signaling  p a th w ay . The tw o  cusps a re  of 
u n e q u a l size, w ith  the la rger cusp  exh ib iting  a m id line  raphe 
resu ltin g  from  incom plete  cuspal sep ara tio n  (Fig. 11.17B). 
B icuspid  aortic  valves are generally  ne ithe r stenotic  no r 
incom peten t th ro u g h  early  life; how ever, they  are  m ore 
p ro n e  to  early  a n d  p rog ressive  d egenera tive  calcification 
th a t gives rise to  stenosis (see later).

The m ost im p o rtan t causes of acqu ired  v a lv u la r d is
eases are  su m m arized  in  Table 11.4; acqu ired  stenoses of 
the  aortic  a n d  m itra l valves accoun t for app rox im ate ly  tw o 
th ird s  o f all valve  d isease.

Degenerative Valve Disease

Degenerative valve disease is a te rm  u sed  to  describe changes 
th a t affect the  in teg rity  o f v a lv u la r ECM . D egenerative 
changes include the follow ing:
• Calcifications, w h ich  can  be cuspal (typically  in  the aortic  

valve) (Fig. 11.17A an d  B) o r an n u la r  (in  the  m itra l 
valve) (Fig. 11.17C a n d  D). M itral an n u la r  calcification 
is u sua lly  asym ptom atic  un less it encroaches on  the 
ad jacen t conduc tion  system .

• Alterations in the ECM. In  som e cases, changes consist of 
increased  p ro teog lycan  a n d  d im in ish ed  fibrillar colla
gen  a n d  e lastin  (myxomatous degeneration); in  o th e r cases, 
the  valve  becom es fibrotic a n d  scarred.

• Changes in the production of matrix metalloproteinases or 
their inhibitors

• Degenerative changes in the cardiac valves are p ro b ab ly  an  
inev itab le  aspect of ag ing  re la ted  to  the repe titive  
m echanical stresses to  w h ich  valves a re  su b jec ted —40 
m illion  beats p e r year, w ith  each  no rm al o p en in g  an d  
closing  req u irin g  substan tia l valve  defo rm ation .

Calcific A ortic  Stenosis

Calcific aortic degeneration is the most common cause of aortic 
stenosis. In  m ost cases, calcific d eg en era tio n  is asy m p to m 
atic  a n d  is d iscovered  on ly  inc iden ta lly  by  v iew ing

Table 11.4 Etiology of Acquired H e a rt  Valve Disease

M itra l V a lve  D isease A o rt ic  V a lve  D isease

M itra l Stenosis A o rtic  Stenosis

Postinflammatory scarring Postinflammatory scarring
(rheumatic heart disease) (rheumatic heart disease) 

Senile calcific aortic stenosis 
Calcification of congenitally 

deformed valve

M itra l R egurg itation A o rtic  R egurg itation

Abnormalities of leaflets and Intrinsic valvular disease
commissures Postinflammatory scarring
Postinflammatory scarring (rheumatic heart
Infective endocarditis disease)
Mitral valve prolapse Infective endocarditis
“Fen-phen”-induced valvular Aortic disease

fibrosis Degenerative aortic
Abnormalities of tensor apparatus dilation

Rupture of papillary muscle Syphilitic aortitis
Papillary muscle dysfunction Ankylosing spondylitis

(fibrosis) Rheumatoid arthritis
Rupture of chordae tendineae 

Abnormalities of left ventricular 
cavity and/or annulus 
Left ventricular enlargement 

(myocarditis, dilated 
cardiomyopathy) 

Calcification of mitral ring

Marfan syndrome

Fen-phen, Fenfluramine-phentermine.
Data from Schoen FJ: Surgical pathology of removed natural and prosthetic valves, 
H u m  P a th o l 18:558, 1987.

Rg. I I . I 7  Calcific valvular degeneration. (A) Calcific aortic stenosis of a 
previously normal valve (viewed from above the valve). Nodular masses of 
calcium are heaped up within the sinuses of Valsalva ( a r r o w ) .  Note that the 
commissures are not fused, as in rheumatic aortic valve stenosis (see Fig. 
I I . I 9C). (B) Calcific aortic stenosis occurring on a congenitally bicuspid 
valve. One cusp has a partial fusion at its center, called a raphe ( a r r o w ) .  

(C and D) Mitral calcification, with calcific nodules within the annulus (attach
ment margin) of the mitral leaflets ( a r r o w s ) . (C) Left atrial view. (D) Section 
demonstrating the extension of calcification into the underlying myocardium. 
Such involvement of adjacent structures near the interventricular septum 
can impinge on the conduction system.

http://ebooksmedicine.net

http://ebooksmedicine.net


424 C H A P T E R  11 Heart

calcifications o n  a ro u tin e  chest ra d io g ra p h  or a t au topsy . 
In  o ther pa tien ts, v a lv u la r sclerosis a n d /o r  calcification can 
be severe en o u g h  to  cause stenosis, necessita ting  surgical 
in te rven tion . The incidence of calcific aortic  stenosis is 
increasing  in  pace w ith  longevity . In  anatom ically  no rm al 
valves, it typically  beg ins to  m an ifest w h e n  p a tien ts  reach 
their 70s a n d  80s; onse t w ith  b icusp id  aortic  valves is a t a 
m u ch  earlier age (often 40 to 50 y ears  o f age).

A lth o u g h  sim ple p rog ressive  age-associated  "w e a r and  
tear" is o ften  invoked  to  exp lain  the process, cuspal fibrosis 
an d  calcification also  can  be v iew ed  as the v a lv u la r coun 
te rp arts  to age-re la ted  arteriosclerosis. T hus, chronic in ju ry  
d u e  to  h y perlip idem ia , h ypertension , in flam m ation , an d  
o ther factors im p licated  in  a therosclerosis have  been  p ro 
p o sed  as con tribu to rs  to v a lv u la r degenera tive  changes, 
b u t firm  ev idence is lacking.

M O R P H O L O G Y

The hallmark of calcific aortic stenosis is heaped-up calcified 

masses on the outflow side of the cusps; these protrude into the 

sinuses of Valsalva and mechanically impede valve opening (Fig. 

I I . I 7 A  and B); commissural fusion (usually a sign of previous 

inflammation) is not a typical feature of degenerative aortic 

stenosis, although the cusps may become secondarily fibrosed 

and thickened. An earlier, hemodynamically inconsequential stage 

of the calcification process is called a o r t i c  v a l v e  s c le r o s is .

C lin ica l Features

In  severe disease, valve  orifices can  be co m prom ised  by as 
m u ch  as 70% to 80% (from  a no rm al a rea  of approx im ate ly  
4 cm 2). C ard iac  o u tp u t is m ain ta in ed  on ly  by  v irtu e  of 
concentric  left v en tricu lar h y p ertro p h y ; the  chronic 
ou tflow  o bstruc tion  can  d rive  left ven tricu la r p ressu res  to 
200 m m  H g  or m ore. The h y p e rtro p h ie d  m y o card iu m  is 
p ro n e  to  ischem ia, a n d  ang ina  m ay  develop . Systolic an d  
d iasto lic  d ysfunction  co llude to  cause CHF, a n d  card iac 
d ecom pensa tion  even tua lly  ensues. The d ev e lo p m en t of 
ang ina, CHF, or syncope in  aortic  stenosis h e ra ld s  the 
exhaustion  of com pensa to ry  card iac h y p erfu n c tio n  an d  
carries a p o o r p rognosis; w ith o u t surg ical in te rven tion , 
50% to 80% of p a tien ts  die w ith in  2 to  3 years.

M yxo m ato u s  M itra l Valve

In  myxomatous degeneration of the mitral valve, one o r bo th  
m itra l leaflets are  "flo p p y " a n d  p ro lap se  — they balloon 
back  in to  the  left a tr iu m  d u rin g  systole. P rim ary  mitral 
valve prolapse is a fo rm  of m yxom atous m itra l degenera 
tion  affecting  som e 0.5% to 2.4% of adu lts; thus, it is one of 
the m ost com m on  fo rm s of v a lv u la r h e a rt disease, w ith  
w o m en  affected a lm ost 7-fold m ore o ften  th an  m en. C on
versely, secondary  m yxom atous m itra l degenera tion  
affects m en  a n d  w o m en  equally , a n d  can  occur in  any  one 
of a n u m b er of se ttings in  w h ich  m itra l reg u rg ita tio n  is 
caused  by som e o th er u n d e rly in g  cause (e.g., IHD).

Pathogenesis

The basis for p rim ary  m yxom atous d eg en era tio n  of the 
m itra l valve  is u n k n o w n . N evertheless, an  u n d e rly in g  
(possib ly  system ic) in trinsic  defect of connective tissue

syn thesis o r rem o d e lin g  is likely. T hus, m yxom atous 
degenera tion  of the m itra l valve  is a com m on  fea tu re  of 
M arfan  synd rom e (due  to  fibrillin-1 m utations, C h ap te r 7) 
an d  occasionally  occurs in  o ther connective tissue d isor
ders. In  som e p a tien ts  w ith  p rim ary  disease, ad d itio n a l 
h in ts  of system ic s tru c tu ra l abnorm alities in  connective 
tissue, in c lu d in g  scoliosis a n d  h igh -arched  pala te , m ay  be 
found . Subtle defects in  s tru c tu ra l p ro te in s  (or the cells 
th a t m ake  them ) m ay  cause hem odynam ica lly  stressed  
connective tissues rich  in  m icrofibrils a n d  e lastin  (e.g., 
card iac  valves) to  e laborate  defective ECM. Secondary  
m yxom atous change p resu m ab ly  resu lts  from  in jury  to 
the valve  m yofibroblasts, im p o sed  by chronically  ab erran t 
h em odynam ic  forces.

M O R P H O L O G Y

Myxomatous degeneration of the mitral valve is characterized 

by ballooning (hooding) of the mitral leaflets (Fig. 11.18). The 

affected leaflets are enlarged, redundant, thick, and rubbery; the 

tendinous cords also tend to be elongated, thinned, and occasion

ally rupture. In those with primary mitral disease, concomitant 

tricuspid valve involvement is frequent (20% to  40% of cases); 

less commonly, aortic and pulmonic valves also may be affected. 

On histologic examination, the essential change is thinning of the 

valve layer known as the fibrosa layer of the valve, on which the 

structural integrity of the leaflet depends, accompanied by 

expansion of the middle spongiosa layer owing to increased 

deposition of myxomatous (mucoid) material. The same changes 

occur whether the myxomatous degeneration is due to an intrin

sic ECM defect (primary), or is caused by regurgitation second

ary to  another etiologic process (e.g., ischemic dysfunction).

Fig. 11.18 Myxomatous degeneration of the mitral valve. There is promi
nent hooding with prolapse of the posterior mitral leaflet ( a r r o w )  into the 
left atrium; the atrium also is dilated, reflecting long-standing valvular insuf
ficiency and volume overload. The left ventricle is shown on the r ig h t  in this 
four-chamber view. ( C o u r te s y  o f W i l l i a m  D . E d w a r d s ,  M D ,  M a y o  C l in ic ,  R o c h e s te r ,  

M in n e s o ta . )
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C lin ica l Features

M ost p a tien ts  a re  asym ptom atic , a n d  the  v a lv u la r abno r
m ality  is d iscovered  inciden ta lly . In  a m ino rity  of cases, 
pa tien ts  com pla in  of pa lp ita tions, d yspnea , o r atyp ical 
chest pain . A uscu lta tion  discloses a m idsysto lic  click, 
caused  by a b ru p t ten sion  on  the  re d u n d a n t valve  leaflets 
a n d  cho rdae  tend ineae  as the  valve  a ttem p ts  to  close; there  
is som etim es a n  associa ted  re g u rg ita n t m u rm u r. A lthough  
in  m ost instances the  n a tu ra l h is to ry  a n d  clinical course  a re  
ben ign , app rox im ate ly  3% of p a tien ts  develop  com plica
tions such  as hem odynam ica lly  significant m itra l regu rg i
ta tion  a n d  CHF, p a rticu larly  if the cho rdae  o r valve  leaflets 
ru p tu re . P atien ts w ith  p rim ary  m yxom atous degenera tion  
also  a re  a t increased  risk  for the  d ev e lo p m en t o f infective 
end o card itis  (see later), as w ell as SCD d u e  to  ven tricu lar 
a rrh y th m ias. S troke o r o ther system ic in farc tions m ay  
rare ly  occur from  em bolism  of th ro m b i fo rm ed  in  the  left 
a trium .

Rheumatic Valvular Disease

R heum atic  fever is a n  acute, im m unolog ically  m ed ia ted , 
m u ltisy stem  in flam m atory  d isease  th a t occurs after g roup  
A  P-hem olytic streptococcal infections (usually  p h a ry n g i
tis, b u t also  occasionally  infections a t o ther sites, such  as 
skin). Rheumatic heart disease is the  card iac  m an ifesta tion  of 
rh eum atic  fever. It is associa ted  w ith  in flam m ation  of all 
p a rts  o f the  heart, b u t v a lv u la r in flam m ation  a n d  scarring  
p ro d u ce  the  m ost im p o rta n t clinical features.

The valvular disease principally takes the form  of 
deform ing fibrotic mitral stenosis; in d eed  rheumatic 
heart d isease is essentia lly  the only cause of acquired  
mitral stenosis. The incidence of rheum atic  fever (and 
thus rheum atic  h eart disease) has declined rem arkably  
in  m any  parts  of the W estern  w o rld  over the p a s t several 
decades d u e  to  a  com bination  of im proved  socioeconom ic 
conditions, rap id  d iagnosis an d  trea tm en t of streptococcal 
pharyngitis, an d  a fo rtu itous (and unexplained) decline 
in  the v iru lence of m any  strains of g roup  A  streptococci. 
N evertheless, in  develop ing  countries an d  econom ically 
depressed  u rb a n  areas in  the U nited  States, rheum atic  fever 
an d  rheum atic  h eart d isease rem ain  im p o rtan t public  health  
problem s.

Pathogenesis

Acute rheum atic fever is a hypersensitiv ity  reaction clas
sically  attributed to an tib od ies directed against group A  
streptococcal m olecu les that cross-react w ith  h ost m yo
cardial antigens (see also  C h ap te r 5). In  particu lar, an ti
bod ies ag a in st M  p ro te in s  of certa in  streptococcal stra ins 
b in d  to  p ro te in s  in  the  m y o card iu m  an d  card iac  valves an d  
cause in jury  th ro u g h  the  activa tion  of co m plem en t a n d  Fc 
re c e p to r-b earin g  cells (includ ing  m acrophages). CD4+ T 
cells th a t recognize streptococcal p e p tid e s  can  cross-react 
w ith  h o st an tigens a n d  elicit cy tok ine-m ed ia ted  in flam m a
to ry  responses. The characteristic  2- to  3 -w eek delay  in  
sy m p to m  onse t after infection  is exp la ined  by  the  tim e 
n eed ed  to  genera te  an  im m u n e  response; streptococci a re  
com plete ly  absen t from  the  lesions. Since on ly  a sm all 
m in o rity  o f infected  p a tien ts  develop  rh eu m atic  fever (esti
m a ted  a t 3%), genetic  suscep tib ility  to  the d ev e lo p m en t of 
the  cross-reactive im m u n e  responses is likely in  those

affected. The defo rm in g  fibrotic lesions a re  the pred ic tab le  
consequence of hea ling  a n d  scarring  associa ted  w ith  the 
reso lu tio n  of the acu te  inflam m ation .

M O R P H O L O G Y

A c u te  rh e u m a tic  fever is characterized by discrete inflamma

tory foci within a variety of tissues. The myocardial inflammatory 

lesions— called A scho ff bodies— are pathognomonic for rheu

matic fever (Fig. I I . I 9 B ); these are collections of lymphocytes 

(primarily T  cells), scattered plasma cells, and plump activated 

macrophages called A n itsch ko w  cells associated with zones of 

fibrinoid necrosis.The Anitschkow cells have abundant cytoplasm 

and nuclei with chromatin that is centrally condensed into a 

slender, wavy ribbon (so-called “caterpillar cells”). During acute 

rheumatic fever, Aschoff bodies can be found in any of the three 

layers of the heart— pericardium, myocardium, or endocardium 

(including valves). Hence, rheumatic fever is said to cause pan

carditis, with the following salient features:

• The pericardium may exhibit a fibrinous exudate, which gener

ally resolves without sequelae.

• The myocardial involvement— myocarditis— takes the form of 

scattered Aschoff bodies within the interstitial connective 

tissue.

• Valve involvement results in fibrinoid necrosis and fibrin depo

sition along the lines of closure (Fig. I I . I 9 A ) forming I - to  

2 -mm vegetations— v e rru c a e — that cause little disturbance 

in cardiac function.

C h ro n ic  rh e u m a tic  h e a rt disease is characterized by 

organization of acute inflammation and subsequent scarring. 

Aschoff bodies are replaced by fibrous scar so that these lesions 

are rarely seen in chronic disease. Most characteristically, valve 

cusps and leaflets become permanently thickened and retracted. 

Classically, the mitral valves exhibit le a fle t th icken in g , c o m 

m issural fusion and s ho rten in g , and th icken in g  and fusion  

o f th e  cho rd ae  ten d in e a e  (Fig. I I . I 9 C  to  E). Fibrous bridging 

across the valvular commissures and calcification create “fish- 

mouth” or “buttonhole” stenoses (Fig. I I . I 9 C ). Microscopic 

examination shows neovascularization (visibly evident in Fig. 

I I . I 9 D ) and diffuse fibrosis that obliterates the normal leaflet 

architecture.

The most important functional consequence of rheumatic 

heart disease is va lvu lar stenosis and regurg ita tio n ; stenosis 

tends to predominate. The mitral valve alone is involved in 70% of 

cases, and combined mitral and aortic disease in seen in another 

25%; the tricuspid valve is less frequently (and less severely) 

involved; and the pulmonic valve almost always escapes injury.With 

tight mitral stenosis, the left atrium progressively dilates owing to 

pressure overload, precipitating atrial fibrillation. The combination 

of dilation and fibrillation is a fertile substrate for thrombosis, and 

formation of large mural thrombi is common. Long-standing 

passive venous congestion gives rise to pulmonary vascular and 

parenchymal changes typical of left-sided heart failure. In time, this 

leads to right ventricular hypertrophy and failure.With pure mitral 

stenosis, the left ventricle generally is normal.

C lin ica l Features

A cute  rh eum atic  fever occurs m ost o ften  in  ch ild ren ; the 
p rinc ipa l clinical m an ifesta tion  is card itis. N evertheless,
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Fig. 1 1 . 1 9  Rheumatic heart disease. (A) Acute rheumatic mitral valvulitis superimposed on chronic rheumatic heart disease. Small vegetations (verrucae) are 
visible along the line of closure of the mitral valve leaflet ( a r ro w s ) . Previous episodes of rheumatic valvulitis have caused fibrous thickening and fusion of the 
chordae tendineae. (B) Microscopic appearance of an Aschoff body in acute rheumatic carditis; there is central necrosis associated with a circumscribed collection 
of mononuclear inflammatory cells, including some activated macrophages with prominent nucleoli and central wavy (caterpillar) chromatin (a r ro w s ) . (C and D) 
Mitral stenosis with diffuse fibrous thickening and distortion of the valve leaflets, commissural fusion ( a r ro w s ) , and thickening and shortening of the chordae 
tendineae. There is marked left atrial dilation as seen from above the valve (C). (D) Anterior leaflet of an opened rheumatic mitral valve; note the neovasculariza
tion ( a r r o w ) . (E) Surgically removed specimen of rheumatic aortic stenosis, demonstrating thickening and distortion of the cusps with commissural fusion. (E , F ro m  

S c h o e n  FJ, S t  J o h n -S u tto n  M :  C o n te m p o r a r y  is s u e s  in  th e  p a th o lo g y  o f  v a lv u la r  h e a r t  d is e a s e , Hum Pathol 1 8 :5 6 8 ,  1 9 6 7 .)

ab o u t 2 0 % of first a ttacks occur in  adu lts , w ith  a rth ritis  
being  the  p re d o m in a n t feature. S ym ptom s in  all age g ro u p s 
typically  beg in  2 to  3 w eeks after streptococcal infection  
an d  are h e ra ld ed  by fever a n d  m ig ra to ry  p o ly arth ritis  — 
one large  jo in t after an o th e r becom es p a in fu l a n d  sw ollen  
for a  p e rio d  of days, fo llow ed  by sp o n tan eo u s reso lu tion  
w ith  no  resid u a l d isability . A lth o u g h  cu ltu res  are negative  
for streptococci a t the  tim e of sy m p to m  onset, se ru m  titers 
of an tibod ies ag a in st one o r m ore  streptococcal an tigens 
(e.g., s trep to ly sin  O  o r D N A ase) u su a lly  are elevated . The 
clinical signs of card itis  inc lude  pericard ia l friction  ru b s  
an d  arrhy thm ias; m yocard itis  m ay  be sufficiently  severe to 
cause card iac d ila tion  a n d  re su lta n t functional m itra l insuf
ficiency a n d  CHF. N evertheless, less th a n  1% of pa tien ts  
die o f acu te  rheum atic  fever.

The d iagn osis o f acute rheum atic fever is m ade based  
on serologic evidence o f previous streptococcal in fection  
in  conjunction  w ith  tw o or m ore o f the Jones criteria: (1) 
carditis; (2) m ig ra to ry  p o ly arth ritis  of large  joints; (3) sub 
cu taneous nodu les; (4) e ry th em ato u s an n u la r  ra sh  (ery
them a m arg ina tum ) in  the skin; a n d  (5) S ydenham  chorea, 
a neuro log ic  d iso rd e r charac terized  by in v o lu n ta ry

p u rpose less, ra p id  m ovem en ts  (also called  St. V itus dance). 
M inor criteria  such  as fever, a rth ra lg ias, EKG changes, o r 
e leva ted  acu te  p h ase  reac tan ts also  can  help  su p p o rt the 
d iagnosis.

A fter a n  in itial a ttack  a n d  the g enera tion  of im m unolog ic  
m em ory , p a tien ts  are  increasing ly  vu lnerab le  to d isease 
reac tiva tion  w ith  any  su b seq u en t streptococcal infections. 
C ard itis  is likely to  w o rsen  w ith  each  recurrence, a n d  the 
dam ag e  is cum ula tive . H ow ever, chronic rheumatic carditis 
u su a lly  is n o t clinically ev id en t u n til y ears o r even  decades 
after the in itial ep isode  of rh eum atic  fever. A t th a t tim e, 
the  signs a n d  sym ptom s of v a lv u la r d isease d e p e n d  on  
w h ich  card iac  valve(s) is invo lved . In  ad d itio n  to  various 
card iac  m u rm u rs , card iac h y p e rtro p h y  a n d  dilation , an d  
C H F, p a tien ts  w ith  chronic rheum atic  h eart d isease often  
have  a rrh y th m ias  (particu larly  a tria l fib rilla tion  in  the 
se tting  of m itra l stenosis), a n d  th rom boem bolic  com plica
tions d u e  to  a tria l m u ra l th rom bi. In  ad d itio n , scarred  an d  
defo rm ed  valves are m ore suscep tib le  to  infective endocar
ditis. The long-te rm  p rognosis  is h igh ly  variab le. In  som e 
cases, a re len tless cycle o f v a lv u la r defo rm ity  ensues, y ie ld 
in g  hem odynam ic  abnorm ality , w h ich  begets fu rth e r
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defo rm in g  fibrosis. Surgical rep a ir  or rep lacem en t of d is
eased  v a lv e s—m itra l v a lv u lo p la s ty —has greatly  im p ro v ed  
the  ou tlook  for p a tien ts  w ith  rh eum atic  h ea rt d isease.

Infective Endocarditis

Infective endocarditis (IE) is a m icrobial in fection  o f the  
heart va lves or the m ural endocardium  that leads to the  
form ation o f vegetations com posed  o f throm botic debris 
and organism s, often  associated  w ith  destruction o f the  
u n d erly in g  cardiac tissu es. The aorta , an eu ry sm al sacs, 
o ther b lood vessels, an d  p rosthe tic  devices also  m ay 
becom e infected . A lth o u g h  fungi, rickettsiae (agents of Q 
fever), a n d  ch lam yd ia l species can  cause endocard itis , the 
v as t m ajority  of cases a re  caused  by  ex tracellu lar bacteria.

Infective end o card itis  is classified in to  acute a n d  subacute 
form s based  o n  the tem po  an d  severity  of the  clinical 
course; the d istinctions a re  re la ted  to  the v iru lence of the 
responsib le  m icrobe an d  w h e th e r  u n d e rly in g  card iac 
d isease  is p resen t. O f note, a clear de linea tion  be tw een  
acu te  an d  subacu te  end o card itis  is n o t a lw ays possible, 
and  m an y  cases fall som ew here  a long  the  sp ec tru m  
betw een  the  tw o  form s.
• Acute endocarditis refers to  tu m u ltu o u s , destruc tive  

infections, frequen tly  invo lv ing  a h igh ly  v iru len t o rgan 
ism  a ttack ing  a  p rev iously  n o rm al valve. It is associated  
w ith  of substan tia l m o rb id ity  an d  m orta lity , even  w ith  
ap p ro p ria te  antib io tic  th e rap y  a n d /o r  surgery .

• Subacute endocarditis refers to  infections by  o rgan ism s of 
low  v iru lence affecting  a p rev iously  abno rm al heart, 
especially  scarred  or de fo rm ed  valves. The d isease typ i
cally a p p ea rs  insid iously  a n d  — even  if u n tre a te d  — 
follow s a p ro trac ted  course of w eeks to  m onths; m ost 
pa tien ts  recover after a p p ro p ria te  an tib io tic  therapy .

Pathogenesis

Infective endocard itis  can  develop  on  p rev iously  no rm al 
valves, b u t card iac abno rm alities p red isp o se  to  such  infec
tions; rh eu m atic  h ea rt d isease, m itra l valve  p ro lapse , bicus
p id  aortic  valves, and  calcific v a lv u la r stenosis a re  all 
com m on  substra tes. P rosthetic  h ea rt valves (d iscussed  
later) n o w  accoun t for 10% to 20% of a ll cases of IE. Sterile 
p la te le t-fib rin  d ep o sits  a t sites o f pacem aker lines, indw ell
in g  vascu lar catheters, o r en d o ca rd iu m  dam ag e  by  flow  
"jets" stem m ing  from  p reex isting  card iac  d isease all can  be 
foci for bacterial seed ing  an d  d ev e lo p m en t of endocard itis . 
H o st factors such  as neu tro p en ia , im m unodeficiency , 
m alignancy , d iabe tes m ellitus, an d  alcohol o r in trav en o u s 
d ru g  abuse  also  increase the risk  for IE an d  adverse ly  affect 
outcom es.

The causative  o rgan ism s d iffer d e p e n d in g  o n  the u n d e r
ly ing  risk  factors; 50% to 60% of cases occurring  o n  dam aged  
o r defo rm ed  valves are  caused  by  Streptococcus viridans, a 
re la tively  bana l g ro u p  of n o rm al o ra l flora. By contrast, the 
m ore  v iru len t S. aureus (com m on to skin) can  a ttack  healthy  
as w ell as defo rm ed  valves an d  is responsib le  for 1 0 % to 
2 0 % of cases overall; it also  is the  m ajor o ffender in  infec
tions occu rring  in  in trav en o u s  d ru g  abusers. A d d itio n a l 
bacterial agen ts  inc lude  enterococci an d  the  so-called 
"H A C E K  g ro u p "  (Haemophilus, Actinobacillus, Cardiobacte- 
rium, Eikenella, a n d  Kingella), all com m ensal in  the oral 
cavity . M ore rare ly , g ram -negative  bacilli a n d  fu n g i are

invo lved . In  a b o u t 10% of all cases of endocard itis , no  
o rgan ism  is iso la ted  from  the b lood  ("cu ltu re-negative" 
endocard itis) because of p rev io u s antib io tic  therapy , dif
ficulty in  iso la ting  the o ffend ing  agent, o r because deep ly  
em b ed d ed  o rgan ism s w ith in  the  en larg ing  vegeta tion  are  
n o t read ily  re leased  in to  the blood.

Foremost among the factors predisposing to endocarditis is 
seeding of the blood with microbes. The m echan ism  o r p o rta l 
of en try  of the  ag en t in to  the b lo o d stream  m ay  be an  
obv ious infection  e lsew here, a  d en ta l o r surg ical p ro ced u re  
th a t causes a tran sien t bacterem ia, in jection  of contam i
na ted  m ateria l d irec tly  in to  the b lo o d stream  by in trave 
no u s d ru g  abusers, a n  occult source from  the gu t, o r oral 
cavity , o r triv ia l in juries. R ecognition  of p red isp o sin g  ana 
tom ic substra tes  and  clinical cond itions causing  bacterem ia 
allow s a p p ro p ria te  antib io tic  p rophy lax is.

M O R P H O L O G Y

In both acute and subacute forms of the disease, friable, bulky, 

and potentially destructive vegetations containing fibrin, inflam

matory cells, and microorganisms are present on the heart valves 

(Figs. 11.20 and 11.21). T h e  a o rtic  and m itra l valves a re  th e  

m o st c o m m o n  sites o f in fec tio n , a lthough  th e  tricusp id  

valve  is a  fre q u e n t ta rg e t  in th e  se ttin g  o f intravenous  

d ru g  abuse. Vegetations may be single or multiple and may 

involve more than one valve; they can sometimes erode into the 

underlying myocardium to produce an abscess cavity (rin g  

abscess) (Fig. I I . 2 I B ). Shedding of e m b o li is common because 

of the friable nature of the vegetations. Since the fragmented 

vegetations contain large numbers of organisms, abscesses often 

develop at the sites where emboli lodge, leading to  development 

of septic infarcts and aneurysms resulting from bacterial infec

tion of the arterial wall (m y c o tic  aneu rysm s).

Subacute endocarditis typically causes less valvular destruc

tion than acute endocarditis. On microscopic examination, the 

vegetations of subacute endocarditis often have granulation 

tissue at their bases (suggesting chronicity), promoting develop

ment of chronic inflammatory infiltrates, fibrosis, and calcification 

over time.

C lin ica l Features

Fever is the m ost consistent sign  o f in fective endocarditis.
H ow ever, in  subacute d isease (particularly  in  o lder adults), 
fever m ay  be absent, an d  the only  m anifestations m ay  be 
nonspecific fatigue, w e ig h t loss, and  a flulike syndrom e; 
splenom egaly  also is com m on in  subacute cases. By contrast, 
acute endocard itis often  m anifests w ith  rap id ly  develop ing  
fever, chills, w eakness, and  lassitude. M urm urs are p resen t 
in  90% of patien ts w ith  left-sided lesions. In  those w h o  are 
no t treated  p rom ptly , m icroem boli are  form ed, w hich  can 
give rise to petechia, nail bed  (splinter) hem orrhages, retinal 
hem orrhages (Roth spots), pain less p a lm  or sole ery the
m atous lesions (Janeway lesions), o r painfu l fingertip  nodu les 
(Osler nodes); diagnosis is confirm ed by positive b lood cul
tu res and  echocardiographic findings.

P rognosis d e p e n d s  o n  the infecting  o rg an ism  and  the 
d ev e lo p m en t o f com plications. A dverse  sequelae generally  
beg in  w ith in  the  first w eeks after onse t of the  infectious 
p rocess an d  can  inc lude  g lom eru loneph ritis  d u e  to  glo
m eru la r tra p p in g  of an tigen -an tibody  com plexes, w ith
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NBTE LSE

Fig. 11.20 Major forms of vegetative endocarditis. The acute rheumatic fever phase of rheumatic heart disease (RHD) is marked by the appearance of small, 
warty, inflammatory vegetations along the lines of valve closure; as the inflammation resolves, substantial scarring can result. Infective endocarditis (IE) is 
characterized by large, irregular, often destructive masses that can extend from valve leaflets onto adjacent structures (e.g., chordae or myocardium). Non
bacterial thrombotic endocarditis (NBTE) typically manifests with small- to medium-sized, bland, nondestructive vegetations at the line of valve closure. 
Libman-Sacks endocarditis (LSE) is characterized by small- to medium-sized inflammatory vegetations that can be attached on either side of the valve leaflets; 
these heal with scarring.

h em atu ria , a lbum inu ria , o r rena l fa ilu re  (C hap ter 14). C lin 
ical fea tu res o f septicem ia, a rrh y th m ias  (suggesting  exten 
sion  to  u n d e rly in g  m y o card iu m  a n d  conduc tion  system ), 
a n d  system ic em boliza tion  bode  ill for the pa tien t. Left 
u n trea ted , IE generally  is fatal. H ow ever, w ith  ap p ro p ria te  
long -te rm  ( 6  w eeks o r m ore) an tib io tic  th e rap y  a n d /o r  
va lve  rep lacem ent, m orta lity  is red u ced . For infections 
w ith  low -viru lence o rgan ism s (e.g., Streptococcus viridans 
o r Streptococcus bovis), the cu re  ra te  is 98%, a n d  for en tero 
cocci a n d  Staphylococcus aureus infections, cu re  ra tes  range 
from  60% to 90%; how ever, infections w ith  aerobic g ram 
negative  bacilli o r fung i a re  associa ted  w ith  fatality  ra te  of 
app rox im ate ly  50%.

Noninfected Vegetations

N o n b ac te ria l Throm botic Endocarditis

N onbacterial throm botic endocarditis (NBTE) is charac
terized  b y  the d ep osition  o f sterile throm bi on  cardiac 
va lves, typ ica lly  in  those w ith  an u nderly ing  hyperco- 
agulable state. A lth o u g h  NBTE can  occur in  o therw ise  
h ea lth y  in d iv id u a ls , a w id e  v arie ty  of d iseases associated

w ith  genera l deb ility  o r w astin g  are associated  w ith  an  
increased  risk  for NBTE — hence the  a lte rn a te  te rm  marantic 
endocarditis. In  co n trast to  infective endocard itis , the  sterile 
v a lv u la r lesions of NBTE are  n o n d estru c tiv e  (Fig. 11.22).

The vegeta tions in  NBTE are  typically  sm all (1 to  5 m m  
in  d iam eter) a n d  v a lv u la r dam ag e  is n o t a p rerequ isite . 
Indeed , the cond ition  u su a lly  occurs on  p rev iously  no rm al 
valves. R ather, hypercoagu lab le  states are the u su a l p re 
cu rso r to  NBTE; such  cond itions inc lude  chronic d issem i
n a te d  in trav ascu la r coagulation , hyperestrogen ic  states, 
a n d  those associa ted  w ith  u n d e rly in g  m alignancy , p a rticu 
larly  m u c in o u s adenocarcinom as. This last association  
p ro b ab ly  re la tes to the p ro co ag u lan t effect of circu lating  
m u c in  a n d /o r  tissue factor e labo ra ted  by these tum ors. 
E ndocard ia l traum a, such  as from  a n  in d w ellin g  catheter, 
a lso  is a w ell-recognized  p red isp o sin g  condition .

A lth o u g h  the local effect on  the  valve  u sua lly  is trivial, 
NBTE lesions can  becom e clinically significant by g iv ing 
rise to  em boli th a t can  cause infarcts in  the brain , heart, and  
o th e r o rgans. NBTE also  can  serve as a p o ten tia l n id u s  for 
bacteria l co lon ization  a n d  the  consequen t d ev e lo p m en t of 
infective endocard itis .

Fig. 11.21 Infective endocarditis. (A) Subacute endocarditis caused by S t r e p to c o c c u s  v ir id a n s  on a previously myxomatous mitral valve. The large, friable vegeta
tions are denoted by a r ro w s . (B) Acute endocarditis caused by S ta p h y lo c o c c u s  a u r e u s  on a congenitally bicuspid aortic valve with extensive cuspal destruction 
and ring abscess ( a r r o w ) .

http://ebooksmedicine.net

http://ebooksmedicine.net


Cardiomyopathies and Myocarditis 429

Fig. 11.22 Nonbacterial thrombotic endocarditis (NBTE). (A) Small throm
botic vegetations along the line of closure of the mitral valve leaflets ( a r r o w s ) .  

(B) Photomicrograph of NBTE lesion, showing bland thrombus, with virtually 
no inflammation in the valve cusp (C ) or the thrombotic deposit ( t ) .  The 
thrombus is only loosely attached to the cusp ( a r r o w ).

Endocarditis in Systemic Lupus Erythem atosus: 

Libm an-Sacks Endocarditis

Libm an-Sacks endocarditis is  characterized b y  the pres
ence o f sterile vegetations on  the va lves o f patients w ith  
system ic lu p u s erythem atosus. It occurs in  ab o u t 10% of 
p a tien ts  w ith  SLE. The lesions p robab ly  develop  as a con
sequence of im m u n e  com plex dep o sitio n  an d  th u s exhib it 
associa ted  in flam m ation , o ften  w ith  fib rino id  necrosis of 
the  valve  ad jacen t to  the vegetation ; su b seq u en t fibrosis 
a n d  serious defo rm ity  can  re su lt in  lesions th a t resem ble 
chronic rheum atic  h eart d isease. These can  occur an yw here  
o n  the valve  surface, on  the  cords, o r ev en  o n  the  a tria l o r 
v en tricu la r en d o ca rd iu m  (see Fig. 11.20). Sim ilar lesions 
can  occur in  the se tting  of an ti-p h o sp h o lip id  an tib o d y  syn 
d ro m e (C hap ter 4).

Ä S U M M A R Y

V A L V U L A R  H E A R T  DISEASE

• Valve pathology can lead to occlusion ( s t e n o s is )  and/or regur

gitation ( i n s u f f i c i e n c y ) ;  acquired aortic or mitral valve stenosis 

accounts for approximately two thirds of all valve disease.

• Valve calcification typically results in stenosis; abnormal matrix 

synthesis and turnover leads to myxomatous degeneration and 

insufficiency.

• Inflammatory valve diseases cause postinflammatory neovas

cularization and scarring. Rheumatic heart disease results from 

anti-streptococcal antibodies that cross-react with cardiac 

tissues; it most commonly affects the mitral valve and is 

responsible for almost all cases of acquired mitral stenosis.

• Infective endocarditis can rapidly destroy normal valves, or can 

be indolent and minimally destructive of previously abnormal 

valves. Systemic embolization can produce septic infarcts.

• Nonbacterial thrombotic endocarditis occurs on previously 

normal valves as a result of hypercoagulable states; emboliza

tion is an important complication.

CARDIOMYOPATHIES A N D  
MYOCARDITIS

Cardiac diseases due to intrinsic m yocardial dysfunction  
are term ed cardiomyopathies (literally, "heart m uscle dis
eases"); these can be prim ary—that is, principally confined  
to the m yocardium — or secondary presenting as the cardiac 
m anifestation of a system ic disorder. C ard iom yopath ies are 
th u s a diverse g roup  tha t includes inflam m atory  d isorders 
(e.g., m yocarditis), im m unologic diseases (e.g., sarcoidosis), 
system ic m etabolic d isorders (e.g., hem ochrom atosis), m us
cular dystrophies, an d  genetic d isorders of m yocardial fibers. 
In  m any  cases, the card iom yopathy  is of u n k n o w n  etiology 
an d  thus is term ed idiopathic; how ever, a  num ber of previ
ously  "id iopathic" cardiom yopathies have been show n to be 
the consequence of specific genetic abnorm alities in  cardiac 
energy m etabolism  or in  structural an d  contractile proteins.

C ard io m y o p a th ies  can  be classified accord ing  to  a 
varie ty  of criteria, in c lu d in g  the  u n d e rly in g  genetic basis 
of dysfunction ; in deed , som e of the a rrh y th m ia-in d u c in g  
channelopath ies th a t are  in c lu d ed  in  som e classifications 
of ca rd io m y o p a th y  w ere  a llu d ed  to  earlier. For p u rp o ses  
of general d iagnosis an d  therapy , how ever, th ree  tim e- 
h o n o red  clinical, functional, a n d  pa tho log ic  p a tte rn s  are  
recogn ized  (Fig. 11.23 a n d  Table 11.5):
• D ila ted  ca rd io m y o p a th y  (DCM) (includ ing  arrhy thm o-

genic rig h t v en tricu la r card iom yopathy )
• H y p ertro p h ic  card io m y o p a th y  (HCM )
• R estrictive ca rd iom yopathy

O f the th ree  m ajor p a tte rn s , D C M  is m ost com m on 
(90% of cases), a n d  restric tive  card io m y o p a th y  is the  least 
frequen t. W ith in  each p a tte rn , there  is a sp ec tru m  of clini
cal severity , a n d  in  som e cases clinical fea tu res overlap  
am o n g  the  g roups. In  ad d itio n , each of these p a tte rn s  can 
be caused  by  a specific iden tifiab le cause, o r can be id io 
p a th ic  (see Table 11.5).

Dilated Cardiomyopathy

D ila ted  cardiom yopathy (DCM) is characterized by pro
gressive cardiac d ila tion  and contractile (systolic) 
dysfunction , u su a lly  w ith  concu rren t h y p ertro p h y ; reg a rd 
less of the  cause, the c lin icopathologic p a tte rn s  a re  sim ilar.
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Fig. 11.23 The three major forms of cardiomyopathy. Dilated cardiomyopa
thy leads primarily to systolic dysfunction, whereas restrictive and hypertro
phic cardiomyopathies result in diastolic dysfunction. Note the changes in 
atrial and/or ventricular dilation and in ventricular wall thickness. A o , Aorta; 
L A , left atrium; LV, left ventricle.

Pathogenesis

A lth o u g h  m any  in d iv id u a ls  w ith  D C M  have  a fam ilial 
(genetic) form , D CM  can  also  re su lt from  v ario u s acqu ired  
m y ocard ia l insu lts. These inc lude  the follow ing:
• Myocarditis (an  in flam m atory  d iso rd e r th a t p recedes the 

d ev e lo p m en t o f ca rd io m y o p a th y  in  a t least som e cases, 
a n d  is som etim es caused  by v ira l infections)

• Toxicities, in c lu d in g  ad v erse  effects of chem otherapeu tic  
agen ts  a n d  chronic alcoholism , a  h is to ry  of w h ich  can  
be elicited  in  1 0 % to 2 0 % of pa tien ts

• Pregnancy, so-called "p e r ip a r tu m  card iom yopathy"
• Stress-provoked
• Tachycardia-induced

By the tim e it is d iagnosed , D CM  has frequen tly  a lready  
p ro g ressed  to end -stage  d isease; the  h ea rt is d ila ted  an d  
poo rly  contractile, a n d  a t au to p sy  o r card iac transp lan t, 
fails to  reveal any  specific pa tho log ic  features. N evertheless, 
genetic a n d  ep idem iologic  s tud ies  suggest th a t a t least five 
general p a th w a y s  can  lead  to  end -stage  D C M  (Fig. 11.24):
• Genetic causes. D C M  h as a h e red ita ry  basis in  20% to 50% 

of cases. O ver 50 genes a re  k n o w n  to be m u ta te d  in  th is 
fo rm  of card iom yopathy , w ith  au to som al d o m in an t 
inheritance  be ing  the p re d o m in a n t pa tte rn ; m u ta tio n s 
affecting  cytoskeletal p ro te in s  o r p ro te in s  th a t link  the 
sarcom ere to the  cy toskele ton  (e.g., a -card iac  actin) are  
m o st com m only  invo lved . X -linked D C M  is m ost fre
quen tly  associated  w ith  m u ta to n s  in  d y stro p h in , a cell 
m em brane  p ro te in  th a t physically  coup les the in tracel
lu la r cy toskeleton  to  the ECM  (C hap ter 22). U ncom m on 
form s of D C M  are caused  by m u ta tio n s  of m itochondria l 
p ro te in s  invo lved  in  ox idative  p h o sp h o ry la tio n  o r fatty  
acid  P-oxidation, p resu m ab ly  lead in g  to  defective ATP 
generation . O ther genetic  fo rm s of D CM  inc lude  those 
w ith  m u ta tio n s  in  cy toskeletal p ro te in s  such  as desm in  
(the p rin c ip a l in te rm ed ia te  filam ent p ro te in  in  card iac 
m yocytes), a n d  the nuclear lam ins A  a n d  C. Since con
tractile m yocytes a n d  co nduc tion  fibers share  a com m on 
d eve lopm en ta l p a th w ay , congen ita l co nduc tion  abno r
m alities also  can  be  a fea tu re  of in h erited  fo rm s o f DCM .

• Infection. The nucleic acid  " fo o tp rin ts"  o f coxsackievirus 
B an d  o ther en terov iru ses  can  occasionally  be detected  
in  the m y o card iu m  from  late-stage D C M  patien ts. M ore
over, sequen tia l endom y o card ia l b iopsies have  docu 
m en ted  instances in  w h ich  in fectious m yocard itis  
p ro g ressed  to  DCM . S im ply  find ing  v ira l tran sc rip ts  o r 
d em o n stra tin g  e leva ted  an ti-v ira l an tibody  titers m ay 
be sufficient to  invoke a m yocard itis  th a t w as  "m issed" 
in  its early  stages. C onsequen tly , m any  cases of D CM  
are  a ttr ib u te d  to  v ira l infections, ev en  th o u g h  in flam m a
tion  is ab sen t from  the  end -stage  heart.

• Alcohol or other toxic exposure. A lcohol abuse  is strongly  
associated  w ith  the d ev e lo p m en t of DCM . A lcohol an d

Table 11.5 Cardiom yopathies: Functional Patterns, Causes

Functional
P a tte rn

L eft V e n tr ic u la r  
E jection  F ra c tio n *

M echanism s of 
H e a r t  Failu re Causes

S eco nd ary  M yocard ia l 
D ysfunction  (M im ic k in g  
C ard io m y o p a th y )

Dilated <40% Impairment of contractility 
(systolic dysfunction)

Genetic; alcohol; peripartum; 
myocarditis; hemochromatosis; 
chronic anemia; doxorubicin 
(Adriamycin); sarcoidosis; idiopathic

Ischemic heart disease; 
valvular heart disease; 
hypertensive heart disease; 
congenital heart disease

Hypertrophic 50%-80% Impairment of compliance 
(diastolic dysfunction)

Genetic; Friedreich ataxia; storage 
diseases; infants of diabetic 
mothers

Hypertensive heart disease; 
aortic stenosis

Restrictive 45%-90% Impairment of compliance 
(diastolic dysfunction)

Amyloidosis; radiation-induced 
fibrosis; idiopathic

Pericardial constriction

*Range of normal values is approximately 50% to 65%.
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DILATED CARDIOMYOPATHY HYPERTROPHIC CARDIOMYOPATHY

Non-genetic causes
• Myocarditis
• Peripartum
• Toxic (e.g., alcohol)
• Idiopathic

Fig. 11.24 Causes and consequences of dilated and hypertrophic cardiomyopathy. A significant fraction of dilated cardiomyopathies— and virtually all hyper
trophic cardiomyopathies— have a genetic origin. Dilated cardiomyopathies can be caused by mutations in cytoskeletal, sarcomeric, nuclear envelope, or 
mitochondrial proteins; hypertrophic cardiomyopathies typically are caused by sarcomeric protein mutations. Although the two forms of cardiomyopathy differ 
in cause and morphology, they have common clinical end points. LV, Left ventricle.

its m etabo lites (especially aceta ldehyde) have  a d irect 
toxic effect on  the m yocard ium . M oreover, chronic alco
ho lism  can  be associated  w ith  th iam ine  deficiency, in tro 
du c in g  a n  e lem en t o f beriberi h e a rt d isease (C hap ter 8 ). 
D CM  also  can  develop  after exposu re  to  o ther toxic 
agents, such  as cobalt, an d  p articu larly  doxorubicin  
(A driam ycin), a  chem otherapeu tic  d rug .
Peripartum cardiomyopathy occurs la te  in  gesta tion  or 
several w eeks to  m o n th s p o stp a rtu m . The e tio logy is 
m ultifactorial, in c lu d in g  p regnancy-assoc ia ted  h y p er
tension, vo lum e overload , n u tritio n a l deficiency, m eta 
bolic de ran g em en ts  (e.g., gesta tional d iabetes), a n d /o r  
im m unolog ic  responses. R ecent w o rk  suggests th a t 
the p rim ary  defect is im p a ired  ang iogenesis w ith in  
the  m y o card iu m  lead in g  to  ischem ic in jury . A nti
ang iogenic cleavage p ro d u c ts  of the ho rm o n e  pro lac tin  
(w hich  rises late  in  p regnancy) an d  p lacen ta l-derived  
an tag o n ists  to  the VEGF have  been  im plicated . F ortu 
nately , ap p rox im ate ly  one h a lf o f these p a tien ts  sp o n ta 
neously  recover n o rm al function .
Iron overload in  the h ea rt can  resu lt e ither from  hered i
ta ry  hem ochrom atosis  (C hap ter 16) o r from  m ultip le  
transfusions. Iro n  overload  also  can  cause restrictive 
ca rd io m y o p a th y  d u e  to in te rstitia l fibrosis, b u t D C M  is 
the  m ost com m on  m anifestation ; it has  been  a ttr ib u ted  
to  in terference w ith  m eta l-d ep en d en t enzym e system s 
o r to  in jury  caused  by iro n -m ed ia ted  p ro d u c tio n  of reac
tive oxygen  species.

M O R P H O L O G Y

The heart in DCM  characteristically is enlarged (up to two to  

three times the normal weight) and flabby, with dilation of all 

chambers (Fig. 11.25). Because of the wall thinning that accom

panies dilation, the ventricular thickness may be less than, equal 

to, or greater than normal. M u ra l th ro m b i are often present 

and may be a source of thromboemboli. By definition, valvular 

and vascular lesions (e.g., atherosclerotic coronary artery  

disease) that can cause cardiac dilation secondarily are absent.

The characteristic histologic abnormalities in DCM  are non

specific. Most myocytes exhibit h yp e rtro p h y  with enlarged 

nuclei, but many are attenuated, stretched, and irregular. There is 

also variable interstitial and endocardial fibrosis, with scattered 

areas of replacement fibrosis; the latter mark previous myocyte 

ischemic necrosis caused by hypoperfusion, or they may be the 

footprints of a previous “missed” myocarditis.

In DCM  secondary to iron overload, there is a marked accu

mulation of intramyocardial hemosiderin, which is demonstrable 

by staining with Prussian blue.

C lin ica l Features

The fundam ental defect in  DCM  is in effective  contrac
tion . T hus, in  end -stage  DCM , the  card iac  ejection fraction  
typically  is less th a n  25% (norm al is 50% to 65%). Second
ary  m itra l reg u rg ita tio n  a n d  ab n o rm al card iac rh y th m s are
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Fig. 11.25 Dilated cardiomyopathy (DCM). (A) Four-chamber dilation and hypertrophy are evident. A small mural thrombus can be seen at the apex of the 
left ventricle ( a r r o w ) .  (B) The nonspecific histologic picture in typical DCM, with myocyte hypertrophy and interstitial fibrosis. (Collagen is b lu e  in this Masson 
trichrome-stained preparation.)

com m on, a n d  em bolism  from  in tracard iac  (m ural) th rom bi 
can  occur. D C M  m o st com m only  is d iag n o sed  be tw een  20 
an d  50 years of age. It typically  m an ifests w ith  signs of 
slow ly p rog ressive  CHF, in c lu d in g  d yspnea , easy  fatiga
bility, a n d  p o o r exertional capacity . O ne half of pa tien ts  
die w ith in  2 y ears  a n d  on ly  25% su rv ive  longer th an  5 
years; d e a th  is u sua lly  d u e  to  p rog ressive  card iac  failu re or 
a rrh y th m ia . C ard iac  tran sp lan ta tio n  is the on ly  defin itive 
trea tm en t, a lth o u g h  im p lan ta tio n  of long -te rm  ven tricu lar 
assist devices is increasing ly  u tilized ; in  som e patien ts, 
a course of m echanical assistance can  p ro d u ce  du rab le  
reg ression  of card iac dysfunction .

Arrhythmogenic Right Ventricular 
Cardiomyopathy

A rrhythm ogenic right ventricular cardiom yopathy is an 
autosom al dom inant disorder that c lassically  m anifests  
w ith  r ight-sided  heart failure and rhythm  disturbances, 
w h ich  can cause su d d en  cardiac death. Its p reva lence  in  
the general a d u lt p o p u la tio n  is close to  1 in  5000 in  a 
s tu d y  from  Italy. Sim ilar p reva lence  is likely in  the  US 
w h ere  it seem s to  be u n d e r  rep o rted . A lm ost 10% of 
cases of su d d e n  d ea th s in  a th le tes have  been  ascribed  to 
th is en tity . M orphologically , the  rig h t ven tricu la r w all is 
severely  th in n ed  ow in g  to  m yocyte rep lacem en t by fatty  
in filtra tion  an d  lesser a m o u n ts  o f fibrosis (Fig. 11.26). 
M any of the causative  m u ta tio n s  invo lve genes encod 
ing  desm osom al ju nc tional p ro te in s  a t the in tercala ted  
d isk  (e.g., p lakoglobin), as w ell as p ro te in s  th a t in te r
act w ith  the desm osom e (e.g., the in te rm ed ia te  filam ent 
desm in). I t 's  th o u g h t th a t m yocyte d e a th  is caused  by 
desm osom al de tachm ent, p a rticu la rly  d u rin g  s tren u o u s 
exercise.

Hypertrophic Cardiomyopathy

H ypertrophic cardiom yopathy (HCM) is characterized by  
m yocardial hypertrophy, defective diastolic fillin g , 
a n d — in  one third o f cases — ventricular outflow  obstruc
tion. The h ea rt is th ick-w alled , heavy , a n d  hypercon trac 
tile, in  strik ing  co n trast to  the  flabby, poo rly  contractile 
h ea rt in  DCM . Systolic function  u su a lly  is p rese rv ed  
in  H C M , b u t the m y o card iu m  does n o t relax  and  
therefore exhib its p rim ary  d iasto lic  dysfunction . H C M  
needs to  be d is tin g u ish ed  clinically from  d iso rd ers  causing  
ven tricu la r stiffness (e.g., am y lo id  deposition ) and  
ven tricu la r h y p e rtro p h y  (e.g., aortic  stenosis an d  
hypertension).

Pathogenesis

M ost cases o f HCM  are caused  b y  m issen se m utations  
in  one o f several genes en cod in g  proteins that form  the  
contractile apparatus. The u su a l p a tte rn  of transm ission  
is au to som al dom inan t, w ith  variab le expression. 
A lth o u g h  m ore  th an  400 causative  m u ta tio n s in  n ine  dif
feren t genes have  been  iden tified , all have  one un ify ing  
feature: they  all affect sarcom eric p ro te in s  a n d  increase 
m yofilam en t function . This resu lts  in  m yocyte hypercon 
tractility , increased  energy  use, a n d  a n e t negative  energy  
balance. O f the  various sarcom eric p ro te ins, P -m yosin 
heavy  cha in  is m o st frequen tly  invo lved , fo llow ed by 
m yosin -b ind ing  p ro te in  C a n d  tro p o n in  T. M uta tions in  
these th ree  genes accoun t for 70% to 80% of all cases of 
HCM .

Som e of the genes m u ta ted  in  H C M  also are m u ta ted  in  
DCM  (e.g., beta-m yosin), b u t in  D CM  the m u ta tions depress 
m otor function  as oppo sed  to  the gain  of function  seen 
in  HCM .
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Fig. 11.26 Arrhythmogenic right ventricular cardiomyopathy. (A) The right ventricle is markedly dilated with focal, almost transmural replacement of the 
free wall by adipose tissue and fibrosis. The left ventricle has a grossly normal appearance in this heart; it can be involved (albeit to a lesser extent) in some 
instances. (B) The right ventricular myocardium ( r e d )  is focally replaced by fibrous connective tissue ( b lu e ,  a r r o w )  and fat (Masson trichrome stain).

^  M O R P H O L O G Y

Hypertrophic cardiomyopathy is marked by massive myocardial 

hypertrophy without ventricular dilation (Fig. I I .2 7A). Classically, 

there is disproportionate thickening of the ventricular septum 

relative to the left ventricle free wall (so-called a s y m m e t r i c  

s e p t a l  h y p e r t r o p h y ) ;  nevertheless, in about 1 0 % of cases of 

HCM , concentric hypertrophy is seen. On longitudinal sectioning, 

the ventricular cavity loses its usual round-to-ovoid shape and is 

compressed into a “banana-like” configuration. The anterior 

mitral leaflet contacts the septum during ventricular systole, 

producing a plaque in the left ventricular outflow tract and 

thickening of the mitral leaflet; these changes correlate with 

functional left ventricular outflow tract obstruction due to sys

tolic anterior motion of the mitral valve.

The characteristic histologic features in HCM  are marked 

myocyte hypertrophy, haphazard m yo cyte  (and myofiber) dis

array, and interstitial fibrosis (Fig. I I .27B).

C lin ica l Features

A lth o u g h  H C M  can  p re sen t a t any  age, it typically  m an i
fests d u rin g  the  p o stp u b e rta l g ro w th  sp u rt. The clinical 
sy m p to m s can  be best u n d e rs to o d  in  the  context o f the 
functional abnorm alities. It is charac terized  by  m assive  left 
v en tricu la r h y p e rto rp h y  associa ted  w ith  (paradoxically) a 
m ark ed ly  red u ced  stroke vo lum e. This la tte r occurs as a 
consequence of im p a ired  d iasto lic  filling a n d  overall 
sm aller cham ber size. In  ad d itio n , ro ugh ly  25% of pa tien ts  
h av e  dynam ic  o bstruc tion  to  the left v en tricu la r ou tflow  by 
the  an te rio r leaflet of the m itra l valve. R educed  card iac 
o u tp u t a n d  a secondary  increase in  p u lm o n ary  venous 
p re ssu re  cause exertional d yspnea , w ith  a harsh systolic 
ejection murmur. A  com bination  of m assive  h y p ertro p h y , 
h igh  left v en tricu la r p ressu res, an d  com prom ised  in tram u 
ra l a rteries freq u en tly  leads to m yocard ia l ischem ia (w ith  
angina), even  in  the  absence of concom itan t CAD. M ajor 
clinical p rob lem s inc lude  a tria l fib rilla tion  w ith  m u ra l

th ro m b u s fo rm ation , ven tricu la r fib rilla tion  lead in g  to 
su d d e n  card iac  dea th , in fectious end o card itis  of the  m itra l 
valve, a n d  CHF. M ost p a tien ts ' sym p tom s are  im p ro v ed  
by  th e rap y  th a t p rom otes  v en tricu lar relaxation; p artia l 
surg ical excision o r con tro lled  a lcoho l-induced  in farction  
of sep ta l m uscle  also  can  relieve the ou tflow  trac t obstruc 
tion. A s m en tio n ed  earlier, H C M  is a n  im p o rta n t cause of 
su d d e n  card iac  dea th . In  a lm ost one th ird  of cases 
of su d d e n  card iac d e a th  in  a th le tes y o u n g e r th a n  35 years 
of age, the  u n d e rly in g  cause is H CM .

Restrictive Cardiomyopathy * •

Restrictive cardiom yopathy is characterized by a primary 
decrease in  ventricular com pliance, resu ltin g  in  im paired  
ventricular fillin g  during diastole (sim ply  p u t, the  w a ll is 
stiffer). This fo rm  of card io m y o p a th y  m ay  be id iopath ic  
o r m ay  be associa ted  w ith  system ic d iseases th a t affect the 
m yocard ium , fo r exam ple, rad ia tio n  fibrosis, am ylo idosis, 
sarcoidosis, o r p ro d u c ts  of in b o rn  erro rs of m etabolism .

T hree fo rm s of restric tive  card io m y o p a th y  m erit brief 
m ention :
• Amyloidosis is caused  by  the dep o sitio n  of ex tracellu lar 

p ro te in s  w ith  a p red ilec tion  fo r fo rm ing  inso lub le  
P-p leated  sheets (C hap ter 5). C ard iac  am ylo idosis can 
occur in  the se tting  of system ic am ylo idosis (e.g., m u l
tip le m yelom a) o r can  be p red o m in an tly  restric ted  to  the 
h eart (e.g., senile card iac am yloidosis). In  the la tte r case, 
deposition  of n o rm al (or m u tan t) fo rm s of tran sth y re tin  
(a liver-syn thesized  c ircu la ting  p ro te in  th a t tran sp o rts  
thy rox ine a n d  retino l) in  the hearts  of o lder a d u lt 
pa tien ts  resu lts  in  a restric tive  ca rd iom yopathy . F our 
percen t of A frican  A m ericans carry  a  specific m u ta tio n  
of tra n s th y re tin  th a t increases the risk  of card iac  am y
lo idosis in  th a t p o p u la tio n  over fourfo ld . Besides depos
iting  as am ylo id , im m u n o g lo b u lin  ligh t-chains in  
A L -type am ylo id  a lso  are  d irectly  cardiotoxic a n d  can 
induce  m yocard ia l dysfunction .

• Endomyocardial fibrosis is p rinc ipa lly  a  d isease of ch ild ren  
an d  y o u n g  a d u lts  in  A frica a n d  o ther trop ical areas. It is
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Fig. 11.27 Hypertrophic cardiomyopathy with asymmetric septal hypertrophy. (A) The septal muscle bulges into the left ventricular outflow tract, giving rise 
to a “banana-shaped” ventricular lumen, and the left atrium is enlarged. The anterior mitral leaflet has been moved away from the septum to reveal a fibrous 
endocardial plaque ( a r r o w )  (see text). (B) Histologic appearance demonstrating disarray, extreme hypertrophy, and characteristic branching of myocytes, as 
well as interstitial fibrosis.

charac terized  by  dense  d iffuse fibrosis o f the  ven tricu lar 
e n d o ca rd iu m  a n d  sub en d o card iu m , o ften  invo lv ing  the 
tr icu sp id  a n d  m itra l valves. The fib rous tissue m ark ed ly  
d im in ishes the vo lum e a n d  com pliance of affected 
cham bers, re su ltin g  in  a restrictive physio logy . E ndo 
m y ocard ia l fibrosis has been  lin k ed  to  n u tritio n a l defi
ciencies a n d /o r  in flam m ation  re la ted  to  he lm in th ic  
in fections (e.g., hypereosinoph ilia); w o rld w id e , it is the 
m ost com m on  fo rm  of restric tive  card iom yopathy .

• Loeffler endomyocarditis a lso  exhibits en d o card ia l fibrosis, 
typically  associated  w ith  fo rm ation  of large  m u ra l 
th rom bi. It has  no  geograph ic  or p o p u la tio n  p red ilec 
tion. It is charac terized  by  p e rip h e ra l hypereosinoph ilia  
an d  eosinophilic  tissue infiltrates; release of eosinoph il 
g ran u le  conten ts, especially  m ajor basic p ro te in , p ro b 
ably  en g en d ers  endo card ia l a n d  m yocard ia l necrosis, 
fo llow ed by scarring , layering  of the  en d o ca rd iu m  
by  th rom bus, a n d  finally  th ro m b u s o rgan iza tion . Of 
in terest, som e p a tien ts  have a n  u n d e rly in g  hypereosino 
philic m yelopro lifera tive  neop lasm  d riv en  by gene rea r
ran g em en ts  th a t lead  to  expression  of constitu tively  
active ty rosine  k inases (C hap ter 12). T rea tm en t o f such  
pa tien ts  w ith  ty rosine  k inase  inh ib ito rs can  re su lt in  
hem atologic rem ission  a n d  reversa l o f the endom yocar
d ia l lesions.

Ä  M O R P H O L O G Y

In restrictive cardiomyopathy, the ventricles are of approximately 

normal size or only slightly enlarged, the cavities are not dilated, 

and the myocardium is firm. However, both atria are typically 

dilated as a consequence of restricted ventricular filling and pres

sure overloads. Microscopic examination reveals variable degrees 

of interstitial fibrosis. Although gross morphologic findings are 

similar for restrictive cardiomyopathy of disparate causes, endo

myocardial biopsy often can reveal a specific etiology.

Myocarditis

M yocarditis encom passes a d iverse group o f clin ical enti
ties  in  w h ich  in fectiou s agents and/or inflam m atory pro
cesses target the m yocardium . It is im p o rtan t to  d is tin g u ish  
m yocard itis  from  cond itions such  as IH D , w h ere  the 
in flam m ato ry  p rocess is secondary  to  som e o ther cause of 
m y ocard ia l injury.

Pathogenesis

In  the U n ited  States, viral in fection s are the m ost com m on  
cause o f m yocarditis, w ith  coxsackieviruses A  and B and  
other enteroviruses accounting for a m ajority o f the cases.
C ytom egalov iru s (CMV), h u m a n  im m unodefic iency  v iru s  
(HIV), in fluenza v irus, an d  o th ers  a re  less com m on p a th o 
gens. O ffend ing  agen ts can  be iden tified  by  serologic 
s tud ies  th a t show  rising  an tib o d y  titers o r th ro u g h  m olecu
la r d iagnostic  techn iques u sin g  infected  tissues. W hile 
som e v iru ses cause d irect cell dea th , in  m ost cases the in jury  
resu lts  from  a n  im m u n e  response  d irected  ag a in st v irally  
in fected  cells; th is is ana logous to  the dam ag e  inflicted by 
virus-specific T cells on  h epatitis  v iru s-in fec ted  liver cells 
(C hap ter 16). In  som e cases, v iru ses trigger a reaction  
aga in st cross-reacting  p ro te in s  such  as m yosin  heavy  chain.

The non v ira l in fectious causes of m yocard itis  ru n  the 
en tire  g am u t of the  m icrobial w o rld . The p ro to zo an  Try
panosoma cruzi is the  ag en t o f C hagas disease. A lthough  
unco m m o n  in  the n o rth e rn  hem isphere , C hagas d isease 
affects u p  to  one h a lf of the p o p u la tio n  in  endem ic  areas 
of S ou th  A m erica, w ith  m yocard ia l invo lvem en t in  the  vast 
m ajority . A bou t 10% of the  p a tien ts  d ie  d u r in g  an  acu te 
attack; o thers  can  en te r a chronic im m u n e-m ed ia ted  phase  
w ith  d ev e lo p m en t of p rog ressive  signs of C H F a n d  a rrh y th 
m ia  10 to  20 y ears  later. Toxoplasma gondii (househo ld  cats 
are  the m ost com m on vector) also  can  cause m yocard itis, 
p articu larly  in  im m u n o co m p ro m ised  in d iv idua ls .
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T richinosis is the  m ost com m on  helm in th ic  d isease associ
a ted  w ith  card iac involvem ent.

M yocard itis  occurs in  app rox im ate ly  5% of pa tien ts  
w ith  Lym e disease, a system ic illness caused  by  the  bacte
ria l sp irochete  Borrelia burgdorferi (C hap ter 9). Lym e m yo
card itis  m an ifests p rim arily  as self-lim ited  conduction  
system  disease, frequen tly  req u irin g  tem p o rary  pacem aker 
insertion .

N onin fectious causes of m yocard itis  inc lude  system ic 
d iseases of im m u n e  orig in , such  as system ic lu p u s  ery the 
m ato su s a n d  po lym yositis. D ru g  hypersensitiv ity  reactions 
affecting  the  h e a rt (hypersensitiv ity  m yocard itis) m ay 
occur w ith  exposu re  to  a w id e  range  of agents; such  reac
tions typically  are ben ig n  a n d  on ly  in  ra re  circum stances 
lead  to  C H F o r su d d e n  death .

^  M O R P H O L O G Y

In acute myocarditis, the heart may appear normal or dilated; in 

advanced stages, the myocardium typically is flabby and often 

mottled with pale and hemorrhagic areas. Mural thrombi may be 

present.

Microscopically, myocarditis is characterized by edema, inter

stitial inflammatory infiltrates, and myocyte injury (Fig. 11.28). A  

diffuse lymphocytic infiltrate is most common (see Fig. I I . 28A), 

although the inflammatory involvement is often patchy and can 

be “missed” on endomyocardial biopsy. If the patient survives the 

acute phase of myocarditis, lesions may resolve without signifi

cant sequelae or heal by progressive fibrosis.

In hypersensitiv ity  m yo card itis , interstitial and perivascu

lar infiltrates are composed of lymphocytes, macrophages, and a 

high proportion of eosinophils (Fig. I I.28B). G ia n t cell m yocar

ditis is a morphologically distinctive entity characterized by wide

spread inflammatory cell infiltrates containing multinucleate giant 

cells (formed by macrophage fusion). Giant cell myocarditis prob

ably represents the aggressive end of the spectrum of lymphocytic 

myocarditis, and there is at least focal— and frequently extensive—  

necrosis (Fig. I I.28C). This variant carries a poor prognosis.

C hagas m yocard itis  is characterized by the parasitization 

of scattered myofibers by trypanosomes accompanied by an 

inflammatory infiltrate of neutrophils, lymphocytes, macrophages, 

and occasional eosinophils (Fig. I I . 2 8 D ).

C lin ica l Features

The clinical sp ec tru m  of m yocard itis  is b road ; a t one end , 
the  d isease is asym ptom atic , a n d  p a tien ts  recover w ith o u t 
sequelae. A t the o th e r ex trem e is the p rec ip itous onse t of 
h ea rt failu re o r a rrhy thm ias, occasionally  w ith  su d d e n  
dea th . B etw een these ex trem es are  m any  levels of involve
m en t associated  w ith  a varie ty  of signs an d  sym ptom s, 
in c lu d in g  fatigue, d yspnea , pa lp ita tions, pain , a n d  fever. 
The clinical fea tu res o f m yocard itis  can  m im ic those  of 
acu te  MI. C linical p rog ression  from  m yocard itis  to  D CM  
occasionally  is seen.

O ther Causes of Myocardial Disease

Cardiotoxic Drugs

C ardiac com plications of cancer therapy  are a n  im portan t 
clinical problem . C ardiotoxicity  can be associated  w ith

conventional chem otherapeutic  agents, targeted  d rugs 
such  as tyrosine k inase inhibitors, an d  certain  form s of 
im m un o th erap y  (e.g., im m une checkpoint b lockade for 
cancer). The anthracyclines doxorubicin  an d  daunorub icin  
are  the chem otherapeutic  agents tha t are  m ost frequently  
associated  w ith  toxic m yocard ial injury, w h ich  often  takes 
the  fo rm  of a d ila ted  card iom yopathy  an d  heart failure. 
A nthracycline toxicity is dose-dependen t (cardiotoxicity 
becom es progressively  m ore frequen t above a to tal dose of 
500 m g /  m 2) an d  is a ttribu ted  prim arily  to  perox idation  of 
lip ids in  m yocyte m em branes.

M any  o ther agents, such  as lith ium , p heno th iaz ines, an d  
ch lo roqu ine, have  been  im p lica ted  in  m yocard ia l in jury  
a n d  som etim es su d d e n  dea th . C om m on  find ings in  hearts  
in ju red  by  m any  of these  chem icals a n d  d ru g s  (includ ing  
d ip h th e ria  exotoxin  an d  doxorubicin) are  m yofiber sw ell
ing, cy top lasm ic vacuolization , a n d  fatty  change. D iscon
tin u in g  such  agen ts  can  lead  to com plete reso lu tion , w ith  
n o  a p p a re n t sequelae. Som etim es, how ever, m ore  exten 
sive dam age p ro d u ces  m yocyte necrosis a n d  leads to a 
d ila ted  card iom yopathy .

C atecholam ines

Foci of m yocard ia l necrosis w ith  con traction  bands, often  
associa ted  w ith  a sparse  m ononuclear in flam m atory  infil
tra te  (m ostly  m acrophages), can  occur in  in d iv id u a ls  w ith  
pheochrom ocy tom a, a tu m o r th a t e laborates catechol
am ines (C hap ter 20). Sim ilar changes can  occur w ith  a 
va rie ty  of agen ts — en d o g en o u s or e x o g e n o u s -u n d e r  the 
ru b ric  o f "catecho lam ine effect." These include cocaine, 
h ig h  doses of ep h ed rin e  (an  ad renerg ic  ag en t in  m an y  cold 
an d  allergy  form ulations), in tense  au tonom ic  stim u la tion  
secondary  to  in tracran ia l lesions, o r vaso p resso r agen ts 
such  as dopam ine . The m echan ism  of catecholam ine car- 
d iotoxicity  is uncerta in , b u t seem s to  re la te  e ither to a d irect 
toxicity of catecholam ines o n  card iac m yocytes v ia  calcium  
overload  o r to  vasoconstric tion  in  the  face of a n  increased  
h e a rt rate. The m o nonuclear cell in filtrate  is p robab ly  a 
reaction  to  m icroscopic foci of m yocyte cell death .

®  S U M M A R Y

C A R D IO M Y O P A T H IE S  A N D  M Y O C A R D IT IS

• C a r d i o m y o p a t h y  refers to  intrinsic cardiac muscle disease; there 

may be specific causes, or it may be idiopathic.

• The three general pathophysiologic categories of cardiomy

opathy are d i l a t e d  (accounting for 90% of the cases), h y p e r t r o 

p h i c ,  and r e s t r i c t i v e  (least common).

• DCM  results in systolic (contractile) dysfunction. Causes 

include myocarditis, toxic exposures (e.g., alcohol), and preg

nancy. In 20% to 50% of cases, mutations affecting cytoskeletal 

proteins are responsible.

• HCM  results in diastolic (relaxation) dysfunction. Virtually all 

cases are due to  autosomal dominant mutations in the proteins 

that make up the contractile apparatus, in particular P-myosin 

heavy chain.

• Restrictive cardiomyopathy results in a stiff, noncompliant 

myocardium and can be due to  depositions (e.g., amyloid), 

increased interstitial fibrosis (e.g., due to  radiation), or endo

myocardial scarring.
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Fig. 11.28 Myocarditis. (A) Lymphocytic myocarditis, with edema and associated myocyte injury. (B) Hypersensitivity myocarditis, characterized by perivascular 
eosinophil-rich inflammatory infiltrates. (C) Giant cell myocarditis, with lymphocyte and macrophage infiltrates, extensive myocyte damage, and multinucleate 
giant cells. (D) Chagas myocarditis. A myofiber distended with trypanosomes ( a r r o w )  is present, along with mononuclear inflammation and myofiber 
necrosis.

• Arrhythmogenic right ventricular cardiomyopathy is an auto

somal dominant disorder of cardiac muscle that manifests with 

right-sided heart failure and rhythm disturbances that can 

cause sudden cardiac death in athletes.

• Myocarditis is an inflammatory disorder caused by infections 

or immune reactions. Coxsackieviruses A  and B are the most 

common pathogens in the United States. Clinically, myocarditis 

may be asymptomatic, give rise to  acute heart failure, or evolve 

to DCM .

PERICARDIAL DISEASE

Pericardial le s io n s typ ically  are associated w ith  a patho
logic process elsew here in  the heart or surrounding struc
tures, or are secondary to a system ic disorder. P ericard ia l 
d iso rd ers  inc lude  effusions a n d  in flam m atory  conditions, 
som etim es re su ltin g  in  fib rous constriction .

Pericardial Effusion and Hemopericardium

N orm ally , the pe rica rd ia l sac con tains less th a n  50 cc of 
thin, clear, straw -co lo red  flu id . U n d e r v a rio u s circum 
stances, the  pe rica rd ia l sac m ay  be d is ten d ed  by accum ula 
tions of serous flu id  (pericardial effusion), blood 
(hemopericardium), o r p u s  (purulent pericarditis).

P ericard ia l effusions a n d  the ir causes inc lude  the 
follow ing:
• Serous: C ongestive h e a rt failure, hyp o a lb u m in em ia  of 

any  cause
• Serosanguineous: B lun t chest traum a, m alignancy , ru p 

tu red  MI, o r aortic  d issection
• Chylous: M ediastinal lym phatic  obstruc tion

W ith  lo n g -stan d in g  card iac  en la rg em en t o r w ith  slow ly 
accum ula ting  fluid, the p e rica rd iu m  has tim e to  dilate. 
This p e rm its  chronic pe rica rd ia l effusions to  becom e qu ite  
large w ith o u t in te rfe ring  w ith  card iac  function . T hus, w ith  
chronic effusions of less th a n  500 cc in  vo lum e, the only  
clinical significance is a characteristic  g lobu lar en large
m en t of the h eart sh ad o w  o n  chest rad io g rap h . In  con
trast, rap id ly  d eve lop ing  flu id  collections of as little  as 
200 to  300 cc (e.g., d u e  to h em o p erica rd iu m  caused  by  a 
ru p tu re d  M I or aortic  d issection) can  p ro d u ce  clinically 
devasta ting  com pression  of the th in -w alled  a tria  an d  
venae cavae, o r the ven tric les them selves; card iac  filling 
is thereby  restric ted , p ro d u c in g  po ten tia lly  fatal cardiac 
tamponade.

Pericarditis

Primary pericarditis is uncom m on. It is typ ica lly  due to 
viral in fection  (often w ith  concurrent m yocarditis),
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a lth o u g h  b ac te ria , fu n g i,  or p aras ites  m a y  a lso  b e  

in v o lv e d . In  m ost cases, pericard itis  is secondary  to  acu te  
M I o r card iac  su rgery  (so-called "D ressle r 's  syndrom e"), 
rad ia tio n  to  the  m ed iastinum , o r p rocesses invo lv ing  o ther 
thoracic s tru c tu res  (e.g., p n eu m o n ia  o r p leuritis). Uremia is 
the  m ost com m on  system ic d iso rd e r associa ted  w ith  pe ri
card itis. Less com m on secondary  causes inc lude  rh eum atic  
fever, system ic lu p u s  e ry them atosus, a n d  m etasta tic  m alig 
nancies. P ericard itis  can  (1) cause im m ed ia te  h em ody 
nam ic com plications if it elicits a large  effusion  (resu lting  
in  card iac  tamponade), (2 ) reso lve w ith o u t significant 
sequelae, o r 3) p ro g ress  to  a chronic fib rosing  process.

M O R P H O L O G Y

In patients with acute viral pericarditis or uremia, the exudate 

typically is fibrinous, imparting an irregular, shaggy appearance to  

the pericardial surface (so-called “bread and butter” pericarditis). 

In acute bacterial pericarditis, the exudate is fibrinopurulent 

(suppurative), often with areas of frank pus (Fig. 11.29); tubercu

lous pericarditis can exhibit areas of caseation. Pericarditis due 

to malignancy often is associated with an exuberant, shaggy 

fibrinous exudate and a bloody effusion; metastases can be 

grossly evident as irregular excrescences or may be grossly inap

parent, especially in the case of leukemia. In most cases, acute 

fibrinous or fibrinopurulent pericarditis resolves without any 

sequelae. W ith  extensive suppuration or caseation, however, 

healing can result in fibrosis (chronic pericarditis).

C h ro n ic  p ericard itis  may be associated with delicate adhe

sions or dense, fibrotic scars that obliterate the pericardial space. 

In extreme cases, the heart is so completely encased by dense 

fibrosis that it cannot expand normally during diastole— resulting 

in the condition known as con stric tive  p ericard itis .

C lin ica l Features

P ericard itis  classically m anifests w ith  atyp ical chest p a in  
(no t re la ted  to exertion  a n d  w o rse  in  recum bency), a n d  a 
p ro m in e n t friction  rub . W h en  associated  w ith  significant 
flu id  accum ulation , acu te  pericard itis  can  cause card iac 
tamponade, w h ich  leads to  declin ing  card iac o u tp u t an d  
con seq u en t shock. C hronic  constrictive pericard itis  p ro 
duces a com bination  of r ig h t-s id ed  ven o u s d is ten tion  an d  
low  card iac  o u tp u t, sim ilar to  the clinical p ic tu re  in  restric 
tive card iom yopathy .

CARDIAC TUMORS

Primary Neoplasms

P rim ary  card iac  tu m o rs a re  uncom m on; m oreover, m ost 
a lso  are (fortunately) ben ign . The five m ost com m on  have  
n o  m alig n an t p o ten tia l a n d  accoun t for 80% to 90% of all 
p r im ary  h ea rt tum ors. In  d escend ing  o rd e r of frequency, 
these are m yxom as, fibrom as, lipom as, p ap illa ry  fibro- 
elastom as, a n d  rh abdom yom as. A ng iosarcom as constitu te  
the  m ost com m on  p rim ary  malignant tu m o r of the  heart. 
O n ly  the m yxom as a n d  rh ab d o m y o m as m erit fu rth e r 
m en tio n  here.

Fig. 11.29 Acute suppurative (purulent, exudative) pericarditis, caused by 
extension from a pneumonia.

M yxomas a re  the  m ost com m on p rim ary  tu m o rs of the 
a d u lt h ea rt (Fig. 11.30). R oughly  90% are atrial, w ith  the 
left a tr iu m  accoun ting  for 80% of those.

Rhabdomyomas a re  the m o st freq u en t p rim ary  tu m o rs of 
the h e a rt in  in fan ts a n d  ch ild ren ; they  frequen tly  are d is
covered  ow in g  to  v a lv u la r o r ou tflow  obstruction . C ard iac  
rh ab d o m y o m as occur w ith  h ig h  frequency  in  p a tien ts  w ith  
tub ero u s sclerosis caused  by  m u ta tio n s in  the TSC1 o r 
TSC2 tu m o r su p p resso r genes; loss of TSC-1 a n d  TSC-2 
activ ity  leads to m yocyte o verg row th . Because they  often  
reg ress spon tan eo u sly  (for u n k n o w n  reasons), rh ab d o m y 
om as are som etim es considered  to  be ham arto m as ra th e r 
th an  tru e  neop lasm s. In  k eep ing  w ith  th is n o t all card iac 
rh ab d o m y o m as th a t occur in  p a tien ts  w ith  tu b ero u s scle
rosis are  clonal.

M O R P H O L O G Y

M yxo m as  are almost always single, classically arising in the 

region of the fossa ovalis (atrial septum). They can be small (less 

than 1 cm in diameter) or massive (up to 1 0  cm across), sessile 

or pedunculated masses (Fig. I I . 3 0A), most often manifesting as 

soft, translucent, villous lesions with a gelatinous appearance. 

Pedunculated forms often are sufficiently mobile to swing into 

the mitral or tricuspid valve during systole, causing intermittent 

obstruction or exerting a “wrecking ball” effect that damages the 

valve leaflets.

Histologically, myxomas are composed of stellate, frequently 

multinucleated myxoma cells (typically with hyperchromatic 

nuclei), admixed with cells showing endothelial, smooth muscle, 

and/or fibroblastic differentiation; all of the cell types arise from 

differentiation of multipotential mesenchymal tum or cells. The 

cells are embedded in an abundant acid mucopolysaccharide 

ground substance (Fig. I I .30B). Hemorrhage, poorly organizing 

thrombus, and mononuclear inflammation also are usually present.
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Fig. 11.30 Atrial myxoma. (A) A large pedunculated lesion arises from the 
region of the fossa ovalis and extends into the mitral valve orifice. (B) Abun
dant amorphous extracellular matrix contains scattered multinucleate 
myxoma cells ( a r r o w h e a d s )  in various groupings, including abnormal vascular 
formations ( a r r o w ).

R habdom yom as are gray-white masses up to  several cen

timeters in diameter that protrude into the ventricular chambers. 

Histologic examination shows a mixed population of cells; most 

characteristic, however, are large, rounded, or polygonal cells 

containing numerous glycogen-laden vacuoles separated by 

strands of cytoplasm running from the plasma membrane to  the 

centrally located nucleus, so-called “spider cells”.

C lin ical Features

The m ajor clinical m an ifesta tions of m yxom as are  d u e  to 
v a lv u la r "ball-valve" obstruction , em bolization , o r a syn
d rom e of co nstitu tiona l signs a n d  sym ptom s in c lu d in g  
fever a n d  m alaise. This synd rom e is caused  by e labo ra tion  
of the cy tok ine in terleuk in -6  by  the  tu m o r cells, a m ajor 
m ed ia to r o f the acu te-phase  response. E chocard iography  
is the d iagnostic  m odality  of choice, a n d  surg ical resection  
is a lm ost u n ifo rm ly  curative.

Cardiac Effects of Noncardiac Neoplasms

W ith  en h an ced  p a tien t su rv iv a l d u e  to  d iagnostic  a n d  ther
apeu tic  advances, significant card iovascu lar effects o f non 
card iac n eop lasm s a n d  the ir th e rap y  are  increasing ly  
enco u n te red  (Table 11.6). The pa tho log ic  consequences 
include d irec t tu m o r m etastasis  o r in filtration , effects of 
c ircu la ting  m ed ia to rs, an d  th e rap eu tic  com plications.

The m ost freq u en t m etasta tic  tu m o rs invo lv ing  the h ea rt 
are  carcinom as of the  lu n g  an d  breast, m elanom as, leuke
m ias, an d  lym phom as. M etastases can  reach  the h e a rt and  
p erica rd iu m  by re tro g rad e  lym phatic  ex tension  (carcino
m as), by  hem ato g en o u s seed ing  (m any tum ors), by d irect 
con tiguous ex tension  (p rim ary  carcinom a of the lung , 
breast, o r esophagus), o r by  ven o u s ex tension  (tum ors of 
the k id n ey  o r liver). C linical sym ptom s are  m ost o ften  asso 
ciated  w ith  pe rica rd ia l sp read , w h ich  can  cause sy m ptom 
atic pe rica rd ia l effusions or a  m ass-effect th a t is sufficient 
to  restric t card iac filling. B ronchogenic carcinom a o r m alig 
n a n t ly m p h o m a m ay  infiltrate  the  m ed ia s tin u m

extensively, causing  encasem ent, com pression , or invasion  
of the su p erio r vena  cava a n d  ob stru c tio n  to  b lood  flow  
from  the h ead  a n d  u p p e r  ex trem ities (superior vena cava 
syndrome). R enal cell carcinom a o ften  in v ad es the rena l 
vein  a n d  m ay  g row  as a con tin u o u s co lu m n  of tu m o r u p  
the in ferio r vena  cava a n d  in to  the rig h t a triu m , b locking 
venous re tu rn  to  the heart.

N o n card iac  tu m o rs a lso  m ay  affect card iac function  
ind irectly , som etim es v ia  c ircu la ting  tu m o r-d eriv ed  sub 
stances. The consequences include nonbacterial throm botic 
endocard itis , carcino id  h e a rt d isease, pheochrom ocy tom a- 
associated  m yocard ia l dam age, a n d  m yelom a-associated  
A L -type am yloidosis.

C om plications of chem otherapy  w ere  d iscussed  earlier 
in  th is  chap ter. R ad ia tion  u sed  to  trea t breast, lung , o r 
m ed iastina l neop lasm s can  cause pericard itis , pericard ia l 
effusion, m yocard ia l fibrosis, a n d  chronic pericard ia l d is
o rders. O ther card iac effects o f rad ia tio n  th e rap y  inc lude  
accelerated  co ronary  a rte ry  d isease a n d  m u ra l a n d  v a lv u 
lar en d o card ia l fibrosis.

C a rc in o id  H e a r t  D isease

The carcinoid syndrom e results from  bioactive com 
pou n d s such as serotonin  released  b y  carcinoid tum ors
(C hap ter 15); system ic m an ifesta tions inc lude  flushing, 
d ia rrhea , derm atitis , a n d  b ronchoconstric tion . Carcinoid 
heart disease refers to  the card iac m an ifesta tion  caused  by 
the b ioactive co m p o u n d s  a n d  occurs in  one half of p a tien ts  
in  w h o m  the system ic synd rom e develops. C ard iac  lesions 
typically  do  n o t occur un til there  is a m assive  hepatic  m et
astatic  b u rd en , since the liver no rm ally  inactivates circu
la ting  m ed ia to rs  before they  can  affect the  heart. 
C lassically, en d o ca rd iu m  a n d  valves of the  rig h t h ea rt are  
p rim arily  affected  since they  are the first card iac  tissues 
b a th ed  by the m ed ia to rs  re leased  by gastro in testina l carci
no id  tum ors. The left side of the  h ea rt is a ffo rded  som e 
m easu re  of p ro tec tio n  because the  p u lm o n ary  vascu lar 
bed  d eg rad es the  m ed ia to rs. H ow ever, left-sided  h ea rt 
carcino id  lesions can  occur in  the se tting  of a tria l o r ven 
tricu lar sep ta l defects a n d  righ t-to -left flow, or they  can 
arise in  associa tion  w ith  p rim ary  p u lm o n ary  carcinoid  
tum ors.

Table 11.6 Cardiovascular Effects of Noncardiac Neoplasms

D ire c t Consequences o f T u m o r

Pericardial and myocardial metastases 
Large vessel obstruction 
Pulmonary tumor emboli

In d irec t Consequences of T u m o r (C om plica tio ns  of 
C ircu la tin g  M ed ia to rs )

Nonbacterial thrombotic endocarditis 
Carcinoid heart disease 
Pheochromocytoma-associated heart disease 
Myeloma-associated amyloidosis

Effects o f T u m o r T herap y

Chemotherapy 
Radiation therapy

Modified from Schoen FJ, et al: Cardiac effects of non-cardiac neoplasms, C a rd io l C lin  

2:657, 1984.
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Fig. 11.31 Carcinoid heart disease. (A) Characteristic endocardial fibrotic ( l ig h t  g r a y )  lesion “coating” the right ventricle and tricuspid valve, and extending 
onto the chordae tendineae. (B) Microscopic appearance of the thickened endocardium, which contains smooth muscle cells and abundant acid mucopolysac
charides (blue-green in this Movat stain, which colors the underlying endocardial elastic tissue black).

Pathogenesis

The m ed ia to rs  e labo ra ted  by carcino id  tu m o rs inc lude  
se ro ton in  (5-hydroxy tryp tam ine), kallikrein , b radyk in in , 
h istam ine, p ro stag lan d in s, a n d  tachykin ins. A lth o u g h  it is 
n o t clear w h ich  of these is causative, p lasm a levels of sero
ton in  a n d  u rin a ry  excretion  of the sero ton in  m etabolite  
5 -hydroxyindoleacetic  acid  correlate  w ith  the  severity  of 
r ig h t-s id ed  h ea rt lesions. The v a lv u la r p laq u es  in  carcinoid  
synd rom e also  are  sim ilar to  lesions th a t occur w ith  the 
ad m in is tra tio n  of fen flu ram ine  (an  ap p e tite  supp ressan t) 
o r e rgo t a lkalo ids (for m ig ra ine  headaches); of in terest, 
these agen ts e ithe r affect system ic sero ton in  m etabo lism  or 
d irectly  b in d  to  h y d ro x y try p tam in e  recep to rs o n  h eart 
valves.

M O R P H O L O G Y

The cardiovascular lesions associated with the carcinoid syn

drome are distinctive, glistening white, intimal, plaquelike thicken

ings on the endocardial surfaces of the cardiac chambers and 

valve leaflets (Fig. 11.31). The lesions are composed of smooth 

muscle cells and sparse collagen fibers embedded in an acid 

mucopolysaccharide-rich matrix. Underlying structures are 

intact. W ith  right-sided involvement, typical findings are tricuspid 

insufficiency and pulmonic stenosis.

CARDIAC TRANSPLANTATION

A lth o u g h  p e rm a n e n t v en tricu lar assist device im p lan ta 
tion  is increasing ly  a n  o p tio n  for m an ag em en t of end-stage  
h e a rt disease, card iac tran sp lan ta tio n  rem ains the trea t
m en t o f choice for p a tien ts  w ith  in tractab le  h ea rt failure. 
W ith o u t tran sp lan ta tio n , m edically  m an ag ed  end-stage  
h e a rt fa ilu re  carries a  50% 1-year m orta lity  rate, a n d  less 
th a n  10% of pa tien ts  su rv ive 5 years. O ver 5000 h e a rt trans
p lan ta tio n  p ro ced u res  are p e rfo rm ed  ann u a lly  w o rld w id e , 
m ostly  for D C M  a n d  IHD.

The m ajor com plications of card iac tran sp lan ta tio n  
are  acu te  card iac  rejection a n d  a llog raft a rte riopathy .

The im m u n o su p p ress io n  req u ired  for a llog raft su rv ival 
a lso  increases the risk  for o p p o rtu n is tic  infections an d  
certa in  m alignancies (e.g., Epstein-B arr v iru s-asso c ia ted  
lym phom a).
• Rejection is charac terized  by  in terstitia l lym phocytic  

in flam m ation , m yocyte dam age a n d  a h isto logic p a tte rn  
sim ilar to  th a t seen  in  v ira l m yocard itis. B oth T cell- and  
an tibody  responses to  the  a llog raft a re  in vo lved  in  the 
rejection reaction.

• Allograft arteriopathy is the  single m ost im p o rta n t long 
te rm  lim ita tion  for card iac tran sp lan ta tio n . It is m ark ed  
by late, p rogressive , d iffusely  s tenosing  in tim al pro lif
e ra tion  in  the co ronary  arteries, lead in g  to  ischem ic 
injury.

D espite  these p rob lem s, the o u tlook  for tran sp lan t recip 
ien ts generally  is good, w ith  a 1-year su rv iva l ra te  of 90% 
an d  a 5-year su rv iva l ra te  o f m ore  th a n  70%.
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The hem atopo ie tic  an d  ly m p h o id  system s are affected  by 
a w id e  sp ec tru m  of d iseases. O ne u sefu l w ay  to  o rgan ize  
these d iso rd ers  is based  o n  w h e th e r they  p rim arily  affect 
re d  cells, w h ite  cells, o r the coagu la tion  system , w h ich  
inc ludes p la te le ts  a n d  c lo tting  factors. The m ost com m on 
re d  cell d iso rd ers  are those  th a t lead  to  anemia, a  sta te  of 
re d  cell deficiency. W hite  cell d iso rders, by  contrast, are  
m o st o ften  associa ted  w ith  excessive p ro life ra tion  resu lting  
from  m alig n an t transfo rm ation . D erangem en ts in  b lood 
coagu la tion  m ay  re su lt in  hem orrhag ic  d ia theses (bleed
in g  d iso rders). F inally, sp lenom egaly , a fea tu re  of n u m er
ous d iseases, is d iscussed  a t the  en d  of the chapter, as are  
tum ors of the  thym us.

A lth o u g h  these d iv isions are  usefu l, in  reality  the p ro 
duction , function , a n d  d estru c tio n  of re d  cells, w h ite  cells, 
an d  co m ponen ts  of the hem osta tic  system  are  closely 
linked , a n d  d eran g em en ts  p rim arily  affecting  one cell 
type o r com ponen t o f the system  often  lead  to  a ltera 
tions in  o thers. For exam ple, in  certa in  cond itions B cells 
m ake au to an tib o d ies  ag a in st co m ponen ts  of the red  cell 
m em brane . The opso n ized  red  cells are recogn ized  and

d estro y ed  by  phagocy tes in  the  spleen, w h ich  becom es 
en larged . The increased  red  cell d estru c tio n  causes anem ia, 
w h ich  in  tu rn  d rives a com pensa to ry  h y p erp lasia  of red  
cell p ro g en ito rs  in  the  bone m arrow .

O ther levels of in te rp lay  a n d  com plex ity  stem  from  the 
anatom ically  d isp ersed  n a tu re  of the h em ato lym pho id  
system  an d  the capacity  of bo th  n o rm al a n d  m alig n an t 
w h ite  cells to "traffic" be tw een  vario u s com partm en ts. 
H ence, a p a tien t w h o  is d iag n o sed  w ith  ly m p h o m a by 
ly m p h  node  b iopsy  also  m ay  be fo u n d  to  have neoplastic  
ly m p h o id  cells in  the bone m arro w  a n d  blood. The m alig 
n a n t clone of ly m p h o id  cells in  the m arro w  m ay  su p p ress  
hem atopo iesis , g iv ing  rise to  low  b lood  cell coun ts (cytope- 
nias), a n d  the d issem ination  of tu m o r cells to  the liver an d  
sp leen  m ay  lead  to  o rganom egaly . Thus, in  b o th  ben ign  
a n d  m alig n an t h em ato ly m p h o id  d iso rders, a single u n d e r
ly ing  ab no rm ality  can  re su lt in  d iverse  system ic m an ifesta 
tions. K eeping  these com plexities in  m ind , w e  w ill u se  the 
tim e-honored  classification of h em ato ly m p h o id  d iso rd ers  
based  o n  p re d o m in a n t invo lvem en t o f re d  cells, w h ite  
cells, an d  the hem ostatic  system .
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Red Cell Disorders

D iso rders o f re d  cells can  resu lt in  anem ia  or, less com 
m only , po lycy them ia  (an  increase in  red  cells also  k n o w n  
as erythrocytosis). Anemia is defined  as a red u c tio n  in  the 
oxygen -tran sp o rtin g  capacity  of b lood, resu ltin g  from  a 
decrease in  the  re d  cell m ass to  su b n o rm al levels.

A n e m ia  can  s tem  f ro m  b le e d in g , increased  re d  ce ll 

d es tru c tio n , or decreased  re d  ce ll p ro d u c tio n . These m ech
an ism s serve as one basis for classifying anem ia (Table 12.1). 
In  som e entities overlap  occurs, for exam ple in  thalassem ia, 
w h ere  bo th  reduced  red  cell p roduc tion  an d  early  destruction  
contribu te  to anem ia. W ith  the exception of anem ia caused 
by  chronic renal failure or chronic in flam m ation  (described

Table 12.1 Classification of A n em ia  According to  Underlying  
Mechanism

Blood Loss

Acute: trauma
Chronic: gastrointestinal tract lesions, gynecologic disturbances

Increased D estruction  (H e m o ly tic  A n em ias)

In t r in s ic  ( in t r a c o r p u s c u la r )  A b n o r m a l i t ie s

H e r e d i t a r y

Membrane abnormalities
Membrane skeleton proteins: spherocytosis, elliptocytosis 
Membrane lipids: abetalipoproteinemia 

Enzyme deficiencies
Enzymes of hexose monophosphate shunt: glucose-6 -phosphate 

dehydrogenase, glutathione synthetase 
Glycolytic enzymes: pyruvate kinase, hexokinase 

Disorders of hemoglobin synthesis
Structurally abnormal globin synthesis (hemoglobinopathies): sickle 

cell anemia, unstable hemoglobins 
Deficient globin synthesis: thalassemia syndromes 

A c q u ir e d

Membrane defect: paroxysmal nocturnal hemoglobinuria 

E x tr in s ic  (E x t r a c o r p u s c u la r )  A b n o r m a l i t ie s

Antibody-mediated
Isohemagglutinins: transfusion reactions, immune hydrops (Rh disease 

of the newborn)
Autoantibodies: idiopathic (primary), drug-associated, systemic lupus 

erythematosus
Mechanical trauma to red cells

Microangiopathic hemolytic anemias: thrombotic thrombocytopenic 
purpura, disseminated intravascular coagulation 

Defective cardiac valves 
Infections: malaria

Im p a ired  Red C ell Production

Disturbed proliferation and differentiation of stem cells: aplastic 
anemia, pure red cell aplasia 

Disturbed proliferation and maturation of erythroblasts
Defective DNA synthesis: deficiency or impaired use of vitamin B!2  

and folic acid (megaloblastic anemias)
Anemia of renal failure (erythropoietin deficiency)
Anemia of chronic disease (iron sequestration, relative 

erythropoietin deficiency)
Anemia of endocrine disorders 
Defective hemoglobin synthesis

Deficient heme synthesis: iron deficiency, sideroblastic anemias 
Deficient globin synthesis: thalassemias 

Marrow replacement: primary hematopoietic neoplasms (acute 
leukemia, myelodysplastic syndromes)

Marrow infiltration (myelophthisic anemia): metastatic neoplasms, 
granulomatous disease

later), the decrease in  tissue oxygen tension th a t accom panies 
anem ia triggers increased p roduction  of the g row th  factor 
erythropoietin from  specialized cells in  the kidney. This in  
tu rn  drives a com pensatory  h yperp lasia  of e ry th ro id  p recur
sors in  the bone m arrow  and , in  severe anem ia, the appear
ance of extramedullary hematopoiesis w ith in  the secondary 
hem atopoietic  o rgans (the liver, spleen, an d  lym ph  nodes). 
In  w ell-nourished  persons w h o  becom e anem ic because of 
acu te b leed ing  o r increased red  cell destruction  (hem olysis), 
the  com pensatory  response can  increase the p ro d u c tio n  of 
red  cells fivefold to  eightfold. The rise in  m arrow  o u tp u t is 
signaled  by the appearance of increased num bers of new ly 
fo rm ed  red  cells (reticulocytes) in  the periphera l blood. By 
contrast, anem ia caused  by decreased red  cell p roduction  
(aregenerative anem ia) is associated w ith  subnorm al reticu
locyte counts (reticulocytopenia).

A nem ia  also  can  be classified on  the  basis of red  cell 
m orpho logy , w h ich  often  p o in ts  to  p a rticu la r causes. Fea
tu re s  th a t p ro v id e  etiologic clues include the size, color, 
a n d  shape  of the  re d  cells. These a re  ju d g e d  subjectively 
by  v isua l in spec tion  of p e rip h e ra l sm ears an d  also  are 
exp ressed  q u an tita tive ly  u sin g  the fo llow ing  indices:
• Mean cell volume (MCV): the average  vo lu m e p e r  red  

cell, expressed  in  fem to liters (cubic m icrons)
• Mean cell hemoglobin (M CH): the average m ass of hem o

g lobin  p e r  re d  cell, exp ressed  in  p icogram s
• Mean cell hemoglobin concentration (M CHC): the average 

concen tra tion  of hem oglob in  in  a g iven  vo lum e of 
packed  red  cells, exp ressed  in  g ram s p e r  deciliter

• Red cell distribution width (RDW): the coefficient o f varia 
tion  of re d  cell vo lum e

R ed cell ind ices are d irectly  m easu red  or au tom atically  
calcu la ted  by specia lized  in s tru m en ts  in  clinical labora to 
ries. The sam e in s tru m en ts  also  d e term ine  the reticulocyte 
count, a sim ple  m easu re  th a t d is tingu ishes be tw een  hem o
lytic a n d  aregenerative  anem ia. A d u lt reference ranges 
for these tests a re  sh o w n  in  Table 12.2. D ep en d in g  o n  the 
d ifferen tial d iagnosis, a n u m b er of o ther b lood  tests also 
m ay  be perfo rm ed  to  eva lua te  anem ia, in c lu d in g  (1 ) serum 
iron indices (iron  levels, iro n -b in d in g  capacity , transferrin  
sa tu ra tion , a n d  ferritin  concentrations), w h ich  help  d istin 
gu ish  am o n g  m icrocytic an em ia  caused  by iro n  deficiency, 
chronic in flam m ation , a n d  thalassem ia; (2 ) plasma unconju
gated bilirubin, haptoglobin, and lactate dehydrogenase levels, 
w h ich  are abno rm al in  hem oly tic  anem ia; (3) serum and red 
cell folate and vitamin B12 concentrations, w h ich  are  low  in 
m egaloblastic  anem ia; (4) hemoglobin electrophoresis, w hich  
is u sed  to  de tec t ab n o rm al hem oglobin ; a n d  (5) the  Coombs 
test, w hich  is u sed  to  de tec t an tibod ies o r com plem en t 
b o u n d  to  red  cells in  su spec ted  cases of an tib o d y -m ed ia ted  
hem olytic  anem ia. In  iso la ted  anem ia, tests p e rfo rm ed  on  
the p e rip h e ra l b lood  u sually  suffice to  estab lish  the cause. 
By contrast, w h e n  anem ia  occurs a long  w ith  th rom bocy to 
pen ia  a n d /o r  g ranu locy topen ia , it is m u ch  m ore likely to 
be associa ted  w ith  m arro w  ap lasia  o r infiltration; in  such 
instances a m arro w  exam ination  u su a lly  is w arran ted .

As d iscussed later, the clinical consequences of anem ia are 
determ ined  by its severity, rap id ity  of onset, an d  underly ing
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Table 12.2 A d u lt Reference Ranges fo r Red Blood Cellsa

U n its M en W o m e n

Hemoglobin (Hb) g/dL 13.2-16.7 11.9-15.0

Hematocrit (Hct) % 38-48 35-44

Red cell count x i0 6/pL 4.2-5.6 3.8-5.0

Reticulocyte count % 0.5-I.5 0.5-I.5

Mean cell volume (MCV) fL 81-97 81-97

Mean cell Hb (MCH) Pg 28-34 28-34

Mean cell Hb concentration 
(MCHC)

g/dL 33-35 33-35

Red cell distribution width 
(RDW)

11.5-14.8

aReference ranges vary among laboratories. The reference ranges for the laboratory 
providing the result should always be used in interpreting a laboratory test.

pathogenic m echanism . If the onset is slow, the deficit in  O 2- 
carry ing  capacity is com pensated  for by increases in  cardiac 
o u tpu t, resp iratory  rate, an d  red  cell 2,3-diphosphoglycerate 
(DPG), a  glycolytic pa thw ay  in term ediate  tha t enhances 
the release of O 2  from  hem oglobin. These adap tive  changes 
m itigate the effects of m ild  to  m oderate  anem ia in  o therw ise 
healthy persons b u t are less effective in  those w ith  com pro
m ised pu lm onary  or cardiac function. Pallor, fatigue, and  
lassitude are com m on to all form s of anem ia. A nem ia caused 
by the p rem atu re  destruction  of red  cells (hemolytic anemia) is 
associated w ith  hyperbilirubinem ia, jaundice, an d  p igm ent 
gallstones (if hem olysis is chronic), all related  to increases in  
the tu rnover of hem oglobin. A nem ia tha t stem s from  ineffec
tive hematopoiesis (the p rem atu re  dea th  of m arrow  erythro id  
progenitors) is associated w ith  inapp rop ria te  increases in  
iron  absorption  from  the gut, w h ich  can lead to iron  over
load (secondary hemochromatosis) w ith  consequent dam age to 
endocrine organs an d  the heart. If left un treated , a  severe con
genital anem ia such as P-thalassem ia m ajor inevitably results 
in  g row th  retardation , skeletal abnorm alities, an d  cachexia.

f t  S U M M A R Y

P A T H O L O G Y  O F  A N E M IA

C auses

• Blood loss (hemorrhage)

• Increased red cell destruction (hemolysis)

• Decreased red cell production

M o rp h o lo g y

• Microcytic (iron deficiency, thalassemia)

• Macrocytic (folate or vitamin B i 2  deficiency)

• Normocytic but with abnormal shapes (hereditary spherocy

tosis, sickle cell disease)

C lin ic a l M a n ife s ta tio n s  * •

• A c u te : shortness of breath, organ failure, shock

• C h ro n ic

• Pallor, fatigue, lassitude

• W ith  hemolysis: jaundice and gallstones

• W ith  ineffective erythropoiesis: iron overload, heart and 

endocrine failure

• If severe and congenital: growth retardation, bone deformi

ties due to reactive marrow hyperplasia

ANEM IA OF BLOOD LOSS: 
HEMORRHAGE

A nem ia of b lood  loss can be d iv id ed  in to  anem ia  caused  
by acu te  b leed ing  (hem orrhage) a n d  anem ia  caused  by 
chronic b lood  loss (described  later). T h e  e ffec ts  o f  acute  

b le e d in g  are m a in ly  d u e  to  th e  loss o f  in tra v a s c u la r  

v o lu m e , w h ic h  i f  m ass ive  can  le a d  to  c a rd io v a s c u la r co l

la p s e , shock, a n d  d ea th . If b lood  loss exceeds 20% of b lood 
vo lum e, the  im m ed ia te  th rea t is hypovolem ic shock ra th e r 
than  anem ia. If the p a tie n t surv ives, hem od ilu tion  beg ins 
a t once an d  achieves its full effect w ith in  2 to  3 days; on ly  
then is  the full ex ten t of the  re d  cell loss revealed . The 
anem ia  is norm ocytic  a n d  norm ochrom ic. R ecovery from  
b lood  loss anem ia  is  enhanced  by  a com pensa to ry  rise in  
the e ry th ropo ie tin  level, w h ich  stim ula tes increased  red  
cell p ro d u c tio n  a n d  reticu locy tosis w ith in  a p e rio d  of 5 to 
7 days.

W it h  ch ro n ic  b lo o d  loss, iro n  stores are  g ra d u a lly  

d e p le te d . Iron  is  essen tia l for hem oglobin  syn thesis and  
ery th ropo iesis , a n d  its deficiency leads to  a chronic anem ia  
of u n d e rp ro d u c tio n . Iron  deficiency anem ia  can  occur in  
o ther clinical se ttings as w ell; i t  is  described  la te r along  
w ith  o th e r fo rm s of an em ia  caused  by  decreased  red  cell 
p roduc tion .

HEMOLYTIC ANEM IA

H e m o ly t ic  a n e m ia s  are a  d iv e rse  g ro u p  o f  d is o rd e rs  th a t  

h a v e  as a  c o m m o n  fe a tu re  acce le ra ted  re d  c e ll d es tru c 

t io n  (h e m o ly s is ) . By defin ition , the  re d  cell life sp an  is 
sh o rten ed  to  less th an  its n o rm al 1 2 0  days, o ften  m ark 
ed ly  so. R egard less of cause, low  tissue O 2  levels trigger 
increased  e ry th ro p o ie tin  release from  the k idney , w h ich  
in  tu rn  s tim ula tes the  g ro w th  of e ry th ro id  e lem en ts and  
increased  release of reticu locy tes from  the  bone m arrow . 
Thus, erythroid hyperplasia an d  reticulocytosis are  ha llm arks 
of all hem oly tic  anem ias. In  severe hem oly tic  anem ias, the 
e ry th ropo ie tic  d rive  m ay  be so p ro n o u n ced  th a t extramed
ullary hematopoiesis a p p ea rs  in  the liver, sp leen, an d  ly m p h  
nodes.

T here are several w ays to  o rgan ize  hem oly tic  anem ias. 
O ne  ap p ro ach  g ro u p s  them  accord ing  to  w h e th e r  the  p a th o 
genic red  cell defect is intrinsic (intracorpuscular) o r extrinsic 
(extracorpuscular) (see Table 12.1). A  second  m ore clinically 
u sefu l ap p ro ach  g ro u p s hem oly tic  anem ias accord ing  to 
w h e th e r hem olysis is p rim arily  ex travascu lar o r in trav as
cu lar. Extravascular hemolysis is  caused  b y  defec ts  th a t  

increase  th e  d es tru c tio n  o f  re d  ce lls  b y  p hago cy tes , p a r tic 

u la r ly  in  th e  sp le e n . The sp leen  con tains large n u m b ers  of 
m acrophages, the p rinc ipa l cell responsib le  for the rem oval 
o f d am ag ed  or an tibody -coated  re d  cells from  the circula
tion. Because ex trem e a lte ra tions o f shape  are necessary  for 
re d  cells to  nav iga te  the  splenic sinuso ids, any  red u c tio n  
in  red  cell deform ability  m akes th is  passage  difficult, an d  
re d  cells th a t becom e "stu ck "  are recogn ized  a n d  phagocy- 
to sed  by res id en t sp lenic m acrophages. A s described  la ter 
in  the  chap ter, d im in ish ed  defo rm ab ility  is a  m ajor cause 
of red  cell d estru c tio n  in  several hem oly tic  anem ias. F ind
in g s  th a t are re la tively  specific for ex travascu lar hem olysis
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Fig. 12.1 Pathogenesis of hereditary spherocytosis. ( L e f t  p a n e l)  Normal organization of the major red cell membrane skeleton proteins. Mutations in a-spectrin, 
p-spectrin, ankyrin, band 4.2, and band 3 that weaken the association of the membrane skeleton with the overlying plasma membrane cause red cells to shed 
membrane vesicles and transform into spherocytes ( r i g h t  p a n e l).The nondeformable spherocytes are trapped in the splenic cords and phagocytosed by mac
rophages. GP, Glycophorin.

(as com pared  to  in trav ascu la r hem olysis) include the 
follow ing:
• Hyperbilirubinemia a n d  jaundice, stem m ing  from  deg ra 

d a tio n  of hem oglob in  in  m acrophages
• V ary ing  degrees o f splenomegaly d u e  to  "w o rk  h y p e rp la 

sia" o f phagocy tes in  the  sp leen
• If long-stand ing , fo rm ation  of bilirubin-rich gallstones 

(p igm en t stones) a n d  a n  increased  risk  of cholelithiasis

Intravascular hemolysis, by contrast, is  characterized  
b y  injuries so severe that red cells literally  burst w ith in  
the circulation . In trav ascu la r hem olysis m ay  re su lt from  
m echanical forces (e.g., tu rbu lence  crea ted  by a defective 
h e a rt valve) o r b iochem ical o r p hysical agen ts  th a t severely 
dam ag e  the red  cell m em brane  (e.g., fixation  of com ple
m en t, o r exposu re  to  c lostrid ia l toxins or heat). F ind ings 
th a t d is tin g u ish  in trav ascu la r hem olysis from  ex travascu 
la r hem olysis inc lude  the presence of the  follow ing:
• Hemoglobinemia, hemoglobinuria, an d  hemosiderinuria. 

H em og lob in  re leased  in to  the c ircu la tion  is sm all 
en o u g h  to  p ass in to  the u rin a ry  space. H ere, it is p a r 
tially  reso rb ed  by ren a l tu b u la r cells a n d  processed  in to  
hem osiderin , w h ich  is th en  lost in  the u rin e  w h e n  renal 
tu b u la r cells a re  sloughed .

• Loss of iron, w h ich  m ay  lead  to  iro n  deficiency if hem o
lysis is persisten t. By contrast, iro n  recycling  by p h ag o 
cytes is very  efficient, an d  so iro n  deficiency is n o t a 
fea tu re  of ex travascu lar hem oly tic  anem ias.

A  final fea tu re  of bo th  in travascu la r an d  ex travascu 
lar hem olysis is decreased  se ru m  levels of haptoglobin, a 
p lasm a  p ro te in  th a t b in d s  free hem oglob in  an d  is then  
rem o v ed  fro m  the circulation . A p p a ren tly  m acrophages 
"reg u rg ita te "  sufficient hem oglob in  d u r in g  co nsum ption  
of re d  cells to  cause  h ap to g lo b in  levels to  fall, even  w h e n  
hem olysis  is en tire ly  ex travascu lar.

W e n o w  tu rn  to som e of the com m on hem oly tic  anem ias.

Hereditary Spherocytosis

T his disorder stem s from  inherited  (intrinsic) defects in  
the red cell m em brane that lead  to the form ation o f sphe
rocytes, nondeform able cells that are h igh ly  vulnerable

to sequestration and destruction in  the sp leen . H ered ita ry  
spherocy tosis is u sua lly  tran sm itted  as a n  au to som al dom i
n a n t trait; a m ore  severe, au to som al recessive fo rm  of the 
d isease affects a sm all m ino rity  of patien ts.

Pathogenesis

H ereditary spherocytosis is caused by inherited  defects  
in  the m em brane skeleton , a netw ork o f proteins that 
stab ilizes the lip id  bilayer o f the red cell (Fig. 12.1). The
m ajor m em brane  skele ton  p ro te in  is spectrin , a long, flex
ible h e te ro d im er th a t self-associates a t one en d  a n d  b inds 
sh o rt ac tin  filam ents a t its o ther end . These contacts create 
a tw o-d im ensional m esh w o rk  th a t is connected  to  the 
tran sm em b ran e  p ro te in s  b an d  3 a n d  g lycophorin  via the 
linker p ro te in s  ankyrin , b a n d  4.2, a n d  b a n d  4.1.

M u ta tio n s th a t cause h e red ita ry  spherocy tosis m o st fre
q u en tly  involve ankyrin , b an d  3, o r spectrin . The com m on  
feature o f the pathogenic m utations is  that they w eak en  
vertical interactions b etw een  the m em brane sk eleton  and  
intrinsic red cell m em brane proteins . This defect destab i
lizes the lip id  b ilayer o f re d  cells, w h ich  shed  m em brane  
vesicles in to  the  c ircu la tion  as they  age. L ittle cy top lasm  
is lo st in  the  p rocess an d  as a resu lt the surface area-to- 
vo lum e ra tio  decreases p rogressive ly  w ith  tim e u n til the 
cells becom e spherical (Fig. 12.1).

The critical role o f the sp leen  in  hereditary spherocy
tosis  is  illustrated by the beneficial effect o f splenectom y; 
although the red cell defect and spherocytes persist, the  
anem ia is corrected . R ed cells m u s t u n d e rg o  ex trem e 
degrees of defo rm ation  to p ass th ro u g h  the sp lenic cords. 
The floppy  d isco id  shape  of n o rm al re d  cells allow s con
siderab le  la titu d e  fo r shape  changes. By contrast, sphero- 
cytes have  lim ited  defo rm ab ility  a n d  are sequestered  in  the 
splenic cords, w h ere  they  are  destro y ed  by the  p len tifu l 
res id en t m acrophages.

M O R P H O L O G Y

On smears, spherocytes are dark red and lack central pallor 

(Fig. 12.2). The excessive red cell destruction and resultant 

anemia lead to a compensatory hyperplasia of red cell pro

genitors in the marrow and an increase in red cell production
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Fig. 12.2 Hereditary spherocytosis— peripheral blood smear. Note the 
anisocytosis and several hyperchromic spherocytes. HoweN-Jolly bodies 
(small nuclear remnants) are also present in the red cells of this asplenic 
patient. ( C o u r te s y  o f  D r .  R o b e r t  W . M c K e n n a ,  D e p a r t m e n t  o f  P a th o lo g y ,  U n iv e r s i t y  

o f  T e x a s  S o u th w e s te rn  M e d ic a l  S c h o o l,  D a lla s ,  Texas.)

marked by reticulocytosis. S p leno m eg aly  is more common and 

prominent in hereditary spherocytosis than in any other form  

of hemolytic anemia. The splenic weight usually is between 500 

and 1000 g. The enlargement results from marked congestion of 

the splenic cords and increases in the numbers of macrophages. 

Phagocytosed red cells are seen within macrophages lining the 

sinusoids and, in particular, within the cords. The other general 

features of hemolytic anemia also are present, including cho le li

thiasis, which occurs in 40% to 50% of patients with hereditary 

spherocytosis.

C lin ic a l F ea tures. The characteristic  fea tu res  are anem ia, 
sp lenom egaly , a n d  jaund ice . The anem ia  is variab le  in  
severity , ran g in g  from  subclinical to  p ro found ; m o st com 
m on ly  it is m o d era te  in  degree. Because of the ir spherical 
shape, re d  cells in  h e red ita ry  spherocy tosis  show  increased  
osmotic fragility w h e n  p laced  in  h y po ton ic  salt so lu tions, a 
characteristic  th a t can  he lp  estab lish  the d iagnosis.

The course  is generally  stable b u t m ay  be p u n c tu a ted  
by  aplastic crises, the m o st severe of w h ich  are  triggered  by 
parvovirus B19 infection. This v iru s  has  a m ark ed  tro p ism  
for e ry th rob lasts , w h ich  u n d e rg o  ap o p to sis  d u r in g  v iral 
rep lication . U ntil the im m u n e  response  contro ls the infec
tion  (usually  in  10-14 days), the m arro w  m ay  be v irtua lly  
dev o id  of red  cell p rogen ito rs. Because o f the sh o rten ed  life 
sp a n  of re d  cells in  h e red ita ry  spherocytosis, a  lack of red  
cell p ro d u c tio n , even  for a  few  days, resu lts  in  ra p id  w o rs 
en in g  of the anem ia. B lood transfu sions m ay  be n eed ed  to 
su p p o rt p a tien ts  u n til the infection  is cleared.

T here is no  specific trea tm en t. S p lenectom y im proves the 
anem ia  by  rem ov ing  the m ajor site of re d  cell destruction . 
The benefits of sp lenectom y m u st be w e ig h ed  ag a in st the 
increased  risk  of serious bacterial infections, p a rticu la rly  in  
ch ild ren . P artia l sp lenectom y is gain ing  favor in  ch ild ren  
because th is a p p ro ach  p ro d u ces  hem ato log ic  im p ro v em en t 
w h ile  m a in ta in in g  p ro tec tio n  aga in st sepsis. The d o w n 
side  is th a t because the partia lly  resected  sp leen  even tually  
rega in s its size, m an y  p a tien ts  w ill n eed  a second  resection.

The h o p e  is th a t th is  can  be de layed  un til ad u lth o o d , w h e n  
the risk  of serious infection  is low er.

Sickle Cell Anemia

H em oglob inopa th ies  are a group o f hereditary disorders 
caused by inherited  m utations that lead  to structural 
abnorm alities in  h em o g lo b in . Sickle cell anem ia, the 
p ro to typ ic  hem oglob inopathy , is caused  by a m u ta tio n  in  
P-globin th a t creates sickle hem oglob in  (HbS). N u m ero u s  
o ther hem og lob inopath ies hav e  been  described , b u t these 
are  in freq u en t a n d  beyond  the  scope of th is discussion.

Sickle cell anem ia  is the m o st com m on  fam ilial hem oly tic  
anem ia. In  p a rts  o f A frica w h ere  m alaria  is endem ic, the 
gene frequency  app ro ach es 30% as a resu lt o f a p ro tective  
effect ag a in st Plasmodium falciparum m alaria . In  the U nited  
States, app rox im ate ly  8 % of blacks a re  h e terozygous H bS 
carriers a n d  ab o u t 1  in  600 have  sickle cell anem ia.

Pathogenesis

Sickle cell anem ia is caused by a sin g le  am ino acid sub 
stitution  in  P-globin  that results in  a tendency for deox- 
ygenated  H bS to self-associate into polym ers. N orm al 
hem oglob ins a re  te tram ers  com posed  of tw o  pa irs  of 
sim ilar chains. O n  average, the  n o rm al a d u lt red  cell con
ta ins 96% H bA  (a2p2), 3% H bA 2 (a2S2), a n d  1% fetal H b 
(HbF, a2y2). In  p a tien ts  w ith  sickle cell anem ia, H bA  is 
com pletely  rep laced  by HbS, w h ereas in  h e terozygous car
riers, on ly  ab o u t half is rep laced . H bS differs from  H bA  
by h av in g  a valine resid u e  in stead  of a g lu tam ate  residue  
a t the 6 th  am ino  acid  p o sition  in  p-globin. O n  deoxygen 
a tion  H bS m olecu les u n d e rg o  a confo rm ational change 
th a t allow s po lym ers to  fo rm  via in te rm o lecu lar contacts 
invo lv ing  the  ab n o rm al valine  residue . These po lym ers 
d is to rt the  re d  cell, w h ich  assum es a n  e longated  crescentic, 
o r sickle, shape  (Fig. 12.3).

The sickling of red  cells in itia lly  is reversib le  o n  reox
ygenation . H ow ever, m em brane  d is to rtion  p ro d u ced  
by each sickling ep isode  leads to  a n  influx  of calcium , 
w h ich  causes the loss o f p o ta ss iu m  a n d  w a te r a n d  also 
dam ages the  m em brane  skeleton. W ith  tim e, th is cu m u 
lative dam age creates irreversibly sickled cells th a t rap id ly  
u n d e rg o  hem olysis.

T hree factors are p articu larly  im p o rta n t in  d e te rm in ing  
w h e th e r c linically significant p o lym eriza tion  of H bS occurs 
in  patien ts:
• The intracellular levels of hemoglobins other than HbS. In 

he terozygo tes app rox im ate ly  40% of H b  is H bS a n d  the 
rem a in d e r is H bA , w h ich  in teracts on ly  w eak ly  w ith  
deoxygenated  HbS. Because H bA  greatly  re ta rd s  H bS 
po lym erization , the  re d  cells o f H bS he terozygo tes have  
little tendency  to  sickle in  vivo. Such p ersons are  sa id  to 
have  sickle cell trait. S im ilarly, because fetal hem oglob in  
(HbF) in teracts  w eak ly  w ith  HbS, n ew b o rn s w ith  sickle 
cell an em ia  do  n o t m an ifest the  d isease u n til H bF falls to 
a d u lt levels, generally  a ro u n d  the  age of 5 to  6  m on ths. 
H em og lob in  C (HbC), an o th e r m u ta n t P-globin, has 
a lysine resid u e  in stead  of the  no rm al g lu tam ic acid 
residue  a t po sitio n  6 . A bou t 2.3% of A m erican  blacks are  
h e terozygous carriers o f H bC  a n d  ab o u t 1 in  1250 new 
bo rns are co m p o u n d  H b C /H b S  heterozygo tes. H bC  has 
a g rea ter tendency  to  agg regate  w ith  HbS th an  does
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Fig. 1 2 . 3  Sickle cell anemia— peripheral blood smear. (A) Low magnification shows sickle cells, anisocytosis, poikilocytosis, and target cells. (B) Higher mag
nification shows an irreversibly sickled cell in the center. ( C o u r te s y  o f  D r .  R o b e r t  W . M c K e n n a ,  D e p a r t m e n t  o f  P a th o lo g y ,  U n iv e r s i t y  o f  T e x a s  S o u th w e s te rn  M e d ic a l  

S c h o o l,  D a l la s ,  T e x a s .)

H bA , a n d  as a  re su lt H b S /H b C  co m p o u n d  he terozy 
gotes have  a sym ptom atic  sickling d iso rd er called  HbSC 
disease.

• The intracellular concentration of HbS. The po lym eriza 
tion  of deoxygenated  HbS is s trong ly  concentration- 
d ep en d en t. T hus, red  cell d eh y d ra tio n , w h ich  increases 
the H b  concentration , facilitates sickling. C onversely , 
the  coexistence o f a -th a lassem ia  (described  later), w h ich  
decreases the  H b  concentra tion , red u ces sickling.

• The time required for red cells to pass through the microvascu
lature. The n o rm al tran sit tim es of re d  cells th ro u g h  cap 
illary  beds are too  sh o rt for significan t po lym eriza tion  
of deoxygenated  H bS to occur. H ence, the tissues th a t 
are  m ost suscep tib le  to  ob stru c tio n  by sickling are those 
in  w h ich  b lood  flow  is no rm ally  sluggish , such  as the 
sp leen  a n d  the  bone m arrow . H ow ever, sickling m ay 
occur in  o ther m icrovascu lar beds in  the face of factors 
th a t re ta rd  the  passage  of re d  cells, p articu larly  inflam 
m ation . Recall th a t in flam m ation  slow s b lood  flow  by 
increasing  the ad h esio n  of leukocytes a n d  red  cells to 
en d o th e liu m  a n d  by  in d u c in g  the  ex u d a tio n  of flu id  
th ro u g h  leaky vessels (C hap ter 4). In  ad d itio n , sickle red  
cells have  a g rea te r tendency  th a n  no rm al red  cells to 
ad h ere  to  endo the lia l cells, ap p a ren tly  because rep ea ted  
b ou ts  o f sickling cause m em brane  dam age th a t m akes 
the red  cells sticky. These factors consp ire  to p ro lo n g  
the tran s it tim es of sickle red  cells, increasing  the p ro b 
ab ility  of clinically significant sickling.

T h e  s ic k lin g  o f  re d  ce lls  has tw o  m a jo r  p a th o lo g ic  con

sequences: c h ro n ic  m o d e ra te ly  severe h e m o ly t ic  a n e m ia ,  

p ro d u c e d  b y  re d  c e ll m e m b ra n e  d am a g e , a n d  vas cu la r  

o b s tru c tio n s , w h ic h  re s u lt  in  is c h e m ic  tissu e  d am ag e  

a n d  p a in  crises (Fig. 12.4). The m ean  life sp an  of re d  cells 
in  sickle cell anem ia  averages on ly  2 0  d ays (one-six th  of 
norm al), a n d  the severity  o f the hem olysis corre la tes w ith  
the fraction  of irreversib ly  sickled cells th a t are p re sen t 
in  the  b lood . V asoocclusion, by  contrast, does n o t cor
relate  w ith  the n u m b er of irreversib ly  sickled cells and  
in stead  ap p ea rs  to  re su lt from  su p erim p o sed  factors such  
as infection, in flam m ation , d eh y d ra tio n , a n d  acidosis, all

o f w h ich  enhance  the  tendency  of red  cells to  sickle w ith in  
the  m icrovascu la tu re .

M O R P H O L O G Y

The anatomic alterations in sickle cell anemia stem from (1) 

severe chronic hemolytic anemia, (2 ) increased breakdown of 

heme to  bilirubin, and (3) microvascular obstructions, which 

provoke tissue ischemia and infarction. In peripheral smears, 

elongated, spindled, or boat-shaped irrevers ib ly  sickled red  

cells are evident (Fig. 12.3). Both the anemia and the vascular 

stasis lead to  hypoxia-induced fatty changes in the heart, liver, 

and renal tubules. There is a compensatory hyperp lasia  of 

e ry th ro id  p ro gen ito rs  in the marrow. The cellular prolifera

tion in the marrow often causes bone resorption and second

ary new bone formation, resulting in prominent cheekbones 

and changes in the skull resembling a “crewcut” in radiographs. 

Extramedullary hematopoiesis may appear in the liver and 

spleen.

In children there is moderate sp len om egaly  (splenic weight 

up to 500 g) due to  red pulp congestion caused by entrapment of 

sickled red cells. However, chronic splenic erythrostasis produces 

hypoxic damage and infarcts, which with time reduce the spleen 

to  a useless nubbin of fibrous tissue. This process, referred to as 

au to sp lenec tom y, is complete by adulthood.

V ascu lar congestion , th rom bo s is , and in farction  can 

affect any organ, including the bones, liver, kidney, retina, brain, 

lung, and skin. The bone marrow is particularly prone to ischemia 

because of its sluggish blood flow and high rate of metabolism. 

Priapism, another frequent problem, can lead to penile fibrosis 

and erectile dysfunction. As with the other hemolytic anemias, 

hem osiderosis and p ig m e n t gallstones are common. * 6

C lin ic a l F ea tures. F rom  its onset, the  d isease ru n s  an  
u n rem ittin g  course  p u n c tu a te d  by su d d e n  crises. H om o
zy g o u s sickle cell d isease u sua lly  is a sym ptom atic  un til
6  m o n th s of age w h e n  the shift from  H bF to H bS is com 
p lete . The anem ia  is m o d era te  to  severe; m ost p a tien ts  have 
hem atocrits  of 18% to 30% (norm al range, 38% -48% ). The

http://ebooksmedicine.net

http://ebooksmedicine.net


Hemolytic Anemia 447

HbA HbS

rRBC )

Irreversibly 
sickled 

cell

Hemolysis -*

Reversibly
sickled

cell

Microvascular 
occlusion "

I
Deoxygenation 

Ca2+ ^  K+, H2O

Deoxygenation, 
prolonged 

transit times

Additional 
cycles of 

deoxygenation

Cell with dehydration 
and membrane damage

Fig. 12.4 Pathophysiology of sickle cell disease.

chronic hem olysis is associa ted  w ith  h y perb ilirub inem ia  
a n d  com pensa to ry  reticulocytosis.

M uch  m ore  serious a re  vasoocclusive crises, w h ich  are  
characteristically  associa ted  w ith  p a in  a n d  o ften  lead  to 
tissue dam age  a n d  significant m o rb id ity  a n d  m orta lity . 
A m o n g  the m ost com m on  a n d  serious of these vasooc
c lusive crises are the  follow ing:
• Hand-foot syndrome, re su ltin g  from  in farc tion  of bones 

in  the  h a n d s  a n d  feet, is the m o st co m m on  p resen tin g  
sy m p to m  in  y o u n g  ch ild ren .

• Acute chest syndrome, in  w h ich  slugg ish  b lood  flow  in  
in flam ed  lu n g  (e.g., an  a rea  of p neum on ia) leads to  sick
lin g  w ith in  hypoxem ic p u lm o n a ry  beds. This exacer
bates p u lm o n ary  dysfunction , c rea tin g  a v icious circle 
of w o rsen in g  p u lm o n ary  an d  system ic hypoxem ia, sick
ling, a n d  vasoocclusion. A cu te  chest sy n d ro m e m ay  also 
be triggered  by  fa t em boli em an a tin g  from  infarcted  
bone.

• Stroke, w h ich  som etim es occurs in  the se tting  of the 
acu te  chest synd rom e. S troke a n d  the  acu te  chest syn 
d rom e are  the tw o  lead in g  causes of ischem ia-re la ted  
death .

• Proliferative retinopathy, a  consequence of vasoocclusions 
in  the  eye th a t can  lead  to  loss of v isua l acu ity  an d  
blindness.

A n o th er acu te  event, aplastic crisis, is caused  by a 
su d d e n  decrease in  red  cell p ro d u c tio n . A s in  hered ita ry  
spherocytosis, th is u sua lly  is triggered  by the infection  of

e ry th rob lasts  by  p a rv o v iru s  B19 and , a lth o u g h  severe, is 
self-lim ited.

In  a d d itio n  to  these crises, p a tien ts  w ith  sickle cell disease 
a re  p ro n e  to  infections. B oth ch ild ren  an d  a d u lts  w ith  
sickle cell d isease a re  functionally  asplenic, m ak in g  them  
susceptib le  to  infections caused  by  en cap su la ted  bacteria, 
such  as pneum ococci. In  a d u lts  the  basis for "h y posp len - 
ism " is au to in farc tion . In  the  earlier ch ildhood  p h ase  of 
splenic en largem ent, congestion  cau sed  by  tra p p e d  sickled 
red  cells ap p a ren tly  in terferes w ith  bacterial sequestra tion  
a n d  killing; hence, even  ch ild ren  w ith  en la rg ed  sp leens are  
a t risk  for the d ev e lo p m en t of fa ta l septicem ia. P atien ts 
w ith  sickle cell d isease also  are p red isp o sed  to  Salmonella 
osteom yelitis, possib ly  in  p a r t  because of poo rly  u n d e r
s tood  acq u ired  defects in  com plem en t function .

In  hom o zy g o u s sickle cell disease, irreversib ly  sickled 
re d  cells a re  seen in  ro u tin e  p e rip h e ra l b lood  sm ears. In 
sickle cell trait, sickling can  be in d u ced  in  v itro  by expos
in g  cells to  m ark ed  hypoxia. The d iagnosis is confirm ed by 
e lectrophoretic  d em o n stra tio n  of HbS. P renata l d iagnosis 
o f sickle cell an em ia  can  be perfo rm ed  by  ana lyz ing  fetal 
D N A  ob ta ined  by am niocen tesis o r b iopsy  of chorionic 
villi.

The clinical course  of sickle cell d isease is h igh ly  vari
able. A s a  re su lt of im p ro v em en ts  in  su p p o rtiv e  care, an  
increasing  n u m b er of p a tien ts  are  su rv iv in g  in to  a d u lt
hood . A pprox im ate ly  50% of p a tien ts  n o w  su rv ive  beyond  
the  fifth  decade. O f p a rticu la r im portance  is p rophy lac tic  
trea tm en t w ith  pen ic illin  to  p re v e n t pneum ococcal infec
tions, especially  in  ch ild ren  y o u n g e r th a n  age 5.

A  m ainstay  o f th e rap y  is h y d roxyurea , a "g en tle"  inh ib i
to r of D N A  synthesis. H y d ro x y u rea  reduces p a in  crises 
a n d  lessens the anem ia  th ro u g h  several effects, in c lu d in g  
(1) a n  increase in  levels o f HbF; (2) a n  an ti-in flam m atory  
effect because of the inh ib ition  of w h ite  cell p roduction ; (3) 
a n  increase in  red  cell size, w h ich  low ers the  in trace llu la r 
hem og lob in  concentration ; a n d  (4) its m etabo lism  to N O , 
a  p o ten t vasod ila to r a n d  inh ib ito r o f p la te le t aggregation . 
E ncou rag ing  resu lts  also  have  been  ob ta ined  w ith  allo
geneic bone m arro w  tran sp lan ta tio n , w h ich  is po ten tia lly  
curative .

Thalassemia

T halassem ias are inherited  disorders caused by m uta
tion s in  g lo b in  gen es that decrease the syn th esis o f a - or 
P-g lob in . D ecreased  syn thesis of one g lobin  resu lts  n o t 
on ly  in  a deficiency of H b, b u t also  in  re d  cell dam age 
th a t is caused  by p rec ip ita tes fo rm ed  from  excess u n p a ired  
"n o rm a l"  g lob in  chains. The m u ta tio n s th a t cause thal
assem ia are p articu larly  com m on  in  M edite rranean , 
A frican, a n d  A sian  reg ions in  w h ich  m alaria  is endem ic. 
A s w ith  HbS, it is h y p o th esized  th a t g lob in  m u ta tio n s 
associated  w ith  thalassem ia p ro tec t aga in st fa lc iparum  
m alaria.

Pathogenesis

A d iverse  collection of a -g lo b in  an d  P-globin m u ta tio n s 
u n d erlie s  the  thalassem ias, w h ich  are  au to som al codom i
n an t conditions. A s described  p rev iously , a d u lt hem oglo 
bin, o r H bA , is a  te tram er com posed  of tw o  a  chains an d  
tw o  P chains. The a  chains are encoded  by  tw o  a-g lob in
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Table 12.3 Clinical and Genetic Classification of Thalassemias

C lin ica l S yn d ro m e G e n o ty p e C lin ica l Features M o le c u la r G enetics

^-Thalassemias
P-Thalassemia major

P-Thalassemia intermedia 

P-Thalassemia minor

Mainly point mutations that lead to 
defects in the transcription, splicing, 
or translation of P-globin mRNA

Homozygous P-thalassemia
(P0/P0, P+/P+, P0/P+) 

Variable (P°/P+, P+/P+, P°/P, 
P+/P)

Heterozygous P-thalassemia

(P°/P, P+/P)

Severe anemia; regular blood 
transfusions required 

Moderately severe anemia; regular 
blood transfusions not required 

Asymptomatic with mild or absent 
anemia; red cell abnormalities 
seen

a-Thalassemias Mainly gene deletions
Silent carrier - /a , a /a Asymptomatic; no red cell

abnormality
a-Thalassemia trait - / - ,  a /a  (Asian) Asymptomatic, like P-thalassemia

- /a , - / a  (black African, Asian) minor
HbH disease - / - ,  - /a Severe; resembles P-thalassemia

intermedia
Hydrops fetalis - / - ,  - / - Lethal in utero without

transfusions

H g H , Hemoglobin H; m R N A , messenger ribonucleic acid.

genes ly ing  in  tan d em  o n  ch rom osom e 16, w h ereas  the  P 
chains are enco d ed  by a single P-globin gene located  on  
chrom osom e 11. The clinical fea tu res va ry  w id e ly  d e p e n d 
ing  on  the  specific com bination  of m u ta te d  alleles th a t are 
in h erited  by the p a tien t (Table 12.3), as described  next.

fi-T h a lassem ia

M u ta tio n s associa ted  w ith  P -thalassem ia fall in to  tw o  cate
gories: (1) P0, in  w h ich  no  P-globin chains are  p roduced ; an d  
(2) P+, in  w h ich  there  is red u ced  (bu t detectable) P-globin 
synthesis. Sequencing  of P -thalassem ia genes has show n  
m ore th an  1 0 0  d ifferen t causative  m u ta tions, a  m ajority  
consisting  of single-base changes. P ersons in h eritin g  one 
abno rm al allele have  /5-thalassemia minor (also k n o w n  as 
/5-thalassemia trait), w h ich  is a sym ptom atic  or m ild ly  sym p
tom atic. M ost peop le  in h eritin g  any  tw o  P0  an d  P+ alleles 
h av e  / - thalassemia major; occasionally, p ersons in h eritin g  a t 
least one P+ allele hav e  a m ild e r d isease te rm ed  / - thalassemia 
intermedia. In  con trast w ith  a -th a lassem ia  (described  later), 
gene de le tions rare ly  u n d e rlie  P -thalassem ia (Table 12.3).

The m u ta tio n s  responsib le  for P -thalassem ia are  d iverse  
a n d  d is ru p t P-globin syn thesis in  several d ifferen t w ays. 
The m ost com m on  m u ta tio n s lead  to  ab n o rm al R N A  splic
ing, w h ereas o thers  fall in  the P-globin gene p ro m o te r o r 
cod ing  reg ions. The specific n a tu re  of the m u ta tio n  de ter
m ines w h e th e r  the  ou tcom e is a  P+ or P0  allele.

D efective  syn th esis o f P-globin  in  P-thalassem ia con
tributes to anem ia through tw o m echanism s: (1) inad
equate H bA  form ation, resu lting  in  sm all (microcytic), 
poorly h em og lob in ized  (hypochrom ic) red cells; and  
(2) by a llow in g  the accum ulation o f unpaired a -g lob in  
chains, w h ich  form  toxic precipitates that severely  
dam age the m em branes o f red cells and erythroid precur
sors. A h ig h  fraction  of e ry th ro id  p recu rso rs  a re  so bad ly  
d am ag ed  th a t they  d ie by apop tosis  (Fig. 12.5), a p h en o m 
e n o n  te rm ed  ineffective erythropoiesis, a n d  the  few  re d  cells 
th a t a re  p ro d u ced  have a sh o rten ed  life span . Ineffective 
hem atopo iesis  has an o th e r u n to w a rd  effect; it is associated  
w ith  a n  in a p p ro p ria te  increase in  the ab so rp tio n  of d ie ta ry  
iron , w h ich  w ith o u t m ed ical in te rv en tio n  inev itab ly  leads 
to  iron overload. The increased  iro n  ab so rp tio n  is caused  by

in ap p ro p ria te ly  low  hepcid in , w h ich  is a negative  regu la 
to r of iro n  ab so rp tio n  (see later).

a-T h a lassem ia

U nlike P -thalassem ia, a -thalassem ia is  caused  m ainly  
b y  d eletion s in v o lv in g  one or m ore o f the a -g lob in  
gen es. The severity  of the  d isease is p ro p o rtio n a l to  the 
n u m b er of a -g lo b in  genes th a t are de le ted  (Table 12.3). 
For exam ple, loss of a single a -g lo b in  gene p ro d u ces a 
silen t-carrier state, w h ereas dele tion  of all fo u r a-g lob in  
genes is le thal in  u te ro  because the re d  cells have  v irtua lly  
no  oxygen-delivering  capacity . W ith  loss of th ree  a-g lob in  
genes there  is a relative excess of P-globin o r (early  in  
life) y-globin chains. Excess P-globin a n d  y-globin chains 
fo rm  re la tively  stable P4 a n d  y l te tram ers  k n o w n  as HbH 
a n d  Hb Bart, respectively , w h ich  cause less m em brane  
dam age th a n  the free a -g lo b in  chains th a t a re  fo u n d  in  
P-thalassem ia; as a resu lt, ineffective ery th ropo iesis  is less 
p ro n o u n ced  in  a-tha lassem ia . U nfo rtunate ly , bo th  H bH  
a n d  H b  B art have  a n  abnorm ally  h ig h  affinity  for oxygen, 
w h ich  ren d e rs  th em  ineffective a t de livering  oxygen  to  the 
tissues.

M O R P H O L O G Y

A  range of morphologies is seen, depending on the specific 

underlying molecular lesion. On one end of the spectrum is 

P-thalassemia minor and a -thalassemia trait, in which abnor

malities are confined to the peripheral blood. In smears the 

red cells are small (microcytic) and pale (hypochromic), but 

regular in shape. Often seen are ta rg e t cells, cells with an 

increased surface area-to-volume ratio that allows the cytoplasm 

to  collect in a central, dark-red “puddle.” On the other end of 

the spectrum, in P-thalassemia major peripheral blood smears 

show marked m icrocytosis , h yp och ro m ia , poikilocytosis  

(variation in cell shape), and anisocytosis (variation in cell size). 

Nucleated red cells (normoblasts) are also seen that reflect the 

underlying erythropoietic drive. P-Thalassemia intermedia and
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Fig. 12.5 Pathogenesis of p-thalassemia major. Note that aggregates of excess a-globin are not visible on routine blood smears. Blood transfusions constitute 
a double-edged sword, diminishing the anemia and its attendant complications but also adding to the systemic iron overload.

HbH disease are associated with peripheral smear findings that 

lie between these two extremes.

The anatomic changes in P-thalassemia major are similar in 

kind to  those seen in other hemolytic anemias but are profound 

in degree. Ineffective erythropoiesis and hemolysis result in a 

striking hyperplasia of erythroid progenitors, with a shift toward 

early forms.The expanded erythropoietic marrow may completely 

fill the intramedullary space of the skeleton, invade the bony 

cortex, impair bone growth, and produce skeleta l d efo rm ities . 

Extramedullary hematopoiesis and hyperplasia of mononuclear 

phagocytes result in prominent splenom egaly, hepatomegaly, 

and lymphadenopathy. The ineffective erythropoietic precursors 

consume nutrients and produce growth retardation and a degree 

of cachexia  reminiscent of that seen in cancer patients. Unless 

steps are taken to prevent iron overload, during the span of years 

severe hem osiderosis develops (Fig. 12.5). HbH disease and 

P-thalassemia intermedia are also associated with splenomegaly, 

erythroid hyperplasia, and growth retardation related to anemia, 

but these are less severe than in P-thalassemia major.

C lin ic a l F ea tures. ji-Thalassemia trait a n d  a-thalassemia 
trait are  typ ically  asym ptom atic . T here is u sua lly  on ly  a 
m ild  m icrocytic hypoch rom ic  anem ia; generally , these 
pa tien ts  have  a n o rm al life expectancy. Iron  deficiency 
anem ia  is associated  w ith  a sim ilar re d  cell ap pearance  
an d  m u s t be exc luded  by  a p p ro p ria te  labo ra to ry  tests 
(described  later).

ji-Thalassemia major m anifests po stn a ta lly  as H bF syn 
thesis d im in ishes. A ffected ch ild ren  suffer from  g ro w th  
re ta rd a tio n  th a t com m ences in  infancy. They are  su sta ined  
by  b lood  transfusions, w h ich  im p ro v e  the anem ia  and  
red u ce  the skeletal deform ities associa ted  w ith  excessive 
e ry th ropo iesis . W ith  transfu sions alone, su rv iva l in to  the 
second  or th ird  decade  is  possible, b u t system ic iro n  over
load  g rad u a lly  develops ow in g  to  in a p p ro p ria te  u p tak e  
of iro n  from  the  g u t a n d  the iro n  load  in  tran sfu sed  red  
cells. U nless pa tien ts  a re  trea ted  aggressively  w ith  iron  
chelators, card iac d y sfunction  from  secondary hemochroma
tosis inev itab ly  d evelops a n d  often  is  fa ta l in  the  second  or 
th ird  decade  of life. W hen  feasible, hem atopo ie tic  stem  cell
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tra n sp lan ta tio n  a t a n  early  age is the  trea tm en t of choice. 
HbH disease an d  ji-thalassemia intermedia are n o t as severe 
as P -thalassem ia m ajor, because the  im balance in  a -  and  
P-globin cha in  syn thesis is n o t as g rea t a n d  h em atopo i
esis is m ore  effective. A nem ia is o f m o d era te  severity  an d  
pa tien ts  u sua lly  do  n o t req u ire  transfusions. T hus, the  iron  
overload  th a t is so com m on in  P -thalassem ia m ajor is rare ly  
seen.

The d iagnosis of P -thalassem ia m ajor can  be strong ly  
suspec ted  o n  clinical g rounds. H b  e lectrophoresis  show s 
a p ro fo u n d  red u c tio n  o r absence of H bA  an d  increased  
levels of H bF. The H bA 2 level m ay  be n o rm al o r increased . 
Sim ilar b u t less severe changes a re  n o ted  in  pa tien ts  
affected by P -thalassem ia in te rm ed ia . P renata l d iagnosis 
of P -thalassem ia is challenging , b u t can  be m ad e  in  spe
cialized  cen ters by  D N A  analysis. In  fact, thalassem ia w as 
the first d isease d iag n o sed  by  D N A -based  tests, o p en ing  
the w ay  for the field  of m o lecu lar d iagnostics. The d iagno 
sis of P -thalassem ia m in o r is m ad e  by H b  electrophoresis, 
w h ich  typically  show s a red u ced  level o f H bA  (a2p2) and  
an  increased  level o f H bA 2 (a2S2). H bH  d isease can  be 
d iagnosed  by de tec tion  of P4 te tram ers  by  e lectrophoresis.

Glucose-6-Phosphate Dehydrogenase Deficiency

R ed cells a re  constan tly  exposed  to  bo th  en d o g en o u s 
an d  exogenous ox idants, w h ich  are  norm ally  inactivated  
by  red u ced  g lu ta th ione  (GSH). A bnorm alities affecting 
enzym es responsib le  for the  syn thesis o f GSH leave red  
cells vu lnerab le  to  ox idative  in jury  a n d  hem olysis. By far 
the  m ost com m on of these cond itions is glucose-6 -phos
p h a te  deh y d ro g en ase  (G 6 PD) deficiency. The G 6 PD gene is 
o n  the X chrom osom e. M ore th a n  400 G 6 PD  v arian ts  have  
been  iden tified , b u t on ly  a few  are associa ted  w ith  d isease. 
O ne  is G 6 PD  A-, w h ich  is carried  by app rox im ate ly  10% 
of b lack m ales in  the U n ited  States. G 6 PD  A- has a no rm al 
enzym atic  activ ity  b u t a  decreased  half-life. Because red  
cells d o  n o t syn thesize  p ro te ins, o ld e r G 6 PD  A- red  cells 
becom e p rogressively  deficient in  enzym e activ ity  and  
GSH. This in  tu rn  ren d e rs  o lder re d  cells m ore  sensitive to 
ox idan t dam age.

Pathogenesis

G 6 P D  d e fic ie n c y  is associated  w i th  tra n s ie n t ep isodes  o f  

in tra v a s c u la r  h e m o ly s is  caused  b y  expo sure  to  a n  e n v i

ro n m e n ta l fac to r (u s u a lly  in fe c tio u s  agen ts  or d ru gs) th a t  

p ro d u ce s  o x id a n t stress. Incrim inated  d ru g s  inc lude  anti- 
m alaria ls  (e.g., p rim aqu ine), su lfonam ides, n itro fu ran to in , 
phenace tin , a sp irin  (in large  doses), a n d  v itam in  K deriv 
atives. M ore com m only  ep isodes of hem olysis a re  trig 
gered  by infection, w h ich  induce  phagocy tes to  generate  
ox idan ts as p a rt o f the  host response. These ox idants, such  
as h y d ro g en  peroxide, are no rm ally  so p p ed  u p  by GSH, 
w h ich  is converted  to  o x id ized  G SH in  the  process. Because 
reg en era tio n  of GSH is im p a ired  in  G 6 PD -deficient cells, 
o x idan ts  a re  free to  "a ttack " o ther re d  cell com ponen ts 
in c lu d in g  g lob in  chains. O x id ized  hem oglob in  d en a tu re s  
an d  p recip ita tes, fo rm ing  in trace llu la r inclusions called 
Heinz bodies, w h ich  can  dam age  the re d  cell m em b ran e  so 
severely  th a t in trav ascu la r hem olysis resu lts. O th e r cells 
w ith  lesser dam age lose th e ir  defo rm ab ility  a n d  suffer 
fu rth e r in ju ry  w h e n  splenic phagocy tes a tte m p t to  "p lu ck
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Fig. 1 2 . 6  Glucose-6 -phosphate dehydrogenase deficiency after oxidant 
drug exposure— peripheral blood smear. (Inset) Red cells with precipitates 
of denatured globin (Heinz bodies) shown by supravital staining. As the 
splenic macrophages pluck out these inclusions, “bite cells” similar to the 
one in this smear are produced. ( C o u r te s y  o f  D r .  R o b e r t  W . M c K e n n a ,  D e p a r t 

m e n t  o f  P a th o lo g y ,  U n iv e r s i t y  o fT e x a s  S o u th w e s te rn  M e d ic a l  S c h o o l,  D a l la s ,  T e x a s .)

o u t"  the  H einz  bodies, crea ting  bite cells (Fig. 12.6). Such 
cells becom e tra p p e d  o n  recircu la tion  to  the sp leen  a n d  are 
d es tro y ed  by phagocy tes (ex travascu lar hem olysis).

C lin ic a l F ea tures. H em olysis typically  develops 2 or 
3 days after d ru g  exposu re  a n d  is o f variab le  severity . 
Because G 6 PD is X -linked, the  re d  cells o f affected m ales 
a re  un ifo rm ly  deficient a n d  vu lnerab le  to  o x idan t in jury . 
By con trast, ra n d o m  inac tiva tion  o f one X chrom osom e 
in  h e terozygous fem ales (C hap ter 7) creates tw o  p o p u la 
tions of re d  cells, o ne  n o rm al a n d  the o th e r G 6 PD -deficient. 
M ost carrier fem ales are  unaffected  except for those w ith  
a  large  p ro p o rtio n  o f deficient red  cells (a chance s itua tion  
k n o w n  as unfavorable lyonization). In  the case of the G 6 PD 
A- varian t, it is m ain ly  o lder re d  cells th a t are susceptib le  
to lysis. Because the  m arro w  com pensa tes for the  anem ia  
by increasing  its p ro d u c tio n  of new  red  cells w ith  ad e 
qua te  levels of G 6 PD, the hem olysis abates even  if the d ru g  
exposu re  continues. In  o th e r v a rian ts  such  as G 6 PD  M edi
te rranean , fo u n d  m ain ly  in  the  M idd le  East, the enzym e 
deficiency a n d  the hem olysis th a t occur o n  exposu re  to 
o x idan ts  are m ore severe.

Paroxysmal Nocturnal Hemoglobinuria

P a ro x y s m a l n o c tu rn a l h e m o g lo b in u r ia  (P N H )  is a  h e m o 

ly t ic  a n e m ia  th a t  stem s f r o m  a c q u ire d  m u ta tio n s  in  P IG A , 
a  g en e  re q u ir e d  fo r  th e  syn th es is  o f  p h o s p h a tid y lin o s ito l  

g ly c a n  (P IG ),  w h ic h  serves as a  m e m b ra n e  a n c h o r fo r  

m a n y  p ro te in s . Because PIGA is X-linked, n o rm al cells 
have  on ly  o ne  active PIGA gene, a m u ta tio n  of w h ich  is suf
ficient to  cause PIG A  deficiency. The p a thogen ic  m u ta tio n s 
in  P N H  occur in  a n  early  hem atopo ie tic  p ro g en ito r th a t is 
capable o f g iv ing  rise to red  cells, leukocytes, a n d  p la te 
lets. P rogeny  o f the PIGA-m u ta ted  clone lack the ability  
to  m ake  "P IG -ta iled" p ro te in s, in c lu d in g  several th a t lim it 
the  activ ity  of com plem ent; as a resu lt, red  cells derived  
from  PIG A -deficient p recu rso rs  are in o rd ina te ly  sensitive
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to  lysis by  the com plem en t C5b-C9 m em brane  a ttack  
com plex. Leukocytes share  the  sam e deficiency b u t are less 
sensitive to  com plem en t th a n  are  red  cells, a n d  so re d  cells 
take the b ru n t of the attack . The n o c tu rn a l hem olysis  th a t 
gives P N H  its nam e occurs because co m plem en t fixation 
is enhanced  by the decrease in  b lood  p H  th a t accom panies 
sleep  (ow ing  to  CO 2  re ten tion). H ow ever, m ost pa tien ts  
p resen t less d ram atica lly  w ith  anem ia  a n d  iro n  deficiency 
resu lting  from  chronic in travascu la r hem olysis.

T h e  m o s t fe a re d  c o m p lic a tio n  o f  P N H  is th ro m b o s is , 

w h ic h  o fte n  occurs w i t h in  a b d o m in a l vessels  such as th e  

p o r ta l v e in  a n d  th e  h e p a tic  v e in . The p ro th ro m b o tic  state  
also  is som ehow  re la ted  to  excessive com plem en t activity , 
as Eculizim ab, a n  an tib o d y  th a t b in d s  C5 a n d  inh ib its  the 
assem bly  of the  C 5b-C 9 m em brane  a ttack  com plex, greatly  
lessens the incidence of th rom bosis as w ell as the degree  of 
in travascu la r hem olysis. E culizim ab has n o  effect on  early  
stages of com plem ent fixation, a n d  trea ted  p a tien ts  con
tinue  to  have v ary in g  degrees of ex travascu lar hem olysis 
because of the dep o sitio n  of C3b on  red  cell surfaces. Loss 
of C5b-C9 activ ity  in  p a tien ts  receiv ing  E culizim ab poses 
a risk  for Neisseria infections, p a rticu la rly  m eningococcal 
sepsis; thus, all trea ted  p a tien ts  m u s t be vaccinated  aga in st 
N. meningococcus.

Immunohemolytic Anemia

Im m u n o h e m o ly t ic  a n e m ia  is caused  b y  a n tib o d ie s  th a t  

b in d  to  d e te rm in a n ts  o n  re d  c e ll m e m b ra n e s . T h ese  

a n tib o d ie s  m a y  arise  s p o n ta n e o u s ly  or b e  in d u c e d  b y  

exog eno us  agen ts  such as d ru g s  or c h e m ic a ls . Im m uno- 
hem olytic  anem ia  is u n co m m o n  a n d  is classified based  
o n  (1 ) the n a tu re  of the  an tib o d y  a n d  (2 ) the p resence of 
p red isp o sin g  cond itions (sum m arized  in  Table 12.4).

The d iagnosis d e p en d s  o n  the detection  of an tib o d 
ies a n d /o r  com plem en t on  re d  cells. This is done  w ith  
the  direct Coombs test, in  w h ich  the p a tie n t 's  re d  cells are  
in cubated  w ith  an tibod ies  aga in st h u m a n  im m u n o g lo b u 
lin  o r com plem ent. In  a positive  test resu lt, these an ti
bod ies cause the  p a tie n t 's  red  cells to  c lum p  (agglutinate). 
The indirect Coombs test, w h ich  assesses the  ab ility  of the 
p a tie n t's  se ru m  to agg lu tina te  test red  cells bearing  defined  
surface de te rm inan ts , can  th en  be u se d  to  characterize  the 
ta rge t of the an tibody .

W a rm  A ntibody Im m unohem olytic  A n em ia  

I n  th is  e n t ity , h e m o ly s is  re s u lts  f ro m  th e  b in d in g  o f  

h ig h -a f f in ity  a u to a n tib o d ie s  to  re d  ce lls , w h ic h  are  

th e n  re m o v e d  f r o m  th e  c irc u la t io n  b y  p hago cytes  in  th e

Table 12.4 Classification of Im m unohem olytic  A nem ias

W a r m  A n tib o d y  Type

P r im a r y  (idiopathic)
S e c o n d a r y : B cell neoplasms (e.g., chronic lymphocytic leukemia), 

autoimmune disorders (e.g., systemic lupus erythematosus), drugs 
(e.g., a-methyldopa, penicillin, quinidine)

C old  A n tib o d y  Type

A c u te :  M y c o p la s m a  infection, infectious mononucleosis 
C h ro n ic : idiopathic, B cell lymphoid neoplasms (e.g., lymphoplasmacytic 

lymphoma)

s p le e n  a n d  e ls e w h e re . In  ad d itio n  to  fran k  e ry th rophago - 
cytosis, incom plete  co n su m p tio n  ("n ibb ling") o f an tibody- 
coated  red  cells by  m acrophages rem oves m em brane  an d  
transfo rm s red  cells in to  spherocytes, w h ich  are rap id ly  
destro y ed  in  the  spleen, ju s t as in  h e red ita ry  spherocy to 
sis (described  earlier). W arm  an tib o d y  im m unohem oly tic  
anem ia  is caused  by im m u n o g lo b u lin  G  (IgG) or (rarely) 
IgA  an tibod ies  th a t are  active a t 37°C. M ore th a n  60% of 
cases are id iopath ic  (prim ary), w h ereas an o th e r 25% are  
secondary  to  a n  u n d e rly in g  im m unologic  d iso rd er (e.g., 
system ic lu p u s  ery them atosus) o r are in d u ced  by d rugs. 
The clinical severity  is variable, b u t m ost p a tien ts  have  
chronic m ild  anem ia  a n d  m o d era te  sp lenom egaly  and  
requ ire  no  treatm en t.

The m echan ism s of hem olysis in d u ced  by  d ru g s  are  
va ried  a n d  in  som e instances po o rly  u n d e rs to o d . D rugs 
such  as a -m e th y ld o p a  induce  au to an tib o d ies  aga in st 
in trinsic  red  cell constituen ts, in  p a rticu la r Rh b lood  g roup  
an tigens. P resum ably , the d ru g  som ehow  a lte rs the im m u- 
nogenicity  of na tive  ep itopes a n d  thereby  c ircum ven ts T 
cell to lerance (C hap ter 5). O ther d ru g s  such  as penicil
lin  act as h ap tens, w h ich  induce  a n  an tib o d y  response  by 
b in d in g  covalen tly  to  re d  cell m em brane  p ro te in s. Som e
tim es an tibod ies recognize a d ru g  in  the  c ircu la tion  and  
fo rm  im m u n e  com plexes th a t are d ep o sited  o n  re d  cells. 
H ere  they  m ay  fix co m plem en t o r act as opson ins, e ither 
of w h ich  can  lead  to  hem olysis.

Cold A ntibody Im m unohem olytic  A n em ia  

C o ld  a n t ib o d y  im m u n o h e m o ly tic  a n e m ia  u s u a lly  is  

caused  b y  lo w -a f f in ity  I g M  a n tib o d ie s  th a t  b in d  to  re d  

c e ll m e m b ra n e s  o n ly  a t te m p e ra tu re s  b e lo w  3 0 °C , such  

as occur in  d is ta l p arts  o f  th e  b o d y  (e.g ., ears, h an d s , a n d  

toes) in  c o ld  w e a th e r. A lth o u g h  b o u n d  IgM  fixes com ple
m ent, the  la tte r steps of the  co m plem en t cascade occur 
inefficiently  a t tem p era tu res  low er th a n  37°C. A s a resu lt, 
m o st cells w ith  b o u n d  IgM  pick  u p  som e C3b b u t are  n o t 
ly sed  in travascu larly . W hen  these cells travel to  w arm er 
areas, the w eak ly  b o u n d  IgM  an tib o d y  is released, b u t 
the  coating  of C3b rem ains. Because C3b is a n  opson in  
(C hap ter 2), the  cells a re  p hagocy tosed  by m acrophages, 
m ain ly  in  the sp leen  a n d  liver; hence, in  m o st cases the 
hem olysis is m ain ly  ex travascu lar. B inding  of p en tav a len t 
IgM  also  crosslinks red  cells a n d  causes th em  to c lum p  
(agglutinate). S ludg ing  of b lood  in  cap illaries because of 
ag g lu tin a tio n  o ften  p ro d u ces Raynaud phenomenon in  
the extrem ities o f affected  in d iv id u a ls . C old  agg lu tin in s 
som etim es also  ap p e a r transien tly  d u rin g  recovery  from  
p n eu m o n ia  caused  by  Mycoplasma spp . a n d  infectious 
m ononucleosis, p ro d u c in g  a m ild  anem ia  of little clinical 
im portance. M ore im p o rtan t, chronic fo rm s of cold  agg lu 
tin in  hem oly tic  anem ia  occur in  association  w ith  ce rta in  B 
cell neop lasm s o r as an  id iopath ic  condition .

Hemolytic Anemia Resulting From Mechanical 
Trauma to Red Cells

H em olysis o f re d  cells d u e  to  their exposu re  to  abno rm al 
m echanical forces occurs in  tw o  m ajor settings. C linically 
significant traumatic hemolysis is som etim es p ro d u c e d  by 
defective card iac valve  p rostheses, w h ich  m ay  create  suf
ficiently  tu rb u le n t b lood  flow  to shear red  cells (the b len d er
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Fig. 12.7 Microangiopathic hemolytic anemia— peripheral blood smear. This 
specimen from a patient with hemolytic uremic syndrome contains several 
fragmented red cells. ( C o u r te s y  o f  D r .  R o b e r t  W .  M c K e n n a ,  D e p a r t m e n t  o f  P a th o l

o g y , U n iv e r s i t y  o f  T e x a s  S o u th w e s te rn  M e d ic a l  S c h o o l,  D a lla s ,  Texas.)

effect). M ore com m only, it occurs inc iden ta lly  d u rin g  an  
activ ity  invo lv ing  rep ea ted  physical p o u n d in g  of one 
o r m ore  body  p a rts  (e.g., m a ra th o n  racing, k ara te  chop 
p ing , bongo  d rum m ing). Microangiopathic hemolytic anemia 
is observed  in  pa tho log ic  states in  w h ich  sm all vessels 
becom e partia lly  obstru c ted  o r n a rro w e d  by  lesions th a t 
p red isp o se  p assin g  re d  cells to  m echanical dam age. The 
m o st freq u en t of these cond itions is d issem in a ted  in tra 
vascu lar coagu la tion  (DIC) (see later), in  w h ich  vessels are 
n a rro w e d  by  the  in trav ascu la r dep o sitio n  of fibrin. O ther 
causes of m icroang iopath ic  hem oly tic  anem ia  include 
m alig n an t hypertension , system ic lu p u s  e ry them atosus, 
th rom bo tic  th rom bocy topen ic  p u rp u ra  (TTP), hem o
lytic u rem ic  synd rom e (HUS), a n d  d issem inated  cancer. 
M echanical fragm en ta tion  of re d  cells (schistocytosis) leads 
to  the app earan ce  of characteristic  " b u rr  cells," "h e lm et 
cells," a n d  " trian g le  cells" in  p e rip h e ra l b lood  sm ears (Fig. 
12.7). A lth o u g h  m icroang iopath ic  hem olysis  is n o t u sua lly  
a  m ajor clinical p ro b lem  in  a n d  of itself, it o ften  p o in ts  to 
a serious u n d e rly in g  condition .

Malaria

It is estim ated  th a t m alaria  affects 500 m illion  a n d  kills 
m ore th a n  1  m illion  peop le  p e r  year, m ak in g  it one of the 
m o st serious afflictions of h um ans. M alaria  is endem ic  in  
A sia an d  Africa, b u t w ith  w id e sp re a d  je t travel cases are  
n o w  seen  all over the w o rld . It is caused  by one of five 
types of p ro tozoa . O f these, the m ost im p o rta n t is Plasmo
dium falciparum, w h ich  causes te rtian  m ala ria  (falciparum  
m alaria), a  d iso rd e r w ith  a  h ig h  fa ta lity  rate . The o th e r four 
species of Plasmodium th a t infect h u m a n s  — Plasmodium 
malariae, Plasmodium vivax, Plasmodium knowlesi, a n d  Plas
modium ovale—cause re la tively  ben ign  disease. A ll fo rm s 
are  tran sm itted  by the  b ite of fem ale Anopheles m osquitoes, 
a n d  h u m a n s  are the on ly  n a tu ra l reservoir.

Pathogenesis

The life cycle of p lasm o d ia  is com plex (Fig. 12.8). A s m os
q u itoes  feed o n  h u m a n  blood , sporozoites are  in tro d u ced

from  the saliva a n d  w ith in  a  few  m in u tes  infect liver cells. 
H ere the p arasites  m u ltip ly  ra p id ly  to  fo rm  a sch izon t con
ta in ing  th o u san d s  of merozoites. A fter a p e rio d  of days to 
several w eeks th a t varies w ith  the Plasmodium species, the 
in fected  hepatocy tes release the  m erozoites, w h ich  qu ickly  
infect red  cells. In traery th rocy tic  p arasites  e ithe r con tinue 
asexual rep ro d u c tio n  to  p ro d u ce  m ore m erozo ites o r give 
rise to  gametocytes capable of in fecting  the nex t h u n g ry  
m osqu ito . D u rin g  their asexual rep ro d u c tio n  in  re d  cells, 
each  of the fo u r form s of m ala ria  develops in to  trophozo
ites. The asexual phase  is com ple ted  w h e n  the trophozo ites 
give rise to new  m erozoites, w h ich  escape by lysing  the 
red  cells.

F a ta l fa lc ip a ru m  m a la r ia  o fte n  in v o lv e s  th e  s m a ll 

vessels  o f  th e  b ra in , a  c o m p lic a tio n  k n o w n  as c e re b ra l 

m a la r ia . N orm ally , re d  cells bear negatively  charged  su r
faces th a t in te rac t poo rly  w ith  endo the lia l cells. Infection  of 
re d  cells w ith  P. falciparum induces the app earan ce  of posi
tively  charged  surface knobs con ta in ing  parasite -encoded  
p ro te in s, w h ich  b in d  to ad h esio n  m olecu les exp ressed  on  
ac tiva ted  en do the lium . Several en d o th e lia l cell adhesion  
m olecules, in c lu d in g  in terce llu la r ad h esio n  m olecule - 1  

(ICAM-1), ap p e a r to  m ed ia te  th is in teraction , w h ich  leads 
to  the tra p p in g  of re d  cells in  postcap illa ry  venules. In 
a n  u n fo rtu n a te  m ino rity  of patien ts, m ain ly  ch ild ren , th is 
p rocess invo lves cerebral vessels, w h ich  becom e engo rged  
a n d  occluded .

Sporozoite

Circumsporozoite 
protein

Mosquito
stages

ICAM-1 CD36

Fig. I 2 . 8  Life cycle of P la s m o d iu m  fa lc ip a r u m .  I C A M - f ,  Intercellular adhesion 
molecule-1; R B C , red blood cell. ( D r a w n  b y  D r .  J e f f r e y  J o s e p h ,  D e p a r t m e n t  o f  

P a th o lo g y ,  B e th  Is ra e l D e a c o n e s s  H o s p i t a l ,  B o s to n ,  M a s s a c h u s e t t s . )
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^  M O R P H O L O G Y

Red cell trophozoites from each P l a s m o d iu m  species have a 

somewhat distinctive appearance, allowing expert observers to  

determine which species is responsible for an infection from 

examination of appropriately stained thick smears of peripheral 

blood. The destruction of red cells leads to  h em o ly tic  anem ia , 

with its attendant features and laboratory findings. A  character

istic brown malarial pigment derived from hemoglobin called 

h em a tin  is released from the ruptured red cells and produces 

discoloration of the spleen, liver, lymph nodes, and bone marrow. 

Activation of defense mechanisms in the host leads to  a marked 

hyperplasia of mononuclear phagocytes, producing m assive  

sp lenom egaly  and occasional hepatomegaly.

C lin ica l Features

Show ers of new  m erozo ites a re  re leased  from  the  re d  cells 
a t in te rva ls of app rox im ate ly  24 h o u rs  for P. knowlesi, 48 
h o u rs  for P. vivax, P. ovale, an d  P. falciparum, a n d  72 h o u rs  
for P. malariae. E pisodic shak ing , chills, an d  fever coincide 
w ith  th is  release. H em oly tic  anem ia  of v a ry in g  severity  
is a co n stan t feature. Cerebral malaria associated  w ith  P. 
falciparum is rap id ly  progressive; convulsions, com a, an d  
d e a th  u sua lly  occur w ith in  days to  w eeks. F ortunate ly , 
fa lc iparum  m alaria  m ore  often  p u rsu e s  a chronic course 
th a t m ay  be p u n c tu a te d  a t any  tim e by blackwater fever. 
The trigger is obscure  for th is u n co m m o n  com plication , 
w h ich  is associa ted  w ith  m assive  in travascu la r hem olysis, 
hem oglob inem ia, hem oglob inuria , a n d  jaundice .

W ith  a p p ro p ria te  chem otherapy , the p rognosis  for 
pa tien ts  w ith  m ost fo rm s of m ala ria  is good; how ever, 
fa lc ipa rum  m ala ria  is becom ing  m ore difficult to trea t 
d u e  to the em ergence of d ru g -res is tan t strains. Because of 
the  po ten tia lly  serious consequences of the disease, early  
d iagnosis a n d  trea tm en t a re  im p o rtan t. The u ltim ate  solu
tion  is an  effective vaccine, w h ich  is lo n g  so u g h t b u t still 
elusive.

Ä s U M M A R Y

H E M O L Y T IC  A N E M IA

H e r e d ita r y  S p h ero cy to s is

• Autosomal dominant disorder caused by mutations that affect 

the red cell membrane skeleton, leading to loss of membrane 

and eventual conversion of red cells to spherocytes, which are 

phagocytosed and removed in the spleen

• Manifested by anemia, splenomegaly

S ick le  C e ll A n e m ia  * •

• Autosomal recessive disorder resulting from a mutation 

in ß-globin that causes deoxygenated hemoglobin to self

associate into long polymers that distort the red cell

• Blockage of vessels by sickled cells causes pain crises and tissue 

infarction, particularly of the marrow and spleen

• Red cell membrane damage caused by repeated bouts of sick

ling results in a moderate to severe hemolytic anemia

• Patients are at high risk for bacterial infections and stroke

T h a la s s e m ia

• Autosomal codominant disorders caused by mutations in a -  

or ß-globin that reduce hemoglobin synthesis, resulting in a 

microcytic, hypochromic anemia. In ß-thalassemia, unpaired 

a-globin chains form aggregates that damage red cell precur

sors and further impair erythropoiesis.

G lu c o s e -6 -P h o s p h a te  D eh yd ro g e n as e  

(G 6 P D )  D e fic ie n c y

• X-linked disorder caused by mutations that destabilize G 6 PD, 

making red cells susceptible to  oxidant damage

Im m u n o h e m o ly t ic  A n e m ia

• Caused by antibodies against either normal red cell constitu

ents or antigens modified by haptens (such as drugs)

• Antibody binding results in either red cell opsonization and 

extravascular hemolysis or (uncommonly) complement fixa

tion and intravascular hemolysis

M a la r ia

• Intracellular red cell parasite that causes chronic hemolysis of 

variable severity

• Falciparum malaria may be fatal because of the propensity 

of infected red cells to  adhere to  small vessels in the brain 

(cerebral malaria)

ANEM IA OF DIMINISHED  
ERYTHROPOIESIS

A nem ias of d im in ish ed  ery th ropo iesis  inc lude  those 
caused  by a n  in ad eq u a te  d ie ta ry  su p p ly  of n u trien ts , p a r 
ticu larly  iron, folic acid, a n d  v itam in  B12. O ther anem ias of 
th is  type  are associa ted  w ith  bone m arro w  failu re (aplastic 
anem ia), system ic in flam m ation  (anem ia of chronic inflam 
m ation), o r bone m arro w  in filtra tion  by tu m o r or inflam 
m ato ry  cells (m yelophth isic  anem ia). In  th is section, som e 
com m on exam ples of anem ias of these types a re  d iscussed  
ind iv idually .

Iron Deficiency Anemia

D e fic ie n c y  o f  iro n  is th e  m o s t c o m m o n  n u tr it io n a l d e fi

c ie n c y  in  th e  w o r ld  a n d  re s u lts  in  c lin ic a l s igns a n d  

s y m p to m s  th a t  are m o s tly  re la te d  to  a n e m ia . A bou t 10% 
of peop le  liv ing  in  d eveloped  coun tries a n d  25% to 50% of 
those in  develop ing  coun tries are  anem ic, a n d  in  bo th  set
tings the m ost f req u en t cause is iro n  deficiency . The factors 
responsib le  for iro n  deficiency d iffer in  various p o p u la 
tions a n d  are  best u n d e rs to o d  in  the contex t of no rm al 
iron  m etabolism .

The n o rm al to ta l b o d y  iron  m ass is ab o u t 2.5 g for w o m en  
a n d  3.5 g for m en. A pprox im ate ly  80% of functional body  
iron  is p re sen t in  hem oglobin , w ith  the rem a in d e r located  
in  m yog lob in  a n d  iron-con ta in ing  enzym es (e.g., catalase, 
cytochrom es). The iron  sto rage pool, consisting  of hem o
siderin  a n d  fe rritin -bound  iro n  in  the  liver, sp leen, bone 
m arrow , a n d  skeletal m uscle, con ta ins o n  average  15% to 
20% of to ta l bo d y  iron. Because serum ferritin is largely
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derived  from  th is sto rage pool, the  se ru m  fe rritin  level is a 
good  m easu re  of iro n  stores. Assessment o f bone marrow iron 
is an o th e r reliable b u t m ore  invasive  m e th o d  for estim at
ing  iro n  stores. Iro n  is tra n sp o rted  in  the p lasm a  b o u n d  
to the p ro te in  transferrin. In  n o rm al persons, tran sfe rrin  is 
ab o u t 33% sa tu ra ted  w ith  iron , y ie ld in g  se ru m  iro n  levels 
th a t average  120 |tg /d L  in  m en  a n d  100 |tg /d L  in  w om en . 
T hus, the  n o rm al to tal iro n -b in d in g  capacity  of se ru m  is 
300 to  350 |tg /d L .

In  k eep ing  w ith  the  h ig h  prevalence of iron  deficiency, 
evo lu tionary  p re ssu re s  have  y ie ld ed  m etabolic  p a th w ay s  
th a t are  s trong ly  b iased  to w ard  iro n  re ten tion . Iron  is

lost a t a ra te  o f 1  to  2  m g /d a y  th ro u g h  the  sh ed d in g  of 
m ucosal an d  sk in  ep ithelia l cells, a n d  th is loss m u s t be 
ba lanced  by the  ab so rp tio n  o f d ie ta ry  iron , w h ich  is tightly  
reg u la ted  (described  later). The n o rm al daily  W estern  
d ie t con ta ins 10 to  20 m g  of iron . M ost is fo u n d  in  hem e 
w ith in  m ea t a n d  p ou ltry , w ith  the rem a in d e r p re sen t as 
ino rgan ic  iro n  in  vegetables. A b o u t 20% of hem e a n d  1% 
to 2 % of non h em e iro n  are absorbable; hence, the average 
W estern  d ie t con ta ins sufficient iro n  to  balance fixed daily  
losses.

R egu lation  of iron  ab so rp tio n  occurs w ith in  the d u o d e 
n u m  (Fig. 12.9). A fter red u c tio n  by ferric reductase , ferrous
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Fig. 12.9 Regulation of iron absorption. Duodenal epithelial cell uptake of heme and nonheme iron discussed in the text is depicted. When the storage sites 
of the body are replete with iron and erythropoietic activity is normal, plasma hepcidin balances iron uptake and loss to maintain iron hemeostasis by down
regulating ferroportin and limiting iron uptake (middle panel). Hepcidin rises in the setting of systemic inflammation or when iron levels are high, decreasing 
iron uptake and increasing iron loss by the shedding of duodenocytes (right panel), and it falls in the setting of low plasma iron or primary hemochromatosis, 
resulting in increased iron uptake (left panel) with reduced shedding. D M T I ,  Divalent metal transporter-!.
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iro n  (Fe2+) is tran sp o rted  across the ap ical m em b ran e  by 
d iv a len t m etal transporte r-1  (DMT1). A  second  trans
p o rte r, fe rroportin , th en  m oves iro n  from  the cy top lasm  
to the  p lasm a across the baso la te ra l m em brane . The new ly  
abso rbed  iro n  is nex t ox id ized  by h ep h aes tin  a n d  ceru lo 
p la sm in  to  ferric iro n  (Fe3+), the  fo rm  of iro n  th a t b in d s  to 
transferrin . Both DMT1 a n d  fe rro p o rtin  are w id e ly  d istrib 
u te d  in  the b o d y  a n d  a re  in vo lved  in  iro n  tra n sp o rt in  o ther 
tissues as w ell. A s d ep ic ted  in  Fig. 12.9 (m idd le  panel), p a r t  
of the iron  th a t en ters en terocy tes is de livered  to  transferrin  
by fe rropo rtin , w h ereas the  rem a in d e r is in co rp o ra ted  in to  
cy top lasm ic fe rritin  a n d  is lost th ro u g h  the exfoliation  of 
m ucosal cells.

T h e  fra c tio n  o f  iro n  th a t  is  a b s o rb e d  is re g u la te d  

b y  h e p c id in , a  s m a ll p e p t id e  th a t  is  s y n th e s iz e d  a n d  

secreted  f r o m  th e  l iv e r  in  a n  iro n -d e p e n d e n t fa s h io n .

In  general, h ig h  iro n  levels in  the p lasm a  enhance hep- 
cid in  p roduc tion , w h ereas low  iro n  levels su p p ress  it. 
H ow ever, hep c id in  p ro d u c tio n  also  is sensitive to inflam 
m ation  a n d  to factors re leased  from  ery th rob lasts  in  the 
bone m arrow . Specifically, hep c id in  levels rise in  the face 
of system ic in flam m ation  because of the d irec t effects 
of in flam m atory  m ed ia to rs  such  as IL - 6  o n  hepatocytes, 
an d  in  the  se tting  of ineffective hem atopoiesis, w h ich  
is m ark ed  by  increased  n u m b ers  of e ry th rob lasts  in  the 
bone m arrow . H ep c id in  c irculates to  the d u o d en u m , 
w h ere  it b in d s fe rro p o rtin  a n d  in d u ces its in te rna liza tion  
an d  deg rad a tio n . T hus, w h e n  h ep c id in  concen tra tions 
are  e levated  (Fig. 12.9, r ig h t panel), such  as w h e n  se ru m  
iron  levels are h ig h  o r there  is system ic in flam m ation , 
fe rro p o rtin  levels fall a n d  m ore iro n  is in co rp o ra ted  in to  
cy top lasm ic fe rritin  a n d  is lo st by  excretion. C onversely , 
w h e n  hep c id in  levels are low  (Fig. 12.9, left panel), such  
as w h e n  there  is iro n  deficiency, ineffective hem atopo ie 
sis, or the  genetic defects th a t lead  to  p rim ary  hem ochro 
m atosis (C hap ter 16), the baso la te ra l tra n sp o rt o f iro n  is 
increased . In  iro n  deficiency, the  su p p ress io n  of hepci- 
d in  is beneficial as it serves to  he lp  to  correct the defi
ciency, b u t in ap p ro p ria te ly  low  levels o f hepcid in , as in  
p rim ary  hem ochrom atosis, even tua lly  lead  to  system ic 
iron  overload .

Pathogenesis

Iro n  deficiency arises in  a varie ty  of settings:
• C h ro n ic  b lo o d  loss is  th e  m o st im p o r ta n t  cause o f  iro n  

d e fic ie n c y  a n e m ia  in  th e  W e s te rn  w o r ld .  The m ost 
com m on sources of b leed ing  are  the  gastro in testina l 
tract (e.g., pep tic  u lcers, colon cancer, hem orrho id s) an d  
the fem ale gen ita l trac t (e.g., m enorrhag ia , m etro rrh a 
gia, end o m etria l cancer).

• I n  th e  d e v e lo p in g  w o r ld ,  lo w  in ta k e  a n d  p o o r b io 

a v a ila b i l i ty  because o f  p re d o m in a n t ly  v e g e ta r ia n  

d ie ts  are th e  m o st c o m m o n  causes o f  iro n  d efic ie n c y .

In  the U n ited  States, low  d ie ta ry  in take is an  infre
q u e n t cu lp rit b u t is som etim es cu lpab le  in  in fan ts 
fed  exclusively m ilk, in  the im poverished , in  the 
elderly , a n d  in  teenagers subsisting  p red o m in an tly  on  
ju n k  food.

• Increased  d em a n d s  n o t m et by  n o rm al d ie ta ry  in take 
occur w o rld w id e  d u rin g  p reg n an cy  a n d  infancy.

• M alabso rp tion  can  occur w ith  celiac d isease o r after gas
trectom y (C hap ter 15).

Fig. 1 2 . 1 0  Iron deficiency anemia— peripheral blood smear. Note the 
increased central pallor of most of the red cells. Scattered, fully hemoglo- 
binized cells, from a recent blood transfusion, stand out in contrast. ( C o u r te s y  

o f  D r .  R o b e r t  W . M c K e n n a ,  D e p a r t m e n t  o f  P a th o lo g y ,  U n iv e r s i t y  o f  T e x a s  S o u th 

w e s te r n  M e d ic a l  S c h o o l,  D a lla s ,  Texas.)

R egard less o f the cause, iro n  deficiency develops insid i
ously. Iron  sto res a re  d ep le ted  first, m ark ed  by a decline 
in  se ru m  ferritin  an d  the absence of sta inab le  iro n  in  the 
bone m arrow . These changes a re  fo llow ed  by a decrease in  
se ru m  iro n  a n d  a rise in  the  se ru m  transferrin . U ltim ately , 
the capacity  to  syn thesize  hem oglob in , m yoglobin , an d  
o ther iron-con ta in ing  p ro te in s  is d im in ished , lead in g  to 
m icrocytic anem ia, im p a ired  w o rk  a n d  cognitive perfo r
m ance, an d  ev en  red u ced  im m unocom petence.

C lin ic a l F ea tures. In  m o st in stances iro n  deficiency 
anem ia  is m ild  an d  asym ptom atic . N onspecific m an ifesta 
tions, such  as w eakness, listlessness, a n d  pallo r, m ay  be 
p re sen t in  severe cases. W ith  lo n g -stan d in g  anem ia, abno r
m alities of the  fingernails, in c lu d in g  th inn ing , fla ttening, 
an d  "sp o on ing ,"  m ay  appear. A  cu rious b u t characteristic  
n eu robehav io ra l com plication  is pica, the com p u n c tio n  to 
consum e non foodstu ffs such  as d irt or clay.

In  p e rip h e ra l sm ears, re d  cells are  microcytic an d  hypo
chromic (Fig. 12.10). D iagnostic  criteria  include anem ia, 
hypochrom ic a n d  m icrocytic red  cell indices, low  se ru m  
fe rritin  an d  iro n  levels, low  tran sfe rrin  sa tu ra tion , increased  
to ta l iron -b in d in g  capacity , and , u ltim ately , response  to 
iro n  therapy . For unclear reasons, the  p la te le t co u n t often  
is elevated . E ry th ropo ie tin  levels a re  elevated , b u t the 
m arro w  response  is b lu n ted  by  the  iron  deficiency; thus, 
m arro w  cellu larity  u sua lly  is on ly  slightly  increased .

P ersons often  d ie  w ith  iro n  deficiency anem ia, b u t v irtu 
ally  n ev er o f it. A n  im p o rta n t p o in t is th a t in  w ell-nou rished  
persons, m icrocytic hypochrom ic anem ia  is n o t a disease 
b u t ra th e r a sy m p to m  of som e u n d e rly in g  d iso rder.

Anemia of Chronic Inflammation

O fte n  re fe rre d  to  as th e  a n e m ia  o f  ch ro n ic  d isease, 

a n e m ia  associated  w i th  c h ro n ic  in f la m m a tio n  is th e  

m o s t c o m m o n  fo r m  o f  a n e m ia  in  h o s p ita liz e d  p a tie n ts .

It superficially  resem bles the  anem ia  of iro n  deficiency b u t 
arises in stead  from  the su p p ressio n  of ery th ropo iesis  by 
system ic in flam m ation . It occurs in  a varie ty  of d iso rd ers  
associa ted  w ith  su sta ined  in flam m ation:
• C hronic  m icrobial infections, such  as osteom yelitis, bac

terial endocard itis , a n d  lu n g  abscess
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• C hronic  im m u n e  d iso rders , such  as rh eu m ato id  a rth ritis  
a n d  reg ional en teritis

• N eop lasm s, such  as H o d g k in  ly m p h o m a a n d  carcino
m as of the lu n g  an d  b reast
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Pathogenesis

T h e  a n e m ia  o f  ch ro n ic  in f la m m a tio n  stem s f r o m  h ig h  

le v e ls  o f  p la s m a  h e p c id in , w h ich  blocks the transfer of 
iro n  to  e ry th ro id  p recu rso rs  by  d o w n reg u la tin g  fe rropo rtin  
in  m acrophages. The e leva ted  hep c id in  levels a re  caused  
by  p ro in flam m ato ry  cy tok ines such  as IL-6 , w h ich  increase 
hepa tic  h ep c id in  synthesis. In  add ition , chronic in flam m a
tion  b lu n ts  e ry th ro p o ie tin  syn thesis by  the  k idney , low 
e ring  re d  cell p ro d u c tio n  by the m arrow . The functional 
ad v an tag es of these a d ap ta tio n s  in  the  face of system ic 
in flam m ation  are  unclear; they m ay  serve to  in h ib it the 
g ro w th  of iro n -d ep en d en t m icroorgan ism s o r to  au g m en t 
certa in  aspects o f ho st im m unity .

C lin ic a l F ea tures. A s in  anem ia  of iro n  deficiency, the 
se ru m  iro n  levels u sua lly  a re  low  in  the  anem ia  of chronic 
d isease, a n d  the re d  cells m ay  be slightly  hypochrom ic 
an d  m icrocytic. U nlike iro n  deficiency anem ia, how ever, 
sto rage iron  in  the bone m arro w  an d  se ru m  fe rritin  are  
increased  an d  the  to ta l iro n -b in d in g  capacity  is reduced . 
A d m in istra tio n  of e ry th ro p o ie tin  a n d  iro n  can  im prove  
the anem ia, b u t on ly  effective trea tm en t o f the u n d erly in g  
cond ition  is curative.

Megaloblastic Anemias

The tw o  p rin c ip a l causes of m egalob lastic  anem ia  are  
fo late  deficiency a n d  v itam in  B12 deficiency. B oth v itam ins 
a re  req u ired  for D N A  syn thesis  a n d  the  effects of their defi
ciency o n  hem atopo iesis  are  essen tially  identical. H ow ever, 
the  causes a n d  consequences of folate an d  v itam in  B1 2  defi
ciency d iffer in  im p o rta n t w ays. W e w ill first rev iew  som e 
of the  com m on  fea tu res an d  th en  touch  on  those th a t are 
specific to folate a n d  v itam in  B1 2  deficiency.

Pathogenesis

M e g a lo b la s t ic  a n e m ia  stem s f r o m  m e ta b o lic  defec ts  th a t  

le a d  to  in a d e q u a te  b io s y n th e s is  o f  th y m id in e , one o f  th e  

b u i ld in g  b lo c k s  o f  D N A .  A s w e  w ill d iscuss, folate and  
v itam in  B1 2  are  b o th  essen tia l factors for the syn thesis of 
thym idy la te , w h ich  is req u ired  for D N A  replication . Thy
m id in e  deficiency causes abnorm alities in  ra p id ly  d iv id in g  
cells th ro u g h o u t the body , b u t the  hem atopo ietic  m arro w  
is m ost severely  affected. Because the syn thesis of R N A  
a n d  cy top lasm ic e lem en ts p roceeds a t a no rm al ra te  an d  
th u s  o u tpaces th a t of the nucleus, the hem atopo ietic  p re 
cu rso rs  show  nuclear-cytoplasmic asynchrony (described 
later). This m atu ra tio n a l d e ran g em en t con tribu tes to  the 
anem ia  in  several w ays. M any red  cell p rogen ito rs  a re  so 
defective in  D N A  syn thesis th a t they  u n d e rg o  apop tosis  in  
the m arro w  (ineffective hematopoiesis). O thers  m a tu re  in to  
red  cells b u t do  so after few er cell d iv isions, fu rth e r d im in 
ish ing  the o u tp u t o f re d  cells. G ranu locy te  a n d  p la te le t 
p recu rso rs  a lso  are affected (a lthough  n o t as severely) and  
m ost p a tien ts  p re sen t w ith  pancy to p en ia  (anem ia, th rom 
bocytopenia, a n d  granu locy topen ia).

00®
Fig. 12.11 Megaloblastic anemia. A peripheral blood smear shows a hyper- 
segmented neutrophil with a six-lobed nucleus. ( C o u r te s y  o f  D r .  R o b e r t  W .  

M c K e n n a ,  D e p a r t m e n t  o f  P a th o lo g y ,  U n iv e r s i t y  o f  T e x a s  S o u th w e s te rn  M e d ic a l  

S c h o o l,  D a l la s ,  T e x a s .)

M O R P H O L O G Y

Certain morphologic features are common to  all forms of mega

loblastic anemia. The bone marrow is markedly hypercellular and 

contains numerous megaloblastic erythroid progenitors. M ega- 

loblasts are larger than normal erythroid progenitors (normo

blasts) and have delicate, finely reticulated nuclear chromatin 

(indicative of nuclear immaturity). As megaloblasts differentiate 

and acquire hemoglobin, the nucleus retains its finely distributed 

chromatin and fails to undergo the chromatin clumping typical 

of normoblasts, a classic example of nuclear-cytoplasmic asyn

chrony. The granulocytic precursors also demonstrate nuclear- 

cytoplasmic asynchrony, yielding g ian t m etam ye lo cy tes . 

Megakaryocytes may also be abnormally large and have bizarre 

multilobed nuclei.

In the peripheral blood the earliest change is the appearance 

of h yp ersegm ented  n eu tro ph ils  (Fig. 12.11), which appear 

before the onset of anemia. Normal neutrophils have three 

or four nuclear lobes, but in megaloblastic anemias they often 

have five or more. The red cells typically include large, egg

shaped m acroovalocytes; the M CV often is greater than 

110 fL (normal, 82-96  fL). Although macrocytes appear hyper

chromic, in reality their hemoglobin content is normal. Large, 

misshapen platelets also may be seen. Morphologic changes in 

other systems, especially the gastrointestinal tract, also occur, 

giving rise to some of the clinical manifestations.

Folate (Folic Acid) D efic iency A n em ia

F o la te  d e fic ie n c y  is u s u a lly  th e  re s u lt  o f  in a d e q u a te  

d ie ta ry  in ta k e , som e tim e s  c o m p lic a te d  b y  in c reased  

m e ta b o lic  d e m a n d s . A lth o u g h  folate is p re sen t in  nearly  
all foods, it is destro y ed  by 10 to  15 m in u tes  of cooking, 
a n d  as a  re su lt folate sto res a re  m arg in a l in  a  su rp ris in g  
n u m b er of hea lthy  persons. The risk  of o v e rt folate defi
ciency is h ig h est in  those w ith  a  p o o r d ie t (the econom i
cally d ep riv ed , the ind igen t, a n d  the e lderly) o r those w ith  
increased  m etabolic  needs (p reg n an t w o m en  a n d  pa tien ts  
w ith  chronic hem oly tic  anem ias, such  as sickle cell d isease).
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Deficiency m ay  also  stem  from  p rob lem s w ith  abso rp tion  
or m etabolism . Food fo lates a re  p red o m in an tly  in  po lyg lu 
tam ate  fo rm  an d  m u st be sp lit in to  m o n o g lu tam ates  for 
absorp tion , a conversion  th a t is in h ib ited  by acidic foods 
an d  substances fo u n d  in  beans a n d  o th e r legum es. Som e 
d rugs, such  as p h en y to in  (d ilantin), also  in terfere  w ith  
folate abso rp tion , w h ereas o thers, such  as m ethotrexate , 
inh ib it folate m etabolism . M alabsorp tive  d iso rders, such  as 
celiac disease a n d  tropical sprue, th a t affect the  u p p e r  th ird  
of the sm all in testine  w h ere  folate is absorbed , m ay  also 
im p a ir folate u p take .

Pathogenesis

The m etabo lism  a n d  functions of folate are com plex. 
H ere  it is sufficient to no te  th a t its conversion  w ith in  
cells from  d ihyd ro fo la te  to  te trahyd ro fo la te  by  dihydro
folate reductase is p articu larly  im p o rtan t. T etrahydrofo- 
late  acts as a n  acceptor a n d  d o n o r of one-carbon  u n its  
in  several reactions th a t are  req u ired  for the  syn thesis of 
d eo xy thym id ine  m o n o p h o sp h a te  (dTM P). If in tracellu 
la r sto res of folate fall, insufficient dTM P is syn thesized  
a n d  D N A  rep lication  is blocked, lead in g  to  m egaloblastic  
anem ia.

C lin ic a l F ea tures. The onse t of the  an em ia  of folate 
deficiency is in sid ious, being  associa ted  w ith  nonspecific 
sym ptom s such  as w eakness  a n d  easy  fatigability . The 
clinical p ic tu re  m ay  be com plicated  by the coexistent defi
ciency of o th e r v itam ins, especially  in  alcoholics. Because 
the  cells lin ing  the gastro in testina l tract, like the hem ato 
po ie tic  system , tu rn  over rap id ly , sym ptom s referable to 
the  a lim en tary  tract, such  as sore tongue, are com m on. 
U nlike in  v itam in  B12 deficiency (described  later), n eu ro 
logic abnorm alities d o  n o t occur.

The d iagnosis o f a m egalob lastic  anem ia  is read ily  m ade  
from  the exam ination  of sm ears of p e rip h e ra l b lood  an d  
bone m arrow . The anem ia  o f folate deficiency is best d istin 
g u ished  from  th a t of v itam in  B1 2  deficiency by m easu rin g  
se ru m  an d  re d  cell folate a n d  v itam in  B1 2  levels.

Vitam in  B /2 (C obalam in ) D eficiency A n em ia  

V itam in  B12 is w id e ly  p re sen t in  foods, is res is tan t to 
cooking  an d  boiling, a n d  is even  syn thesized  by g u t flora. 
T hus, un like  folate, v itam in  B1 2  deficiency is v irtua lly  never 
caused  by  in ad eq u a te  in take  except in  vegetarians w h o  
scrupu lously  avo id  m ilk  a n d  eggs. Instead , deficiencies 
typically  arise  from  som e abno rm ality  th a t in terferes w ith  
v itam in  B1 2  abso rp tion , a com plex process invo lv ing  the 
fo llow ing  steps:
1. P ep tic  d igestion  releases d ie ta ry  v itam in  B12, a llow ing  it 

to  b in d  a salivary  p ro te in  called  haptocorrin.
2. O n  en te rin g  the d u o d en u m , h ap to co rrin -B 12 com plexes 

a re  p rocessed  by pancreatic  pro teases; th is releases B12, 
w h ich  a ttaches to  intrinsic factor secreted  from  the  pa ri
e ta l cells of the  gastric  fund ic  m ucosa.

3. The in trinsic  factor-B 12 com plexes p ass  to  the d ista l 
ileum  a n d  a ttach  to  cubilin, a  recep to r for in trinsic  
factor, a n d  are taken  u p  in to  en terocytes.

4. The abso rbed  v itam in  B12 is transferred  across the baso- 
la te ra l m em branes of en terocy tes to  p lasm a  transcobala
min, w h ich  delivers v itam in  B12 to  the  liver a n d  o ther 
cells of the  body .

A fter absorp tion , the bo d y  h an d les  v itam in  B12 very  effi
ciently . It is s to red  in  the  liver, w h ich  no rm ally  contains 
reserves sufficient to  su p p o rt bod ily  n eeds for 5 to 20 years. 
Because of these large  liver stores, clinical p resen ta tio n s of 
v itam in  B1 2  deficiency typically  fo llow  years o f un recog 
n ized  m alabsorp tion .

Pathogenesis

T h e  m o st fre q u e n t  cause v i ta m in  B 1 2  d e fic ie n c y  is  perni
cious anemia,  w h ic h  is  b e lie v e d  to  re s u lt  f r o m  a n  a u to 

im m u n e  a tta c k  o n  th e  g astric  m u co sa  th a t  suppresses th e  

p ro d u c t io n  o f  in tr in s ic  fac to r. H istologically , there  is a 
chronic atrophic gastritis m ark ed  by a loss of pa rie ta l cells, a 
p ro m in en t in filtrate  of lym phocy tes a n d  p lasm a  cells, a n d  
m egaloblastic  changes in  m ucosal cells sim ilar to  those 
fo u n d  in  e ry th ro id  p recurso rs. The se ru m  of m ost affected 
p a tien ts  con tains several types of autoantibodies th a t block 
the  b in d in g  of v itam in  B1 2  to  in trinsic  factor o r p rev en t 
b in d in g  of the  in trinsic  fac to r-v itam in  B12 com plex  to 
cubilin . A u to an tib o d ies  a re  o f d iagnostic  use, b u t they  are  
n o t th o u g h t to be the p rim ary  cause  of the gastric pa th o l
ogy; ra ther, it seem s th a t a n  autoreactive T cell response ini
tia tes gastric m ucosal in ju ry  a n d  triggers the fo rm ation  of 
au toan tibod ies . W hen  the  m ass of in trinsic  factor-secreting  
cells falls below  a th resh o ld  (and  reserves of s to red  v itam in  
B12 are  dep le ted), anem ia  develops.

O th e r causes of v itam in  B12 m alab so rp tio n  inc lude  
gastrectomy (lead ing  to  loss of in trinsic  fac to r-p ro d u c in g  
cells), ileal resection (resu lting  in  loss of in trinsic  factor-B 1 2  

co m p lex -ab so rb in g  cells), a n d  d iso rd ers  th a t d is ru p t the 
function  of the d ista l ileum  (such as Crohn disease, tropical 
sprue, a n d  Whipple disease). P articu larly  in  o lder persons, 
gastric atrophy a n d  achlorhydria m ay  in terfere  w ith  the  p ro 
d uc tion  o f ac id  a n d  pepsin , w h ich  a re  n eed ed  to  release the 
v itam in  B1 2  from  its b o u n d  fo rm  in  food.

T h e  m e ta b o lic  defec ts  re s p o n s ib le  fo r  th e  a n e m ia  o f  

v ita m in  B 1 2  d e fic ie n c y  are  in te r tw in e d  w i th  fo la te  m e ta b 

o lis m . V itam in  B12 is req u ired  for recycling  te trahydrofo - 
late, w hich , as  described  p rev iously , is the  fo rm  of folate 
th a t is n eed ed  for D N A  synthesis. In  k eep ing  w ith  th is rela 
tionsh ip , the an em ia  of v itam in  B1 2  deficiency is reversed  
w ith  the ad m in is tra tio n  of folate.

B y  con tras t, fo la te  a d m in is tra t io n  does n o t  p re v e n t  

a n d  m a y  in  fac t w o rs e n  c e rta in  n e u ro lo g ic  s y m p to m s  th a t  

are  specific  to  v i ta m in  B 1 2  d e fic ie n c y . The m ain  neuro log ic 
lesions associa ted  w ith  v itam in  B1 2  deficiency a re  dem y- 
e lination  of the posterio r a n d  la te ra l co lum ns of the sp inal 
cord , som etim es b eg inn ing  in  the p e rip h e ra l nerves. In 
tim e, axonal d eg en era tio n  m ay  supervene . The severity  of 
the neuro log ic  m an ifesta tions is no t re la ted  to  the degree  
of anem ia. Indeed , neuro log ic  d isease m ay  occur in  the 
absence of o vert m egalob lastic  anem ia.

C lin ic a l F ea tures. The m an ifesta tions of v itam in  B12 defi
ciency are  nonspecific. A s w ith  a ll anem ias, find ings include 
pallor, easy  fatigability , an d , in  severe cases, d y sp n ea  a n d  
even  congestive heart failure. The increased  d estru c tio n  of 
e ry th ro id  p ro g en ito rs  because of ineffective ery th ropo iesis  
m ay  give rise to  mild jaundice, a n d  m egaloblastic  changes 
in  the  o ro p h ary n g ea l ep ith e liu m  m ay  p ro d u ce  a beefy red 
tongue. The spinal cord disease begins w ith  sym m etric  n u m b 
ness, tingling , a n d  b u rn in g  in  the feet o r h ands, fo llow ed  by
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u n stead in ess  of gait a n d  loss of p osition  sense, particu larly  
in  the toes. A lth o u g h  the anem ia  re sp o n d s  d ram atica lly  to 
p a ren te ra l v itam in  B12, the neuro log ic  m an ifesta tions often  
fail to  resolve. A s d iscussed  in  C h ap te r 15, p a tien ts  w ith  
pern ic ious anem ia  have  a n  increased  risk  for the  develop 
m en t o f gastric  carcinom a.

F ind ings su p p o rtin g  the  d iagnosis of v itam in  B1 2  defi
ciency are  (1) low  se ru m  v itam in  B1 2  levels, (2) no rm al 
o r e leva ted  se ru m  folate levels, (3) m o d era te  to  severe 
m acrocytic anem ia, (4) leukopen ia  w ith  h y p erseg m en ted  
granulocytes, a n d  (5) a d ram atic  reticulocytic  response  
(w ith in  2 to  3 days) to  p a ren te ra l ad m in is tra tio n  o f v itam in  
B12. Pern ic ious anem ia  is associa ted  w ith  all o f these find 
ings p lu s  the  p resence of se ru m  an tibod ies to  in trinsic  
factor.

Aplastic Anemia

A plastic  anem ia  is a d iso rd e r in  w h ich  m u ltip o ten t m yelo id  
s tem  cells a re  su p p ressed , lead in g  to  bone m arro w  failure 
a n d  pancy topen ia . The m arro w  often  is v irtua lly  devo id  
of recognizab le hem atopo ie tic  e lem ents. It m u s t be d is
tin g u ish ed  fro m  p u re  re d  cell ap lasia , in  w h ich  on ly  ery- 
th ro id  p rogen ito rs  are affected  an d  anem ia  is the on ly  
m anifestation .

Pathogenesis

T h e  p ath o g en e s is  o f  a p la s tic  a n e m ia  is n o t f u l ly  u n d e r 

s tood , b u t  tw o  m a jo r  e tio lo g ie s  h a v e  b e e n  in v o k e d : a n  

e x tr in s ic , im m u n e -m e d ia te d  s u p p re s s io n  o f  m a rro w  

p ro g e n ito rs , a n d  a n  in tr in s ic  a b n o rm a lity  o f  s te m  ce lls .

E xperim en tal s tud ies  have  focused  o n  a m o d e l in  w h ich  
ac tivated  T  cells su p p ress  hem atopo ietic  s tem  cells. 
It is h y p o th esized  th a t s tem  cells are first antigen ically  
a lte red  by exposu re  to  d ru g s, in fectious agents, o r o ther 
u n id en tified  en v iro n m en ta l in su lts . This p rovokes a cel
lu la r im m u n e  response, d u rin g  w h ich  activa ted  TH1 cells 
p ro d u ce  cy tok ines such  as in terferon-y  (IFN-y) a n d  TNF 
th a t su p p ress  a n d  kill hem atopo ie tic  p rogen ito rs. This sce
nario  is su p p o rte d  by experience w ith  im m u n o su p p ress iv e  
th e rap y  d irec ted  ag a in st T  cells, w h ich  resto res h em atopo i
esis in  60% to 70% of patien ts.

A lternatively , th e  n o t io n  th a t  a p la s tic  a n e m ia  resu lts  

f ro m  a n  in tr in s ic  s te m  c e ll a b n o r m a lity  is  s u p p o rte d  b y  

o b s e rv a tio n s  s h o w in g  th a t  f r o m  5%  to  10%  o f  p a tie n ts  

h av e  in h e r ite d  defec ts  in  te lo m e ra s e , w hich , as m en tioned  
earlier, is n eed ed  for the m ain tenance  a n d  stability  o f chro 
m osom es. It is h y p o th esized  th a t the defect in  te lom erase  
leads to  p re m a tu re  senescence of hem atopo ie tic  s tem  cells. 
O f fu rth e r in terest, the bone m arro w  cells in  a n  ad d itio n a l 
50% of cases have  u n u su a lly  sh o rt telom eres, possib ly  
stem m ing  fro m  as-yet u n d isco v e red  defects in  telom er
ase o r excessive rep lication  of hem atopo ietic  s tem  cells. 
These tw o m echan ism s are  n o t m u tu a lly  exclusive, because 
genetically  a lte red  stem  cells (e.g., those w ith  abno rm al 
telom eres) also  m ig h t express "n eo an tig en s"  th a t serve as 
ta rge ts for a T  cell attack.

C lin ic a l F ea tures. A plastic  anem ia  affects p e rso n s of 
all ages a n d  bo th  sexes. The slow ly p rog ressive  anem ia  
causes the in sid ious d ev e lo p m en t o f w eakness, pallor, 
an d  d yspnea . T h rom bocy topen ia  often  m an ifests w ith
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petech iae  an d  ecchym oses. N eu tro p en ia  m ay  set the  stage 
for serious infections.

It is im p o rta n t to  separa te  ap lastic  anem ia  fro m  anem ia  
caused  by  m arro w  in filtra tion  (m yelophth isic  anem ia), 
"a leukem ic  leukem ia," a n d  g ran u lo m ato u s d iseases, w h ich  
m ay  have  sim ilar clinical p resen ta tio n s b u t are easily  d is
tin g u ish ed  by exam ination  of the  bone m arro w . A plastic  
anem ia  does n o t cause splenom egaly ; if p resen t, ano th er 
d iagnosis shou ld  be sought.

The p rognosis  is u n p red ic tab le . W ith d raw al o f a n  incit
ing  d ru g  som etim es leads to  rem ission , b u t th is is the 
exception . H em atopo ie tic  stem  cell tran sp lan ta tio n  often  
is curative, p articu larly  in  n o n tran sfu sed  p a tien ts  y o u n g e r 
th an  40 y ears  o f age. T ransfusion  sensitizes p a tien ts  to 
alloan tigens, p ro d u c in g  a h ig h  ra te  of en g ra ftm en t failure; 
thus, it m u s t be m in im ized  in  p e rso n s eligible for trans
p lan ta tion . Successful tran sp lan ta tio n  req u ires  "co n d itio n 
ing" w ith  im m u n o su p p ress iv e  rad ia tio n  o r chem otherapy , 
re inforcing  the n o tio n  th a t au to im m u n ity  has an  im p o rtan t 
role in  the  disease. A s m en tio n ed  earlier, p a tien ts  w h o  are  
p o o r tran sp lan ta tio n  can d id a tes  o ften  benefit fro m  im m u 
no su p p ressiv e  therapy .

Myelophthisic Anemia

M y e lo p h th is ic  a n e m ia  is caused  b y  e x te n s ive  in f i l t ra t io n  

o f  th e  m a rro w  b y  tu m o rs  or o th e r le s io n s . It m o st com 
m only  is associated  w ith  m etasta tic  breast, lung , o r p ro sta te  
cancer. O ther tum ors, ad v an ced  tubercu losis, lip id  sto rage 
d iso rders, a n d  osteosclerosis m ay  p ro d u ce  a sim ilar clini
cal p ic tu re . The p rinc ipa l m an ifesta tions inc lude  anem ia  
an d  th rom bocy topen ia; in  general, the  w h ite  cell series 
is less affected. C haracteristica lly  m issh ap en  re d  cells, 
som e resem bling  teard rops, a re  seen in  the p e rip h era l 
blood. Im m atu re  granu locy tic  a n d  ery th rocy tic  p recu r
sors also  m ay  be p re sen t (leukoerythroblastosis) a long  w ith  
m ild  leukocytosis. T rea tm en t is d irec ted  a t the u n d e rly in g  
condition .

^ S U M M A R Y

A N E M IA  O F  D IM IN IS H E D  E R Y T H R O P O IE S IS

Iro n  D e fic ie n c y  A n e m ia

• Caused by chronic bleeding or inadequate iron intake; results 

in insufficient hemoglobin synthesis and hypochromic, micro

cytic red cells

A n e m ia  o f C h ro n ic  In f la m m a tio n

• Caused by inflammatory cytokines, which increase hepcidin 

levels and thereby sequester iron in macrophages, and also 

suppress erythropoietin production

M e g a lo b la s tic  A n e m ia  * •

• Caused by deficiencies of folate or vitamin B | 2  that lead to inad

equate synthesis of thymidine and defective D N A  replication

• Results in enlarged abnormal hematopoietic precursors (meg- 

aloblasts), ineffective hematopoiesis, macrocytic anemia, and (in 

most cases) pancytopenia
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A p la s tic  A n e m ia

• Caused by bone marrow failure (hypocellularity) resulting from 

diverse causes, including exposures to  toxins and radiation, 

idiosyncratic reactions to drugs and viruses, and inherited 

defects in telomerase and D N A  repair

M y e lo p h th is ic  A n e m ia

• Caused by replacement of the bone marrow by infiltrative 

processes such as metastatic carcinoma and granulomatous 

disease

• Leads to the appearance of early erythroid and granulocytic 

precursors (leukoerythroblastosis) and teardrop-shaped red 

cells in the peripheral blood

POLYCYTHEMIA

Polycythem ia, o r erythrocytosis, d eno tes a n  increase in  
re d  cells p e r u n it  v o lum e of p e rip h e ra l b lood. It m ay  be 
absolute (defined  as a n  increase in  to tal red  cell m ass) o r 
relative. R elative po lycy them ia  resu lts  from  dehy d ra tio n , 
such  as occurs w ith  w a te r dep riva tion , p ro lo n g ed  vom it
ing, d ia rrhea , o r the excessive u se  of d iuretics. A bsolu te  
po lycy them ia  is described  as primary w h e n  the  increased

Table 12.5 Pathophysiologic Classification of Polycythem ia

Relative

Reduced plasma volume (hemoconcentration)

A bso lute

P r im a r y

Abnormal proliferation of myeloid stem cells, normal or low 
erythropoietin levels (polycythemia vera); inherited activating 
mutations in the erythropoietin receptor (rare)

S e c o n d a r y

Increased erythropoietin levels
A d a p t iv e :  Lung disease, high-altitude living, cyanotic heart disease
P a ra n e o p la s t ic : Erythropoietin-secreting tumors (e.g., renal cell 

carcinoma, hepatomacellular carcinoma, cerebellar 
hemangioblastoma)

S u r r e p t i t io u s :  Endurance athletes

red  cell m ass resu lts  from  a n  a u to n o m o u s p ro life ra tion  
of e ry th ro id  p rogen ito rs, a n d  secondary w h e n  the exces
sive p ro life ra tion  stem s from  e leva ted  levels o f e ry th ro 
po ietin . P rim ary  po lycy them ia  (po lycythem ia vera) is a 
clonal m yelo id  neop lasm  considered  la te r in  th is chapter. 
The increases in  e ry th ro p o ie tin  th a t cause secondary  
form s of abso lu te  po lycy them ia  inc lude  a varie ty  of causes 
(Table 12.5).

W hite Cell Disorders

D iso rders of w h ite  cells inc lude  deficiencies (leukope
nias) a n d  pro lifera tions, w h ich  m ay  be reactive o r neo
plastic. R eactive p ro life ra tion  in  response  to a p rim ary , 
o ften  m icrobial, d isease is com m on. N eop lastic  d iso rders, 
a lth o u g h  less com m on, a re  m ore  om inous: They cause 
app rox im ate ly  9% of all cancer d ea th s in  a d u lts  a n d  a stag 
g ering  40% in  ch ild ren  y o u n g e r th a n  15 y ears  o f age.

P resen ted  nex t a re  b rief descrip tions of som e nonneo 
p lastic  conditions, fo llow ed by  m ore deta iled  consider
a tions of the  m alig n an t p ro life ra tions of w h ite  cells.

NO NNEO PLASTIC  DISORDERS OF 
W H ITE  CELLS

Leukopenia

L eukopen ia  resu lts  m ost com m only  from  a decrease in  
g ranulocytes, the m o st n u m ero u s  c ircu la ting  w h ite  cells. 
L y m phopen ia  is m u ch  less com m on; it is associa ted  w ith  
ra re  congenita l im m unodefic iency  diseases, ad vanced  
h u m a n  im m unodefic iency  v iru s  (HIV) infection, a n d  trea t
m en t w ith  h ig h  doses of corticostero ids. O n ly  the m ore 
com m on leukopen ias of g ranu locy tes are d iscussed  here.

N eutropenia/Agranulocytosis

A red u c tio n  in  the n u m b er of g ranu locy tes in  b lood  is 
k n o w n  as neutropenia or, w h e n  severe, agranulocytosis, 
N eu tro p en ic  p e rso n s are suscep tib le  to  severe, p o ten 
tially  fa ta l bacterial an d  fungal infections. The risk  of

in fection  rises sh arp ly  as the  n eu tro p h il co u n t falls below  
500 ce lls /|tL .

Pathogenesis

The m echan ism s u n d e rly in g  n eu tro p en ia  can  be d iv id ed  
in to  tw o  b ro ad  categories:
• Decreased granulocyte production. C linically  im p o rtan t 

red u c tio n s in  g ranu lopo iesis  are m o st o ften  caused  by 
m arro w  h y p o p lasia  (as occurs transien tly  w ith  cancer 
chem otherapy  a n d  chronically  w ith  ap lastic  anem ia) o r 
extensive rep lacem en t of the m arro w  by  tu m o r (such 
as w ith  leukem ia). A lternatively , n eu tro p h il p ro d u c tio n  
m ay  be su p p ressed  w h ile  o th e r b lood  lineages a re  un af
fected. This is m o st o ften  caused  by certa in  d ru g s  o r by 
neoplastic  p ro life ra tions of cytotoxic T  cells an d  n a tu ra l 
k iller (NK) cells (so-called "la rg e  g ran u la r lym phocytic  
leukem ia").

• Increased granulocyte destruction. This can  be encoun tered  
w ith  im m u n e-m ed ia ted  in jury  (triggered  in  som e cases 
by d rugs) o r in  o v erw h e lm in g  bacterial, fungal, o r rick
ettsial infections resu ltin g  from  increased  p erip h era l 
use. S p lenom egaly  a lso  can  lead  to  the sequestra tion  
an d  accelera ted  rem oval of neu troph ils .

M O R P H O L O G Y

The alterations in the bone marrow depend on the under

lying cause. Compensatory marrow hypercellularity is seen 

when there is excessive neutrophil destruction or ineffective
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granulopoiesis, such as occurs in megaloblastic anemia. Drugs 

that selectively suppress granulocytopoiesis are associated with 

decreased numbers of granulocytic precursors and preservation 

of erythroid elements and megakaryocytes, while myelotoxic 

chemotherapy drugs reduce the number of elements from all 

lineages.

C lin ic a l F ea tures. Infections constitu te  the  m ajor p rob lem . 
T hey com m only  take the  fo rm  of u lcerating , necro tiz ing  
lesions of the gingiva, floor of the m o u th , buccal m ucosa, 
p harynx , or o th e r sites w ith in  the o ral cav ity  (agranulocytic 
angina) . O w in g  to  the lack of leukocytes, such  lesions often  
con ta in  large  m asses or sheets of m icroorganism s. In  ad d i
tion  to  local in flam m ation , system ic sym ptom s u su a lly  are 
p re se n t consisting  of m alaise, chills, an d  fever. Because 
of the d an g e r o f sepsis, pa tien ts  are s ta rted  o n  broad- 
sp ec tru m  antib io tics covering  b o th  bacterial an d  fungal 
in fections a t the first sign  of infection. D ep en d in g  o n  the 
clinical context, p a tien ts  also  m ay  be trea ted  w ith  g ran u 
locyte co lony-stim ulating  factor (G-CSF), a g ro w th  factor 
th a t speeds recovery  of n eu tro p h il counts.

Reactive Leukocytosis

A n increase in  the nu m b er of w h ite  cells in  the b lood is 
com m on in  a variety  of inflam m atory  states caused  by 
m icrobial an d  nonm icrobial stim uli. Leukocytoses are rela
tively nonspecific an d  are classified according to  the particu 
lar w h ite  cell series th a t is affected (Table 12.6). As discussed 
later, in  som e cases reactive leukocytosis m ay  m im ic leu
kem ia. Such "leukemoid reactions" m u s t be d istinguished

Table 12.6 Causes o f Leukocytosis

N eu tro p h ilic  Leukocytosis

Acute bacterial infections (especially those caused by pyogenic 
organisms); sterile inflammation caused by, e.g., tissue necrosis 
(myocardial infarction, burns)

Eosinophilic Leukocytosis (Eosinophilia)

Allergic disorders such as asthma, hay fever, allergic skin diseases (e.g., 
pemphigus, dermatitis herpetiformis); parasitic infestations; drug 
reactions; certain malignancies (e.g., Hodgkin lymphoma and some 
non-Hodgkin lymphomas); collagen-vascular disorders and some 
vasculitides; atheroembolic disease (transient)

Basophilic Leukocytosis (Basophilia)

Rare, often indicative of a myeloproliferative neoplasm (e.g., chronic 
myeloid leukemia)

M onocytosis

Chronic infections (e.g., tuberculosis), bacterial endocarditis,
rickettsiosis, and malaria; collagen vascular diseases (e.g., systemic 
lupus erythematosus); and inflammatory bowel diseases (e.g., 
ulcerative colitis)

Lym phocytosis

Accompanies monocytosis in many disorders associated with chronic 
immunologic stimulation (e.g., tuberculosis, brucellosis); viral 
infections (e.g., hepatitis A, cytomegalovirus, Epstein-Barr virus); 
B o r d e te l la  p e r tu s s is  infection

from  true  w h ite  cell m alignancies. Infectious m ononucleosis 
m erits separate  consideration  because it gives rise to a dis
tinctive syndrom e associated w ith  lym phocytosis.

Infectious M ononucleosis

Infectious m ononucleosis is a n  acute, self-lim ited d isease 
of ado lescen ts a n d  y o u n g  a d u lts  th a t is caused  by Epstein- 
Barr v iru s  (EBV), a m em ber of the h e rp esv iru s  fam ily. The 
in fection  is charac terized  by  (1 ) fever, sore th roat, a n d  gen
e ra lized  ly m p h ad en itis  an d  (2 ) a lym phocy tosis  o f acti
va ted , C D 8 + T cells. O f note, cy tom egalov irus infection  
induces a sim ilar synd rom e th a t can be d iffe ren tia ted  only  
by serologic m ethods.

EBV is u b iq u ito u s  in  all h u m a n  p o pu la tions. In  the 
develop ing  w o rld , EBV infection  in  early  ch ildhood  is 
nearly  un iversal. Even though  infected  ch ild ren  m o u n t an 
im m u n e  response  (described  later), m ost rem ain  asy m p 
tom atic  a n d  m ore th an  half con tinue  to  shed  v irus, u sua lly  
for life. By contrast, in  d ev eloped  coun tries w ith  be tte r 
s ta n d a rd s  of hygiene, in fection  typically  is de layed  un til 
adolescence or y o u n g  a d u lth o o d  a n d  sym ptom atic  infec
tion  is m u ch  m ore  com m on. For unclear reasons, on ly  ab o u t 
2 0 % of hea lthy  seropositive  p e rso n s in  d ev eloped  coun tries 
shed  the v irus, an d  on ly  ab o u t 50% of those exposed  to  the 
v iru s  acquire  the  infection.

Pathogenesis

T ransm ission  to  a seronegative  "k iss ing  cousin" usua lly  
involves d irec t o ra l contact. It is h y p o th esized  th a t the 
v iru s  in itially  infects o ro p h ary n g ea l ep ithelia l cells an d  
then  sp read s to  u n d e rly in g  ly m p h o id  tissue (tonsils an d  
adeno ids), w h ere  m a tu re  B cells are  infected . The infection 
of B cells takes one of tw o  form s. In a  m ino rity  of cells, the 
infection  is lytic, lead in g  to v ira l rep lication  a n d  release of 
v irions. M ore com m only, the infection  is n o n p ro d u c tiv e  
an d  the  v iru s  pe rsis ts  in  la ten t fo rm  as an  ex trachrom o
som al episom e.

B ce lls  th a t  are  la te n t ly  in fe c te d  w i th  E B V  b eco m e  

" a c tiv a te d "  a n d  p ro life ra te  as a  re s u lt  o f  th e  a c tio n  o f  

se v era l v i r a l  p ro te in s  (C hap ter 6 ). These cells d issem inate  
in  the circu lation  a n d  secrete an tibod ies w ith  u n u su a l spec
ificities, in c lu d in g  the an tibod ies th a t recognize sheep  red  
cells th a t are  de tected  in  d iagnostic  tests fo r m ononucleo 
sis. D u rin g  acu te  infections, EBV is shed  in  the saliva; it is 
n o t k n o w n  w h e th e r  the  source of these v irions is o ro p h a 
ryngeal ep ithelia l cells o r B cells.

T h e  h o s t T  c e ll resp on se  con tro ls  th e  p ro life ra t io n  

o f  E B V -in fe c te d  B  ce lls  a n d  th e  sp read  o f  th e  v iru s .  

Early in  the  course  of the  infection, IgM  an tibod ies are  
fo rm ed  ag a in st v ira l capsid  an tigens. L ater the serologic 
response  shifts to  IgG  an tibod ies, w h ich  p ersis t for life. 
M ore im p o rta n t in  the con tro l of the EBV-positive B cell 
p ro lifera tion  are  cytotoxic C D 8 + T cells. V irus-specific 
CD 8 + T cells ap p e a r in  the  circu lation  as a typ ica l ly m p h o 
cytes, a f ind ing  th a t is characteristic  of m ononucleosis. In 
o therw ise  hea lthy  persons, the fu lly  dev e lo p ed  h u m o ra l 
an d  cellu lar responses to  EBV act as b rakes on  v ira l shed 
ding. In  m ost cases, how ever, a sm all n u m b er of laten tly  
infected  EBV-positive B cells escape the  im m u n e  response  
a n d  p ersis t for the  life of the pa tien t. A s described  later, 
im p a ire d  T  c e ll im m u n ity  p laces p a tie n ts  a t h ig h  r is k  fo r  

E B V -d r iv e n  B  c e ll p ro life ra t io n s .

http://ebooksmedicine.net

http://ebooksmedicine.net


Nonneoplastic Disorders of W hite Cells 461

^  M O R P H O L O G Y

The major alterations involve the blood, lymph nodes, spleen, 

liver, and occasionally other organs. There is peripheral blood 

leukocytosis; the white cell count is usually between 1 2 , 0 0 0  

and 18,000 cells/pL. Typically more than half of these cells are 

large a typ ical lym phocytes , 1 2  to 16 pm in diameter, with an 

oval, indented, or folded nucleus and abundant cytoplasm with a 

few azurophilic granules (Fig. 12.12). These atypical lymphocytes, 

which are sufficiently distinctive to suggest the diagnosis, are 

mainly C D 8 +  T  cells.

L ym p h ad en o p ath y  is common and is most prominent in 

the posterior cervical, axillary, and groin regions. On histologic 

examination, the enlarged nodes are flooded by atypical lympho

cytes, which occupy the paracortical (T cell) areas. A  few cells 

resembling Reed-Sternberg (RS) cells, the hallmark of Hodgkin 

lymphoma, often are seen. Because of these atypical features, 

special tests are sometimes needed to  distinguish the reactive 

changes of mononucleosis from lymphoma.

The spleen is enlarged in most cases, weighing between 300 

and 500 g, and exhibits a heavy infiltration of atypical lympho

cytes. As a result of the rapid increase in splenic size and the 

infiltration of the trabeculae and capsule by the lymphocytes, 

such spleens are fragile and are prone to  rupture after even 

minor trauma.

Atypical lymphocytes usually also infiltrate the portal areas 

and sinusoids of the liver. Scattered apoptotic cells or foci of 

parenchymal necrosis associated with a lymphocytic infiltrate 

also may be present— a picture that can be difficult to  distinguish 

from that in other forms of viral hepatitis.

C lin ic a l F ea tures. Infectious m ononucleosis  classically 
m an ifests w ith  fever, sore th roat, an d  ly m phaden itis , b u t 
a typ ical p resen ta tio n s are n o t u n u su a l. Som etim es there  is 
little o r no  fever a n d  on ly  fa tigue an d  ly m p h ad en o p a th y  
exist, ra ising  the specter o f lym phom a; fever o f u n k n o w n  
orig in , unassoc ia ted  w ith  ly m p h ad en o p a th y  o r o th e r local
ized  findings; h epatitis  th a t is d ifficult to  d ifferen tia te  from  
one of the hep a to tro p ic  v ira l synd rom es (C hap ter 16); o r a 
febrile ra sh  resem bling  rubella . U ltim ately , the d iagnosis 
d e p en d s  o n  the fo llow ing, in  increasing  o rd e r o f specificity: 
(1 ) the  p resence of a typ ical lym phocy tes in  the p e rip h era l 
blood; (2) a positive  he te ro p h il reaction  (M onospot test);

Fig. 12.12 Atypical lymphocytes in infectious mononucleosis.

a n d  (3) a rising  titer o f an tibod ies specific for EBV antigens. 
In  m ost patien ts, m ononucleosis  resolves w ith in  4 to  6  

w eeks, b u t som etim es the fa tigue  lasts longer. O ccasionally, 
one o r m ore  com plications supervene . P erh ap s the m ost 
com m on of these is hepatic  dysfunction , associa ted  w ith  
jaund ice , e leva ted  liver enzym e levels, d is tu rb ed  appetite , 
and , rare ly , even  liver failure. O ther com plications involve 
the n e rv o u s  system , k idneys, bone m arrow , lungs, eyes, 
heart, an d  sp leen  (inc lud ing  fatal sp lenic ru p tu re ).

EBV is a p o ten t transfo rm ing  v iru s  th a t p lays a role 
in  the  pa thogenesis  of a n u m b er of h u m a n  m alignancies, 
in c lu d in g  several types of B cell ly m p h o m a (C hap ter 6 ). A 
serious com plication  in  those  lack ing  T cell im m u n ity  is 
u n im p e d e d  EB V -driven B cell p ro lifera tion . This p rocess 
can  be in itia ted  by  an  acu te  infection  or by the reactiva
tion  of a la ten t B cell infection  a n d  generally  beg ins as a 
po lyclonal p ro life ra tion  tha t transfo rm s to  o vert m onoclo 
na l B cell ly m p h o m a over tim e. R econstitu tion  of im m u 
n ity  (e.g., by  cessation  of im m u n o su p p ress iv e  d rugs) is 
som etim es sufficient to  cause com plete  reg ression  of 
the B cell p ro lifera tion , w h ich  is un ifo rm ly  fa ta l if left 
u n trea ted .

The im portance  of the cellu lar im m u n e  response  in  
con tro lling  EBV infection  also  is d riv en  hom e by X-linked  
lymphoproliférative syndrome (XLP), a  ra re  in h erited  im m u 
nodeficiency charac terized  by a n  ineffective response  to 
EBV. M ost affected boys have  m u ta tio n s in  the SH2D1A  
gene, w h ich  encodes a signaling  p ro te in  tha t partic ipa tes 
in  the  ac tiva tion  of T a n d  N K  cells. In  m ore  th a n  50% of 
cases, EBV causes a n  acu te  o v erw h e lm in g  infection, often  
com plicated  by  hem ophagocy tic  lym phoh istiocy tosis  
(H LH , described  later), w h ereas o ther p a tien ts  succum b 
to EB V -driven ly m p h o m a or secondary  in fections re la ted  
to hypogam m ag lobu linem ia , the  basis of w h ich  is no t 
u n d ersto o d .

Reactive Lymphadenitis

Infections a n d  nonm icrob ial in flam m atory  stim uli o ften  
activate im m u n e  cells resid in g  in  ly m p h  nodes, w h ich  
act as defensive barriers. A ny im m u n e  response  against 
fo reign  an tigens can  lead  to  ly m p h  n o d e  en largem en t 
(lym phadenopathy ). Infections causing  ly m p h ad en itis  
are  v a ried  a n d  n um erous, an d  m ay  be acu te  o r chronic. 
In  m ost instances the  h isto logic app earan ce  of the ly m p h  
n ode  reaction  is nonspecific. A  som ew hat d istinctive  fo rm  
of ly m p h ad en itis  th a t occurs w ith  cat-scratch  d isease is 
described  separa te ly  later.

A cute Nonspecific  Lym phadenitis

This fo rm  of ly m p h ad en itis  m ay  be iso la ted  to  a g ro u p  of 
nodes d ra in in g  a local infection, o r be generalized , as in  
system ic in fectious a n d  in flam m atory  conditions.

^  M O R P H O L O G Y

Inflamed nodes in acute nonspecific lymphadenitis are swollen, 

gray-red, and engorged. Histologically, there are large g erm in a l 

cen te rs  containing numerous mitotic figures.When the cause is 

a pyogenic organism, a neutrophilic infiltrate is seen around the 

follicles and within the lymphoid sinuses. W ith  severe infections,
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the centers of follicles can undergo necrosis, leading to  the 

formation of an abscess.

Affected nodes are tender and may become fluctuant if 

abscess formation is extensive. The overlying skin is frequently 

red and may develop draining sinuses. W ith  control of the infec

tion the lymph nodes may revert to  a normal “resting” appear

ance or, if damaged, undergo scarring.

Chronic N onspecific  Lym phadenitis

D ep en d in g  on  the  causative  agent, chronic nonspecific 
ly m p h ad en itis  can  assum e one of th ree  pa tte rns: follicular 
h yperp lasia , paracortical hyperp lasia , o r sinus histiocytosis.

M O R P H O L O G Y

F o llicu lar H yperp las ia . This pattern occurs with infections 

or inflammatory processes that activate B cells, which migrate 

into B cell follicles and create the fo llicu la r (o r  g erm in a l 

c e n te r)  reac tio n . Reactive follicles contain numerous acti

vated B cells, scattered T  cells, phagocytic macrophages contain

ing nuclear debris (tingible body macrophages), and a meshwork 

of antigen-presenting follicular dendritic cells. Causes of follicu

lar hyperplasia include rh e u m a to id  a rth r it is , toxoplasm osis, 

and early H IV  in fec tio n . This form of lymphadenitis must be 

distinguished from follicular lymphoma (discussed later). Findings 

that favor follicular hyperplasia are ( 1 ) the preservation of the 

lymph node architecture; (2 ) variation in the shape and size of 

the germinal centers; (3) the presence of a mixture of germinal 

center lymphocytes of varying shapes and sizes; and (4) promi

nent phagocytic and mitotic activity in germinal centers.

P ara co rtic a l H yperp las ia . This pattern is caused by 

immune reactions involving the T  cell regions of the lymph 

node. W hen activated, parafollicular T  cells transform into large 

proliferating immunoblasts that can efface the B cell follicles. 

Paracortical hyperplasia is encountered in v ira l infections  

(such as EBV), after certain vaccinations (e.g., smallpox), and 

in immune reactions induced by drugs (especially phenytoin).

Sinus H istiocytosis. This reactive pattern is characterized 

by distention and prominence of the lymphatic sinusoids, owing 

to  a marked h yp e rtro p h y  o f lining e nd oth e lia l cells and an 

in f iltra te  o f m acrophages (h is tio cy tes ). It often is encoun

tered in lymph nodes draining cancers and may represent an 

immune response to  the tum or or its products

Cat-Scratch D isease

C at-scra tch  d isease is a self-lim ited  ly m p h ad en itis  caused  
by  the b ac terium  Bartonella henselae. It is p rim arily  a  d isease 
of ch ildhood ; 90% of the p a tien ts  are  y o u n g e r th a n  18 
y ears  o f age. It m anifests w ith  reg ional ly m p h ad en o p a- 
thy, m ost frequen tly  in  the axilla a n d  the  neck. The n o d a l 
en la rg em en t a p p ea rs  app rox im ate ly  2  w eeks after a feline 
scra tch  or, less com m only , after a sp lin te r o r th o rn  in jury . 
A n  in flam m ato ry  nodu le , vesicle, o r eschar is som etim es 
v isib le a t the site of the  sk in  in jury . In  m o st p a tien ts  the 
ly m p h  n ode  en la rg em en t regresses d u rin g  a p e rio d  of 2  to 
4 m onths. Rarely, encephalitis, osteom yelitis, o r th rom bo 
cy topen ia  m ay  develop  in  patien ts.

M O R P H O L O G Y

The nodal changes in cat-scratch disease are quite characteristic. 

Initially sarcoidlike granulomas form, but these then undergo 

central necrosis associated with an infiltrate of neutrophils. These 

irre g u la r s te lla te  n ec ro tiz in g  g ranu lom as are similar in 

appearance to those seen in a limited number of other infections, 

such as lymphogranuloma venereum.The microbe is extracellular 

and can be visualized with silver stains. The diagnosis is based on 

a history of exposure to cats, the characteristic clinical findings, 

a positive result on serologic testing for antibodies to  B a r t o n e l l a ,  

and the distinctive morphologic changes in the lymph nodes.

H em ophagocytic  Lymphohistiocytosis (H L H )

H L H  is  a n  u n c o m m o n  d is o rd e r in  w h ic h  a  v i r a l  in fe c tio n  

o r o th e r p ro in f la m m a to ry  exposures  tr ig g e r  a c tiv a tio n  o f  

m acro p h ag es  th ro u g h o u t th e  b o d y , le a d in g  to  p ha g o c y 

tos is  o f  b lo o d  ce lls  a n d  th e ir  p recursors , c y to p e n ia s , a n d  

s y m p to m s  re la te d  to  system ic  in f la m m a tio n  a n d  o rg an  

d y s fu n c tio n . In h erited  defects in  several genes th a t reg u 
la te  the function  of im m u n e  cells a re  associa ted  w ith  a 
g reatly  e leva ted  risk  of H LH . The invo lved  genes a n d  p ro 
te ins are  d iverse, b u t they  share  a com m on  fea tu re  in  th a t 
they  are req u ired  for the  cytolytic function  of CD 8 + T cells 
a n d  N K  cells. O w ing  to  th is defect in  "k iller lym phocytes," 
cytotoxic lym phocy tes a re  u n ab le  to  kill their ta rge ts (e.g. 
v iru s  infected  cells) a n d  rem ain  eng ag ed  w ith  ta rge ted  cells 
for longer th an  n o rm al p e rio d s of tim e, lead in g  to  exces
sive release of cytokines, such  as in te rferon  gam m a, th a t 
activate m acrophages. The u n b rid le d  m acrophage  activa
tion  resu lts  in  the release of toxic levels o f ad d itio n a l p ro 
in flam m ato ry  cytokines, such  as TNF a n d  IL-6 , p ro d u c in g  
signs a n d  sym ptom s th a t closely resem ble  those associated  
w ith  sepsis a n d  o th e r cond itions th a t lead  to  the system ic 
in flam m ato ry  response  synd rom e (SIRS) (C hap ter 4).

H L H  occurs in  several d istinct settings. It is m ost 
com m on  in  in fan ts a n d  y o u n g  ch ild ren  w ith  h om ozygous 
defects in  genes th a t are  req u ired  for cytotoxic lym phocy te  
function , such  the  gene PRF1, w h ich  encodes perforin , an  
essen tial com ponen t o f cytotoxic granules. In  th is se tting  
the trigger m ay  be som e no rm ally  triv ia l ch ildhood  viral 
infection. O ther tim es, H L H  arises in  o lder m ale ch ild ren  
a n d  ado lescen ts w ith  X-linked lym phopro life ra tive  d isor
der, in  w h ich  the  trigger is EBV infection. In  those affected, 
in h e rited  defects in  a signaling  m olecule called  SLAM- 
associa ted  p ro te in  (SAP) leads to inefficient k illing  of EBV- 
infected  B cells. H L H  also  m ay  com plicate  o ther system ic 
in flam m atory  d iso rders , such  as rheum ato log ic  conditions. 
A t least a  subse t of these in d iv id u a ls  have heterozygous 
defects in  genes req u ired  for cytotoxic lym phocy te  func
tion, c reating  a genetic back g ro u n d  th a t increases the like
lihood  of H LH . Finally, H L H  m ay  be seen as a secondary  
p h en o m en o n  in  p a tien ts  w ith  p e rip h e ra l T  cell ly m p h o 
m as. The precise m echan ism  in  th is context is uncerta in ; 
ab e rran t cy tok ine p ro d u c tio n  by m alig n an t T  cells lead ing  
to d y sreg u la tio n  of non-neop lastic  cytotoxic lym phocy tes 
is suspected .

R egard less o f cause, p a tien ts  w ith  H L H  typically  
p re sen t w ith  fever, sp lenom egaly , a n d  pancy topen ia . In 
severe cases, DIC an d  o rg an  failu re m ay  supervene . A n
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exam ination  of the bone m arro w  show s m acrophages 
p h agocy tosing  red  cells, p latelets, a n d  nuclea ted  m arro w  
cells. L aborato ry  abno rm alities typically  include a very  
h ig h  ferritin  level (>10,000 |tg /L ) , hypertrig lyceridem ia , 
h ig h  se ru m  levels o f so lub le IL2 recep tor, an d  low  levels 
o f c ircu la ting  N K  cells a n d  cytotoxic T lym phocytes. In 
concert, these find ings a re  q u ite  sensitive a n d  specific for 
H L H . T rea tm en t varies d e p e n d in g  o n  the  u n d e rly in g  cause, 
b u t it is generally  poor. In  those w ith  H L H  stem m ing  from  
in h e rited  defects, hem atopo ietic  stem  cell tran sp lan ta tio n  
offers a chance for cure.

NEOPLASTIC PROLIFERATIONS OF 
W H ITE  CELLS

The m o st im p o rta n t d iso rd ers  o f w h ite  cells a re  neop lasm s. 
V irtually  all of these tu m o rs are co nsidered  to  be m alignan t, 
b u t they  d em o n stra te  a w id e  range  of behaviors, ran g in g  
from  som e of the m ost aggressive  cancers o f m an  to  tum ors 
th a t a re  so in d o len t th a t they  w ere  on ly  recogn ized  recen tly  
as tru e  neop lasm s. H em ato log ic  m alignancies occur a t all 
ages an d  inc lude  d iso rd ers  th a t p referen tia lly  affect in fants, 
ch ild ren , a n d  y o u n g  adu lts , as w ell as the  very  o ld . As 
a  g ro u p  they  are  qu ite  com m on; in  aggregate , there  are  
a b o u t 150,000 new  hem ato log ic  m alignancies d iagnosed  
each  y ear in  the U n ited  States.

C u rre n t system s of classify ing w h ite  cell neop lasm s 
re ly  o n  a m ix tu re  of m orpho log ic  a n d  m o lecu lar criteria, 
in c lu d in g  lineage-specific p ro te in  m ark ers  an d  genetic 
find ings. W e w ill o rgan ize  o u r d iscussion  by d iv id in g  the 
w h ite  cell neop lasm s in to  fo u r b ro ad  categories based  on  
the o rig in  a n d  d iffe ren tia tion  sta te  o f the tu m o r cells, as 
follow s:
• Lymphoid neoplasms, w h ich  inc lude  certa in  leukem ias 

a n d  the  n o n -H o d g k in  an d  H o d g k in  lym phom as. In 
m any  instances these tu m o rs are  com posed  of cells 
resem bling  som e n o rm al stage of lym phocy te  differen 
tiation , a fea tu re  th a t serves as one of the bases for their 
classification. A  special g ro u p  of ly m p h o id  neop lasm s 
are  the p lasm a  cell neop lasm s a n d  re la ted  entities, in  
w h ich  m an y  of the clinical m an ifesta tions stem  from  
abno rm al im m unog lobu lin s  th a t a re  syn thesized  an d  
secreted  from  the  neop lastic  cells.

• Myeloid neoplasms, w h ich  inc lude  certa in  leukem ias, 
m yelodysp lastic  synd rom es (MDSs), a n d  m yelopro lif
e ra tive  neop lasm s. These tu m o rs have  in  com m on an  
o rig in  from  a hem atopo ie tic  stem  cell o r som e o ther 
very  early  hem atopo ie tic  p rogen ito r, a n d  they  typically  
involve the  bone m arrow .

• Histiocytic neoplasms, w h ich  include p ro life ra tive  lesions 
of m acrophages a n d  den d ritic  cells. O f special in te rest is 
a  sp ec tru m  of p ro life ra tions of L angerhans cells (Langer
hans cell histiocytoses).

Lymphoid Neoplasms

The n u m ero u s  ly m p h o id  neop lasm s vary  w id e ly  in  their 
clinical p re sen ta tio n  an d  behavior, a n d  th u s p re sen t chal
lenges to  s tu d en ts  a n d  clinicians alike. Som e characteristi
cally m an ifest as leukemias, w ith  invo lvem en t o f the bone 
m arro w  a n d  the  p e rip h e ra l b lood. O thers  ten d  to p re sen t

as lymphomas, tu m o rs th a t p ro d u ce  m asses in  ly m p h  nodes 
o r o th e r tissues. Plasma cell tumors u su a lly  arise w ith in  
the  bones an d  m an ifest as d iscre te  m asses, causing  sys
tem ic sym ptom s re la ted  to  the p ro d u c tio n  of a  com plete o r 
p a rtia l m onoclonal im m unog lobu lin . A lth o u g h  these ten 
dencies are reflected  in  the n am es g iven  to  p a rticu la r en ti
ties, in  reality  all ly m p h o id  neop lasm s have the p o ten tia l 
to sp read  to  ly m p h  n o d es a n d  o th er tissues, especially  the 
liver, sp leen, bone m arrow , an d  p e rip h e ra l b lood. Because 
of their o v e rlap p in g  clinical behavior, the d iagnosis of lym 
p h o id  n eop lasm s is based  o n  the m orpho log ic  a n d  m olecu
la r characteristics of the  tu m o r cells. S ta ted  an o th e r w ay , 
for p u rp o ses  of d iagnosis a n d  p rognostica tion , it is m ost 
im p o rta n t to  focus on  w h a t k in d  of cell the tu m o r is m ade  
u p  of, no t w h ere  the tu m o r resides in  the pa tien t.

T w o g ro u p s  of lym phom as are  recognized : Hodgkin lym
phomas a n d  non-Hodgkin lymphomas. A lth o u g h  bo th  arise 
m ost com m only  in  ly m p h o id  tissues, H o d g k in  lym p h o m a 
is set a p a r t by  the  presence of d istinctive  neop lastic  RS 
g ian t cells (see later), w h ich  u sua lly  are g reatly  o u tn u m 
b ered  by nonneop lastic  in flam m ato ry  cells. The biologic 
behav io r a n d  clinical trea tm en t o f H o d g k in  ly m p h o m a also 
are d ifferen t from  those of N H Ls, m ak ing  the d istinction  
of p ractical im portance.

A n  in te rn a tio n a l g ro u p  of patho log ists , m o lecu lar b iolo
gists, a n d  clinicians w o rk in g  o n  behalf o f the W orld  H ea lth  
O rg an iza tio n  (W HO) has fo rm u la ted  a w id e ly  accepted  
classification schem e for ly m p h o id  n eop lasm s an d  m yelo id  
neop lasm s (d iscussed  later) th a t relies o n  a com bination  
of m orphologic , pheno typ ic , genotypic, a n d  clinical fea
tu res. A s b ack g ro u n d  for the su b seq u en t d iscussion  of 
th is classification, certa in  im p o rtan t p rinc ip les w a rra n t 
consideration :
• B  a n d  T  c e ll tu m o rs  o fte n  are  co m p o s e d  o f  ce lls  th a t  are  

a rre s te d  a t or d e r iv e d  f r o m  a  specific  stage o f  n o rm a l  

ly m p h o c y te  d if fe r e n t ia t io n  (Fig. 12.13). The d iagnosis 
an d  classification of these tu m o rs rely  heav ily  o n  tests 
(either im m unoh istochem istry  o r flow  cy tom etry) tha t 
detect lineage-specific an tigens (e.g., B cell, T cell, an d  
N K  cell m arkers) a n d  m arkers  o f m atu rity . By conven 
tion, m any  such  m ark ers  are iden tified  by  the ir c luster 
o f d iffe ren tia tion  (CD) num ber.

• C lass  s w itc h in g  a n d  som atic  h y p e rm u ta t io n  are  

m is ta k e -p ro n e  fo rm s  o f  re g u la te d  g en o m ic  in s ta b il i ty  

th a t  p lace  g e rm in a l cen te r B  ce lls  a t  r e la t iv e ly  h ig h  

r is k  fo r  p o te n t ia l ly  tra n s fo rm in g  m u ta tio n s . The m ost 
com m on lym p h o m as are deriv ed  from  B cells th a t have 
m ig ra ted  in to  germ inal cen ters fo llow ing  an tig en  stim u 
lation . This conclusion  is d ra w n  from  analyses show ing  
tha t m ost B cell ly m p h o m as have  u n d e rg o n e  som atic 
h y p erm u ta tio n , a n  even t confined to germ inal cen ter 
B cells. N o rm al germ inal cen ter B cells a lso  u n d e rg o  
im m u n o g lo b u lin  class sw itching, w h ich  allow s B cells to 
express im m unog lobu lin s  o ther th a n  IgM . M any  of the 
recu rren t ch rom osom al translocations fo u n d  in  m atu re  
B cell m alignancies involve the im m u n o g lo b u lin  loci 
a n d  ap p e a r to  stem  from  "acc iden ts" d u r in g  a ttem p ted  
d iversification  of the im m u n o g lo b u lin  genes. By con
trast, m a tu re  T cells, w h ich  are genom ically  stable, give 
rise to ly m p h o m a in frequen tly  a n d  on ly  very  rarely  
have ch rom osom al translocations invo lv ing  the T cell 
recep to r loci.
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B cell neoplasms T cell neoplasms

BONE MARROW THYMUS

Precursor B 
lymphoblastic 
lymphoma/ 
leukemias

Small lymphocytic 
lymphoma

Chronic
lymphocytic
leukemia

Multiple myeloma

Mantle cell lymphoma

Follicular lymphoma 
Burkitt lymphoma 
Diffuse large B cell 

lymphoma
Hodgkin’s lymphoma

Diffuse large B cell lymphoma 
Marginal zone lymphoma 
Small lymphocytic lymphoma 
Chronic lymphocytic leukemia

LYMPH NODE

Precursor T 
lymphoblastic 

lymphoma/ 
leukemias

Peripheral 
T cell 

lymphomas

Fig. 12.13 Origin of lymphoid neoplasms. Stages of B and T cell differentiation from which specific lymphoid and tumors emerge are shown. B L B , Pre-B 
lymphoblast; CLP, common lymphoid progenitor; D N ,  CD4-/CD 8 -  (double-negative) pro-T cell; D P , CD4+/CD8+ (double-positive) pre-T cell; G C , germinal 
center B cell; M C ,  mantle zone B cell; M Z ,  marginal zone B cell; N B C ,  naive B cell; P C , plasma cell; P T C , peripheral T cell.

• L ik e  o th e r cancers, ly m p h o id  n eo p la s m s  are d e r iv e d  

f r o m  a  s in g le  tra n s fo rm e d  c e ll a n d  are  th e re fo re  c lo n a l.

A s described  in  C h ap te r 5, p recu rso r B an d  T cells rea r
ran g e  the ir an tig en  recep to r genes th ro u g h  a m echa
n ism  th a t en su res  th a t each  lym phocy te  m akes a single, 
u n iq u e  an tig en  recep tor. Because an tig en  recep to r gene 
rea rran g em en t v irtua lly  a lw ays p recedes transfo rm a
tion, the d a u g h te r cells d e riv ed  from  a g iven  m alig 
n a n t p ro g en ito r share  the sam e an tig en  recep to r gene 
configu ra tion  a n d  syn thesize  iden tica l an tig en  recep 
to r p ro te in s  (either im m unog lobu lin s  o r T cell recep 
tors). T hus, analyses of an tig en  recep to r genes an d  their 
p ro te in  p ro d u c ts  can  be u sed  to d ifferen tia te  ly m pho id  
neop lasm s (w hich  are clonal) from  im m u n e  reactions 
(w hich  are polyclonal).

• L y m p h o id  n eo p la s m s  o fte n  d is ru p t  n o rm a l im m u n e  

fu n c tio n . B oth im m unodefic iency  (m ade ev id en t by 
increased  suscep tib ility  to  infection) a n d  au to im m u n ity  
m ay  be seen, som etim es in  the  sam e patien t. Ironically, 
pa tien ts  w ith  in h erited  o r acqu ired  im m unodeficiencies 
are  a t h ig h  risk  for the d ev e lo p m en t of certa in  lym 
p h o id  neop lasm s, p articu larly  those associa ted  w ith  
EBV infection.

• A lth o u g h  N H L s  o fte n  m a n ife s t  a t a  p a r tic u la r  tissu e  

s ite , s e n s itive  m o le c u la r  assays u s u a lly  s h o w  th a t  

th e  tu m o r  is w id e ly  d is s e m in a te d  a t d iag n o s is . As
a resu lt, w ith  few  exceptions, on ly  system ic therap ies 
a re  cu ra tive  for those w ith  N H L. By contrast, H o d g k in  
lym p h o m a o ften  arises a t a single site a n d  sp read s 
in  a p red ic tab le  fash ion  to  con tiguous ly m p h  n ode  
g roups.

The W H O  classification of ly m p h o id  neop lasm s (Table 
12.7) considers the m orpho logy , cell of o rig in  (de term ined  
by im m u n o p h en o ty p in g ), clinical features, an d  geno type  
(e.g., karyo type , p resence of v ira l genom es) o f each en tity . 
A s is ev iden t, the d iagnostic  en tities a re  n u m ero u s. W e 
w ill focus o u r d iscussion  o n  a su b se t th a t are particu larly  
clinically im p o rta n t o r pa thogen ically  illustrative:
• P recu rso r B an d  T cell lym phob lastic  ly m p h o m a / 

leukem ia  — com m only  called  acu te  lym phob lastic  leu 
kem ia (ALL)

• C hronic  lym phocy tic  le u k e m ia /sm a ll lym phocytic  
lym phom a

• Follicular lym p h o m a
• M antle  cell lym p h o m a
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Table 12.7 W H O  Classification of Lym phoid Neoplasm s 9

Precursor B C ell N eoplasm s

P r e c u r s o r  B  c e l l  l e u k e m ia / ly m p h o m a  (B -A L L )

Peripheral B Cell N eoplasm s

B  c e l l  c h r o n ic  ly m p h o c y t ic  le u k e m ia  ( C L L ) / s m a l l  ly m p h o c y t ic  ly m p h o m a  (S L L )

B cell prolymphocytic leukemia
Lymphoplasmacytic lymphoma
M a n t le  c e l l  ly m p h o m a

Follicular lymphoma
Extranodal marginal zone lymphoma
Splenic and nodal marginal zone lymphoma
Hairy cell leukemia
Plasmacytoma/plasma cell myeloma
Diffuse large B cell lymphoma (multiple subtypes)
Burkitt lymphoma

Precursor T  Cell Neoplasm s

P r e c u r s o r  T  c e l l  l e u k e m ia / ly m p h o m a  (T -A L L )

Peripheral T /N K  C ell Neoplasm s

T cell prolymphocytic leukemia 
T cell granular lymphocytic leukemia 
Mycosis f u n g o id e s /S e z a r y  s y n d r o m e  

P e r ip h e r a l  T  c e l l  ly m p h o m a ,  u n s p e c i f ie d  

Angioimmunoblastic T cell lymphoma 
Anaplastic large cell lymphoma 
Enteropathy-type T cell lymphoma 
Panniculitis-like T cell lymphoma 
Hepatosplenic y 6  T cell lymphoma 
Adult T cell lymphoma/leukemia 
Extranodal NK/T cell lymphoma 
Aggressive NK cell leukemia

H odgkin  Lym phom a

N o d u la r  s c le ro s is  

M ix e d  c e l lu la r i t y  

Lymphocyte-rich 
Lymphocyte-depleted 
Lymphocyte predominant

N K , Natural killer; W H O , World Health Organization. 
aEntries in ita lic s  are among the most common lymphoid tumors.

• E x tranodal m arg in a l zone lym p h o m a
• D iffuse large  B cell lym phom as
• B urk itt lym p h o m a
• M ultip le  m yelom a an d  re la ted  en tities
• H o d g k in  lym p h o m a

T ogether these n eop lasm s constitu te  m ore  th a n  90% of 
the ly m p h o id  tu m o rs seen  in  the  U n ited  States.

The salien t fea tu res o f the m ore com m on ly m p h o id  leu 
kem ias, n o n -H o d g k in  lym phom as, a n d  p lasm a  cell tum ors 
are  su m m arized  in  Table 12.8 a n d  are d iscussed  in  the  fol
low ing  sections. W e w ill th en  cover H o d g k in  lym p h o m a 
an d  fin ish  by briefly  m en tio n in g  a few  u n co m m o n  en tities 
w ith  d istinctive  c lin icopathologic features.

Precursor B and  T  Cell N eop lasm s  

A cu te  Lym phoblastic Leukem ia/Lym phom a

A cute  lym phob lastic  le u k e m ia /ly m p h o m a s  (ALLs) are  
neop lasm s com posed  of im m atu re  B (pre-B) or T (pre-T) 
cells, w h ich  are  re ferred  to  as lymphoblasts. A b o u t 85% 
are  B-ALLs, w h ich  typically  m an ifest as ch ildhood  acu te  
" leukem ias."  The less com m on  T-ALLs ten d  to  p resen t 
in  ado lescen t m ales as thym ic "ly m p h o m as ."  T here is,

how ever, considerab le  overlap  in  the clinical behav io r of 
B- a n d  T-ALL; for exam ple, m an y  T-ALLs p re se n t w ith  or 
evolve to  a leukem ic p ic tu re . Because of their m orpho log ic  
an d  clinical sim ilarities, the  v a rio u s form s of ALL w ill be 
considered  here  together.

ALL is the m ost com m on  cancer o f ch ild ren . A pprox 
im ately  2500 new  cases are  d iag n o sed  each  y ear in  the 
U n ited  States, m ost occurring  in  in d iv id u a ls  y o u n g e r than  
15 years of age. ALL is a lm ost th ree  tim es as com m on 
in  w h ites  as in  blacks a n d  is slightly  m ore freq u en t in  
boys th an  in  girls. H ispan ics hav e  the h ighest incidence 
of any  e thn ic  g roup . B-ALL peaks in  incidence a t ab o u t 
the  age of 3, p e rh a p s  because the n u m b er of no rm al 
bone m arro w  pre-B cells (the cell o f origin) is g reatest 
very  early  in  life. Sim ilarly  the  peak  incidence of T-ALL 
is in  adolescence, the  age w h e n  the  th y m u s reaches its 
m ax im u m  size.

Pathogenesis

M a n y  c h ro m o s o m a l a b e rra tio n s  seen in  A L L  d ys re g u -  

la te  th e  exp ress io n  a n d  fu n c tio n  o f  tra n s c r ip t io n  factors  

th a t  are  re q u ir e d  fo r  th e  n o rm a l d if fe r e n t ia t io n  o f  B  a n d  

T  c e ll p ro g e n ito rs . U p to 70% of T-ALLs have  gain-of- 
function  m u ta tio n s in  NO TCH 1, a  gene th a t is essen
tial for T cell d ifferen tia tion , w h ereas a h ig h  fraction  of 
B-ALLs h as  loss-of-function  m u ta tio n s in  genes th a t are 
req u ired  for B cell d ifferen tia tion , such  as PAX5. These 
va ried  m u ta tio n s  ap p e a r to  p ro m o te  m a tu ra tio n  arrest 
an d  increased  self-renew al, a fea tu re  of im m orta lized  
cells, w hich , as m en tioned , is one of the ha llm arks of 
cancers.

In  k eep ing  w ith  the m u ltis tep  orig ins of cancer, m u ta 
tions in  tran sc rip tio n  factor genes a re  n o t sufficient to 
p ro d u ce  ALL, an d  aberra tions th a t d rive  cell g row th , such 
as m u ta tio n s th a t increase ty rosine  k inase  activ ity  a n d  RAS 
signaling , also  are com m on. O ngo ing  deep  sequencing  of 
ALL genom es is rap id ly  filling in  the  rem ain in g  gaps. Early 
re tu rn s  suggest tha t few er th a n  1 0  m u ta tio n s  are  suffi
cient to  p ro d u ce  fu ll-b low n  ALL; hence, com pared  to  solid 
tum ors, ALL is a genetically  sim ple tum or.

M O R P H O L O G Y

In leukemic presentations, th e  m a rro w  is h yp erce llu la r and

packed w ith  lym phoblasts, which replace normal marrow  

elements. M ed ias tina l masses occur in 50% to 70% of T-ALLs, 

which are also more likely to  be associated with lymphade- 

nopathy and splenomegaly. In both B- and T-ALL, the tum or cells 

have scant basophilic cytoplasm and nuclei with delicate, finely 

stippled chromatin and small nucleoli (Fig. I2 .I4 A ). In keeping 

with the aggressive clinical behavior, the mitotic rate is high. The 

appearance of the blasts is identical in pre-B and pre-T ALLs 

and is not sufficiently characteristic to  exclude the other major 

subtype of acute leukemia, acute myeloid leukemia (AML, dis

cussed later). For this reason, definitive diagnosis relies on stains 

performed with antibodies specific for B and T  cell antigens (Fig 

I2 .I4 B -C ). Histochemical stains are also helpful, in that (in con

trast to myeloblasts) lymphoblasts are myeloperoxidase-negative 

and often contain periodic acid-Schiff-positive glycogen granules.
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C lin ica l E n tity Frequency S a lie n t M o rph o lo gy C e ll o f O rig in C o m m e n ts

Precursor B cell 
lymphoblastic 
leukemia/lymphoma

85% of childhood acute 
leukemias

Lymphoblasts with irregular nuclear 
contours, condensed chromatin, small 
nucleoli, and scant, agranular 
cytoplasm

TdT+ precursor B 
cell

Usually manifests as acute 
leukemia; less common in 
adults; prognosis is 
predicted by karyotype

Precursor T cell 
leukemia/lymphoma

15% of childhood acute 
leukemias; 40% of 
childhood lymphomas

Identical to precursor B cell
lymphoblastic leukemia/lymphoma

TdT+ precursor T 
cell

Most common in adolescent 
males; often manifests as a 
mediastinal mass associated 
with N O T C H !  mutations

Small lymphocytic 
lymphoma/chronic 
lymphocytic 
leukemia

3%—4% of adult
lymphomas; 30% of all 
leukemias

Small resting lymphocytes mixed with 
variable numbers of large activated 
cells; lymph nodes diffusely effaced

CD5+ B cell Occurs in older adults; 
usually involves nodes, 
marrow, spleen; and 
peripheral blood; indolent

Follicular lymphoma 40% of adult lymphomas Frequent small “cleaved” cells mixed 
with large cells; nodular (follicular) 
growth pattern

Germinal center B 
cell

Associated with t(I4;I8); 
indolent

Mantle cell lymphoma 6 % of adult lymphomas Small to intermediate-sized irregular 
lymphocytes; diffuse growth pattern

CD5+ B cell 
overexpressing 
cyclin Dl

Associated with t(II; I4 );  
moderately aggressive

Extranodal marginal 
zone lymphoma

~5% of adult lymphomas Tumor cells often home to epithelium, 
creating “lymphoepithelial lesions”

CD5-, C DI0-B  
cell

Associated with chronic 
inflammation; indolent

Diffuse large B cell 
lymphoma

40%-50% of adult 
lymphomas

Variable; most resemble large germinal 
center B cells; diffuse growth pattern

Germinal center or 
postgerminal 
center B cell

Heterogeneous, may arise at 
extranodal sites; aggressive

Burkitt lymphoma < 1 % of lymphomas in 
the United States

Intermediate-sized cells with several 
nucleoli; diffuse growth pattern; 
frequent apoptotic cells (“starry sky” 
appearance)

Germinal center B 
cell

Associated with t(8;I4) and 
EBV (subset); highly 
aggressive

Plasmacytoma/plasma 
cell myeloma

Most common lymphoid 
neoplasm in older 
adults

Plasma cells in sheets, sometimes with 
prominent nucleoli or inclusions 
containing immunoglobulin

Postgerminal center 
B cell

CRAB (hypercalcemia, renal 
failure, anemia, bone 
fractures)

EBV, Epstein-Barr virus; TdT, terminal deoxynucléotidyl transferase.

The peripheral blood findings are highly variable. The white 

cell count may be greater than 100,000 cells/p,L but in about half 

of the patients is less than 10,000 cells/p,L. A  few patients have 

no circulating blasts (aleukemic leukemia). Anemia almost always 

is present, and the platelet count usually is below 100,000/p.L. 

Neutropenia is another common finding.

G enetics. A pprox im ate ly  90% of ALLs have  n o n ran 
d o m  karyo typ ic  abnorm alities. M ost com m on in  ch ild 
h o o d  p re -B  cell tu m o rs are h y p e rd ip lo id y  (m ore th an  50 
ch ro m o so m es/ce ll) a n d  a (1 2 ;2 1 ) translocation  invo lv ing  
the  ETV6 an d  RUNX1 genes, c reating  a fusion  gene encod 
in g  a n  a b e rran t tran sc rip tio n  factor, w h ereas ab o u t 25% of 
a d u lt p re-B  cell tu m o rs have  a (9;22) translocation  involv 
in g  the ABL a n d  BCR genes. P re -T  cell tu m o rs are asso 
c ia ted  w ith  d iverse  ch rom osom al aberra tions, inc lud ing  
freq u en t translocations invo lv ing  the T cell recep to r loci 
a n d  certa in  tran sc rip tio n  factor genes, as w ell as m u ta tio n s 
th a t inactivate  tu m o rs su p p resso r genes such  as PTEN 
(lead ing  to  increased  p ro -g ro w th  signaling) a n d  CDKN2A, 
w h ich  encodes a negative  reg u la to r o f the cell cycle an d  a 
positive  reg u la to r of p53.

Im m u n o p h e n o ty p e .  A s m en tioned , im m u n o p h en o ty p in g  
is very  u sefu l in  su b ty p in g  ALLs a n d  d is tin g u ish in g  them  
from  AM L. T erm inal deoxynucleo tidy l transferase  (TdT),

a n  enzym e specifically expressed  in  p re -B  a n d  p re -T  cells, 
is p re sen t in  m ore  th an  95% of cases. F u rth e r su b ty p in g  of 
ALL in to  p re -B  an d  p re -T  cell types relies o n  sta ins for 
lineage-specific m arkers, such  as the B cell m ark er CD19 
a n d  the  T cell m ark er CD3.

C lin ic a l F ea tures. ALL is a n  aggressive  disease, a n d  m ost 
p a tien ts  p resen t w ith in  a  few  w eeks of the onse t o f sym p
tom s. A m ong  the  m ost im p o rtan t signs a n d  sym ptom s are  
the  follow ing:
• Symptoms related to depression of marrow function, inc lud 

in g  fa tigue re su ltin g  from  anem ia; fever, reflecting  infec
tions secondary  to  n eu tropen ia ; an d  b leed ing  d u e  to 
th rom bocy topen ia

• Mass effects caused by neoplastic infiltration, in c lu d in g  bone 
p a in  re su ltin g  from  m arro w  expansion  an d  in filtra tion  
of the  subperiosteum ; generalized  ly m p h ad en o p a th y , 
sp lenom egaly , a n d  hepatom egaly ; a n d  in  T-ALL, com 
p lications re la ted  to  com pression  of large  vessels an d  
a irw ay s in  the m ed ia s tin u m

• Central nervous system manifestations re su ltin g  from  m en 
ingeal sp read , such  as headache, vom iting , a n d  nerve 
palsies

D e s p ite  its  h ig h ly  m a lig n a n t  n a tu ra l h is to ry , p e d ia tr ic  

A L L  is one o f  th e  g re a t success s tories o f  o n co lo g y . W ith  
aggressive  chem otherapy , ab o u t 95% of ch ild ren  w ith  ALL 
ob ta in  a  rem ission, a n d  75% to 85% are  cu red . It is sobering
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Fig. 12.14 Acute lymphoblastic leukemia (ALL). (A) Lymphoblasts with 
condensed nuclear chromatin, small nucleoli, and scant agranular cytoplasm. 
(B) and (C) show flow cytometry results for the ALL shown in (A). The 
tumor cells are positive for the B cell markers CDI9 and CD22; C D I0  (a 
marker expressed on a subset of ALLs), and TdT (a specialized DNA poly
merase that is expressed in pre-B and pre-T cells). ( A ,  C o u r te s y  o f  D r .  R o b e r t  

W . M c K e n n a ,  D e p a r t m e n t  o f  P a th o lo g y ,  U n iv e r s i t y  o f  T e x a s  S o u th w e s te r n  M e d ic a l  

S c h o o l,  D a l la s ,  T e x a s . B and C, C o u r te s y  o f  D r .  L o u is  P ic k e r ,  O re g o n  H e a l t h  S c ie n c e  

C e n te r ,  P o r t la n d ,  O re g o n .)

to  consider, how ever, th a t ALL rem ains the lead in g  cause 
of cancer d ea th s  in  ch ild ren , an d  th a t on ly  35% to 40% of 
affected  a d u lts  a re  cu red . Several factors a re  associated  
w ith  a w o rse  p rognosis: (1 ) age y o u n g e r th an  2  years, 
largely  because these tu m o rs a re  genetically  d istinct, often  
be ing  associated  w ith  translocations invo lv ing  the  MLL 
gene; (2) p resen ta tio n  in  adolescence o r adu lth o o d ; a n d  (3) 
p e rip h e ra l b lood  b last coun ts g rea ter th an  100,000. Favor
ab le p rognostic  m arkers  inc lude  (1 ) age be tw een  2  an d  1 0  

years, (2) a low  w h ite  cell count, a n d  (3) h y p e rd ip lo idy . 
The m o lecu lar de tec tion  of res id u a l d isease after the rap y  
a lso  is p red ic tive  of a w o rse  ou tcom e in  b o th  B- an d  T-ALL 
an d  is being  u sed  to  g u id e  therapy .

A lth o u g h  m ost ch rom osom al aberra tions in  ALL alter 
the  function  of tran sc rip tio n  factors, the t(9;22) in stead  
creates a  fu sion  gene encod ing  a constitu tive ly  active 
BCR-ABL tyrosine  k inase  (described  la te r u n d e r  chronic 
m yeloid  leukem ia). T reatm ent of t(9;22)-positive ALLs w ith  
BCR-ABL k inase  inh ib ito rs in  com bination  w ith  conven 
tional chem otherapy  is h igh ly  effective a n d  has im p ro v ed  
the  ou tcom e for th is  sub type  of B-ALL in  b o th  ch ild ren  an d  
ad u lts . Tests to  iden tify  o ther "ta rg e tab le" m u ta te d  ty rosine  
k inases in  ALLs lack ing  BCR-ABL are  u n d e r  developm en t. 
The ou tlook  for a d u lts  w ith  ALL rem ains g u a rd ed , in  p a rt

because of d ifferences in  the  m olecu lar pa thogenesis of 
a d u lt a n d  ch ildhood  ALL, an d  also  because o lder a d u lts  
canno t to le ra te  the  in tensive  chem otherapy  reg im ens tha t 
are  cu rative  in  children .

C h ro n ic  Lym phocytic  Leukem ia/Sm all 

L ym phocytic  Lym phom a

C hronic lym phocy tic  leukem ia  (CLL) a n d  sm all ly m p h o 
cytic lym p h o m a (SLL) are essen tially  identical, differ
in g  on ly  in  the  ex ten t o f p e rip h e ra l b lood  invo lvem ent. 
Som ew hat a rb itrarily , if the  p e rip h e ra l b lood  lym phocy te  
co u n t exceeds 5000 c e lls /|tL , the  p a tien t is d iag n o sed  w ith  
CLL. M ost cases fit the  d iagnostic  criteria  for CLL, w h ich  
is the m o st com m on leukem ia  of a d u lts  in  the W estern  
w o rld . By contrast, SLL constitu tes on ly  4% of N H Ls. 
For unclear reasons, C LL/SLL is m u ch  less com m on 
in  Asia.

Pathogenesis

C L L /S L L  is  a n  in d o le n t , s lo w ly  g ro w in g  tu m o r in  w h ic h  

in c re as e d  tu m o r  c e ll s u rv iv a l ap p ears  to  b e  m o re  im p o r 

ta n t  th a n  tu m o r  c e ll p ro li fe ra t io n  p e r se. In  line w ith  th is 
idea , C LL/SLL cells con ta in  h ig h  levels of BCL2, a p ro te in  
th a t inh ib its  ap o p to sis  (C hap ters 1 a n d  6 ). O ne m echan ism  
of BCL2 overexpression  a p p ea rs  to  be ch rom osom al dele
tions th a t lead  to  the  loss o f genes encod ing  m icro-R N A s 
th a t a re  negative  reg u la to rs  of BCL2. Also of critical impor
tance are signals generated by surface immunoglobulin (the 
so-called B cell receptor, or BCR). BCR signals flow  th ro u g h  
a n  in te rm ed ia ry  called  Bruton tyrosine kinase (BTK) th a t u lti
m ately  con tribu tes to  the  expression  of genes th a t p ro m o te  
the  su rv iva l o f C LL/SLL cells.

C L L /SL L  also  causes im m u n e  dysregu la tion , p a rticu 
larly  of n o rm al B cells. T h ro u g h  unclear m echanism s, the  
accum ula tion  of C LL/SLL cells sup p resses  n o rm al B cell 
function , o ften  re su ltin g  in  hypogammaglobulinemia. P ara 
doxically , app rox im ate ly  15% of p a tien ts  develop  au to 
an tibod ies  aga in st th e ir o w n  red  cells o r p la te le ts. W hen  
p resen t, the  au to an tib o d ies  a re  m ad e  by n o n m alig n an t 
b y s tan d e r B cells, in d ica tin g  th a t C L L /SL L  cells som ehow  
im p a ir im m u n e  tolerance.

^  M O R P H O L O G Y

Involved lymph nodes are effaced by sheets of small lympho

cytes and by scattered ill-defined foci of larger, actively divid

ing cells (Fig. I2 .I5 A ). The predominant cells are small, resting 

lymphocytes with dark, round nuclei, and scanty cytoplasm (Fig. 

I2 .I5B ). The foci of mitotically active cells are called p ro life ra 

tio n  cen ters , which are pathognomonic for CLL/SLL. In addi

tion to the lymph nodes, the bone marrow, spleen, and liver are 

involved in almost all cases. In most patients there is an absolute 

lym phocytosis  featuring small, mature-looking lymphocytes. 

These circulating cells are fragile and during the preparation of 

smears many are disrupted, producing characteristic sm udge  

cells. Variable numbers of larger activated lymphocytes also are 

usually present in blood smears.

Im m u n o p h é n o ty p e  a n d  G enetics. C LL/SLL is a  neo
p lasm  of m a tu re  B cells expressing  the  CD20 a n d  surface 
im m unoglobu lins. The tu m o r cells also  express CD5. This
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Fig. 1 2 . I 5  Small lymphocytic lymphoma/chronic lymphocytic leukemia—  
lymph node. (A) Low-power view shows diffuse effacement of nodal archi
tecture. (B) At high power, a majority of the tumor cells have the appearance 
of small, round lymphocytes. A “prolymphocyte,” a larger cell with a centrally 
placed nucleolus, also is present in this field ( a r r o w ) .  (A, C o u r te s y  o f  D r .  J o s é  

H e r n a n d e z ,  D e p a r t m e n t  o f  P a th o lo g y ,  U n iv e r s i t y  o f  T e x a s  S o u th w e s te rn  M e d ic a l  

S c h o o l,  D a l la s ,  T e x a s .)

is a he lp fu l d iagnostic  clue, since am o n g  B cell lym p h o m as 
on ly  C LL/SLL a n d  m an tle  cell ly m p h o m a (d iscussed  later) 
com m only  express CD5. A pprox im ate ly  50% of tum ors 
h av e  karyo typ ic  abnorm alities, the m ost com m on  of w h ich  
are  trisom y 1 2  an d  dele tions invo lv ing  p o rtio n s of chro 
m osom es 11, 13, a n d  17. Unlike in other B cell neoplasms, 
chromosomal translocations are rare.

C lin ic a l F ea tures. W h en  first detected , C L L /SL L  often  
is asym ptom atic . The m ost com m on  signs a n d  sym ptom s 
are  nonspecific a n d  inc lude  easy  fatigability , w e ig h t loss, 
an d  anorexia. G enera lized  ly m p h ad en o p a th y  a n d  hepato - 
sp lenom egaly  are  p re sen t in  50% to 60% of pa tien ts. The 
leukocyte co u n t m ay  be increased  on ly  slightly  (in  SLL) 
or m ay  exceed 200,000 ce lls /p L . H ypogam m ag lobu linem ia  
develops in  m ore th a n  50% of the  patien ts, u sua lly  la te  in  
the course, a n d  leads to  a n  increased  suscep tib ility  to  bac
terial infections. Less com m only , au to im m u n e  hem oly tic  
anem ia  a n d  th rom bocy topen ia  are seen.

The course  a n d  p rognosis  o f C L L /SL L  are  h igh ly  vari
able a n d  d e p e n d  o n  the d isease stage a n d  genetic  find 
ings. For exam ple, the p resence of abnorm alities in  the 
TP53 tu m o r su p p resso r gene is associa ted  w ith  a n  overall

su rv iva l o f less th a n  30% a t 10 years, w h ereas iso la ted  
abno rm alities o f ch rom osom e 13q are  associa ted  w ith  an  
overall su rv iva l th a t is n o t significantly  d iffe ren t from  th a t 
o f the  m atched  general p o p u la tio n . Insigh ts in to  the  m olec
u la r  p a thogenesis o f C LL/SLL has led  to  d ev e lo p m en t of 
effective new  d ru g s  th a t variously  inh ib it BCR signaling  
(e.g., by  ta rg e tin g  BTK) or BCL2 function . H ow ever, cu re  
m ay  only  be ach ieved  w ith  hem atopo ietic  stem  cell trans
p lan ta tion , w h ich  is reserved  for re la tively  y o u n g  pa tien ts  
w h o  fail conven tional therap ies. A  sm all fraction  o f tum ors 
transfo rm  to aggressive  tu m o rs resem b ling  diffuse large  B 
cell ly m p h o m a (Richter transformation); a fter transfo rm a
tion  occurs, the m ed ian  su rv iva l is less th a n  1  year.

Follicu lar Lym phom a

This re la tively  com m on tu m o r constitu tes 40% of the  a d u lt 
N H L s in  the  U n ited  States. Like C LL/SLL, it occurs m uch  
less frequen tly  in  A sian  popu la tions.

Pathogenesis

G re a te r  th a n  85%  o f  fo l l ic u la r  ly m p h o m a s  h av e  a  charac

te r is tic  (14;18) tra n s lo c a tio n  th a t  fuses th e  BCL2  g en e  o n  

ch ro m o s o m e  18 to  th e  IgH  locus o n  ch ro m o s o m e  14. This 
ch rom osom al rea rran g em en t resu lts  in  the in ap p ro p ria te  
"overexp ression" of BCL2 p ro te in , w h ich  y o u  w ill recall 
is a n  inh ib ito r of ap o p to sis  th a t con tribu tes to cell su rv ival 
(C hap ters 1 a n d  6 ). W hole genom e sequencing  of follicular 
lym p h o m as has iden tified  ad d itio n a l m u ta tio n s in  genes 
encod ing  h istone-m od ify ing  p ro te in s  in  ab o u t on e-th ird  of 
cases, suggesting  th a t ep igenetic  changes also  con tribu te  to 
the genesis o f these  tum ors.

^  M O R P H O L O G Y

Lymph nodes usually are effaced by a distinctly n o d u la r p ro 

life ra tio n  (Fig. I2 .I6 A ). Most commonly, the predominant neo

plastic cells are so-called “cen tro cy tes”, cells slightly larger 

than resting lymphocytes that have angular “cleaved” nuclei with 

prominent indentations and linear infoldings (Fig. I2 .I6B ) . The 

nuclear chromatin is coarse and condensed, and nucleoli are 

indistinct. These centrocytes are mixed with variable numbers 

of centroblasts, larger cells with vesicular chromatin, several 

nucleoli, and modest amounts of cytoplasm. In most tumors, 

centroblasts are a minor component of the overall cellularity, 

mitoses are infrequent, and single necrotic cells (cells undergo

ing apoptosis) are not seen. These features help to  distinguish 

follicular lymphoma from follicular hyperplasia, in which mitoses 

and apoptosis are prominent. Uncommonly, large cells predomi

nate, a histologic pattern that correlates with a more aggressive 

clinical behavior.

Im m u n o p h e n o ty p e .  These tu m o rs express B cell m arkers 
such  as CD20 an d  the germ inal cen ter B cell m arkers  CD10 
a n d  BCL6 ; o f note, BCL6  is a tran sc rip tio n  factor th a t is 
req u ired  for the g enera tion  of germ inal cen ter B cells.

C lin ic a l F ea tures. Follicular lym p h o m a m ain ly  occurs in  
a d u lts  o ld e r th a n  50 y ears  o f age an d  affects m ales and  
fem ales equally . It u sua lly  m an ifests as pain less, general
ized  ly m p h ad en o p a th y . The bone m arro w  is invo lved  a t 
d iagnosis in  app rox im ate ly  80% of cases. A lth o u g h  the
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Fig. 12.16 Follicular lymphoma— lymph node. (A) Nodular aggregates of lymphoma cells are present throughout. (B) At high magnification, small lymphoid 
cells with condensed chromatin and irregular or cleaved nuclear outlines (centrocytes) are mixed with a population of larger cells with nucleoli (centroblasts). 
(A, C o u r te s y  o f  D r .  R o b e r t  W . M c K e n n a ,  D e p a r t m e n t  o f  P a th o lo g y ,  U n iv e r s i t y  o f  T e x a s  S o u th w e s te rn  M e d ic a l  S c h o o l,  D a l la s ,  T e x a s .)

n a tu ra l h isto ry  is p ro lo n g ed  (overall m ed ian  surv ival, 
app rox im ate ly  1 0  years), fo llicular ly m p h o m a is n o t 
curab le, a n  u n fo rtu n a te  fea tu re  sh ared  w ith  m ost o ther 
re la tively  in d o len t ly m p h o id  m alignancies. As a resu lt, 
th e rap y  w ith  cytotoxic d ru g s  a n d  ritux im ab  (anti-CD20 
an tibody) is reserved  for those  w ith  bulky , sym ptom atic  
disease. BTK a n d  BCL2 inh ib ito rs are also  active in  th is 
d isease  a n d  are  being  ev a lu a ted  in  clinical trials. In  ab o u t 
30% to 40% of pa tien ts, fo llicular ly m p h o m a p rog resses to 
diffuse large  B cell lym phom a. This transfo rm ation  is an 
om inous event, as tu m o rs arising  from  such  conversions 
are  m u ch  less curab le  th an  de  no v o  diffuse large  B cell 
lym phom as, described  later.

M an tle  C e ll Lym phom a

M antle  cell lym p h o m a is com posed  of cells resem bling  
the  na ive  B cells fo u n d  in  the  m an tle  zones of no rm al 
ly m p h o id  follicles. It constitu tes app rox im ate ly  6 % of all 
N H L s a n d  occurs m ain ly  in  m en  o ld er th a n  50 y ears o f age.

Pathogenesis

A lm o s t  a l l  tu m o rs  h av e  a n  (11;14) tra n s lo c a tio n  th a t  

fuses th e  c y c lin  D 1  g en e  to  th e  Ig H  locus. This transloca
tion  leads to  overexpression  of cyclin D1, w h ich  y o u  w ill 
recall stim ula tes g ro w th  by p ro m o tin g  the p rog ression  of 
cells from  the Gj phase  to  the S phase  of the cell cycle 
(C hap ter 6 ).

M O R P H O L O G Y

Mantle cell lymphoma may involve lymph nodes in a diffuse 

or vaguely nodular pattern. Proliferation centers are absent, a 

feature that helps to distinguish mantle cell lymphoma from CLL/ 

SLL. The tum or cells usually are slightly larger than normal lym

phocytes and have an irregular nucleus, inconspicuous nucleoli, 

and scant cytoplasm. Less commonly, the cells are larger and 

morphologically resemble lymphoblasts. The bone marrow is 

involved in most cases and the peripheral blood in about 2 0 % of 

cases. The tum or sometimes arises in the gastrointestinal tract, 

often manifesting as multifocal submucosal nodules that grossly 

resemble polyps (lymphomatoid polyposis).

Im m u n o p h e n o ty p e .  The tu m o r cells express surface IgM  
a n d  IgD, the  B cell an tig en  CD20, a n d  CD5, a n d  they 
con ta in  h ig h  levels o f cyclin D1 p ro te in .

C lin ic a l F ea tures. M ost p a tien ts  p re sen t w ith  fa tigue 
an d  ly m p h a d en o p a th y  a n d  are  fo u n d  to  have  general
ized  d isease invo lv ing  the bone m arrow , spleen, liver, and  
(often) the g astro in testina l tract. These tu m o rs are  m o d er
ately  aggressive  a n d  incurab le. The m ed ian  su rv iv a l is 4 to 
6  years. Like C L L /SL L  cells, m an tle  cell ly m p h o m a cells 
d ep en d  on  signals g en era ted  th ro u g h  BTK for surv ival, 
an d  it is h o p ed  th a t n ew ly  availab le BTK inh ib ito rs w ill 
im prove  clinical outcom es.

E xtran od a l M arginal Z o n e  Lym phom a

This in d o len t B cell tu m o r arises m ost com m only  in  ep i
thelial tissues such  as the  stom ach, sa livary  g lands, sm all 
an d  large  bow el, lungs, orbit, a n d  breast.

Pathogenesis

E x tra n o d a l m a rg in a l zo n e  ly m p h o m a  is a n  e x a m p le  o f  

a  cancer th a t  arises w i t h in  a n d  is s u s ta in e d  b y  ch ro n ic  

in f la m m a tio n . It ten d s to  develop  w ith in  tissues th a t 
a re  in vo lved  by  chronic in flam m ation  triggered  by  au to 
im m u n e  d iso rd ers  (such  as the  sa livary  g land  in  Sjögren 
sy n d ro m e a n d  the  th y ro id  g lan d  in  H ash im o to  th y ro id 
itis) o r th a t are  the sites o f chronic in fection  (such as H. 
pylori gastritis). In  the case of H. pylori-associated  gastric 
m arg in a l zone lym phom a, e rad ica tion  of H. pylori w ith  
antib io tic  th e rap y  o ften  leads to reg ression  of the  tu m o r 
cells, w h ich  d e p e n d  o n  in flam m atory  cy tok ines secreted  
by  H. pylori-specific  T cells for their g ro w th  a n d  surv ival. 
Based o n  these observations, it is su p p o sed  th a t the  d isease 
is in itia ted  w ith in  the context o f a po lyclonal im m u n e  
reaction . W ith  the acqu isition  of s till-unknow n  in itia ting  
m u ta tions, a  B cell clone em erges th a t d e p en d s  o n  an ti
gen -stim u la ted  T -helper cells for signals th a t d rive  g ro w th  
a n d  surv ival. A t th is stage, w ith d ra w a l o f the responsib le  
an tig en  causes tu m o r invo lu tion . A s fu rth e r clonal evo lu 
tion  leads to  g rea ter tu m o r cell au tonom y , sp read  to  d is tan t 
sites m ay  occur. This them e of po lyclonal to  m onoclonal 
transition  d u rin g  lym phom agenesis is also  applicab le  to
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M O R P H O L O G Y

The clonal B cells characteristically infiltrate the epithelium of 

involved tissues, often collecting in small aggregates that are called 

lym p h o e p ith e lia l lesions. In some tumors the tum or cells 

accumulate abundant pale cytoplasm or exhibit plasma cell differ

entiation, features that are characteristic but not pathognomonic.

Im m u n o p h e n o ty p e .  This is a tu m o r of m a tu re  B cells 
exp ressing  CD20 an d  surface im m unog lobu lin , u sua lly

IgM .

C lin ic a l F ea tures. These tu m o rs often  p re sen t as sw elling  
of the salivary  g land , th y ro id  o r o rb it or are d iscovered  
inc iden ta lly  in  the se tting  of H. pylori-induced gastritis 
o r a n  im ag ing  p rocedu re . W h en  localized, they  are often  
cu red  by sim ple  excision fo llow ed by rad io th erap y .

D iffuse  Large B C e ll Lym phom a

D iffuse large  B cell ly m p h o m a is the  m ost com m on  type 
of lym p h o m a in  adu lts , accoun ting  for app rox im ate ly  35% 
of a d u lt N H Ls. It inc ludes several su b ty p es th a t share  an  
aggressive  n a tu ra l history.

Pathogenesis

A b o u t on e-th ird  of d iffuse large  B cell lym p h o m as have  
rea rran g em en ts  of the BCL6 gene, located  o n  3q27, an d  
an  even  h igher fraction  of tu m o rs  have  ac tiva ting  p o in t 
m u ta tio n s  in  the BCL6 prom oter. B oth aberra tions resu lt in  
increased  levels o f BCL6  p ro te in , an  im p o rtan t transcrip 
tional reg u la to r o f gene expression  in  germ inal cen ter B 
cells. A no ther 30% of tu m o rs have  a (14;18) translocation  
invo lv ing  the BCL2 gene th a t resu lts  in  overexpression  of 
BCL2 p ro te in . Som e of these tu m o rs m ay  rep re sen t " tra n s 
fo rm ed" fo llicular lym phom as. The rem ain in g  tum ors 
have o ther d iverse  d riv e r m u ta tions, such  as translocations 
invo lv ing  the MYC gene.

M O R P H O L O G Y

The neoplastic B cells are large (at least three to four times the 

size of resting lymphocytes) and vary in appearance from tum or 

to  tumor. In many tumors, cells with round or oval nuclear con

tours, dispersed chromatin, several distinct nucleoli, and modest 

amounts of pale cytoplasm predominate (Fig. 12.17). In other 

tumors the cells have a round or multilobate vesicular nucleus, 

one or two prominent centrally placed nucleoli, and abundant 

pale or basophilic cytoplasm. Occasionally, the tum or cells are 

highly anaplastic and include tum or giant cells resembling RS cells, 

the malignant cells of Hodgkin lymphoma.

Im m u n o p h e n o ty p e .  These tu m o rs express the B cell 
an tig en  CD20. M any also  express surface IgM  a n d /o r  IgG. 
O ther an tigens (e.g., CD10, BCL2) are  variab ly  expressed.

Fig. 12.17 Diffuse large B cell lymphoma— lymph node. The tumor cells 
have large nuclei with open chromatin and prominent nucleoli. ( C o u r te s y  o f  

D r . R o b e r t  W .  M c K e n n a ,  D e p a r t m e n t  o f  P a th o lo g y ,  U n iv e r s i t y  o fT e x a s  S o u th w e s te rn  

M e d ic a l  S c h o o l,  D a lla s ,  Texas.)

S p e c ia l S u b ty p e s .  Several d istinctive  clin icopathologic 
sub types a re  in c lu d ed  in  the category  of d iffuse large  B 
cell lym phom a.
• EBV-associated diffuse large B cell lymphomas arise  in  the 

se tting  of AIDS, ia trogenic  im m u n o su p p ress io n  (e.g., in  
tra n sp la n t recip ients), a n d  the  elderly . In  the p o sttran s 
p lan ta tio n  setting , these tu m o rs o ften  beg in  as EBV- 
d riv en  po lyclonal B cell p ro life ra tions th a t m ay  regress 
if im m u n e  function  is resto red .

• Kaposi sarcoma herpesvirus (KSHV), a lso  called  human her
pesvirus type 8 (H H V -8 ), is associated  w ith  ra re  primary 
effusion lymphomas, w h ich  m ay  arise  w ith in  the p leu ra l 
cavity , p e ricard ium , o r p e ritoneum . These tu m o rs are  
la ten tly  infected  w ith  KSHV, w h ich  encodes p ro te in s  
hom ologous to several k n o w n  oncopro te ins, inc lud 
in g  cyclin D1. A s w ith  EBV -related lym phom as, m ost 
affected  p a tien ts  are im m u n o su p p ressed .

• Mediastinal large B cell lymphoma occurs m ost o ften  in  
y o u n g  w o m en  a n d  show s a p red ilec tion  for sp read  to 
ab d o m in a l v iscera a n d  the  cen tra l n e rv o u s  system .

C lin ic a l F ea tures. A lth o u g h  the m ed ian  age a t p resen 
ta tion  is ab o u t 60 years, d iffuse large  B cell lym p h o m a 
can  occur a t any  age; it constitu tes ab o u t 15% of ch ild 
ho o d  lym phom as. P atien ts typically  p re sen t w ith  a rap id ly  
en larg ing , o ften  sym ptom atic  m ass a t one o r several sites. 
E x tranodal p resen ta tio n s are  com m on. The gastro in testina l 
tract is the  m ost com m on  ex tran o d a l site, b u t tu m o rs can  
ap p e a r in  v irtua lly  any  o rg an  o r tissue. U nlike the  m ore 
in d o len t ly m p h o m as (e.g., fo llicular lym phom a), involve
m en t o f the  liver, sp leen, a n d  bone m arro w  is n o t com m on 
a t d iagnosis.

W ith o u t trea tm en t, d iffuse large  cell B cell lym p h o m as 
are  aggressive  an d  rap id ly  fatal. W ith  in tensive  com bi
na tio n  chem otherapy  a n d  anti-C D 20 im m u n o th erap y , 
com plete rem issions a re  ach ieved  in  60% to 80% of the 
patien ts; of these, app rox im ate ly  50% rem ain  free of 
d isease a n d  a p p e a r to  be cu red . For those  n o t so fo rtu 
nate, o ther aggressive  trea tm en ts  (e.g., h igh-dose  chem o
th e rap y  an d  hem atopo ietic  stem  cell transp lan ta tion ) offer 
som e hope.
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B u rk itt  Lym phom a

B urk itt ly m p h o m a is endem ic  in  p a rts  o f A frica a n d  occurs 
sporad ically  in  o ther geograph ic  areas, in c lu d in g  the 
U n ited  States. H isto logically , the A frican a n d  nonendem ic  
d iseases a re  identical, a lth o u g h  there  a re  clinical a n d  viro- 
logic differences.

Pathogenesis

Burkitt lym phom a is h igh ly  associated  w ith  transloca
tion s in v o lv in g  the MYC gene on  chrom osom e 8 that 
resu lt in  overexpression o f the MYC transcription factor.
A s m en tio n ed  in  C h ap te r 6 , MYC is a m aste r reg u la to r of 
W arb u rg  m etabo lism  (aerobic glycolysis), a cancer hall
m a rk  th a t is associa ted  w ith  ra p id  cell g row th . In  keep ing  
w ith  th is association, B urk itt ly m p h o m a is sa id  to  be the 
fastest g ro w in g  h u m a n  tum or. M ost translocations fuse 
MYC w ith  the IgH  gene o n  chrom osom e 14, b u t v a rian t 
translocations invo lv ing  the K o r X ligh t cha in  loci also 
a re  observed . The n e t re su lt of each  is the  sam e — the dys
reg u la tio n  a n d  overexpression  of MYC. In  m o st endem ic 
cases a n d  a b o u t 2 0 % of sporad ic  cases, the tu m o r cells are  
la ten tly  in fected  w ith  EBV, a re la tionsh ip  also  d iscussed  
in  C h ap te r 6 .

X Y
M O R P H O L O G Y

The tum or cells are intermediate in size and typically have round 

or oval nuclei and two to five distinct nucleoli (Fig. 12.18). There 

is a moderate amount of basophilic or amphophilic cytoplasm 

that often contains small, lipid-filled vacuoles (a feature appreci

ated on smears). Very high rates of proliferation and apoptosis 

are characteristic, the latter accounting for the presence of 

numerous tissue macrophages containing ingested nuclear debris. 

These benign macrophages often are surrounded by a clear 

space, creating a “ s ta rry  sky” p a tte rn .

Fig. 12.18 Burkitt lymphoma— lymph node. The tumor cells and their nuclei 
are fairly uniform, giving a monotonous appearance. Note the high level of 
mitotic activity ( a r r o w h e a d s )  and prominent nucleoli. The “starry sky” pattern 
produced by interspersed, lightly staining, normal macrophages is better 
appreciated at a lower magnification. ( C o u r te s y  o f  D r .  R o b e r t  W .  M c K e n n a ,  

D e p a r t m e n t  o f  P a th o lo g y ,  U n iv e r s i t y  o f  T e x a s  S o u th w e s te rn  M e d ic a l  S c h o o l,  

D a l la s ,  T e x a s .)

Im m u n o p h e n o ty p e .  These tu m o rs express surface IgM , 
the  B cell m ark e r CD20, a n d  the  germ inal cen ter B cell 
m ark ers  CD10 a n d  BCL6 .

C lin ic a l F ea tures. Both the endem ic a n d  nonendem ic  
spo rad ic  form s affect m ain ly  ch ild ren  an d  y o u n g  adu lts . 
B u rk itt ly m p h o m a accounts for app rox im ate ly  30% of 
ch ild h o o d  N H L s in  the U n ited  States. The d isease usua lly  
arises a t ex tran o d a l sites. E ndem ic tu m o rs often  m an ifest 
as m axillary  or m an d ib u la r m asses, w h ereas abdom ina l 
tu m o rs invo lv ing  the bow el, re tro p erito n eu m , a n d  ovaries 
a re  m ore com m on  in  N o rth  A m erica. L eukem ic p resen ta 
tions som etim es occur a n d  m u s t be d is tin g u ish ed  from  
ALL, w h ich  is trea ted  w ith  d ifferen t d ru g  reg im ens. B urk itt 
ly m p h o m a is h igh ly  aggressive; how ever, w ith  very  in ten 
sive chem otherapy  reg im ens, a m ajority  of p a tien ts  can  be 
cu red .

Plasma C e ll N eop lasm s  and R elated  Entities

T hese B cell proliferations contain  neop lastic  p lasm a  
cells that virtually  a lw ays secrete a m onoclonal im m u
n o g lo b u lin  or im m u n oglob u lin  fragm ent, w h ich  serve 
as tum or markers and often  have pathologic con
sequences. C ollectively, p lasm a  cell neop lasm s an d  
re la ted  d iso rd e rs  accoun t for ab o u t 15% of the d ea th s  
caused  by ly m p h o id  neop lasm s. The m ost com m on 
an d  dead ly  of these neop lasm s is m u ltip le  m yelom a, of 
w h ich  there  a re  ab o u t 15,000 new  cases p e r  year in  the 
U n ited  States.

A  m onoclonal im m u n o g lo b u lin  iden tified  in  the b lood 
is re ferred  to  as an  M protein, in  reference to  m yelom a. 
Because com plete  M  p ro te in s  have  m olecu lar w e ig h ts  of 
160,000 o r h igher, they  are restric ted  to  the p lasm a and  
ex tracellu lar flu id  a n d  exc luded  from  the u rin e  in  the 
absence of g lom eru lar dam age. H ow ever, neoplastic plasma 
cells often synthesize excess immunoglobulin light chains along 
with complete immunoglobulins. In  u n u su a l cases, tum ors 
m ay  p ro d u ce  on ly  ligh t chains, w h ich  are  de tected  an d  
quan tified  in  the  b lood  a n d  the  u rin e  by h igh ly  sensitive 
tests.

T erm s u sed  to  describe the ab n o rm al im m unog lobu lin s  
associa ted  w ith  p lasm a  cell neop lasm s inc lude  monoclo
nal gammopathy, dysproteinemia, a n d  paraproteinemia. These 
abno rm al p ro te in s  a re  associated  w ith  several clin icopath- 
ologic entities:
• Multiple myeloma (plasma cell myeloma), the  m ost im p o r

tan t p lasm a  cell neop lasm , u sua lly  p resen ts  as tu m o r
ous m asses scattered  th ro u g h o u t the  skeletal system . 
Solitary plasmacytoma is an  in freq u en t v a ria n t th a t p re 
sen ts as a  single m ass in  bone o r soft tissue. Smoldering 
myeloma is an o th e r unco m m o n  v a rian t defined  by a lack 
of sym ptom s a n d  a h ig h  p lasm a  M  com ponent.

• Monoclonal gammopathy of undetermined significance 
(MGUS) is ap p lied  to  p a tien ts  w ith o u t signs o r sym p
tom s w h o  have  sm all to  m o dera te ly  large  M  com po
n en ts  in  the ir blood. M GUS is very  com m on  in  o lder 
a d u lts  a n d  has a low  b u t co n stan t ra te  of transfo rm ation  
to a sym ptom atic  m onoclonal g am m opathy , m ost often  
m u ltip le  m yelom a.

• Primary or immunocyte-associated amyloidosis resu lts  
from  a m onoclonal p ro life ra tion  of p lasm a cells secret
in g  ligh t chains th a t a re  d ep o sited  as am ylo id . Som e
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p a tien ts  hav e  overt m u ltip le  m yelom a, b u t o thers  have  
on ly  a  m in o r clonal p o p u la tio n  of p lasm a  cells in  the 
m arrow .

• Waldenstrom macroglobulinemia is a synd rom e in  w h ich  
h ig h  levels o f IgM  lead  to  sym ptom s re la ted  to  h y p er
viscosity  of the b lood. It occurs in  o lder adu lts , m ost 
com m only  in  association  w ith  lym phop lasm acy tic  lym 
p h o m a  (described  later).

W ith  th is b ackg round , w e  now  tu rn  to  som e of the 
specific clin icopatho log ic entities. P rim ary  am ylo idosis 
w as d iscussed  a long  w ith  o th e r d iso rd ers  of the  im m u n e  
system  in  C h ap te r 5.

M u ltip le  M ye lo m a

M ultip le  m yelom a is one of the  m ost com m on ly m pho id  
m alignancies; ap p rox im ate ly  2 0 , 0 0 0  n ew  cases a re  d iag 
n o sed  in  the  U n ited  S tates each year. The m ed ian  age a t 
d iagnosis is 70 years, a n d  it is m ore  com m on  in  m ales 
a n d  in  peop le  of A frican orig in . It p rinc ipa lly  involves the 
bone m arro w  a n d  u sually  is associa ted  w ith  lytic lesions 
th ro u g h o u t the skeletal system .

The m ost freq u en t M  p ro te in  p ro d u c e d  by m yelom a 
cells is IgG  (60%), fo llow ed by IgA  (20%-25%); on ly  rarely  
a re  IgM , IgD, o r IgE M  p ro te in s  observed . In  the  rem ain 
in g  cases, the p lasm a  cells p ro d u ce  on ly  K or X lig h t chains. 
Because free ligh t chains are  sm all in  size, they  are  also 
excreted  in  the  u rine , w h ere  they  are  re ferred  to  as Bence 
Jones proteins. In  m any  cases, the m alig n an t p lasm a  cells 
secrete bo th  com plete  im m unog lobu lin s  a n d  free ligh t 
chains a n d  th u s  p ro d u ce  bo th  M  p ro te in s  a n d  Bence Jones 
p ro te in s . A s described  later, the excess ligh t chains have 
im p o rta n t pa th o g en ic  effects.

Pathogenesis

A s w ith  m ost o ther B cell m alignancies, m y e lo m a  o fte n  

has c h ro m o s o m a l tra n s lo c a tio n s  th a t  fu s e  th e  Ig H  locus  

o n  ch ro m o s o m e  14 to  oncogenes such  as th e  c y c lin  D 1  

a n d  c y c lin  D 3  genes. A s m ig h t be su rm ised  from  this, 
dy sreg u la tio n  of D  cyclins is com m on  in  m u ltip le  m yelom a 
an d  is believed  to  con tribu te  to  increases in  cell p ro life ra 
tion. P ro lifera tion  of m yelom a cells a lso  is su p p o rte d  by the 
cy tok ine in te rleu k in  6  (IL-6 ), w h ich  is p ro d u c e d  by fibro
b lasts a n d  m acrophages in  the bone m arro w  strom a. Late 
in  the  course, translocations invo lv ing  MYC are  som etim es 
observed , p a rticu la rly  in  p a tien ts  w ith  aggressive  d isease.

M ultip le  m yelom a has a n u m b er of u n to w a rd  effects 
on  the skeleton, the im m u n e  system , a n d  the  k idney , all of 
w h ich  con tribu te  to  m o rb id ity  a n d  m ortality :
• Factors p ro d u c e d  b y  n e o p la s tic  p la s m a  ce lls  m e d ia te  

b o n e  d e s tru c tio n , th e  m a jo r  p a th o lo g ic  fe a tu re  o f  m u l

t ip le  m y e lo m a . O f p a rticu la r im portance, m yelom a- 
de rived  factors u p reg u la te  the exp ression  of the recep to r 
ac tiva to r of N F-k B lig an d  (RANKL) by  bone m arro w  
strom al cells, w h ich  in  tu rn  activate osteoclasts. O ther 
factors re leased  from  tu m o r cells a re  p o te n t inh ib ito rs 
of o steob last function . The n e t effect is increased  bone 
reso rp tion , lead in g  to  hypercalcem ia a n d  pa tho log ic  
fractures.

• M y e lo m a  causes defec ts  in  h u m o ra l im m u n ity .

T h ro u g h  still-uncerta in  m echanism s, m yelom a cells 
com prom ise  the function  of n o rm al B cells. Ironically,

a lth o u g h  the p la sm a  has e levated  levels of im m u n o 
g lobulin  ow in g  to  the  p resence  of a n  M  pro te in , the 
p ro d u c tio n  of functional an tibod ies o ften  is p ro fo u n d ly  
dep ressed . A s a resu lt, p a tien ts  are a t h ig h  risk  for bacte
rial infections.

• R e n a l d y s fu n c tio n  stem s from  several patho log ic  
effects o f m yelom a th a t m ay  occur alone or in  com bi
nation . M ost im p o rta n t a re  obstructive proteinaceous casts, 
w h ich  often  fo rm  in  the  d ista l convo lu ted  tubu les  and  
the co llecting  ducts. The casts consist m ostly  of Bence 
Jones p ro te in s  a long  w ith  variab le  am o u n ts  of com plete  
im m unog lobu lin , T am m -H orsfall p ro te in , an d  a lbum in . 
Light chain deposition in  the  g lom eru li o r the  in te rstitium , 
e ither as am ylo id  o r linear deposits, also  m ay  con tribu te  
to  rena l dam age. C o m ple ting  the  assau lt is hypercalce
mia, w h ich  m ay  lead  to  d e h y d ra tio n  a n d  rena l stones, 
an d  freq u en t b o u ts  of bacterial pyelonephritis, w h ich  stem  
in  p a r t  from  the hypogam m ag lobu linem ia .

M O R P H O L O G Y

Multiple myeloma usually manifests with m u ltifo ca l d estru c 

tiv e  ske le ta l lesions that most commonly involve the verte

bral column, ribs, skull, pelvis, femur, clavicle, and scapula. The 

lesions arise in the medullary cavity, erode cancellous bone, and 

progressively destroy the bone cortex. Bone destruction often 

leads to patho log ic  frac tu res , most frequently in the vertebral 

column or femur. The bone lesions usually appear as punched- 

o u t defects 1 to  4 cm in diameter (Fig. I 2 . I 9A). Microscopic 

examination of the marrow shows increased numbers of plasma 

cells, which usually constitute greater than 30% of the cellular- 

ity. Myeloma cells may resemble normal plasma cells but more 

often show abnormal features such as prominent nucleoli or 

abnormal cytoplasmic inclusions containing immunoglobulin 

(Fig. I2 .I9B ).W ith  disease progression, myeloma cells may spread 

to  the viscera and other soft tissue sites, and in terminal stages 

a leukemic picture may emerge.

Renal involvement (m y e lo m a  nephrosis) is associated with 

proteinaceous casts consisting mostly of Bence Jones proteins 

that obstruct the distal convoluted tubules and the collecting 

ducts. Multinucleate giant cells derived from macrophages usually 

surround the casts.Very often the e p ithe lia l cells ad jacen t to  

th e  casts b ec o m e  n ecro tic  o r  a tro p h ic  owing to the toxic 

effects of Bence Jones proteins. O ther common pathologic pro

cesses involving the kidney include m e ta s ta tic  calcification, 

stemming from bone resorption and hypercalcemia; ligh t chain  

(A L )  am yloidosis, involving the renal glomeruli and vessel walls; 

and b ac te ria l p ye lonephritis , secondary to  the increased sus

ceptibility to  bacterial infections. Rarely, infiltrates of neoplastic 

plasma cells are seen in the renal interstitium.

C lin ic a l F ea tures. C linical find ings stem  m ain ly  from  (1) 
the effects o f p lasm a  cells on  the skeleton; (2 ) the p ro 
d uc tion  of excessive im m unog lobu lin s, w h ich  o ften  have  
abno rm al physicochem ical p roperties; a n d  (3) the  su p p res 
sion of h u m o ra l im m unity .

Bone reso rp tion  often  leads to  pathologic fractures and  
chronic pain. The a tten d an t hypercalcemia can  give rise to neu 
rologic m anifestations, such as confusion, w eakness, and  
lethargy, an d  contribu tes to  renal dysfunction. D ecreased
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Fig. 12.19 Multiple myeloma. (A) Radiograph of the skull, lateral view. The 
sharply punched-out bone defects are most obvious in the calvaria. (B) Bone 
marrow aspirate. Normal marrow cells are largely replaced by plasma cells, 
including atypical forms with multiple nuclei, prominent nucleoli, and cyto
plasmic droplets containing immunoglobulin.

p ro d u c tio n  of norm al im m unoglobu lins sets the stage for 
recurrent bacterial infections. O f great significance is renal 
insufficiency, w h ich  trails only  infections as a  cause of death. 
Renal failure occurs in  u p  to 50% of patien ts an d  is associ
a ted  strongly  w ith  the presence an d  level o f Bence Jones 
proteinuria, h igh ligh ting  the im portance of free light chains 
in  renal disease. C erta in  light chains also are  p rone  to  cause 
amyloidosis of the AL type (C hapter 5), w h ich  can  exacerbate 
rena l dysfunction  a n d  deposit in  o ther tissues as well.

L abora to ry  ana lyses typically  show  increased  levels 
o f im m unog lobu lin s  in  the b lood  a n d /o r  Bence Jones 
p ro te in s  in  the u rine . Free ligh t chains a n d  an  M  p ro te in  
co m p o n en t are  obse rved  together in  60% to 70% of cases, 
w h e reas  in  ab o u t 2 0 % of p a tien ts  on ly  free ligh t chains 
a re  p resen t. A ro u n d  1% of m yelom as are  nonsecretory ; 
hence, the  absence of detectab le  M  com ponen t does no t 
com plete ly  exclude the d iagnosis.

The d iagnosis rests o n  rad io log ic  a n d  labo ra to ry  find 
ings. It can  be strong ly  su spec ted  w h e n  im ag ing  s tud ies  
show  typ ical bone lesions, b u t defin itive d iagnosis requ ires 
a  bone m arro w  exam ination . M arrow  invo lvem en t 
often  gives rise  to  a  norm ocytic  norm ochrom ic  anem ia, 
som etim es accom pan ied  by m o d era te  leukopen ia  an d  
th rom bocy topen ia .

The p rognosis  is variable. P a tien ts w ith  m u ltip le  bony 
lesions, if u n trea ted , ra re ly  su rv ive  fo r m ore  than  6  to  1 2  

m onths, w h ereas  p a tien ts  w ith  "sm o ld erin g  m yelom a" 
m ay  be asym ptom atic  fo r m an y  years. T he m ed ian  
su rv iva l is 4 to  7 years. A lth o u g h  cures hav e  y e t to  be 
ach ieved , new  the rap ies  offer hope. M yelom a cells a re  
sensitive to  inh ib ito rs of the p ro teasom e, a  cellu lar o rgan 
elle th a t deg rad es u n w a n te d  a n d  m isfo lded  p ro te in s. As 
d iscussed  in  C h ap te r 2, m isfo lded  p ro te in s  activate  apop - 
totic p a th w ay s, a n d  m yelom a cells a re  p ro n e  to  the  accu
m u la tio n  of m isfo lded , u n p a ire d  im m un o g lo b u lin  chains. 
P ro teasom e inh ib ito rs likely in d u ce  m yelom a cell death  
by exacerbating  th is in h eren t tendency . The tha lidom ide 
like co m p o u n d  lena lidom ide  a lso  is effective in  trea t
ing  m yelom a, b u t th ro u g h  a  d ifferen t m echan ism  tha t 
involves its ab ility  to  stim ula te  the d eg rad a tio n  of specific 
p ro te in s  w ith  oncogenic activities. B iphosphonates, d ru g s  
tha t inh ib it bone reso rp tion , red u ce  patho log ic  frac tu res 
an d  lim it the hypercalcem ia. H em atopo ie tic  stem  cell 
tran sp lan ta tio n  p ro lo n g s  life b u t has n o t y e t p ro v e n  to  be 
curative.

Lym phoplasm acytic  Lym phom a

L ym phoplasm acy tic  ly m p h o m a is a  B cell neop lasm  of 
o lder a d u lts  tha t u sua lly  p re sen ts  in  the  sixth or seventh  
decade of life. A lthough  bearing  a  superficial resem blance 
to  C LL/SLL, it d iffers in  th a t a su b stan tia l fraction  of the 
tu m o r cells u n d e rg o  te rm inal d ifferen tia tion  to  p lasm a  
cells. M ost com m only , the p la sm a  cell com ponen t secretes 
m onoclonal IgM , often  in  a m o u n ts  sufficient to  cause a  
hyperv iscosity  synd rom e k n o w n  as Waldenstrom macro- 
globulinemia. U nlike m u ltip le  m yelom a, com plications 
stem m ing  fro m  the  secretion  of free ligh t chains (e.g., 
ren a l fa ilu re  a n d  am ylo idosis) a re  re la tively  ra re  a n d  bone 
destruc tion  does no t occur.

Pathogenesis

V ir tu a l ly  a l l  cases o f  ly m p h o p la s m a c y tic  ly m p h o m a  

are  associated  w i t h  a c q u ire d  m u ta tio n s  in  M YD 88. The
M YD 88  gene encodes a n  a d a p to r  p ro te in  th a t partic i
p a tes  in  signaling  even ts th a t activate  N F-kB a n d  also 
au g m en t signals d o w n stream  of the BCR (Ig) com plex, 
bo th  of w hich  m ay  p ro m o te  the  g row th  a n d  su rv iva l of the 
tu m o r cells.

M O R P H O L O G Y

Typically, the marrow contains an infiltrate of lymphocytes, plasma 

cells, and plasmacytoid lymphocytes in varying proportions, often 

accompanied by mast cell hyperplasia. Some tumors also contain 

a population of larger lymphoid cells with more vesicular nuclear 

chromatin and prominent nucleoli. Periodic acid-Schiff-positive 

inclusions containing immunoglobulin are frequently seen in the
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cytoplasm (Russell bodies) or the nucleus (D u tc h e r  bodies)

of some of the plasma cells. A t diagnosis the tum or has usually 

disseminated to  the lymph nodes, spleen, and liver. Infiltration of 

the nerve roots, meninges, and more rarely the brain can also 

occur with disease progression.

Im m u n o p h e n o ty p e .  The ly m p h o id  com ponen t expresses 
B cell m ark ers  such  as CD20 a n d  surface im m u n o g lo b u 
lin, w h e reas  the p lasm a  cell com ponen t secretes the sam e 
im m u n o g lo b u lin  th a t is exp ressed  on  the surface of the 
ly m p h o id  cells. In  a lm ost all tum ors, the  secreted  im m u 
n o g lobu lin  is a n  IgM .

C lin ic a l F ea tures. The d o m in an t p resen tin g  com plain ts 
are  nonspecific a n d  inc lude  w eakness, fatigue, a n d  w e ig h t 
loss. A pprox im ate ly  half the  p a tien ts  have  ly m p h ad en o p - 
a thy, hepatom egaly , a n d  sp lenom egaly . A nem ia caused  
by m arro w  in filtra tion  is com m on. A bou t 10% of pa tien ts  
have  autoimmune hemolysis caused  by cold agglutinins, IgM  
an tibod ies th a t b in d  to  re d  cells a t tem p era tu re s  of less 
th an  37°C.

P atien ts w ith  IgM -secreting  tu m o rs have  ad d itio n a l 
signs a n d  sym ptom s stem m ing  from  the physicochem i
cal p ro p ertie s  o f IgM . Because of its large size, a t h igh  
concen tra tions IgM  greatly  increases the viscosity  of the 
blood, g iv ing  rise to  a hyperviscosity syndrome characterized  
by the follow ing:
• Visual impairment associated  w ith  venous congestion , 

w h ich  is reflected  by s trik ing  to rtuosity  a n d  d isten tion  
of re tina l veins; re tina l hem orrhages a n d  ex udates  m ay  
also  con tribu te  to  p rob lem s w ith  v ision

• Neurologic problems such  as headaches, d izziness, deaf
ness, a n d  s tupo r, all s tem m ing  from  slugg ish  venous 
b lood  flow

• Bleeding re la ted  to  the fo rm ation  of com plexes be tw een  
m acrog lobu lins a n d  c lo tting  factors as w ell as in terfer
ence w ith  p la te le t function

• Cryoglobulinemia resu ltin g  from  the p rec ip ita tion  of 
m acrog lobu lins a t low  tem pera tu res , w h ich  p ro d u ces 
sy m p to m s such  as R ay n au d  p h en o m en o n  a n d  cold 
u rticaria

L ym phop lasm acy tic  ly m p h o m a is a n  incurab le  p rog res 
sive disease. Because m ost IgM  is in travascu lar, sym ptom s 
caused  by  the h ig h  IgM  levels (e.g., hyperv iscosity  and  
hem olysis) can  be a llev ia ted  tem porarily  by  p lasm ap h ere 
sis. T um or g ro w th  can  be con tro lled  w ith  low  doses of che
m o th erap eu tic  d ru g s  a n d  im m u n o th e rap y  w ith  anti-CD 20 
an tibody , an d  recen t w o rk  has sh o w n  th a t BTK inh ib i
to rs a re  also  effective. T ransfo rm ation  to  large-cell lym 
p h o m a  occurs b u t is uncom m on. M ed ian  su rv iva l is ab o u t 
4 years.

H o d g k in  Lym phom a

H o d g k in  ly m p h o m a  encom passes a  d is t in c tiv e  g ro u p  o f  

n e o p la s m s  th a t  are  c h a ra c te rize d  b y  th e  presence  o f  a
tu m o r  g ia n t cell, the  R S  cell. U nlike m o st N H Ls, H o d g k in  
lym p h o m as arise  in  a  single ly m p h  n o d e  or cha in  of 
ly m p h  n o d es a n d  typically  sp read  in  a stepw ise  fash ion  
to anatom ically  con tiguous nodes. A lth o u g h  the H o d g k in

Fig. 12.20 Hodgkin lymphoma— lymph node. A binucleate Reed-Sternberg 
cell with large, inclusion-like nucleoli and abundant cytoplasm is surrounded 
by lymphocytes, macrophages, and an eosinophil. ( C o u r te s y  o f  D r .  R o b e r t  W .  

M c K e n n a ,  D e p a r t m e n t  o f  P a th o lo g y ,  U n iv e r s i t y  o f  T e x a s  S o u th w e s te rn  M e d ic a l  

S c h o o l,  D a l la s ,  T e x a s .)

lym p h o m as are now  u n d e rs to o d  to  be u n u su a l tu m o rs of B 
cell orig in , they  are  d is tin g u ish ed  from  the N H L s by their 
u n u su a l pa tho log ic  a n d  clinical features.

C la ss ific a tio n . Five su b ty p es of H o d g k in  ly m p h o m a are  
recognized: (1) n o d u la r  sclerosis, (2) m ixed  cellu larity , (3) 
lym phocy te  rich, (4) lym phocy te  dep le tion , a n d  (5) lym 
phocy te  p red o m in an t. In  the first fo u r sub types the  RS cells 
share  certa in  m orpho log ic  a n d  im m u n o p h en o ty p ic  fea
tu res  (described  later), lead in g  som e researchers to  lu m p  
together these  en tities u n d e r  the rubric  classical Hodgkin 
lymphoma. The lym phocy te  p re d o m in a n t type  is set ap a rt 
by the expression  of germ inal cen ter B cell m ark ers  by  the 
RS cells. This sub type  a n d  the tw o  m o st com m on form s 
of classical H o d g k in  lym phom a, the n o d u la r  sclerosis an d  
m ixed-cellu larity  types, are d iscussed  next.

M O R P H O L O G Y

The sine qua non of Hodgkin lymphoma is the R e e d -S te rn b e rg  

(R S ) cell (Fig. 12.20), a very large cell (15 to 45 |tm in diam

eter) with an enormous multilobate nucleus, exceptionally 

prominent nucleoli, and abundant, usually slightly eosinophilic, 

cytoplasm. Particularly characteristic are cells with tw o  m irro r-  

im ag e  nuclei o r  n u c lea r lobes, each con ta in ing  a  large  

(inc lus ion-like) acidoph ilic  nucleolus surrounded  by a  

c le a r zone, features that impart an owl-eye appearance. Typical 

RS cells and variants have a characteristic immunophenotype, as 

they express C D I 5  and C D 30 and fail to express C D45 (leuko

cyte common antigen), B cell antigens, and T  cell antigens. As we 

shall see, “classic” RS cells are common in the mixed-cellularity 

subtype, uncommon in the nodular sclerosis subtype, and rare 

in the lymphocyte-predominance subtype; in these latter two  

subtypes, other characteristic RS cell variants predominate.

N o d u la r  sclerosis H o dg k in  ly m p h o m a  is the most 

common form. It is equally frequent in men and in women 

and has a striking propensity to  involve the lower cervical, 

supraclavicular, and mediastinal lymph nodes. Most patients are
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Fig. 12.21 Hodgkin lymphoma, nodular sclerosis type— lymph node. A dis
tinctive “lacunar cell” with a multilobed nucleus containing many small 
nucleoli is seen lying within a clear space created by retraction of its cyto
plasm. It is surrounded by lymphocytes. ( C o u r te s y  o f  D r .  R o b e r t  W . M c K e n n a ,  

D e p a r t m e n t  o f  P a th o lo g y ,  U n iv e r s i t y  o f  T e x a s  S o u th w e s te rn  M e d ic a l  S c h o o l,  

D a lla s ,  T e x a s .)

adolescents or young adults, and the overall prognosis is excel

lent. It is characterized morphologically by the following:

• L acu nar cells (Fig. 12.21), a particular RS cell variant that 

has a single multilobate nucleus, multiple small nucleoli, and 

abundant, pale-staining cytoplasm. In sections of formalin-fixed 

tissue, the cytoplasm often is torn away, leaving the nucleus 

lying in an empty space (a lacune). The immunophenotype of 

lacunar variants is identical to that of other RS cells found in 

classical subtypes.

• C o llagen  bands, which divide the involved lymphoid tissue 

into circumscribed nodules (Fig. 12.22). The fibrosis may be 

scant or abundant and the cellular infiltrate contains varying 

proportions of lymphocytes, eosinophils, histiocytes, and 

lacunar cells.

M ixe d -c e llu la r ity  H odgk in  ly m p h o m a  is the most 

common form of Hodgkin lymphoma in patients older than 50 

years of age and comprises about 25% of cases overall. There is 

a male predominance. Classic RS cells a re  p len tifu l within a

Fig. 12.22 Hodgkin lymphoma, nodular sclerosis type— lymph node. A low- 
power view shows well-defined bands of pink, acellular collagen that have 
subdivided the tumor cells into nodules. ( C o u r te s y  o f  D r .  R o b e r t  W . M c K e n n a ,  

D e p a r t m e n t  o f  P a th o lo g y ,  U n iv e r s i t y  o f  T e x a s  S o u th w e s te rn  M e d ic a l  S c h o o l,  

D a l la s ,  T e x a s .)

heterogeneous inflammatory infiltrate containing small lympho

cytes, eosinophils, plasma cells, and macrophages (Fig. 12.23). This 

subtype is more likely to be disseminated and to  be associated 

with systemic manifestations than the nodular sclerosis subtype.

L y m p h o c y te -p re d o m in a n t H odgk in  lym p ho m a,

accounting for about 5% of cases, is characterized by the pres

ence of lym p ho h is tiocytic  (L & H )  v a ria n t RS cells that have 

a delicate multilobed, puffy nucleus resembling popped corn 

(“popcorn cell”). L&H variants usually are found within large 

nodules containing mainly small B cells admixed with variable 

numbers of macrophages (Fig. 12.24). O ther reactive cells, such 

as eosinophils, are scanty or absent, and typical RS cells are rare. 

Unlike the RS variants in “classical” Hodgkin lymphoma, L&H 

variants express B cell markers (e.g., CD20) and usually fail to  

express C D I 5  and CD30. Most patients present with isolated 

cervical or axillary lymphadenopathy, and the prognosis typically 

is excellent.

It is apparent that Hodgkin lymphoma spans a wide range of 

histologic patterns that often simulate a reactive inflammatory

Fig. 12.23 Hodgkin lymphoma, mixed-cellularity type— lymph node. A diag
nostic, binucleate Reed-Sternberg cell is surrounded by eosinophils, lympho
cytes, and histiocytes. ( C o u r te s y  o f  D r .  R o b e r t  W .  M c K e n n a ,  D e p a r t m e n t  o f  

P a th o lo g y , U n iv e r s i t y  o f  T e x a s  S o u th w e s te rn  M e d ic a l  S c h o o l,  D a lla s ,  Texas.)

Fig. 12.24 Hodgkin lymphoma, nodular lymphocyte-predominant type—  
lymph node. Numerous mature-looking lymphocytes surround scattered, 
large, pale-staining lymphocytic and histiocytic variants (“popcorn” cells). 
(Courtesy o f  D r .  R o b e r t  W . M c K e n n a ,  D e p a r t m e n t  o f  P a th o lo g y , U n iv e r s i t y  o f  T e x a s  

S o u th w e s te r n  M e d ic a l  S c h o o l,  D a lla s ,  T e x a s .)



process. Regardless of subtype, th e  diagnosis rests on th e  

d efin itive  iden tifica tio n  o f RS cells o r  va rian ts  in th e  

a p p ro p r ia te  background o f reac tive  cells. Immunopheno- 

typing plays an important role in distinguishing Hodgkin lym

phoma from reactive conditions and other forms of lymphoma. 

In all subtypes, involvement of the spleen, liver, bone marrow, and 

other organs may appear in due course and takes the form of 

irregular nodules composed of a mixture of RS cells and reactive 

cells, similar to  what is observed in lymph nodes.
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Pathogenesis

The o rig in  of RS cells rem ain ed  m ysterious th ro u g h  m ost 
o f the 2 0 th  cen tu ry , b u t w as  finally  so lved  by e legan t 
s tu d ies  p e rfo rm ed  o n  single m icrod issected  RS cells. These 
show ed  th a t every  RS cell from  any  g iven  case possesses 
the sam e im m u n o g lo b u lin  gene rea rran g em en ts  a n d  th a t 
these rea rran g ed  im m u n o g lo b u lin  genes hav e  u n d e rg o n e  
som atic  h y p erm u ta tio n . A s a resu lt, it is n o w  ag reed  th a t 
H o d g k in  ly m p h o m a  is a  n e o p la s m  th a t  arises f ro m  g er

m in a l  cen ter B  c e lls .
A n o th e r  c lu e  in to  th e  e tio lo g y  o f  H o d g k in  ly m p h o m a  

stem s f ro m  th e  f re q u e n t  in v o lv e m e n t  o f  E B V . EBV is
p re se n t in  the  RS cells in  as m any  as 70% of cases of the 
m ixed-cellu larity  sub type  a n d  a sm aller fraction  of o ther 
"classical" fo rm s of H o d g k in  lym phom a. The s tru c tu re  of 
the EBV genom e is iden tica l in  all RS cells in  a g iven  case, 
in d ica tin g  th a t infection  p recedes (and  therefore  m ay  be 
re la ted  to) transfo rm ation  a n d  clonal expansion . T hus, EBV 
infection  p robab ly  is one of several steps co n trib u tin g  to 
tu m o r developm en t, p a rticu la rly  of the  m ixed-cellu larity  
sub type.

T h e  characte ris tic  n o n n e o p la s tic , in f la m m a to ry  ce ll 

in f i l t ra te  is  g e n e ra te d  b y  a  n u m b e r  o f  c y to k in e s . Som e of 
these a re  secreted  by RS cells, in c lu d in g  IL-5, a  chem oat
trac tan t for eosinophils; transfo rm ing  g ro w th  factor-P, a 
fibrogenic factor; a n d  IL-13, w h ich  m ay  stim ula te  RS cell 
g ro w th  th ro u g h  a n  au tocrine  m echanism . C onversely , the 
re sp o n d in g  in flam m atory  cells, ra th e r th a n  being  innocen t 
bystanders, p ro d u ce  ad d itio n a l factors th a t a id  the g ro w th  
an d  su rv iva l o f RS cells a n d  con tribu te  fu rth e r to  the  tissue 
reaction.

H o d g k in  ly m p h o m a  is a  c a rd in a l exa m p le  o f  a  tu m o r  

th a t escapes f ro m  th e  host im m u n e  response  b y  expressing  

p ro te in s  th a t in h ib i t  T  ce ll fu n c tio n . The RS cells o f classi
cal H odgk in  lym phom a express h igh  levels of PD  ligands, 
factors th a t antagonize T cell responses. In  m any  tum ors 
the  reg ion  on  chrom osom e 9 contain ing the genes encod
ing  the tw o PD  ligands, PD-L1 an d  PD-L2, is am plified, an  
a ltera tion  th a t appears to contribu te to their overexpression. 
The im portance of PD  ligand  expression has been p roven  
in  clinical trials of an tibodies th a t block PD-1, w h ich  is the T 
cell receptor for PD  ligands (C hapter 6 ). M ost tum ors, even  
those tha t are  resistan t to all o ther therapies, are  responsive 
to  PD-1 antibodies, p resum ably  because of the reactivation  
of a la ten t ho st response th a t w as  stifled by the PD lig a n d / 
PD-1 signaling  axis.

C lin ic a l F ea tures. H o d g k in  lym phom a, like N H L, usua lly  
m an ifests  as pa in less ly m p h ad en o p a th y . A lth o u g h  a 
defin itive d is tinction  from  N H L  can  be m ad e  on ly  by

Table 12.9 Clinical Differences Between Hodgkin and 
N on-Hodgkin Lym phom as

H o dg k in  L y m p h o m a N o n -H o d g k in  L ym p h o m a

More often localized to a single 
axial group of nodes (cervical, 
mediastinal, paraaortic)

More frequent involvement of 
multiple peripheral nodes

Orderly spread by contiguity Noncontiguous spread

Mesenteric nodes and Waldeyer 
ring rarely involved

Mesenteric nodes and Waldeyer 
ring commonly involved

Extranodal involvement Extranodal involvement common
uncommon

exam ination  of a tissue b iopsy , several clinical fea tu res 
favor the d iagnosis of H o d g k in  ly m p h o m a (Table 12.9). 
A fter the d iagnosis is estab lished , stag ing  is u sed  to  gu ide 
th e rap y  a n d  d e term ine  p rognosis  (Table 12.10). Y ounger 
pa tien ts  w ith  m ore favorab le  su b ty p es ten d  to  p re se n t w ith  
stage I o r stage II d isease a n d  u sually  a re  free of so-called 
"B sym ptom s" (fever, w e ig h t loss, n ig h t sw eats). P atien ts 
w ith  ad v an ced  d isease (stages III a n d  IV) a re  m ore likely 
to exh ib it B sym ptom s as w ell as p ru r itu s  a n d  anem ia. 
Because of the  long -te rm  com plications of rad io th erap y , 
even  p a tien ts  w ith  stage I d isease are now  trea ted  w ith  
system ic chem otherapy . M ore ad v an ced  d isease is gener
ally a lso  trea ted  w ith  chem otherapy , som etim es toge ther 
w ith  invo lved  field  rad io th erap y .

The outlook , even  for those w ith  ad v an ced  disease, is 
very  good . The 5-year su rv iva l ra te  for p a tien ts  w ith  stage 
I-A o r II-A d isease is m ore  th a n  90%. Even w ith  ad vanced  
d isease (stage IV-A or IV-B), the  overall 5-year d isease-free 
su rv iv a l ra te  is a ro u n d  50%. A m ong  long-te rm  su rv ivo rs 
trea ted  w ith  rad io th erap y , a h igher risk  of certa in  m alig 
nancies, in c lu d in g  lu n g  cancer a n d  b reast cancer, as w ell as 
card iovascu lar disease, has  been  rep o rted . These sobering  
resu lts  have  sp u rre d  d ev e lo p m en t o f new  reg im ens th a t 
m in im ize the  use  of ra d io th e rap y  a n d  u se  less toxic chem o
therapy . As a lread y  m en tioned , anti-PD -1 an tibod ies  have  
p ro d u ced  excellent responses in  pa tien ts  w ith  re lapsed ,

Table 12.10 Clinical Staging of Hodgkin and N on-Hodgkin  
Lym phom as (Ann A rb o r Classification^

Stage D is tr ib u tio n  o f D isease

I Involvement of a single lymph node region (I) or
involvement of a single extralymphatic organ or tissue (Ie)

II Involvement of two or more lymph node regions on the 
same side of the diaphragm alone (II) or with 
involvement of limited contiguous extralymphatic organs 
or tissue (IIe)

III Involvement of lymph node regions on both sides of the 
diaphragm (III), which may include the spleen (IIIs), limited 
contiguous extralymphatic organ or site (IIIe), or both 

(IIIes)

IV Multiple or disseminated foci of involvement of one or 
more extralymphatic organs or tissues with or without 
lymphatic involvement

aAll stages are further divided based on the absence (A) or presence (B) of the
following systemic symptoms and signs: significant fever, night sweats, unexplained 
loss of more than 1 0 % of normal body weight.
From Carbone PT, et al: Symposium (Ann Arbor): staging in Hodgkin disease. C a n ce r  

Res 31:1707, 1971.
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refractory  d isease an d  rep resen t a  p ro m isin g  im m une- 
based  therapy .

M iscellaneous Lym phoid  N eop lasm s

A m o n g  the m any  o th er fo rm s o f ly m p h o id  neop lasia  in  the 
W H O  classification, several w ith  d istinctive  o r clinically 
im p o rta n t fea tu res m erit brief d iscussion.

H a iry  C e ll L e u k e m ia . H a iry  cell leukem ia  is a n  uncom 
m on, in d o len t B cell neop lasm  charac terized  by  the p res 
ence of fine, ha irlike  cy top lasm ic projections. The tu m o r 
cells express B cell m arkers  (CD20), surface im m u n o g lo b u 
lin, a n d  CD11c a n d  CD103; the la tte r  tw o  an tigens are n o t 
p re sen t o n  m ost o ther B cell tum ors, m ak in g  them  d iag 
nostically  useful. V irtually  all cases are associa ted  w ith  
activa ting  m u ta tio n s  in  the s e r in e /th re o n in e  k inase  BRAF, 
w h ich  is also  m u ta te d  in  d iverse  o th e r cancers (C hap ter 6 ).

H airy  cell leukem ia occurs m ainly  in  o lder m ales, an d  its 
m anifestations resu lt from  infiltration  of bone m arrow  and  
spleen. Splenomegaly, often  m assive, is the m ost com m on 
an d  som etim es only  physical finding. Pancytopenia, resu lting  
from  m arrow  infiltration  an d  splenic sequestration , is seen 
in  m ore th an  half of cases. L ym ph  n ode  invo lvem ent is rare. 
Leukocytosis is uncom m on, being  p resen t only  in  15% to 
2 0 % of patients, b u t scattered  "ha iry  cells" can be identified 
in  the periphera l b lood sm ear in  m ost cases. The disease 
is indo len t b u t progressive if un treated ; pancy topen ia  and  
infections are the m ajor clinical problem s. U nlike m ost 
o ther indo len t lym pho id  neoplasm s, hairy  cell leukem ia is 
extrem ely sensitive to chem otherapeutic  agents, particu larly  
p u rine  nucleosides. C om plete du rab le  responses are the ru le  
an d  the overall p rognosis is excellent. T um ors tha t fail con
ventional therapy  have excellent responses to BRAF inhibi
tors, w h ich  u ltim ately  m ay  becom e the trea tm en t o f choice.

M y c o s is  F u n g o id es a n d  S e za ry  S y n d ro m e . These tum ors 
of neop lastic  CD4+ T cells hom e to the skin; as a  resu lt, 
they often  are  re ferred  to as cu tan eo u s T  cell lym phom a. 
M ycosis fungo ides u sua lly  m an ifests as a nonspecific 
e ry th ro d erm ic  ra sh  th a t p rog resses w ith  tim e to  a p laq u e  
phase  an d  th en  to  a tu m o r phase . H istologically , neoplastic  
T cells, o ften  w ith  a cerebrifo rm  app earan ce  p ro d u ced  by 
m ark ed  in fo ld ing  of the  nuclear m em branes, in filtrate  the 
ep iderm is  an d  u p p e r  derm is. W ith  d isease p rogression , 
bo th  n o d a l a n d  visceral d issem ination  appear. Sezary syn 
d rom e is a clinical varian t charac terized  by  (1 ) a general
ized  exfoliative e ry th ro d e rm a  a n d  (2) tu m o r cells (Sezary 
cells) in  the p e rip h e ra l b lood. C ircu la ting  tu m o r cells 
also  are p re se n t in  as m any  as 25% of cases of p laque- o r 
tum o r-p h ase  m ycosis fungo ides. P atien ts d iagnosed  w ith  
early -phase  m ycosis fungo ides o ften  su rv ive  for m any  
years, w h ereas p a tien ts  w ith  tu m o r-p h ase  d isease, visceral 
d isease, o r Sezary synd rom e su rv ive  o n  average  for 1 to 
3 years.

A d u l t  T  C e ll L e u k e m iO L y m p h o m a .  T his n eop lasm  of 
CD4+ T cells is caused b y  a retrovirus, hum an T cell 
leu k em ia  virus type 1 (HTLV-1). HTLV-1 infection  is 
endem ic  in  so u th e rn  Japan, the C aribbean  basin , a n d  W est 
A frica, a n d  occurs sporad ically  e lsew here, in c lu d in g  in  
the  so u th easte rn  U n ited  States. The pa thogenesis of th is 
tu m o r is d iscussed  in  C h ap te r 6 . In  ad d itio n  to  ly m pho id

m alignancies, HTLV-1 in fection  also  can  cause trop ical 
spastic  pa rap aresis , a p rog ressive  dem y elin a tin g  d isease 
affecting  the cen tra l n e rv o u s system  a n d  the  sp ina l cord.

A d u lt T cell le u k e m ia /ly m p h o m a  com m only  is associ
a ted  w ith  sk in  lesions, ly m p h ad en o p a th y , hepatosp leno- 
m egaly , hypercalcem ia, an d  variable lym phocytosis. In 
a d d itio n  to  CD4, the leukem ic cells express h ig h  levels of 
CD25, the IL-2 recep to r a  chain. In  m o st cases the tu m o r 
is very  aggressive  a n d  re sp o n d s  poo rly  to  trea tm en t. The 
m ed ian  su rv iva l tim e is ab o u t 8  m on ths.

P e r ip h e ra l T  C ell L y m p h o m a .  This he terogeneous 
g ro u p  of tu m o rs m akes u p  a b o u t 10% of a d u lt  N H Ls. 
A lth o u g h  several ra re  d istinctive  su b ty p es fall u n d e r  th is 
head ing , m ost tu m o rs in  th is g ro u p  are unclassifiable. In 
general, these are  aggressive tu m o rs th a t re sp o n d  poorly  
to  therapy . M oreover, because these are tu m o rs of func
tional T  cells, p a tien ts  o ften  suffer fro m  sym ptom s re la ted  
to  tu m o r-d eriv ed  in flam m atory  p ro d u c ts , ev en  w h e n  the 
tu m o r b u rd e n  is re la tively  low .

Before en d in g  o u r rev iew  of ly m p h o id  neop lasm s, it is 
w o rth w h ile  p a u s in g  to  sum m arize  the m an n e r in  w h ich  
com m on  d riv e r m u ta tio n s  in  specific en tities p ro d u ce  
changes in  cellu lar behav io r th a t exem plify  p a rticu la r hall
m ark s o f cancer (Fig. 12.25). Such a lte ra tions n o t on ly  h igh 
lig h t im p o rta n t pa thogen ic  p rincip les, b u t a re  increasing ly  
the  ta rge ts of effective therap ies, such  as an tibod ies  tha t 
block PD-1 (H odgk in  lym phom a) a n d  d ru g s  th a t an tago 
n ize  BCL2 (follicular lym p h o m a a n d  o th er B cell tum ors).

S U M M A R Y

L Y M P H O ID  N E O P L A S M S

• Classification is based on cell of origin and stage of differentiation

• Most common types in children are ALLs/lymphoblastic lym

phomas derived from precursor B and T  cells

• Most common types in adults are non-Hodgkin lymphomas 

derived from germinal center B cells

A c u te  L y m p h o b la s tic  L e u k e m ia /L y m p h o m a

• Highly aggressive tumors that manifest with signs and symp

toms of bone marrow failure, or as rapidly growing masses

• Tumor cells contain genetic lesions that block differentia

tion, leading to the accumulation of immature, nonfunctional 

blasts

S m a ll L y m p h o c y tic  L y m p h o m a /C h ro n ic
L y m p h o c y tic  L e u k e m ia

• Mature B cell tum or that usually manifests with bone marrow  

and lymph node involvement

• Indolent course, commonly associated with immune abnor

malities, including an increased susceptibility to infection and 

autoimmune disorders

F o llic u la r  L y m p h o m a  •

• Tumor cells recapitulate the growth pattern of normal ger

minal center B cells; most cases are associated with a ( I4; I8)  

translocation that results in the overexpression of BCL2
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Mantle cell lymphoma 
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Germinal center B cell lymphomas 
Class-switching, somatic hypermutation

Avoiding
immune

destruction

Enabling
replicative
immortality

Tumor- 
promoting 

inflammation

ALL
Mutations in lineage- 
specific transcription 

factors

Inducing
angiogenesis

Activating 
invasion and 
metastasis

\
Marginal zone lymphoma 

Antigen-dependency

Relatively unimportant due to intrinsic ability 
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Fig. 12.25 Cancer hallmarks exemplified by particular lymphoid neoplasms. Some of the best characterized pathogenic mechanisms in lymphoid malignancies 
are summarized here, including dysregulation of MYC in Burkitt lymphoma (leading to Warburg metabolisms and rapid cell growth); dysregulation of BCL2 
in follicular lymphoma (leading to resistance to apoptosis); PD-1 ligand gene amplification in Hodgkin lymphoma (leading to evasion of host immunity); events 
leading to loss of cell cycle control (cyclin Dl rearrangements in mantle cell lymphoma and loss of the C D K N 2 A  gene in acute lymphoblastic leukemia [ALL]); 
mutations in various transcription factors, particularly in ALL, that block differentiation and enhance “leukemia stem cell” self-renewal; and chronic immune 
stimulation, in marginal zone lymphoma. By contrast, because lymphoid cells normally circulate throughout the body, there is relatively little selective pressure 
in lymphoid malignancies for aberrations that increase angiogenesis or activate invasion and metastasis.

M a n tle  C e ll L y m p h o m a

• Mature B cell tum or that usually manifests with advanced 

disease involving lymph nodes, bone marrow, and extranodal 

sites such as the gut

• Associated with an ( l l ; l 4 )  translocation that results in over

expression of cyclin D l ,  a regulator of cell cycle progression

E x tra n o d a l M a rg in a l Z o n e  L y m p h o m a

• Mature B cell tum or arising at extranodal sites involved by 

chronic inflammation resulting from autoimmunity or infection 

(e.g., H .  p y l o r i )

• Remains localized for long periods and may regress if the 

inflammatory stimulus is removed

D iffu se  L a rg e  B C e ll L y m p h o m a

• Heterogeneous group of mature B cell tumors that shares 

large cell morphology and aggressive clinical behavior and is 

the most common type of lymphoma

• Rearrangements or mutations of B C L 6  gene are recognized 

associations; one-third carry a ( l4; l8)  translocation involving 

B C L 2

B u r k it t  L y m p h o m a

• Very aggressive mature B tum or that usually arises at extra

nodal sites

• Nearly always associated with translocations involving the M Y C  

protooncogene

• Tumor cells often are latently infected by EBV

M u ltip le  M y e lo m a

• Plasma cell tum or often manifesting with multiple lytic bone 

lesions associated with pathologic fractures and hypercalcemia

• Neoplastic plasma cells suppress normal humoral immunity 

and secrete partial immunoglobulins that are nephrotoxic 

(Bence Jones proteins)

H o d g k in  L y m p h o m a

• Unusual B cell tum or consisting mostly of reactive lympho

cytes, macrophages, and stromal cells

• Malignant RS cells make up a minor part of the tum or mass.

Myeloid Neoplasms •

M yelo id  neop lasm s arise from  hem atopo ietic  p rogen ito rs  
a n d  typically  give rise to  p ro life ra tions th a t involve the 
bone m arro w  a n d  rep lace  n o rm al m arro w  elem ents. There 
a re  th ree  b ro ad  categories of m yelo id  neoplasia:
• In  acute myeloid leukemia (AM L), the neop lastic  cells 

are  b locked  a t a n  early  stage of m yelo id  cell develop 
m ent. Im m atu re  m yelo id  cells (blasts) accum ula te  in  the
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m arro w  a n d  rep lace  no rm al e lem ents, an d  frequen tly  
circulate  in  the p e rip h e ra l b lood.

• In  myeloproliferative neoplasms, the neop lastic  clone con
tin u es to  u n d e rg o  te rm inal d iffe ren tia tion  b u t exhibits 
increased  o r d y sreg u la ted  g row th . C om m only , these are  
associa ted  w ith  a n  increase in  one o r m ore  o f the  fo rm ed  
elem en ts (red  cells, p latelets, a n d /o r  g ranulocytes) in  
the  p e rip h e ra l b lood.

• In  myelodysplastic syndromes (MDS), te rm inal d ifferen tia 
tion  occurs b u t in  a d iso rd e red  a n d  ineffective fashion, 
lead in g  to  the app earan ce  of dysp lastic  m arro w  p recu r
sors a n d  p erip h e ra l b lood  cy topenias.

A lth o u g h  these th ree  categories p ro v id e  a  usefu l sta rt
in g  po in t, the d iv isions be tw een  the  m yelo id  neop lasm s 
som etim es b lu r. Both M DS a n d  m yelopro lifera tive  neo
p lasm s o ften  tran sfo rm  to AM L, a n d  som e neop lasm s 
h av e  fea tu res  o f bo th  m yelodysp lasia  a n d  m yelopro lif
era tive  neop lasm s. Because all m yelo id  neop lasm s arise 
from  early  m u ltip o ten t p rogen ito rs, the close re la tionsh ip  
am o n g  these d iso rd ers  is n o t su rp rising .

It also  is n o w  recogn ized  th a t AM L a n d  M DS often  
arise  from  a n  asym ptom atic  p recu rso r re ferred  to  as clonal 
hem atopo ie is  of in d e te rm in an t p rognosis  (CHIP) C H IP  is 
charac terized  by  n o rm al b lood  coun ts desp ite  the p res 
ence of one of m ore  clonal acqu ired  "d riv e r"  m u ta tio n s 
in  m yelo id  cells in  the  b lood  a n d  the m arrow . C H IP  p ro 
gresses to  an  o v e rt w h ite  cell n eo p lasm  a t a frequency  of 
a b o u t 1 % p e r y ear a n d  a p p ea rs  to  be a n  im p o rta n t risk  
factor for card iovascu lar d isease (C hap ter 10).

A cute M yelo id  Leukem ia

AM L p rim arily  affects o lder adu lts; the m ed ian  age is 50 
years. It is very  he terogeneous, as d iscussed  later. The 
clinical signs a n d  sym ptom s closely resem ble those p ro 
duced  by ALL an d  u su a lly  are re la ted  to  the rep lacem en t 
o f n o rm al m arro w  elem en ts by  leukem ic blasts. Fatigue, 
pallor, abno rm al b leed ing , a n d  in fections are com m on in 
new ly  d iag n o sed  patien ts, w h o  typically  p re sen t w ith in  a 
few  w eeks of the o n se t o f sym ptom s. S p lenom egaly  an d  
ly m p h ad en o p a th y  generally  a re  less p ro m in en t th a n  in  
ALL, b u t o n  ra re  occasions AM L m im ics a ly m p h o m a by 
m an ifesting  as a d iscrete  tissue m ass (a so-called "g ra n u 
locytic sarcom a"). The d iagnosis a n d  classification o f AM L 
are  based  on  m orphologic , h istochem ical, im m unopheno - 
typic, a n d  karyo typ ic  find ings. O f these, the k a ryo type  is 
m ost p red ic tive  of outcom e.

Pathogenesis

M o s t A M L s  h a rb o r m u ta tio n s  in  genes e n c o d in g  tra n 

s c rip tio n  factors th a t are re q u ire d  fo r  n o rm a l m y e lo id  ce ll 

d if fe re n t ia t io n . These m u ta tions in terfere w ith  the differ
en tia tion  of early  m yelo id  cells, lead ing  to the accum ulation  
of m yeloid  precurso rs (blasts) in  the m arrow . O f particu lar 
in te rest is the (15;17) translocation  in  acute prom yelocytic 
leukem ia, w h ich  resu lts in  the fusion  of the retinoic acid 
recep tor a (RARA) gene o n  chrom osom e 17 an d  the PML 
gene on  chrom osom e 15. The chim eric gene p roduces a 
PM L /R A R A  fusion  p ro te in  tha t blocks m yelo id  differentia
tion  a t the prom yelocytic stage, p robab ly  in  p a rt by inhibiting  
the  function  of norm al retinoic acid receptors. Rem arkably, 
pharm acologic doses of all-trans retinoic acid (ATRA), an

analogue of v itam in  A  (C hapter 7), overcom e this block 
a n d  induce the neoplastic prom yelocytes to  d ifferentiate 
in to  neu troph ils  rap id ly . Because neu troph ils  die after an  
average life span  of 6  hours, ATRA trea tm en t rap id ly  clears 
the  tum or. The effect is very  specific; AM Ls w ith o u t trans
locations involv ing  RARA do  n o t respond  to ATRA. M ore 
recently, it has been  no ted  tha t the com bination  of ATRA 
a n d  arsenic trioxide, a  salt tha t induces the d eg radation  of 
the  PM L /R A R A  fusion  protein , is even  m ore effective than  
ATRA alone, p rod u c in g  cures in  m ore than  80% of patients. 
This is a n  im p o rtan t exam ple of a  h ighly effective therapy  
targeted  a t a  tum or-specific m olecular defect.

O th e r w o rk  u sin g  m ice has sh o w n  th a t the m u ta tio n s 
in  transc rip tion  factors fo u n d  in  AM L are  no t sufficient 
to cause the  disease. P u ta tiv e  co llaborating  m u ta tio n s  in  
several o ther ty rosine  k inase  genes an d  in  the  RAS gene 
have been  detected .

S e q u e n c in g  o f  th e  A M L  g en om es  a lso  has id e n t if ie d  

f re q u e n t  m u ta tio n s  in  genes th a t  d ire c tly  im p a c t th e  e p i

g e n o m e , s u g g es tin g  th a t  e p ig e n e tic  a lte ra tio n s  h av e  a  

c e n tra l ro le  in  A M L .  For exam ple, ab o u t 15% to 20% of 
AM Ls are  associa ted  w ith  m u ta tio n s in  isocitrate  d ehy 
d rog en ase  (IDH). In  such  tum ors, a n  "oncom etabo lite" 
syn thesized  by the  m u ta te d  ID H  p ro te in  blocks the func
tion  of enzym es th a t regu la te  the ep igenom e a n d  in terferes 
w ith  m yelo id  cell d iffe ren tia tion  (d iscussed  in  C h ap te r 6 ). 
Inh ib ito rs of m u ta n t ID H  p rev en t the p ro d u c tio n  of the 
oncom etabolite  a n d  often  p ro d u ce  rem issions in  th is  p a r 
ticu lar m o lecu lar su b ty p e  of AM L.

M O R P H O L O G Y

By definition, in AML myeloid blasts or promyelocytes make up 

more than 20% of the bone marrow cellularity. M yeloblasts  

(precursors of granulocytes) have delicate nuclear chromatin, 

three to five nucleoli, and fine azurophilic cytoplasmic granules 

(Fig. 12.26). A u e r  rods, distinctive red-staining rodlike struc

tures, may be present in myeloblasts or more differentiated cells; 

they are particularly numerous in acute promyelocytic leukemia 

(Fig. 12.27). Auer rods are specific for neoplastic myeloblasts 

and thus are a helpful diagnostic clue when present. In other 

subtypes of AML, monoblasts, erythroblasts, or megakaryoblasts 

predominate.

C la ss ific a tio n . AM Ls are  d iverse  in  te rm s of genetics, 
cellu lar lineage, a n d  degree  of m atu ra tio n . The W H O  
classification relies on  all of these  fea tu res to  d iv ide  AM L 
in to  four categories (Table 12.11): (1) AM Ls associated  
w ith  specific genetic aberra tions, w h ich  are  im p o rtan t 
because they  p red ic t ou tcom e a n d  they  g u id e  therapy ; 
(2) AM Ls w ith  dysp lasia , m any  of w h ich  arise  from  
MDSs; (3) AM Ls occurring  after genotoxic chem otherapy ; 
an d  (4) A M Ls lack ing  any  of the fo rego ing  features. AM Ls 
in  the  last category  are subclassified  based  o n  the p red o m i
n a n t line of d iffe ren tia tion  th a t the  tu m o r exhibits.

Im m u n o p h e n o ty p e .  The expression  of im m unolog ic  
m ark ers  is he te rogeneous in  AM L. M ost tu m o rs express 
som e com bination  of m yelo id -associa ted  an tigens, such  as 
CD13, CD14, CD15, CD64, or CD117 (KIT). CD34, a  m arker 
o f hem atopo ietic  stem  cells, is o ften  p re se n t o n  m yelo 
b lasts. Such m ark ers  are h e lp fu l in  d is tin g u ish in g  AM L
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A

Fig. 12.26 Acute myeloid leukemia (AML). (A) Myeloblasts with delicate 
nuclear chromatin, prominent nucleoli, and fine azurophilic cytoplasmic gran
ules. (B) and (C) show flow cytometry results for the AML shown in (A). 
The tumor cells are positive for the stem cell marker CD34 and the myeloid 
lineage specific markers CD33 and CDI5 (subset). ( A ,  C o u r te s y  o f  D r .  R o b e r t  

W . M c K e n n a ,  D e p a r t m e n t  o f  P a th o lo g y ,  U n iv e r s i t y  o f  T e x a s  S o u th w e s te r n  M e d ic a l  

S c h o o l,  D a l la s ,  T e x a s . B and C, C o u r te s y  o f  D r .  L o u is  P ic k e r ,  O re g o n  H e a l t h  S c ie n c e  

C e n te r ,  P o r t la n d ,  O re g o n .)

from  ALL a n d  in  iden tify ing  A M Ls w ith  on ly  m in im al 
d ifferen tiation .

C lin ic a l F ea tures. M ost p a tien ts  p re sen t w ith in  w eeks or 
a  few  m o n th s of the onse t of sym ptom s w ith  com plain ts 
re la ted  to  anem ia, neu tro p en ia , a n d  th rom bocy topen ia , 
m o st no tab ly  fatigue, fever, a n d  sp o n tan eo u s m ucosal an d  
cu tan eo u s b leed ing . A s m en tio n ed  earlier, these find ings 
a re  very  sim ilar to  those p ro d u c e d  by  ALL. T hrom bocyto 
p en ia  resu lts  in  a  b leed ing  d ia thesis. C u tan eo u s petech iae  
a n d  ecchym oses, serosal hem orrhages in to  the  lin ings of 
the  body  cavities a n d  viscera, a n d  m ucosal hem orrhages 
in to  the  g ing ivae a n d  u rin a ry  trac t are  com m on. P rocoagu 
lan ts  a n d  fibrinolytic factors re leased  by leukem ic cells, 
especially  in  AM L w ith  the t(15;17), exacerbate the  b leed 
in g  tendency . Infections are freq u en t a n d  are o ften  caused  
by  o p p o rtu n is ts  such  as fungi, Pseudomonas, a n d  com m en 
sals. S igns a n d  sym ptom s re la ted  to  the  invo lvem en t of 
soft tissues are u sua lly  less strik ing  in  AM L th a n  in  ALL, 
b u t tu m o rs w ith  m onocytic  d iffe ren tia tion  o ften  infiltrate  
the  skin  (leukem ia cutis) a n d  the g ingiva. C en tra l n e rv o u s 
system  sp read  occurs b u t also  is less com m on  th a n  in  ALL.

AM L rem ains a d ev asta tin g  disease. T um ors w ith  
"g o od -risk" karyo typ ic  abnorm alities (t[8 ;2 1 ], inv[16]) are  
associa ted  w ith  a  50% chance of long -te rm  d isease-free

Fig. 12.27 Acute promyelocytic leukemia— bone marrow aspirate. The neo
plastic promyelocytes have abnormally coarse and numerous azurophilic 
granules. Other characteristic findings include a cell in the center of the field 
with multiple needlelike Auer rods. ( C o u r te s y  o f  D r .  R o b e r t  W . M c K e n n a ,  D e p a r t 

m e n t  o f  P a th o lo g y ,  U n iv e r s i t y  o fT e x a s  S o u th w e s te rn  M e d ic a l  S c h o o l,  D a l la s ,  T e x a s .)

surv ival, b u t the overall su rv iva l in  all p a tien ts  is on ly  15% 
to 30% w ith  conven tional chem otherapy . AM L associated  
w ith  TP53 m u ta tio n s  has  em erged  as a sub ty p e  w ith  a p a r 
ticu larly  p o o r prognosis. A  b rig h t sp o t is the im p ro v em en t 
in  ou tcom es in  acu te  prom yelocy tic  leukem ia b ro u g h t 
a b o u t by  ta rge ted  trea tm en t w ith  ATRA a n d  arsenic salts. 
ID H  inh ib ito rs also  hav e  p ro d u ced  en cou rag ing  resu lts, 
ap p a re n tly  (like ATRA) by in d u c in g  the d iffe ren tia tion  of 
AM L blasts. A n  increasing  n u m b er of p a tien ts  w ith  AM L 
are  being  trea ted  w ith  m ore aggressive  app roaches, such  as 
allogeneic hem atopo ietic  stem  cell tran sp lan ta tio n , w h ich  
can  be cu ra tive  in  som e patien ts.

M yelodysplastic Syndromes

The term  myelodysplastic syndrome (M DS) refers to 
a group o f clonal stem  cell disorders characterized by

Table 12.11 W H O  Classification of A M L

Class Prognosis

I. A M L  W ith  R ecurren t C h ro m o so m al Translocations

AML with t(8;2l)(q22;q22); R U N X T I / R U N X I  fusion 
gene

Favorable

AML with inv(l6)(pl3;q22); C B F B / M Y H I I  fusion gene Favorable

AML with t(l5;l7)(q22;q2l.l); P M L /R A R A  fusion gene Favorable

AML with t(llq23;variant); M L L  fusion genes Poor

AML with mutated NPMI Variable

II. A M L  W ith  M ultilineage Dysplasia

With previous MDS Very poor

Without previous MDS Poor

III .  A M L , Therapy-R e la ted

Alkylating agent-related Very poor

Epipodophyllotoxin-related Very poor

IV. A M L , N o t  O th erw ise  Classified

Subclasses defined by extent and type of 
differentiation (e.g., myelocytic, monocytic)

Intermediate

A M L , Acute myeloid leukemia; MDS, myelodysplastic syndrome; N P M I ,  nucleophosmin 
I ; W H O , World Health Organization.
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m a tu ra tio n  defec ts  th a t  are assoc ia ted  w i th  in e ffe c t iv e  

h em a to p o ie s is  a n d  a  h ig h  r is k  o f  tra n s fo rm a tio n  to  A M L .

In  M DSs, the  bone m arro w  is p a rtly  o r w ho lly  rep laced  
by  the clonal p ro g en y  of a tran sfo rm ed  m u ltip o ten t stem  
cell th a t re ta in s  the capacity  to  d ifferen tia te  in to  red  cells, 
g ranulocytes, a n d  platelets, b u t in  a m an n e r th a t is bo th  
ineffective a n d  d iso rdered . A s a resu lt, the m arro w  u sua lly  
is hyperce llu la r o r norm ocellu lar, b u t the p e rip h e ra l b lood 
show s one or m ore  cy topenias. The abno rm al stem  cell 
clone in  the  bone m arro w  is genetically  unstab le  an d  p ro n e  
to  the acqu isition  of ad d itio n a l m u ta tio n s  a n d  the even 
tu a l tran sfo rm atio n  to  AM L. M ost cases a re  id iopath ic , b u t 
som e develop  after ch em otherapy  w ith  a lky la ting  agen ts 
o r exposu re  to ion iz ing  rad ia tio n  therapy .

Pathogenesis

Im p o rta n t new  insigh ts have com e from  deep  sequencing  
of M DS genom es, w h ich  has iden tified  a n u m b er of recur
ren tly  m u ta te d  genes. These genes can  be lu m p e d  in to  
th ree  m ajor functional categories, as follows:
• Epigenetic factors. F requen t m u ta tio n s a re  seen invo lv ing  

m any  of the sam e ep igenetic  factors th a t a re  m u ta te d  in  
AM L, in c lu d in g  factors th a t regu la te  D N A  m ethy la tion  
a n d  h istone m odifications; thus, like AM L, dysregu la 
tion  of the ep igenom e ap p ea rs  to  be im p o rta n t in  the 
genesis o f MDS.

• RNA splicing factors. A  subse t of tu m o rs has  m u ta tio n s 
invo lv ing  the R N A  sp licing  m ach inery  th a t are p ro p o sed  
to  d rive  tran sfo rm atio n  by a lte ring  R N A  processing, 
T hey are com m only  associa ted  w ith  ring sideroblasts, 
a classic fo rm  of dysp lasia  th a t is seen  in  a subse t 
of MDS.

• Transcription factors. These m u ta tio n s  affect transcrip 
tion  factors th a t are req u ired  for no rm al m yelopoiesis 
an d  m ay  con tribu te  to  the d e ran g ed  d iffe ren tia tion  th a t 
characterizes MDS.

In  add ition , ro u g h ly  10% of M DS cases have  loss-of- 
function  m u ta tio n s in  the  tu m o r su p p resso r gene TP53, 
w h ich  corre la te  w ith  the p resence of a com plex karyo 
type a n d  p articu larly  p o o r clinical outcom es. B oth p rim ary  
M DS a n d  the rap y -re la ted  M DS are associated  w ith  sim ilar 
recurrent chromosomal abnormalities, including monosomies 5 
and 7, deletions of 5q, 7q, and 20q, and trisomy 8.

M O R P H O L O G Y

In MDS, the marrow is populated by abnormal-appearing hema

topoietic precursors. Some of the more common abnormalities 

include m ega lob las to id  e ry th ro id  precursors  resembling 

those seen in the megaloblastic anemias, erythroid forms with 

iron deposits within their mitochondria (rin g  sideroblasts), 

granulocyte precursors with a b n o rm a l granules or nuclear 

maturation, and small megakaryocytes with single small nuclei 

or multiple separate nuclei.

C lin ic a l F ea tures. M DS o ften  is described  as rare, b u t 
actually  is ab o u t as com m on as AM L, affecting  u p  to 15,000 
p a tien ts  p e r  y ear in  the  U n ited  States. M ost p a tien ts  p re sen t 
be tw een  the ages of 50 a n d  70. As a re su lt of cy topenias, 
m an y  suffer from  infections, sym ptom s re la ted  to  anem ia,

a n d  hem orrhages. The response  to  conven tional chem o
th e rap y  u sua lly  is poor, p e rh a p s  because M DS arises in  a 
b ack g ro u n d  of stem  cell dam age. T ransfo rm ation  to  AM L 
occurs in  10% to 40% of p atien ts. The p rognosis  is variable; 
the  m ed ian  su rv iva l tim e ran g es from  9 to  29 m o n th s  and  
is w orse  in  cases associa ted  w ith  increased  m arro w  blasts, 
cytogenetic  abnorm alities, o r TP53 m utations.

M yelopro liferative N eop lasm s

T h e  c o m m o n  p a th o g e n ic  fe a tu re  o f  m y e lo p r o life r a t iv e  

n e o p la s m s  is th e  presence o f  m u ta te d , c o n s titu t iv e ly  ac ti

v a te d  ty ro s in e  k in a s e s  or o th e r a c q u ire d  a b e rra tio n s  in  

s ig n a lin g  p a th w a y s  th a t  le a d  to  g ro w th  fac to r in d e p e n 

d ence. This in sigh t p ro v id es  a sa tisfy ing  exp lanation  for 
the observed  o v erp ro d u c tio n  of b lood  cells an d  is im p o r
tan t therapeu tica lly  because of the availab ility  o f ty rosine  
k inase  inh ib ito rs. The neop lastic  p ro g en ito rs  ten d  to  seed 
secondary  hem atopo ietic  o rgans (the spleen , liver, an d  
ly m p h  nodes), re su ltin g  in  h ep a to sp lenom egaly  (caused 
by neop lastic  ex tram ed u lla ry  hem atopoiesis).

F ou r m ajor d iagnostic  en tities a re  recognized : chronic 
m yelo id  leukem ia  (CML), po lycy them ia vera, p rim ary  
m yelofibrosis, a n d  essen tia l th rom bocy them ia. Their d is
tinctive fea tu res a re  lis ted  below :
• CM L is sep ara ted  from  the o thers by  its associa tion  w ith  

a  characteristic  abnorm ality , the BCR-ABL fusion  gene, 
w h ich  p ro d u ces  a  constitu tively  active BCR-ABL tyro 
sine kinase.

• The m o st com m on  genetic abno rm alities in  the  "BCR- 
A B L -negative" m yelopro lifera tive  neop lasm s are  acti
v a tin g  m u ta tio n s in  the  ty rosine  k inase  JAK2, w h ich  
occur in  v irtua lly  all cases of po lycy them ia vera  and  
a b o u t 50% of cases of p rim ary  m yelofibrosis a n d  essen
tial th rom bocy them ia

• Som e ra re  m yelopro lifera tive  neop lasm s are associated  
w ith  ac tiva ting  m u ta tio n s in  o ther ty rosine  k inases, 
such  as p la te le t-de rived  g ro w th  factor re cep to r-a  an d  
p la te le t-d e riv ed  g ro w th  factor receptor-ß .

In  ad d itio n , all m yelopro lifera tive  neop lasm s hav e  vari
able p ropensities  to  tran sfo rm  to a  " sp e n t ph ase" resem 
bling  p rim ary  m yelofibrosis o r to  a  "b la s t crisis" iden tical 
to acu te  leukem ia, b o th  p resu m ab ly  triggered  by  the  acqui
sition  of o ther som atic m u ta tions. O nly  CM L, po lycy the
m ia vera, a n d  p rim ary  m yelofibrosis are  p re sen ted  here, 
as o ther m yelopro lifera tive  neop lasm s are  too  in freq u en t 
to m erit discussion.

Chronic M ye lo id  Leukem ia

CM L princ ipa lly  affects a d u lts  be tw een  25 a n d  60 y ears  of 
age. The p eak  incidence is in  the fo u rth  a n d  fifth  decades 
of life. A b o u t 4500 n ew  cases a re  d iag n o sed  p e r  y e a r  in  the 
U n ited  States.

Pathogenesis

C M L  is d is t in g u is h e d  f r o m  o th e r m y e lo p r o life r a t iv e  

n e o p la s m s  b y  th e  presence o f  a  c h im e ric  B C R -A B L  gene  

d e r iv e d  f r o m  p o rtio n s  o f  th e  B C R  g en e  o n  ch ro m o s o m e  

22 a n d  th e  A B L  g en e  o n  c h ro m o s o m e  9. In  ab o u t 95% of 
cases, the  BCR-ABL gene is the p ro d u c t of a  balanced  (9;22) 
translocation  th a t m oves ABL from  chrom osom e 9 to  a posi
tion  o n  ch rom osom e 22 ad jacen t to  BCR. In  the rem ain in g
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5% of cases, a  BCR-ABL  fu sion  gene is crea ted  by cyto
genetically  cryp tic  o r com plex  rea rran g em en ts  invo lv ing  
m ore th a n  tw o  chrom osom es. The BCR-ABL  fu sion  gene 
is p re sen t in  g ranulocytic , e ry th ro id , m egakaryocytic , an d  
B cell p recu rso rs, a n d  in  som e cases T cell p recu rso rs  as 
w ell, ind ica ting  th a t the tu m o r arises from  a transfo rm ed  
hem atopo ietic  stem  cell. A lth o u g h  the P h  chrom osom e is 
h igh ly  characteristic  o f CM L, it a lso  is p re sen t in  25% of 
a d u lt B cell-A LLs a n d  a sm all subse t o f AM Ls.

As described  in  C h ap te r 6 , the BCR-ABL  gene encodes 
a fu sion  p ro te in  consisting  of p o rtio n s of BCR a n d  the 
ty rosine  k inase  d o m ain  of ABL. N orm al m yelo id  p rogen i
to rs d ep e n d  o n  signals g enera ted  by  g ro w th  factors an d  
their recep to rs for g ro w th  a n d  surv ival. T h e  g ro w th  fac to r  

d ep e n d e n c e  o f  C M L  p ro g e n ito rs  is  g re a tly  d ecreased  b y  

c o n s titu t iv e  s ig n a ls  g e n e ra te d  b y  B C R -A B L  th a t  m im ic  

th e  e ffec ts  o f  g ro w th  fac to r re c e p to r a c tiv a tio n . Im por
tantly , because BCR-ABL does n o t inh ib it d ifferen tiation , 
the early  d isease course  is m ark ed  by  excessive p ro d u c tio n  
of re la tively  n o rm al b lood  cells, p articu larly  g ranu locy tes 
an d  platelets.

M O R P H O L O G Y

The peripheral blood findings are highly characteristic. The 

leukocyte count is elevated, often exceeding 100,000 cells/p,L. 

T h e  c ircu la ting  cells a re  p re d o m in a n tly  neu tro ph ils , 

m eta m y e lo c y te s , and m yelocytes  (Fig. 12.28), but baso

phils and eosinophils are also prominent and platelets are 

usually increased. The bone marrow is hypercellular owing to  

increased numbers of maturing granulocytic and megakaryocytic 

precursors. The red pulp of the enlarged spleen resembles bone 

marrow because of the presence of extensive e x tra m e d u lla ry  

hem atopo ies is . This burgeoning proliferation often compro

mises the local blood supply, leading to splenic infarcts.
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C lin ica l Features

The onse t of CM L is insid ious, as the in itial sym ptom s 
u su a lly  are nonspecific  (e.g., easy  fatigability , w eakness,

Fig. 12.28 CML— peripheral blood smear. Granulocytic forms at various 
stages of differentiation are present. ( C o u r te s y  o f  D r .  R o b e r t  W . M c K e n n a ,  

D e p a r t m e n t  o f  P a th o lo g y ,  U n iv e r s i t y  o f  T e x a s  S o u th w e s te rn  M e d ic a l  S c h o o l,  

D a l la s ,  T e x a s .)

w eig h t loss). S om etim es the  first sy m p to m  is a  d rag g in g  
sensa tion  in  the ab d o m en  caused  by  splenom egaly . O n 
occasion it m ay  be necessary  to  d is tin g u ish  CM L from  
a lekemoid reaction a  d ram atic  e levation  of the  g ran u 
locyte co u n t in  response  to  infection, stress, chronic 
in flam m ation , a n d  certa in  neop lasm s. This d istinction  
can  be ach ieved  defin itively  by testing  for the  presence 
of the  BCR-ABL fusion  gene, w h ich  can  be d one  by 
k aryo typ ing , fluorescence in  s itu  h y b rid iza tion , o r PCR 
assay.

The n a tu ra l h isto ry  of CM L in itially  is one of slow  p ro 
gression. Even w ith o u t trea tm en t, the  m ed ian  su rv iva l is 3 
years. A fter a v ariab le  (and  unp red ic tab le) period , app rox i
m ately  half o f CM L cases en te r a n  accelera ted  phase  
m ark ed  by increasing  anem ia  a n d  new  th rom bocy topen ia , 
the ap p earan ce  of ad d itio n a l cytogenetic  abnorm alities, 
an d  finally  transfo rm ation  in to  a p ic tu re  resem b ling  acu te  
leukem ia  (b last crisis). In  the rem ain in g  50% of cases, b last 
crisis occurs ab ru p tly , w ith o u t a n  accelera ted  phase . Of 
note, in  30% of cases the b last crisis resem bles precursor-B  
cell ALL, fu rth e r a ttes ting  to  the o rig in  of CM L from  hem a
topoietic  stem  cells. In  the rem ain in g  70% of cases, the  b last 
crisis resem bles AM L. Less com m only , CM L prog resses 
to a  phase  of extensive bone m arro w  fibrosis resem bling  
p rim ary  m yelofibrosis.

F o rtunate ly  for those affected, the n a tu ra l h is to ry  of 
CM L has been  a lte red  d ram atically  by  the  em ergence of 
ta rge ted  therapy . T rea tm en t w ith  ty rosine  k inase  inh ib i
tors, p articu larly  in  p a tien ts  w ith  early  disease, induces 
su sta ined  rem issions w ith  m anageab le  toxicity a n d  p re 
ven ts p rog ression  to  b last crisis, ap p a ren tly  by su p p ress 
in g  the pro life ra tive  d rive  th a t leads to  the  acqu isition  of 
ad d itio n a l m u ta tions. W hen  p a tien ts  o n  ty rosine  k inase  
inh ib ito rs re lapse , their tu m o rs frequen tly  are fo u n d  to 
have acq u ired  m u ta tio n s  in  the  k inase  d o m ain  of BCR-ABL 
th a t p re v e n t the d ru g s  from  b ind ing . The selective o u t
g ro w th  of these cells is exp la ined  by the  p o w erfu l an ti
tu m o r effects o f BCR-ABL inh ib ito rs, a n d  ind ica tes th a t 
m an y  resis tan t tu m o rs a re  still "ad d ic te d "  to  the  p ro g ro w th  
signals crea ted  by BCR-ABL. In  som e instances resis tan t 
tum ors can  be trea ted  w ith  " th ird -g en e ra tio n "  BCR-ABL 
inh ib ito rs. For o thers, hem atopo ietic  stem  cell tran sp lan ta 
tion  offers a chance of cure, b u t carries w ith  it substan tia l 
risks, p a rticu la rly  in  the  aged.

Polycythem ia Vera

P o ly c y th e m ia  v e ra  is s tro n g ly  associated  w i th  a c tiv a t

in g  p o in t  m u ta tio n s  in  th e  ty ro s in e  k in a s e  J A K 2 . JAK2 
no rm ally  acts in  the  signaling  p a th w ay s  d o w n stream  of 
the e ry th ro p o ie tin  recep to r a n d  o ther g ro w th  factor recep 
tors. The m ost com m on JAK2 m u ta tio n , sh a rp ly  low ers the 
d ep endence  of hem atopo ietic  cells on  g ro w th  factors for 
g ro w th  a n d  surv ival. This p ro d u ces excessive p ro life ra tion  
of e ry th ro id , g ranulocytic , a n d  m egakaryocytic  e lem en ts 
(panm yelosis), b u t m ost clinical signs a n d  sym ptom s are  
re la ted  to  a n  abso lu te  increase in  re d  cell m ass. Polycy
them ia vera  m u s t be d is tin g u ish ed  from  relative polycy
them ia, w h ich  resu lts  from  hem oconcen tra tion . U nlike 
reactive form s of abso lu te  po lycythem ia, po lycy them ia 
vera  is associated  w ith  low  levels of se ru m  ery th ro p o i
etin , w h ich  is a  reflection  of the g ro w th  fac to r- in d e p e n d e n t 
g ro w th  of the neop lastic  clone.
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M O R P H O L O G Y

The major anatomic changes in polycythemia vera stem from 

increases in blood volume and viscosity brought about by the 

polycythemia. C ongestion  of many tissues is characteristic. 

The liver is enlarged and often contains small foci of extra

medullary hematopoiesis. The spleen usually is slightly enlarged 

(250 to 300 g) because of vascular congestion. As a result of 

the increased viscosity and vascular stasis, th rom bo ses  and  

in farctions a re  c o m m o n , particularly in the heart, spleen, and 

kidneys. Hemorrhages also occur in about a third of the patients. 

These most often affect the gastrointestinal tract, oropharynx, 

or brain and may occur spontaneously or following some minor 

trauma or surgical procedure. Platelets produced from the neo

plastic clone often are dysfunctional, a derangement that contrib

utes to  the elevated risk of thrombosis and bleeding. As in CML, 

the peripheral blood often shows basophilia.

The bone marrow is hypercellular owing to increased 

numbers of erythroid, myeloid, and megakaryocytic forms. In 

addition, some degree of marrow fibrosis is present in 1 0 % of 

patients at the time of diagnosis. In a subset of patients, this pro

gresses to  a spent phase where the marrow is largely replaced 

by fibroblasts and collagen.

C lin ica l Features

P olycy them ia vera  a p p ea rs  insid iously , u sua lly  in  late 
m id d le  age. P atien ts a re  p le thoric  an d  often  som ew h at 
cyanotic. H istam ine  re leased  from  the neop lastic  basoph ils  
m ay  con tribu te  to  p ru r itu s  an d  also  m ay  accoun t for the 
increased  incidence of pep tic  u lceration . O ther com plain ts 
are  referable to the th rom botic  a n d  hem orrhag ic  tendencies 
a n d  to  hypertension . H eadache, d izziness, gastro in testina l 
sym ptom s, hem atem esis, a n d  m elena  are com m on. Because 
of the h ig h  ra te  o f cell tu rnover, sym ptom atic  go u t is seen 
in  5% to 10% of cases.

The d iagnosis usually  is m ade  in  the laboratory. R ed cell 
coun ts range from  6  to 1 0  m illio n /|tL , an d  the hem atocrit 
is often  60% or greater. The granulocyte coun t can  be as 
h ig h  as 50,000 ce lls /|tL , an d  the p la te le t coun t is often  m ore 
th an  400,000/|tL. Basophilia is com m on. The p latelets are 
functionally  abnorm al in  m ost cases, an d  g ian t p latelets and  
m egakaryocyte fragm ents are often  seen in  the blood. A bou t 
30% of patien ts develop th rom botic  com plications, usually  
affecting the b ra in  or heart. H epatic  vein  throm bosis giving 
rise to Budd-Chiari syndrome (C hapter 15) is an  uncom m on 
b u t g rave com plication. M inor hem orrhages (e.g., epistaxis 
a n d  b leed ing  from  gum s) are  com m on an d  life-threatening 
hem orrhages th a t occur in  5% to 10% of patien ts. In  those 
receiving no  treatm ent, dea th  occurs from  vascu lar com 
plications w ith in  m onths; how ever, the m ed ian  surv ival is 
increased to  ab o u t 1 0  years by  low ering  the red  cell count 
to near norm al th ro u g h  repea ted  phlebotom y.

U nfo rtunate ly , p ro lo n g ed  su rv iva l h as  sh o w n  a p ro p e n 
sity  for po lycy them ia  vera  to  evolve to  a " sp e n t phase" 
resem b ling  p rim ary  m yelofibrosis. A fter an  average 
in te rv a l o f 10 years, 15% to 20% of cases u n d e rg o  such  a 
transfo rm ation . O w in g  to  the extensive m arro w  fibrosis, 
hem atopo iesis  shifts to  the spleen, w h ich  en larges m ark 
edly . Inh ib ito rs th a t ta rge t JAK2 hav e  been  a p p ro v e d  for 
trea tm en t of the sp en t p hase  of po lycy them ia  v era  a n d  lead

to som e im p ro v em en t in  m ost patien ts. T ransfo rm ation  to 
a "b la s t crisis" iden tical to  AM L also  occurs, b u t m u ch  less 
frequen tly  th an  in  CML.

P rim ary  M yelofibrosis

T h e  h a llm a rk  o f  p r im a ry  m ye lo fib ro s is  is th e  d e v e lo p m e n t  

o f  o b lite ra tiv e  m a rro w  fib ros is , w h ic h  reduces b o n e  m a rro w  

h em ato po ies is  a n d  leads to  cyto pen ias  a n d  extensive  extra

m e d u lla ry  h em ato po ies is . Histologically, the appearance is 
identical to the spen t phase  tha t occurs occasionally late in 
the course of o ther m yeloproliferative disorders. This simi
larity also extends to the underly ing  pathogenesis.

JAK-STAT signaling  seem s to  be the u n d e rly in g  d riv e r 
in  a lm ost all cases. Thus, JAK2 m u ta tio n s  are  p re sen t in  
50% to 60% of cases a n d  ac tiva ting  m u ta tio n s  in  M PL, the 
th rom bopo ie tin  recep tor, are  seen  in  a n  ad d itio n a l 1 % to 
5% of cases. M ost o f the  rem ain in g  cases have o ther m u ta 
tions, w h ich  also  a re  h y p o th esized  to  stim ula te  increased  
JAK-STAT signaling . W hy  JAK2 m u ta tio n s  are associated  
w ith  po lycy them ia vera  in  som e p a tien ts  an d  p rim ary  
m yelofibrosis in  o thers  is n o t u n d ersto o d ; d ifferences in  
the cell of o rig in  an d  the genetic  b ack g ro u n d s th a t give rise 
to these tw o  d iso rd ers  are  suspected .

I t  is  b e lie v e d  th a t  th e  c h aracte ris tic  m a r ro w  fib ro s is  is  

caused  b y  th e  in a p p ro p r ia te  re lease  o f  f ib ro g e n ic  factors  

f ro m  n e o p la s tic  m e g a k ary o c y tes . Tw o factors syn thesized  
by  m egakaryocy tes have  been  im plicated : platelet-derived 
growth factor a n d  TGF-fi. A s y o u  recall, p la te le t-derived  
g ro w th  factor an d  TGF-P are  fib rob last m itogens. In  ad d i
tion, TGF-P p rom otes  co llagen dep o sitio n  a n d  causes 
angiogenesis, b o th  of w h ich  are obse rved  in  m yelofibrosis.

As m arro w  fibrosis p rogresses, d isp laced  hem atopo i
etic stem  cells take u p  residence in  n iches in  secondary  
hem atopo ietic  o rgans, such  as the  spleen, the liver, a n d  the 
ly m p h  nodes, lead in g  to  the  app earan ce  of ex tram ed u lla ry  
hem atopoiesis. For incom plete ly  u n d e rs to o d  reasons, red  
cell p ro d u c tio n  a t ex tram ed u lla ry  sites is d iso rd ered . This 
factor an d  the  concom itan t su p p ressio n  of m arro w  func
tion  re su lt in  m o d era te  to  severe anem ia.

M O R P H O L O G Y

The peripheral blood smear is markedly abnormal (Fig. 12.29). 

Red cells often exhibit bizarre shapes (po ik ilo cytes , te a rd ro p  

cells), and nucleated erythroid precursors are commonly seen 

along with immature white cells (myelocytes and metamyelo

cytes), a combination of findings referred to as le u k o e ry th ro -  

blastosis. Abnormally large platelets often are present as well. 

The bone marrow in advanced cases is hypocellular and diffusely 

fibrotic, whereas early in the course it may be hypercellular and 

have only focal areas of fibrosis. Throughout the course, marrow  

megakaryocytes are present in clusters and have characteristic 

hyperchromatic nuclei with “cloudlike” outlines. Marked spleno

m eg a ly  resulting from extensive extramedullary hematopoiesis, 

often associated with subcapsular infarcts, also is typical. The 

spleen may weigh as much as 4000 g, roughly twenty times its 

normal weight. Moderate h ep a to m eg a ly , also due to extra

medullary hematopoiesis, is commonplace. Lymph nodes also are 

involved by extramedullary hematopoiesis, but not to a degree 

sufficient to  cause appreciable enlargement.
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•I

Fig. 12.29 Primary myelofibrosis— peripheral blood smear. Two nucleated 
erythroid precursors and several teardrop-shaped red cells (dacryocytes) 
are evident. Immature myeloid cells were present in other fields. An identical 
histologic picture can be seen in other diseases producing marrow distortion 
and fibrosis.

C lin ica l Features

P rim ary  m yelofibrosis u su a lly  occurs in  in d iv id u a ls  o lder 
th a n  60 y ears  w h o  com e to a tten tio n  because o f p rog ressive  
anem ia  an d  sp lenom egaly . N onspecific sym ptom s such  as 
fatigue, w e ig h t loss, a n d  n ig h t sw eats are com m on. H y p er
u ricem ia an d  secondary  gou t re su ltin g  from  a h ig h  ra te  of 
cell tu rn o v e r also  a re  frequen tly  seen.

L abora to ry  s tud ies  typically  show  a m o d era te  to  severe 
no rm ochrom ic  norm ocytic  anem ia  accom pan ied  by leuko- 
erythroblastosis. The w h ite  cell co u n t is u sua lly  n o rm al o r 
m ild ly  reduced , b u t can  be e levated  early  in  the  course. 
The p la te le t coun t is u su a lly  n o rm al o r e leva ted  a t d iagno 
sis, b u t th rom bocy topen ia  often  supervenes as the  d isease 
progresses. These b lood  find ings are no t specific, a n d  bone 
m arro w  b iopsy  is essen tial for d iagnosis.

P rim ary  m yelofibrosis is m ore  difficult to  trea t th an  
po lycy them ia  vera  a n d  CM L. The m ed ian  su rv iva l is in  
the  ran g e  of 4 to  5 years. T hreats to  life include infection, 
th rom bosis a n d  b leed ing  re la ted  to  p la te le t abnorm alities, 
a n d  tran sfo rm atio n  to AM L, w h ich  occurs in  5% to 20% 
of cases. JAK2 inh ib ito rs a re  effective a t decreasing  the 
sp lenom egaly  a n d  constitu tiona l sym ptom s, even  in  those  
w ith o u t JAK2 m u ta tions, p resu m ab ly  because increased  
JA K /ST A T  signaling  is com m on to all m o lecu lar sub types. 
H em atopo ie tic  stem  cell tra n sp lan ta tio n  m ay  be cu rative  
in  those  y o u n g  a n d  fit en o u g h  to  w ith s ta n d  the  p rocedu re .

Ä S U M M A R Y

M Y E L O ID  N E O P L A S M S

Myeloid tumors occur mainly in adults and fall into three major 

groups:

• A M L

• Aggressive tumors comprised of immature myeloid lineage 

blasts, which replace the marrow and suppress normal 

hematopoiesis

• Associated with diverse acquired mutations that lead to  

expression of abnormal transcription factors, which interfere 

with myeloid differentiation

• M D S

• Myeloid tumors characterized by disordered and ineffective 

hematopoiesis

• Manifest with one or more cytopenias and progress in 10% 

to 40% of cases to  AML

• M y e lo p ro life ra tiv e  neoplasm s

• Myeloid tumors in which production of formed myeloid ele

ments is initially increased, leading to  high blood counts and 

extramedullary hematopoiesis

• Commonly associated with acquired mutations that lead 

to constitutive activation of tyrosine kinases, which mimic 

signals from normal growth factors. The most common 

pathogenic kinases are BCR-ABL (associated with CML) 

and mutated JAK2 (associated with polycythemia vera and 

primary myelofibrosis).

• All can transform to acute leukemia and to a spent phase of 

marrow fibrosis associated with anemia, thrombocytopenia, 

and splenomegaly.

Histiocytic Neoplasms

Langerhans Cell Histiocytoses

The term  histiocytosis is  an "umbrella" d esign ation  for 
a variety o f proliferative disorders o f dendritic cells or 
m acrophages. Som e, such  as very  ra re  h istiocytic  lym 
phom as, are h igh ly  m alig n an t neop lasm s. O thers, such  as 
m ost h istiocytic p ro life ra tions in  ly m p h  nodes, a re  com 
p le te ly  ben ign  a n d  reactive. B etw een these tw o  ex trem es 
lie a g ro u p  of re la tively  ra re  tu m o rs  com prised  of L anger
h an s  cells, the  Langerhans cell histiocytoses. A s described  in  
C h ap te r 5, L angerhans cells are im m atu re  d en d ritic  cells 
fo u n d  in  the  ep iderm is; sim ilar cells are  fo u n d  in  m any  
o ther o rgans, a n d  they  function  to  cap tu re  an tigens and  
d isp lay  th em  to  T  cells.

L angerhans cell p ro life ra tions take o n  d iffe ren t clinical 
form s, b u t all a re  b elieved  to  be v aria tions o f the  sam e basic 
d iso rder. The p ro life ra tin g  L angerhans cells express M H C  
class II an tigens, CD1a, a n d  langerin . L angerin  is a trans
m em b ran e  p ro te in  fo u n d  in  Birbeck granules, cytoplasm ic 
p en ta lam in a r rod like  tu b u la r  s tru c tu res  th a t in  electron  
m icrog raphs have a characteristic  pe riod ic ity  a n d  som e
tim es a d ila ted  te rm inal en d  ("tenn is racket" appearance). 
U n d e r the ligh t m icroscope, the  p ro life ra ting  L angerhans 
cells do  no t resem ble the ir n o rm al den d ritic  co un terparts . 
Instead , they  have ab u n d an t, o ften  vacuo la ted  cy top lasm  
an d  vesicu lar nuclei, an  ap p earan ce  m ore  ak in  to  th a t of 
tissue m acrophages (called h istiocy tes by m orpho log ists) — 
hence the  te rm  Langerhans cell histiocytosis.

L angerhans cell h istiocytoses can  be g ro u p ed  in to  tw o  
m ajor re la tively  d istinctive  c lin icopathologic entities.
• Multisystem Langerhans cell histiocytosis (Letterer-Siwe 

disease) u sua lly  occurs in  ch ild ren  y o u n g e r th a n  2  y ears 
of age. It typ ically  m anifests w ith  m ultifocal cu taneous 
lesions th a t grossly  resem ble  seborrheic sk in  e ru p tio n s  
an d  are  com posed  of L angerhans cells. M ost affected 
pa tien ts  have hepatosp lenom egaly , ly m p h ad en o p a th y , 
p u lm o n ary  lesions, a n d  (later in  the  course) destruc tive
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osteolytic  bone lesions. E xtensive m arro w  infiltra tion  
o ften  leads to  pan cy to p en ia  a n d  p red isp o ses the pa tien t 
to  recu rren t bacterial infections. The d isease is rap id ly  
fa ta l if u n trea ted . W ith  in tensive  chem otherapy , 50% of 
pa tien ts  su rv ive  5 years.

• Unisystem Langerhans cell histiocytosis (eosinophilic gran
uloma) m ay  be un ifocal o r m ultifocal. It is character
ized  by ex p an d in g  accum ula tions of L angerhans cells, 
u sua lly  w ith in  the m ed u lla ry  cavities o f bones o r less 
com m only  in  the  skin, lungs, o r stom ach. The L anger
hans cells are adm ixed  w ith  variab le  n u m b ers  of lym 
phocytes, p lasm a  cells, neu tro p h ils , a n d  eosinophils, 
w h ich  are  u sua lly  p rom inen t. V irtually  any  bone m ay  
be involved; the calvaria, ribs, an d  fem u r are m o st com 
m on ly  affected. Unifocal disease m o st o ften  involves a 
single bone. It m ay  be asym ptom atic  o r cause pain , 
tenderness, a n d  pa tho log ic  fracture. It is a n  in d o len t 
d iso rd er th a t m ay  heal spon taneously  o r be cu red  by 
local excision or irrad ia tio n . Multifocal unisystem disease 
u sua lly  affects ch ild ren  an d  typically  m an ifests w ith

m u ltip le  erosive bony  m asses th a t som etim es ex tend  
in to  soft tissues. In  ab o u t 50% of cases, invo lvem en t of 
the  po ste rio r p itu ita ry  stalk  of the  h y p o th a lam u s leads 
to  d iabe tes in sip idus. The com bination  of calvarial 
bone defects, d iabetes in sip idus, a n d  exoph tha lm os is 
re ferred  to  as the Hand-Schuller-Christian triad. M any 
p a tien ts  experience sp o n tan eo u s regressions; o thers  are  
trea ted  effectively w ith  chem otherapy .

A  c lu e  to  th e  p a th o g en e s is  o f  L a n g e rh a n s  c e ll tu m o rs  

lie s  in  th e  d is c o v ery  th a t  th e  d if fe r e n t  c lin ic a l fo rm s  are  

f re q u e n t ly  associated  w i th  a n  a c q u ire d  m u ta t io n  in  th e  

s e rin e /th re o n in e  k in a s e  B R A F , th a t leads to  hyperac tiv ity  
of the k inase. This sam e m u ta tio n  is fo u n d  in  a  varie ty  
of o th e r tum ors, in c lu d in g  h a iry  cell leukem ia  (described 
earlier), ben ign  nevi, m a lig n an t m elanom a, pap illa ry  
th y ro id  carcinom a, a n d  som e colon cancers (C hap ter 6 ). 
BRAF is a  co m p o n en t of the RAS signaling  p a th w ay  th a t 
d rives  cellu lar p ro life ra tion  a n d  surv ival, effects th a t likely 
con tribu te  to  the  g ro w th  of neop lastic  L angerhans cells.

Bleeding Disorders

B leeding d iso rd ers  a re  charac terized  clinically by  abno r
m al b leed ing , w hich  can  ap p e a r spon tan eo u sly  o r follow  
som e inciting  even t (e.g., trau m a  o r surgery). A s described  
in  C h ap te r 4, no rm al c lo tting  involves the vessel w all, the 
p latelets, a n d  the c lo tting  factors. It fo llow s th a t abno r
m alities in  an y  of these com ponen ts can  lead  to clini
cally significant b leed ing . A  rev iew  of the laborato ry  
tests u sed  in  the  eva lu a tio n  of p a tien ts  w ith  a suspected  
b leed ing  d iso rder, a long  w ith  the  p rinc ip les involved , is 
p re sen ted  next, fo llow ed by considera tion  of specific d is
o rd e rs  of coagulation . W e fin ish  w ith  a d iscussion  of a 
few  clinically im p o rtan t com plications of b lood  p ro d u c t 
transfusion .

The m o st im p o rta n t tests for investiga tion  of suspected  
coagu lopath ies inc lude  the  follow ing:
• Prothrombin time (PT). This test assesses the  extrinsic  an d  

com m on coagu la tion  pa th w ay s. It m easu res  the  tim e 
(in seconds) n eed ed  for p lasm a  to  clot after a d d itio n  of 
tissue th ro m b o p lastin  (e.g., b ra in  extract) a n d  C a2+ ions. 
A  p ro lo n g ed  PT can  re su lt from  a deficiency of factor V, 
VII, o r X; p ro th rom bin ; o r fib rinogen  o r the presence of 
a n  acq u ired  inh ib ito r (typically  a n  an tibody) th a t in te r
feres w ith  the extrinsic  p a th w ay .

• Partial thromboplastin time (PTT). This test assesses the 
in trinsic  an d  com m on  coagu la tion  pa th w ay s. It m ea
su res the tim e (in seconds) n eed ed  for the p lasm a  to  clot 
after the  ad d itio n  of kaolin , cephalin , a n d  C a2+. K aolin 
activates the  con tac t-d ep en d en t factor XII a n d  cephalin  
su b stitu tes  for p la te le t p h o sp h o lip id s . P ro longation  of 
PTT can  be caused  by  a deficiency of factor V, VIII, IX, 
X, XI, o r XII; p ro th rom bin ; o r fib rinogen  o r the presence 
of a n  acqu ired  inh ib ito r th a t in terferes w ith  the in trinsic  
p a th w ay .

• Platelet count. This is ob ta in ed  o n  an ti-coagu la ted  b lood 
u sin g  a n  e lectronic p artic le  coun ter. The reference range  
is 150,000 to  450 ,000 /|tL. C o u n ts  o u ts id e  th is ran g e  m u st

be confirm ed by a v isu a l in spec tion  of a p e rip h era l 
b lood  sm ear.

• Tests of platelet function. A t p re se n t no  single test p ro 
v id es a n  ad eq u a te  assessm en t of the com plex func
tions o f p latelets. A ggregation  tests th a t m easu re  the 
response  o f p la te le ts  to certa in  agon ists  a n d  qualita tive  
a n d  q u an tita tiv e  tests of v o n  W illeb rand  factor (vWF) 
(w hich  y o u  w ill recall is req u ired  for p la te le t ad h e r
ence to subvascu lar collagen) are b o th  com m only  u sed  
in  clinical p ractice. A n o ld  test, the b leed ing  tim e, has 
som e va lue  b u t is tim e-consum ing  a n d  difficult to stan 
d a rd ize  a n d  is therefore  p e rfo rm ed  only  rarely . N ew er 
in s tru m en t-b ased  assays th a t p ro v id e  q u an tita tiv e  m ea
su res o f p la te le t func tion  are  b e ing  ev a lu a ted  b u t are  n o t 
ye t availab le for ro u tin e  u se  in  the  clinic.

In  ad d itio n , m ore  specialized  tests a re  availab le th a t 
m easu re  the levels o f specific c lo tting  factors an d  fibrin  
sp lit p ro d u c ts  o r assess the presence o f circu lating  
an ti-coagulan ts.

B le e d in g  d is o rd ers  m a y  s te m  f ro m  a b n o rm a lit ie s  o f  

vessels , p la te le ts , or c o a g u la tio n  factors , a lo n e  or in  com 

b in a tio n . B leeding re su ltin g  from  vascular fragility is seen 
w ith  v itam in  C deficiency (scurvy) (C hap ter 8 ), system ic 
am ylo idosis (C hap ter 5), chronic g lucocorticoid  use, ra re  
in h erited  cond itions affecting  the connective tissues, an d  
a large  n u m b er o f in fectious a n d  hypersensitiv ity  vascu- 
litides. Som e of these cond itions a re  d iscussed  in  o ther 
chapters; o th e rs  a re  bey o n d  the scope o f th is book. Bleed
ing  th a t resu lts  p u re ly  from  vascu lar frag ility  is character
ized  by the  "sp o n tan eo u s"  app earan ce  of petech iae  an d  
ecchym oses in  the  sk in  a n d  m uco u s m em branes (probably  
re su ltin g  from  m in o r traum a). In  m ost in stances labo ra to ry  
tests o f coagu la tion  are  norm al.

B le e d in g  a lso  can  be  tr ig g e re d  b y  system ic  c o n d i

tio n s  th a t  in f la m e  or d am a g e  e n d o th e lia l ce lls . If severe
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enough , such  in su lts  con v ert the vascu lar lin ing  to  a p ro 
th rom bo tic  surface th a t ac tivates coagu la tion  th ro u g h o u t 
the  c ircu la tory  system , a  cond ition  k n o w n  as dissemi
nated intravascular coagulation (DIC) (d iscussed  in  the nex t 
section). Paradoxically , in  DIC, p la te le ts  an d  coagu la tion  
factors o ften  are  u sed  u p  faster th a n  they  can  be rep laced , 
resu ltin g  in  deficiencies th a t m ay  lead  to severe b leed ing  (a 
cond ition  re ferred  to  as consumptive coagulopathy).

D e fic ie n c ie s  o f  p la te le ts  (th ro m b o c y to p e n ia ) a lso  are  

a n  im p o r ta n t  cause o f  b le e d in g . These occur in  a varie ty  
of clinical se ttings th a t a re  d iscussed  later. O ther b leed ing  
d iso rd ers  stem  from  qua lita tive  defects in  p la te le t function. 
Such defects m ay  be acquired , as in  u rem ia  a n d  certa in  
m yelopro lifera tive  d iso rd ers  a n d  after a sp irin  ingestion; 
o r inherited , as in  v o n  W illeb rand  d isease a n d  o th er ra re  
congenita l d iso rders. The clinical signs o f in ad eq u a te  p la te 
let function  include easy  b ru ising , noseb leeds, excessive 
b leed ing  from  m in o r traum a, a n d  m enorrhag ia .

I n  b le e d in g  d is o rd e rs  s te m m in g  f r o m  defec ts  in  one  

or m o re  c o a g u la tio n  fac to rs , th e  P T , P T T , or b o th  are  

p ro lo n g e d . U nlike p la te le t defects, petech iae  a n d  m ucosal 
b leed ing  are u su a lly  absen t. Instead , hem orrhages tend  
to occur in  p a rts  of the  b o d y  th a t are  subject to  traum a, 
such  as the jo in ts  o f the  low er extrem ities. M assive hem 
orrhage  m ay  occur after su rgery , d en ta l p rocedu res, o r 
severe traum a. This category  inc ludes the hem ophilias, an  
im p o rta n t g ro u p  of in h erited  coagu la tion  d iso rders.

It is n o t u n co m m o n  for b leed in g  to  occur as a conse
quence of a  m ix tu re  of defects. This is the case in  DIC, 
in  w h ich  bo th  th rom bocy topen ia  a n d  coagu la tion  factor 
deficiencies con tribu te  to  b leed ing , a n d  in  v o n  W illeb rand  
disease, a fairly  com m on in h erited  d iso rd e r in  w h ich  bo th  
p la te le t func tion  a n d  (to a lesser degree) coagu la tion  factor 
function  are abnorm al.

W ith  the fo rego ing  overv iew  as backg round , w e now  
tu rn  to  specific b leed ing  d iso rders.

486 C H A P T E R  12 Hematopoietic and Lymphoid Systems

DISSEMINATED INTRAVASCULAR  
C O AG ULATIO N (D IC)

D I C  occurs as a  c o m p lic a tio n  o f  a  w id e  v a r ie ty  o f  

d is o rd ers ; i t  is  caused  b y  th e  system ic  a c tiv a tio n  o f  coagu 

la t io n  a n d  re s u lts  in  th e  fo r m a t io n  o f  th r o m b i th ro u g h 

o u t th e  m ic ro c irc u la tio n . A s a consequence, p la te le ts  an d  
coagu la tion  factors are consu m ed  and , secondarily , fibri
no lysis is ac tivated . T hus, DIC can  give rise  e ither to  tissue 
hypox ia  a n d  m icro infarcts caused  by m y riad  m icro th rom bi 
or to  a b leed ing  d iso rd e r re la ted  to  pa tho log ic  activation  of 
fibrinolysis a n d  the d ep le tion  of the e lem en ts req u ired  for 
hem ostasis  (hence the  te rm  consumptive coagulopathy). This 
en tity  p robab ly  causes b leed in g  m ore com m only  th an  all 
of the congenita l coagu la tion  d iso rd ers  com bined .

Pathogenesis

Before d iscussing  specific d iso rd ers  associa ted  w ith  DIC, 
w e  m u s t first consider in  a general w ay  the  pathogen ic  
m echan ism s by w h ich  in travascu la r clo tting  occurs. Ref
erence to  earlier com m ents o n  n o rm al b lood  coagu lation  
(C hap ter 4) m ay  be he lp fu l a t th is po in t. It suffices to 
recall th a t c lo tting  can  be in itia ted  by e ither the extrinsic 
p a th w ay , w h ich  is triggered  by  the release of tissue factor

(tissue th rom boplastin ); o r the  in trinsic  p a th w ay , w h ich  
invo lves the ac tiva tion  of factor XII by  surface contact, 
collagen, o r o ther negatively  charged  substances. Both 
p a th w a y s  lead  to  the  genera tion  of th rom bin . C lo tting  no r
m ally  is lim ited  by the ra p id  clearance of activa ted  c lo tting  
factors by the  m acrophages a n d  the liver, e n d o g en o u s  an ti
coagu lan ts (e.g., p ro te in  C), a n d  the concom itan t activation  
of fibrinolysis.

D I C  u s u a lly  is  tr ig g e re d  b y  e ith e r  (1) th e  re lease  o f  

tissu e  fac to r or th ro m b o p la s tic  substances in to  th e  c ir

c u la t io n  or (2) w id e s p re a d  e n d o th e lia l c e ll d am a g e  (Fig. 
12.30). T hrom boplastic  substances can  be re leased  in to  
the  c ircu la tion  from  a varie ty  of sources — for exam ple, 
the p lacen ta  in  obstetric  com plications o r certa in  types 
of cancer cells, p articu larly  those  of acu te  prom yelocytic  
leukem ia  an d  adenocarcinom as. C ancer cells m ay  also 
p rovoke  coagu la tion  in  o th e r w ays, such  as by  re leasing  
p ro teo ly tic  enzym es a n d  by expressing  tissue factor. In 
g ram -negative  an d  g ram -positive  sepsis ( im p o rtan t causes 
of DIC), endo tox in s or exotoxins stim ula te  the  release of 
tissue factor from  m onocytes. A ctivated  m onocy tes also 
release IL-1 a n d  tu m o r necrosis factor, bo th  of w h ich  stim 
u la te  the expression  of tissue factor on  endo the lia l cells an d  
sim u ltaneously  decrease the  exp ression  of th ro m b o m o d u 
lin. The la tter, as d iscussed , activates p ro te in  C, a n  an ti
co ag u lan t (C hap ter 4). The n e t re su lt o f these a lte ra tions is 
the enhanced  genera tion  of th ro m b in  a n d  the  b lu n tin g  of 
inh ib ito ry  p a th w ay s  th a t lim it coagulation .

Severe endo the lia l cell in jury  can  in itia te  DIC by causing  
the release of tissue factor a n d  by exposing  subendo the lia l 
co llagen a n d  vW F. H ow ever, even  subtle  fo rm s of en d o 
thelial dam age  can  u n leash  p ro co ag u lan t activ ity  by  stim u 
la ting  tissue factor expression  on  endo the lia l cell surfaces. 
W id esp read  endo the lia l in jury  can  be p ro d u c e d  by the 
dep o sitio n  of an tig en -an tib o d y  com plexes (e.g., in  system ic 
lu p u s  e ry them atosus), by  tem p era tu re  ex trem es (e.g., after 
hea t stroke or b u rn  injury), o r by  infections (e.g., resu lting  
from  m eningococci o r rickettsiae). A s d iscussed  in  C h ap te r 
4, endo the lia l in jury  is an  im p o rta n t consequence of sys
tem ic in flam m atory  response  synd rom e (SIRS) triggered  
by sepsis a n d  o th e r system ic insu lts , and , n o t su rp rising ly , 
DIC is a  freq u en t com plication  of SIRS.

D iso rders associated  w ith  DIC are  listed  in  Table 12.12. 
O f these, DIC is most often associated with sepsis, obstetric 
complications, malignancy, and major trauma (especially to the 
brain). The in itia ting  even ts in  these cond itions a re m u ltip le  
an d  o ften  in te rre la ted . For exam ple, in  obstetric  conditions, 
tissue factor d e riv ed  from  the p lacen ta, re ta in ed  dead  
fetus, o r am nio tic  flu id  en ters the circulation; how ever, 
shock, hypoxia , a n d  acidosis o ften  coexist an d  can  lead  
to w id esp read  endo the lia l in jury . T raum a to the b rain  
releases fa t a n d  p h o sp h o lip id s , w h ich  act as con tact factors 
an d  thereby  activate  the  in trinsic  a rm  of the  coagu lation  
cascade.

W hatever the p a thogen ic  m echanism , DIC has tw o 
consequences. First, there  is w id e sp re a d  fib rin  deposition  
w ith in  the m icrocircu lation . The associa ted  obstruc tion  
leads to  ischem ia in  the m ore severely  affected  o r v u ln er
able o rgans a n d  hem olysis as red  cells a re  trau m atized  
w h ile  p assin g  th ro u g h  vessels n a rro w ed  by fib rin  th rom bi 
(microangiopathic hemolytic anemia). Second, because of the 
d ep le tion  of p la te le ts  a n d  clo tting  factors an d  the  secondary
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Fig. 12.30 Pathophysiology of disseminated intravascular coagulation.

release of p lasm in o g en  activators, there  is a su p erim p o sed  
b leed in g  tendency . P lasm in  cleaves n o t on ly  to  fib rin  (fibri
nolysis) b u t also  to  factors V a n d  VIII, thereby  red u c in g  
the ir concen tra tion  fu rth e r. In  ad d itio n , fibrinolysis creates 
fib rin  d eg rad a tio n  p ro d u c ts . These in h ib it p la te le t aggrega 
tion, hav e  an ti-th ro m b in  activ ity , an d  im p a ir fib rin  po lym 
erization , all o f w h ich  con tribu te  to  the hem osta tic  failu re 
(Fig. 12.30).

Table 12.12 M ajo r Disorders Associated W ith  Disseminated  
Intravascular Coagulation

O b s te tr ic  C om plications

Abruptio placentae 
Retained dead fetus 
Septic abortion 
Amniotic fluid embolism 
Toxemia

Infections

Sepsis (gram-negative and gram-positive)
Meningococcemia
Rocky Mountain spotted fever
Histoplasmosis
Aspergillosis
Malaria

N eoplasm s

Carcinomas of pancreas, prostate, lung, and stomach 
Acute promyelocytic leukemia

Massive Tissue In ju ry

Trauma
Burns
Extensive surgery

Miscellaneous

Acute intravascular hemolysis, snakebite, giant hemangioma, shock, heat 
stroke, vasculitis, aortic aneurysm, liver disease

M O R P H O L O G Y

In D IC , m ic ro th ro m b i are most often found in the arterioles 

and capillaries of the kidneys, adrenals, brain, and heart, but 

no organ is spared. The glomeruli contain small fibrin thrombi. 

These may be associated with only a subtle, reactive swelling 

of the endothelial cells or varying degrees of focal glomeruli- 

tis. The microvascular occlusions give rise to small infarcts in 

the renal cortex. In severe cases the ischemia can destroy the 

entire cortex and cause bilateral renal cortical necrosis. Involve

ment of the adrenal glands can produce the W a te rh o u s e -  

Friderichsen  synd ro m e (Chapter 20). Microinfarcts also are 

commonly encountered in the brain and are often surrounded 

by microscopic or gross foci of hemorrhage. These can give rise 

to  bizarre neurologic signs. Similar changes are seen in the heart 

and often in the anterior pituitary. D IC  may contribute to  the 

development of S heehan  p o s tp a rtu m  p itu ita ry  necrosis  

(Chapter 19). The bleeding tendency associated with D IC  is 

manifested not only by larger-than-expected hemorrhages near 

foci of infarction but also by diffuse petechiae and ecchymoses 

on the skin, serosal linings of the body cavities, epicardium, endo

cardium, lungs, and mucosal lining of the urinary tract.

C lin ica l Features

A s m ig h t be im ag ined , d e p en d in g  o n  the  balance be tw een  
c lo tting  a n d  b leed ing  tendencies, the range  of possib le 
clinical m an ifesta tions is eno rm ous. In  general, acu te  DIC 
(e.g., th a t associa ted  w ith  obstetric  com plications) is dom i
n a te d  by  b leed ing , w h ereas chronic DIC (e.g., as occurs in  
those w ith  cancer) ten d s to  m an ifest w ith  signs a n d  sym p
tom s re la ted  to  th rom bosis. The ab n o rm al c lo tting  usually  
is confined  to  the m icrocirculation , b u t large  vessels are  
invo lved  on  occasion. The m an ifesta tions m ay  be m in im al, 
o r there  m ay  be shock, acu te  rena l failure, dyspnea ,
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cyanosis, convulsions, a n d  com a. M ost often, the o n se t of 
DIC is an n o u n ced  by  p ro lo n g ed  a n d  cop ious p o s tp a rtu m  
b leed ing  o r the p resence of petech iae  a n d  ecchym oses on  
the  skin. These m ay  be the on ly  m an ifesta tions, o r there  
m ay  be severe h em o rrh ag e  in to  the g u t o r u rin a ry  tract. 
L abora to ry  ev a lu a tio n  show s th rom bocy topen ia  a n d  p ro 
lo n g a tio n  of the PT  a n d  the  PTT (from  d ep le tion  of p la te 
lets, c lo tting  factors, a n d  fibrinogen). F ibrin  sp lit p ro d u c ts  
are  increased  in  the p lasm a.

The p rognosis  varies w id e ly  d e p e n d in g  o n  the n a tu re  
of the u n d e rly in g  d iso rd e r an d  the severity  of the in tra 
vascu lar clo tting  an d  fibrinolysis. A cute  DIC can  be life 
th rea ten in g  a n d  m u st be trea ted  aggressively  w ith  an ti
coagu lan ts  such  as h ep arin  o r the  coagu lan ts  co n ta ined  in  
fresh  frozen  p lasm a. C onversely , chronic DIC is som etim es 
iden tified  unexpected ly  by  labo ra to ry  testing . In  e ither cir
cum stance, defin itive trea tm en t m u s t be d irec ted  a t the 
u n d e rly in g  cause.
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THRO M BO CYTO PENIA

Iso la ted  th rom bocy topen ia  is associa ted  w ith  a b leed ing  
tendency  a n d  normal coagulation tests. A  co u n t less than
150.000 p la te le ts /  |tL generally  is considered  th rom bocy to 
pen ia . H ow ever, on ly  w h e n  p la te le t coun ts fall to  20,000 to
50.000 p la te le ts / |tL  is there  a n  increased  risk  of p o s ttra u 
m atic  b leed ing , a n d  sp o n tan eo u s b leed ing  is un like ly  un til 
coun ts fall below  5000 p la te le ts / |tL . M ost b leed ing  occurs 
from  sm all, superficial b lood  vessels a n d  p ro d u ces  petechiae 
o r large  ecchymoses in  the  skin, the  m ucous m em branes 
of the  gastro in testina l a n d  u rin a ry  tracts, a n d  o th e r sites. 
L arger hem orrhages in to  the cen tra l n e rv o u s system  are  a 
m ajor h a z a rd  in  those w ith  m ark ed ly  d ep ressed  p la te le t 
counts.

The m ajor causes of th rom bocy topen ia  a re  lis ted  in  
Table 12.13. C linically  im p o rta n t th rom bocy topen ia  is con
fined to d iso rd ers  w ith  red u ced  p ro d u c tio n  or increased  
d estru c tio n  of p latelets. W h en  the  cause  is the accelerated  
d estruc tion  of p la te le ts, the bone m arro w  u sually  show s a 
com pensa to ry  increase in  the  n u m b er of m egakaryocytes. 
A lso o f note, th rom bocy topen ia  is one of the m ost com m on 
hem ato log ic  m an ifesta tions of AIDS. It can  occur early  in  
the  course of H IV  infection  an d  has a m u ltifacto ria l basis, 
in c lu d in g  im m u n e  co m p lex -m ed ia ted  p la te le t destruction , 
an ti-p la te le t au toan tibod ies, a n d  H IV -m ediated  su p p res 
sion of m egakaryocy te  d ev e lo p m en t a n d  surv ival.

Immune Thrombocytopenic Purpura

Im m u n e  th rom bocy topen ic  p u rp u ra  (ITP) inc ludes tw o 
clinical sub types. Chronic ITP  is a re la tively  com m on  dis
o rd e r th a t ten d s to  affect w o m en  be tw een  the  ages of 2 0  

a n d  40 years. Acute ITP  is a self-lim ited  fo rm  seen  m ostly  
in  ch ild ren  after v ira l infections.

A n tib o d ie s  d ire c te d  a g a in s t p la te le t  m e m b ra n e  g ly 

c o p ro te in s  n b / I I I a  or Ib / I X  c o m p lexes  can  b e  d e tec ted  

in  ro u g h ly  80%  o f  cases o f  ch ro n ic  IT P .  The sp leen  is 
an  im p o rta n t site of an ti-p la te le t an tib o d y  p ro d u c tio n  and  
the  m ajor site o f d estru c tio n  of the IgG -coated p latelets. 
A lth o u g h  sp lenom egaly  is n o t a fea tu re  of uncom plica ted  
ch ron ic  ITP, the im portance  of the sp leen  in  the p rem a tu re

Table 12.13 Causes of Throm bocytopenia

D ecreased P roduction  of P late lets  

G enera lized  Bone M arro w  Dysfunction

Aplastic anemia: congenital and acquired 
Marrow infiltration: leukemia, disseminated cancer

Selective Im p a irm e n t o f P la te le t Production

Drug-induced: alcohol, thiazides, cytotoxic drugs 
Infections: measles, HIV infection

Ineffective M egakaryopoiesis

Megaloblastic anemia
Paroxysmal nocturnal hemoglobinuria

D ecreased P la te le t Survival 

Im m unolog ic  D estruction

Autoimmune: ITP, systemic lupus erythematosus 
Isoimmune: posttransfusion and neonatal 
Drug-associated: quinidine, heparin, sulfa compounds 
Infections: infectious mononucleosis, HIV infection, cytomegalovirus 

infection

N o nim m u no log ic  D estruction

Disseminated intravascular coagulation 
TTP
Giant hemangiomas 
Microangiopathic hemolytic anemias

Sequestration

Hypersplenism

D ilu tional

Multiple transfusions (e.g., for massive blood loss)

D IC , Disseminated intravascular coagulation; HIV , human immunodeficiency virus;
ITP, immune thrombocytopenic purpura; TTP, thrombotic thrombocytopenic purpura.

d estruc tion  of p la te le ts  is p ro v ed  by  the  benefits o f sp le
nectom y, w h ich  no rm alizes the  p la te le t co u n t a n d  induces 
a com plete  rem ission  in  m ore th a n  tw o -th ird s  of patien ts. 
The bone m arro w  u sua lly  con tains increased  n u m b ers  of 
m egakaryocytes, a find ing  co m m on  to all fo rm s of th ro m 
bocy topen ia  cau sed  by  accelera ted  p la te le t destruction .

The o n se t o f chronic ITP is in sid ious. C om m on  find 
ings inc lude  petechiae, easy  b ru ising , epistaxis, g u m  bleed 
ing, a n d  hem orrhages after m in o r traum a. F ortunate ly , 
m ore  serious in tracerebra l o r sub arach n o id  hem orrhages 
are  uncom m on . The d iagnosis rests  o n  the clinical fea
tu res, the  p resence of th rom bocy topen ia , exam ination  of 
the  m arrow , a n d  the exclusion of secondary  ITP. Reliable 
clinical tests for an ti-p la te le t an tibod ies  are n o t available. 
T rea tm en t u sua lly  involves the use  of im m u n o su p p ress iv e  
agen ts and , in  som e cases, sp lenectom y.

Heparin-Induced Thrombocytopenia * 4

This special type  of d ru g -in d u ced  th rom bocy topen ia  (dis
cussed  in  m ore detail in  C hap ter 4) m erits b rief m en tion  
because of its clinical im portance. M oderate  to  severe th rom 
bocytopenia  develops in  3% to 5% of pa tien ts  after 1 to  2 
w eeks of trea tm en t w ith  unfrac tionated  heparin . The d isor
d e r is caused  by IgG  an tibod ies th a t b in d  to  p la te le t factor
4 on  p la te le t m em branes in  a  h ep arin -d ep en d en t fashion. 
R esu ltan t activation  of the p la te le ts induces their aggrega
tion, thereby  exacerbating  the cond ition  th a t h ep arin  is u sed  
to  tre a t- th ro m b o s is . B oth venous an d  arteria l th rom boses
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occur, even  in  the se tting  of m ark ed  throm bocytopenia, 
a n d  m ay  cause severe m orb id ity  (e.g., loss of lim bs) and  
death . C essation  of h ep arin  the rapy  b reaks the cycle of 
p la te le t ac tivation  an d  consum ption . The risk  of th is com 
p lication  is low ered  (bu t n o t p rev en ted  entirely) by  use  of 
low -m olecu lar-w eight h ep arin  prepara tions.

Thrombotic Microangiopathies: Thrombotic 
Thrombocytopenic Purpura and Hemolytic 
Uremic Syndrome

The te rm  thrombotic microangiopathies encom passes a 
sp ec tru m  o f clinical synd rom es th a t inc lude  th rom botic  
th rom bocy topen ic  p u rp u ra  (I IP) an d  hem oly tic  u rem ic 
sy n d ro m e (HUS). A s orig inally  defined, TTP is associated  
w ith  the p e n ta d  of fever, th rom bocy topen ia , m icroangio 
p a th ic  hem oly tic  anem ia, tran sien t n euro log ic  deficits, an d  
rena l failure. H U S also  is associa ted  w ith  m icroang iopath ic  
hem oly tic  anem ia  a n d  th rom bocy topen ia  b u t is d istin 
g u ish ed  from  TTP by the absence of neuro log ic  sym p
tom s, the dom inance  of acu te  ren a l failure, a n d  frequen t 
occurrence in  ch ild ren  (C hap ter 14). C linical experience 
has b lu rred  these d istinctions, as m an y  a d u lts  w ith  TTP 
lack one o r  m ore  o f the  five criteria, a n d  som e pa tien ts  
w ith  HUS have  fever a n d  neuro log ic  dysfunction . F un 
dam en ta l to b o th  cond itions is the w id e sp re a d  fo rm ation  
of p la te le t-rich  th rom bi in  the  m icrocircu lation . The con
su m p tio n  o f p la te le ts  leads to th rom bocy topen ia , a n d  the 
n a rro w in g  o f b lood  vessels by  the  p la te le t-rich  th rom bi 
resu lts  in  a m icroang iopath ic  hem oly tic  anem ia. A ll o f the 
th rom botic  m icroang iopath ies p ro d u ce  rena l dam age  of 
variab le  severity , a n d  their p a thogenesis  is d iscussed  in  
g rea te r de ta il in  C h ap te r 14.

It is im p o rta n t to  n o te  th a t a lth o u g h  DIC a n d  the  th ro m 
botic m icroang iopath ies share  fea tu res such  as m icrovascu 
lar occlusion  a n d  m icroang iopath ic  hem oly tic  anem ia, they 
are  pa thogen ica lly  d istinct. F u rtherm ore , un like  in  DIC, in  
TTP a n d  H U S ac tiva tion  of the  coagu la tion  cascade is n o t 
o f p rim ary  im portance, a n d  so the resu lts  o f laborato ry

tests o f coagu la tion  (e.g., the PT a n d  PTT tests) usua lly  
are  norm al.

C O AG ULATIO N DISORDERS

C oagu la tion  d iso rd e rs  resu lt from  either congen ita l o r 
acq u ired  deficiencies o f c lo tting  factors. A cqu ired  deficien
cies a re  m ost com m on  a n d  often  involve several factors 
sim ultaneously . As d iscussed  in  C h ap te r 8 , v itam in  K is 
req u ired  for the  syn thesis o f p ro th ro m b in  a n d  clo tting  
factors VII, IX, a n d  X, a n d  its deficiency causes a severe 
coagu la tion  defect. The liver syn thesizes several coagula 
tion  factors a n d  also  rem oves m an y  activa ted  coagu lation  
factors from  the c irculation; thus, hepatic  p a ren ch y m al d is
eases a re  com m on  causes of com plex  hem orrhag ic  d ia the 
ses. A s a lready  d iscussed , DIC also  m ay  lead  to  m u ltip le  
concom itan t factor deficiencies. R arely, au to an tib o d ies  
m ay  cause acqu ired  deficiencies lim ited  to  a single factor.

H ered ita ry  deficiencies of m an y  coagu la tion  factors also 
h av e  been  iden tified . H em oph ilia  A  (a deficiency of factor 
VIII) an d  h em oph ilia  B (C hristm as disease, a deficiency of 
factor IX) are  X -linked traits, w h e reas  o th e r deficiencies 
a re  au to so m al recessive d iso rders. O f the in h erited  defi
ciencies, on ly  v o n  W illeb rand  disease, h em oph ilia  A, an d  
hem oph ilia  B are sufficiently  com m on  to w a rra n t fu rth e r 
consideration .

Deficiencies of Factor Vlll-von Willebrand 
Factor Complex

H e m o p h il ia  A  a n d  v o n  W il le b r a n d  d isease are caused  b y  

q u a lita t iv e  or q u a n tita t iv e  defec ts  in v o lv in g  th e  fac to r  

V I I I - v W F  c o m p le x . A s b ack g ro u n d  for su b seq u en t d iscus
sion of these d iso rders, it is u sefu l to  rev iew  the  s truc tu re  
a n d  function  of these tw o  p ro te in s  (Fig. 12.31).

A s described  earlier, factor VIII is a n  essen tia l cofac
to r for factor IX, w h ich  activates factor X in  the in trinsic  
coagu la tion  p a th w ay . C ircu la ting  factor VIII b in d s  nonco 
va len tly  to  vW F, w h ich  exists as large  m u ltim ers  o f u p  to

Fig. 12.31 Structure and function of factor Vlll-von Willebrand factor (vWF) complex. Factor VIII and vWF circulate as a complex. vWF also is present in 
the subendothelial matrix of normal blood vessels. Factor VIII takes part in the coagulation cascade by activating factor X  by means of factor IX ( n o t  s h o w n ) .  

vWF causes adhesion of platelets to subendothelial collagen, primarily through the glycoprotein Ib (GpIb) platelet receptor.
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20 M egadaltons in  w eigh t. E ndo thelia l cells a re  the m ajor 
source of p lasm a  vW F, w h ereas m o st factor VIII is syn the
sized  in  the liver. vW F is fo u n d  in  the p lasm a  (in association  
w ith  factor VIII), in  p la te le t g ranu les, in  endo the lia l cells 
w ith in  cy top lasm ic vesicles called  W eibel-Palade bodies, 
an d  in  the su b endo the lium , w h ere  it b in d s to collagen.

W hen  endo the lia l cells a re  s tr ip p ed  aw ay  by trau m a  or 
in jury , su bendo the lia l vW F is exposed  a n d  b inds p la te 
lets, m ain ly  th ro u g h  g lycopro te in  Ib a n d  to  a lesser degree  
th ro u g h  g lycopro te in  IIb /IIIa  (Fig. 12.31). The m o st im p o r
tan t function  of vW F is to  facilitate the  ad h esio n  of p la te le ts  
to d am ag ed  b lood  vessel w alls, a crucial early  ev en t in  the 
fo rm ation  of a  hem osta tic  p lug . In ad eq u a te  p la te le t ad h e 
sion is believed  to  u n d erlie  the b leed ing  tendency  in  von  
W illeb rand  disease. In  ad d itio n  to  its ro le  in  p la te le t ad h e 
sion, vW F also  stabilizes factor VIII; thus, vW F deficiency 
leads to  a  secondary  deficiency of factor VIII.

The v ario u s fo rm s of v o n  W illeb rand  d isease are d iag 
nosed  by m easu rin g  the q uan tity , size, a n d  function  of 
vW F. vW F function  is assessed  u sin g  the ristocetin plate
let agglutination test. R istocetin  som ehow  "ac tiva tes" the 
b iva len t b in d in g  of vW F a n d  p la te le t m em brane  g lycopro 
tein  Ib, c reating  in te rp la te le t "b rid g es"  th a t cause p la te le ts  
to c lum p  (agglu tination), a n  even t th a t can  be m easu red  
easily. T hus, r is to ce tin -d ep en d en t p la te le t ag g lu tina tion  
serves as a  u sefu l b ioassay  for vW F.

W ith  th is  b ack g ro u n d  w e  n o w  tu rn  to  the  d iscussion  
of d iseases re su ltin g  from  deficiencies of factor V III-vW F 
com plex.

von W illeb ran d  Disease

von  W illeb rand  d isease is tran sm itted  as a n  au to som al 
d o m in an t d iso rder. It u su a lly  p resen ts  as sp o n tan eo u s 
b leed ing  from  m uco u s m em branes, excessive b leed ing  
from  w o u n d s , a n d  m enorrhag ia . It is u n derrecogn ized , as 
the d iagnosis requ ires  soph istica ted  tests a n d  the clinical 
m an ifesta tions o ften  are  qu ite  m ild . A ctually , th is disease 
is su rp ris in g ly  p revalen t, p articu larly  in  p e rso n s of E uro 
p e a n  descent. I t  is  e s tim a te d  th a t  a p p ro x im a te ly  1%  o f  

p e o p le  in  th e  U n ite d  S tates  h av e  v o n  W i l le b r a n d  d isease , 
m a k in g  i t  th e  m o s t c o m m o n  in h e r ite d  b le e d in g  d is o rd e r.

People  w ith  v o n  W illeb rand  d isease have  co m p o u n d  
defects in  p la te le t func tion  a n d  coagulation , b u t in  m ost 
cases on ly  the  p la te le t defect p ro d u ces  clinical findings. 
The exceptions a re  ra re  in  p a tien ts  w ith  h om ozygous von  
W illeb rand  disease, in  w h o m  there  is a concom itan t defi
ciency of factor VIII severe e n o u g h  to  p ro d u ce  fea tu res 
resem bling  those of h em oph ilia  (described  later).

The effects o f the causative  m u ta tio n s  vary , a llow ing  
von  W illeb rand  d isease to  be d iv id ed  in to  several sub types
• Type 1 is the classic a n d  m ost com m on v a rian t of von  

W illeb rand  disease. It is a n  au to som al d o m in an t d isor
d e r in  w h ich  the  q u an tity  o f c ircu la ting  vW F is reduced . 
There is also  a m easu rab le  b u t clinically insign ifican t 
decrease in  factor VIII levels.

• Type II is d iv ided  in to  several sub types characterized  by 
the  selective loss of h igh-m olecu lar-w eigh t m ultim ers of 
vW F. Because these large m ultim ers are  the m ost active 
form , there is a functional deficiency of vW F. In  type 
IIA, the h igh-m olecular-w eight m ultim ers are no t syn
thesized, lead ing  to  a  true  deficiency. In  type IIB, abnor
m al "hyperfunctional" h igh-m olecular-w eight m ultim ers
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are  syn thesized  th a t are  rap id ly  rem oved  from  the cir
culation. These h igh-m olecular-w eight m ultim ers cause 
spon taneous p latelet aggregation  (a situation  rem iniscent 
o f the very -h igh-m olecu lar-w eigh t m ultim er aggregates 
seen in  TTP); indeed , som e people w ith  type IIB von  
W illebrand disease have m ild  chronic throm bocytopenia, 
p resum ably  resu lting  from  platelet consum ption .

H em o p h ilia  A— Factor V III D eficiency

H e m o p h il ia  A  is  th e  m o st c o m m o n  h e re d ita ry  cause  

o f  serious  b le e d in g . It is a n  X -linked recessive d iso rd er 
caused  by red u ced  factor VIII activity . It p rim arily  affects 
m ales. M uch  less com m only , excessive b leed ing  occurs 
in  he terozygous fem ales, p resu m ab ly  d u e  to  p referen tia l 
inac tiva tion  of the  X chrom osom e carry ing  the no rm al 
factor VIII gene (unfavorab le  lyonization). A pprox im ate ly  
30% of cases are caused  by new  m u tations; in  the rem ain 
der, there  is a positive  fam ily  h isto ry . Severe hem oph ilia  
A  is observed  in  p eop le  w ith  m ark ed  deficiencies of factor 
VIII (activity  levels < 1% of norm al). M ilder deficiencies 
m ay  on ly  becom e a p p a re n t in  the face of trau m a  o r o ther 
hem ostatic  stressses. The vary in g  degrees of factor VIII 
deficiency are  exp la ined  by the existence of m an y  differ
en t causative  m u ta tions, in c lu d in g  deletions, inversions, 
a n d  splice ju n c tio n  m u ta tions. In  ab o u t 10% of patien ts, 
the factor VIII concen tra tion  is no rm al by  im m unoassay , 
b u t the co ag u lan t activ ity  is low  because of a m u ta tio n  in  
factor VIII th a t causes a loss o f function.

In  sym ptom atic  cases there  is a  tendency  to w ard  easy 
b ru is in g  a n d  m assive  hem orrhage  afte r trau m a o r opera 
tive p rocedures. In  add ition , "sp o n tan eo u s"  hem orrhages 
frequen tly  are enco u n te red  in  tissues th a t no rm ally  are  
subject to  m echanical stress, p a rticu la rly  the jo in ts, w h ere  
re c u rren t b leeds (hemarthroses) lead  to  p rog ressive  defor
m ities th a t can  be c ripp ling . Petechiae a re  characteristically  
absen t. Specific assays for factor VIII a re  u sed  to  confirm  
the d iagnosis of hem ophilia  A. Typically, p a tien ts  w ith  
hem ophilia  A  have a p ro lo n g ed  PTT th a t is corrected  by 
m ix ing  the p a tie n t 's  p lasm a  w ith  n o rm al p lasm a. Specific 
factor assays a re  th en  u se d  to  confirm  the deficiency of 
factor VIII. In  app rox im ate ly  15% of those w ith  severe 
hem ophilia  A, rep lacem en t th e rap y  is com plicated  by the 
d ev e lo p m en t o f n eu tra liz in g  an tib o d ies  ag a in s t factor VIII, 
p robab ly  because factor VIII is seen  by the im m u n e  system  
as a "fo reign" an tigen . In  these persons, the  PTT fails to 
correct in  m ix ing  stud ies.

H em ophilia  A  is treated  w ith  factor VIII infusions. H is
torically, factor VIII w as p rep ared  from  hu m an  p lasm a, car
ry ing  w ith  it the risk  of transm ission  of viral diseases. As 
m en tioned  in  C hap ter 5, before 1985 thousands of hem o
philiacs received factor VIII p repara tions con tam inated  w ith  
H IV  an d  subsequently  developed  AIDS. The availability  and  
w id esp read  use of recom binant factor VIII a n d  m ore highly 
purified  factor VIII concentrates have now  elim inated  the 
infectious risk  of factor VIII rep lacem ent therapy.

H em o p h ilia  B— Factor I X  D eficiency

Severe factor IX deficiency is a n  X -linked d iso rd e r th a t is 
ind is tingu ishab le  clinically from  hem ophilia  A  b u t is m uch  
less com m on. The PTT is p ro longed . The d iagnosis is m ade  
u sin g  specific assays of factor IX. It is trea ted  by in fusion  
of recom binan t factor IX.
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^ S U M M A R Y

B L E E D IN G  D IS O R D E R S

D is s e m in a te d  In tra v a s c u la r  C o a g u la tio n

• Syndrome in which systemic activation of the coagulation leads 

to consumption of coagulation factors and platelets

• Can be dominated by bleeding, vascular occlusion and tissue 

hypoxemia, or both

• Common triggers: sepsis, major trauma, certain cancers, 

obstetric complications

Im m u n e  T h ro m b o c y to p e n ic  P u rp u ra

• Caused by autoantibodies against platelet antigens

• May be triggered by drugs, infections, or lymphomas, or may 

be idiopathic

T h ro m b o tic  T h ro m b o c y to p e n ic  P u rp u ra  and
H e m o ly t ic  U re m ic  S y n d ro m e

• Both manifest with thrombocytopenia, microangiopathic 

hemolytic anemia, and renal failure; fever and CNS involve

ment are more typical of TTP.

• T T P :  Caused by acquired or inherited deficiencies of ADAMTS  

13, a plasma metalloprotease that cleaves very-high-molecular-

weight multimers of vWF. Deficiency of ADAMTS 13 results in 

abnormally large vW F multimers that activate platelets.

• H e m o l y t i c  u r e m i c  s y n d r o m e :  Caused by deficiencies of comple

ment regulatory proteins or agents that damage endothelial 

cells, such as a Shiga-like toxin elaborated by E . c o l i  strain 

O I57 :H 7 . The endothelial injury initiates platelet activation, 

platelet aggregation, and microvascular thrombosis.

vo n  W il le b ra n d  D isease

• Autosomal dominant disorder caused by mutations in vWF, 

a large protein that promotes the adhesion of platelets to  

subendothelial collagen.

• Typically causes a mild to  moderate bleeding disorder resem

bling that associated with thrombocytopenia.

H e m o p h ilia  * •

• H e m o p h i l i a  A :  X-linked disorder caused by mutations in factor 

VIII. Affected males typically present with severe bleeding into 

soft tissues and joints and have a PTT.

• H e m o p h i l i a  B :  X-linked disorder caused by mutations in coagu

lation factor IX. It is clinically identical to hemophilia A.

Complications of Transfusion

Blood p ro d u c ts  o ften  are  righ tly  called  " th e  gift of life," 
p e rm ittin g  peop le  to su rv ive  traum atic  in juries a n d  p ro 
cedu res such  as hem atopo ietic  stem  cell tran sp lan ta tio n  
a n d  com plex  surg ical p ro ced u res  th a t w o u ld  o therw ise  
p ro v e  fatal. O ver 5 m illion  re d  cell tran sfu sions a re  g iven  in  
U.S. hosp ita ls  each  year. T hanks to  im p ro v ed  screen ing  of 
donors, b lood  p ro d u c ts  (packed  red  b lood  cells, p latelets, 
a n d  fresh -frozen  p lasm a) are  safer th a n  ever before.

N evertheless, com plications still occur. M ost a re  m inor 
a n d  transien t. The m ost com m on  is re ferred  to  as a  febrile 
nonhemolytic reaction, w h ich  takes the  fo rm  of fever an d  
chills, som etim es w ith  m ild  d yspnea , w ith in  6  h o u rs  of 
a  transfu sion  of re d  cells o r p latelets. It is th o u g h t tha t 
these reactions are  caused  by in flam m atory  m ed ia to rs  
d e riv ed  from  d o n o r leukocytes. The frequency  of these 
reactions increases w ith  the sto rage age of the p ro d u c t 
an d  is decreased  by  m easu res  th a t lim it dono r leukocyte 
con tam ination . S ym ptom s resp o n d  to  an ti-pyretics a n d  are 
short-lived.

O ther transfu sion  reactions a re  u n co m m o n  or rare, b u t 
can  have severe an d  som etim es fa ta l consequences, an d  
therefore m erit brief d iscussion.

ALLERGIC REACTIONS

Severe, potentia lly  fatal allergic reactions m ay occur 
w h en  b lood  products contain ing certain antigens are 
g iven  to p reviou sly  sen sitized  recipients. These are  m ost 
likely to  occur in  pa tien ts  w ith  IgA  deficiency, w h ich  has a 
frequency  o f 1:300 to  1:500 people. The reaction  is triggered  
by  IgG  an tibod ies th a t recognize IgA  in  the  in fu sed  b lood

p ro d u c t. F o rtunate ly , m ost p a tien ts  w ith  IgA  deficiency do  
n o t develop  such  an tibod ies, a n d  these  severe reactions are  
ra re , occu rring  in  1 in  20,000 to  1 in  50,000 transfusions. 
Urticarial allergic reactions m ay  be triggered  by the  p res 
ence of a n  a lle rgen  in  the d o n a ted  b lood  p ro d u c t th a t is 
recogn ized  by  IgE an tibod ies  in  the  recip ien t. These are  
m ore  com m on, occu rring  in  1% to 3% of transfusions, b u t 
they  are  generally  m ild.

HEMOLYTIC REACTIONS

Acute hemolytic reactions u su a lly  are caused  by pre
form ed IgM  antibod ies against donor red cells that fix 
com plem ent. They m ost com m only  stem  from  a n  erro r in  
p a tien t iden tification  o r tube  labeling  th a t a llow s a pa tien t 
to  receive a n  ABO incom patib le  u n it of b lood . P reexist
in g  "n a tu ra l"  IgM  an tibod ies, u sua lly  ag a in st b lood  g roup  
an tigens A  o r B, b in d  to  red  cells a n d  rap id ly  induce  
com plem en t-m ed ia ted  lysis, in travascu la r hem olysis, an d  
h em og lob inu ria  associa ted  w ith  fever, shak ing  chills, an d  
flank  pain . The d irec t C oom bs test is positive  un less  all of 
the d o n o r re d  cells h ave  lysed . The signs a n d  sym ptom s are  
d u e  to com plem en t ac tiva tion  ra th e r  th a n  hem olysis p e r 
se, as osm otic  lysis o f re d  cells (e.g., by  m istaken ly  in fus
in g  re d  cells a n d  5% dextrose  in  w a te r sim ultaneously) 
p ro d u ces h em og lob inu ria  w ith o u t any  o th e r sym ptom s. 
In  severe cases the process m ay  rap id ly  p ro g ress  to  DIC, 
shock, rena l failu re, a n d  death .

Delayed hemolytic reactions are caused  by antibod
ies that recognize red cell antigens that the recipient 
w as sen sitized  to p reviously , for exam ple, through a
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p re v io u s  b lo o d  tra n s fu s io n . These are  typically  caused  
by  IgG  an tibod ies  an d  are  associa ted  w ith  a  positive  d irect 
C oom bs test a n d  labo ra to ry  fea tu res  of hem olysis  (e.g., 
low  h ap tog lob in  an d  e levated  LDH). A n tibod ies to  an ti
gens such  as Rh, Kell, an d  K idd  som etim es fix com ple
m en t, re su ltin g  in  severe an d  po ten tia lly  fatal reactions 
iden tica l to  those  seen  w ith  ABO m ism atches. O ther 
an tibod ies  th a t do  n o t fix com plem en t typ ically  re su lt in  
ex travascu lar hem olysis an d  re la tively  m in o r signs an d  
sym ptom s.

492 C H A P T E R  12 Hematopoietic and Lymphoid Systems

TRANSFUSION-RELATED ACUTE  
LUNG INJURY

T ransfusion-re la ted  acu te  lu n g  in jury  (T R A L I ) is  a  severe , 

f re q u e n t ly  fa ta l c o m p lic a tio n  in  w h ic h  factors  in  a  tra n s 

fu s e d  b lo o d  p ro d u c t tr ig g e r  th e  a c tiv a tio n  o f  n e u tro p h ils  

in  th e  lu n g  m ic ro v a s c u la tu re . The incidence is low , p ro b 
ab ly  less th an  1 p e r  10,000 transfusions. C u rren t th ink ing  
a b o u t TRALI favors a " tw o  h it"  hypo thesis . The first h it is 
a n  exposu re  th a t activates endo the lia l cells in  p u lm o n ary  
capillaries. This "p rim in g " ev en t has  d iverse  causes, inc lud 
in g  sm oking, sepsis, a n d  shock, a n d  leads to  sequestra tion  
of neu troph ils . The p rim ed  n eu tro p h ils  a re  th en  ac tivated  
by a factor p re se n t in  the  tran sfu sed  b lood  p ro d u c t, w h ich  
constitu tes the second  hit.

The lead in g  "second  h it"  can d id a te  is an  an tib o d y  in  
the  tran sfu sed  b lood  p ro d u c t th a t recognizes an tigens 
exp ressed  o n  neu tro p h ils . By far the  m o st com m on  an ti
bod ies associa ted  w ith  TRALI are  those th a t b in d  m ajor 
h is tocom patib ility  com plex (M HC) class I an tigens. These 
an tibod ies a re  o ften  fo u n d  in  m u ltip a ro u s  w om en , in  
w h o m  they  are  g enera ted  in  response  to  fo reign  M H C  
an tig en s expressed  by the fetus. Indeed , m easu res  to

exclude m u ltip a ro u s  w o m en  from  p lasm a  d o n a tio n  have 
resu lted  in  the incidence of TRALI be ing  cu t in  half. The 
p re sen ta tio n  is d ram atic , w ith  su d d e n  onse t o f resp ira to ry  
failu re associated  w ith  d iffuse b ila tera l p u lm o n a ry  infil
tra tes d u rin g  o r soon  after a transfusion . The trea tm en t is 
largely  su p p o rtiv e  an d  the ou tcom e is g u ard ed ; m orta lity  
is 5% in  uncom plica ted  cases a n d  u p  to  67% in  those w h o  
are  severely  ill.

INFECTIOUS COM PLICATIONS

V irtually  an y  in fectious ag en t can  be tran sm itted  th ro u g h  
b lood  p ro d u c ts , b u t bacterial a n d  v ira l infections a re  m ost 
likely to  be so. S ignificant bacterial con tam ination  (suf
ficient to  p ro d u ce  sym ptom s) is m u ch  m ore com m on in 
p la te le t p rep a ra tio n s  th an  red  cell p rep ara tio n s, because 
of the  fact th a t p la te le ts  (unlike re d  cells) m u s t be s to red  
a t room  tem pera tu re , w h ich  favors g ro w th  of bacterial 
con tam inan ts. R ates o f bacterial in fection  secondary  to 
p la te le t transfu sion  can  be as h ig h  as 1 in  5000. M any of 
the sym ptom s (fever, chills, hypo tension) resem ble those 
of transfu sion  reactions, an d  it m ay  be necessary  to  s ta rt 
b ro ad -sp ec tru m  antib io tics p rospectively  in  sym ptom atic  
pa tien ts  w h ile  aw aitin g  labo ra to ry  results.

A dvances in  d o n o r selection, d o n o r screening, a n d  infec
tious d isease testing  have  d ram atically  decreased  the inci
dence of v ira l transm ission  by  b lood  p ro d u c ts . H ow ever 
on  ra re  occasions w h e n  the  d o n o r is acu te ly  infected, there  
can  still be transfu sion -re la ted  transm ission  of v iruses. 
R ates o f transm ission  of HIV, h ep a titis  C, a n d  h epatitis  
B are estim ated  to  be 1 in  2 m illion , 1 in  1 m illion, a n d  1 
in  500,000, respectively . T here also  rem ains a low  risk  of 
"exotic" in fectious agen ts  such  as W est N ile  v irus, try p an o 
som iasis, a n d  babesiosis.

Disorders of the Spleen and Thymus

SPLENOMEGALY

The sp leen  is frequen tly  in vo lved  in  a  w id e  varie ty  of 
system ic d iseases. In  v irtua lly  all in stances the  sp leen  
re sp o n d s  by en larg ing  (splenom egaly), a n  a lte ra tion  th a t 
p ro d u ces  a set o f stereo typ ical signs a n d  sym ptom s. E valu 
a tion  of sp lenic en la rg em en t is a id ed  by recogn ition  of the 
u su a l lim its o f sp lenom egaly  p ro d u c e d  by specific d isor
ders. It w o u ld  be e rroneous to  a ttr ib u te  a n  en la rg ed  sp leen  
p u sh in g  in to  the pelv is to  v itam in  B1 2  deficiency, o r to 
en te rta in  a d iagnosis of CM L in  the  absence of sp leno 
m egaly . D iso rders m ay  be g ro u p ed  accord ing  to  the  degree  
of sp lenom egaly  th a t they characteristically  p roduce:
• Massive splenomegaly (w eight > 1000 g) 

M yelopro liferative neop lasm s (CML, p rim ary  m yelofi
brosis); certa in  in d o len t leukem ias (CLL a n d  hairy  
cell leukem ia); m an y  lym phom as; in fectious d iseases 
(e.g., m alaria); G aucher disease

• Moderate splenomegaly (w eigh t 500-1000 g)
C hronic congestive sp lenom egaly  (porta l hypertension  

o r sp lenic ve in  obstruction); acu te  leukem ias; disor-

ders  w ith  ex travascu lar hem olysis (hered ita ry  sphe
rocytosis, thalassem ia m ajor, au to im m u n e  hem oly tic  
anem ia; am ylo idosis; N iem ann-P ick  d isease; m any  
infections, in c lu d in g  infective endocard itis , tubercu 
losis, a n d  typho id ; sarcoidosis; m etasta tic  carcinom a 
o r sarcom a

• Mild splenomegaly (w eigh t < 500 g)
A cute splenitis; acu te  sp lenic congestion; infectious 

m ononucleosis; m iscellaneous d iso rders, inc lud ing  
septicem ia, system ic lu p u s  e ry them atosus, an d  
in traab d o m in a l infections

The m icroscopic changes associa ted  w ith  these d iseases 
are  d iscussed  in  the re lev an t sections of th is  a n d  o ther 
chapters.

A  chronically  en la rg ed  sp leen  o ften  rem oves excessive 
n u m b ers  o f one o r m ore  of the fo rm ed  elem en ts of blood, 
re su ltin g  in  anem ia, leukopen ia , o r th rom bocy topen ia . This 
is re ferred  to  as hypersplenism, a sta te  th a t can  be associated  
w ith  m an y  of the d iseases listed  p rev iously . In  add ition , 
p la te le ts  are p a rticu la rly  suscep tib le  to  sequestra tion  in  the 
in terstices o f the  re d  p u lp ; as a  resu lt, thrombocytopenia is
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m ore  p rev a len t a n d  severe in  p e rso n s w ith  sp lenom egaly  
th a n  is anem ia  o r n eu tropen ia .

DISORDERS OF THE THYMUS

A s is w ell know n , the th y m u s h as a  crucial ro le  in  T cell dif
feren tia tion . It is n o t su rp ris ing , therefore, th a t the th y m u s 
can  be in vo lved  by lym phom as, p articu larly  those of T cell 
lineage (d iscussed  earlier in  th is chapter). The focus here  is 
o n  the  tw o m ost f req u en t (albeit still uncom m on) d iso rd ers  
o f the thym us: thym ic h y p erp lasia  an d  thym om a.

cytoplasm and rounded vesicular nuclei, an appearance similar 

to  normal thymic cortical epithelial cells; spindled epithelial cells 

are sometimes present as well. The epithelial cells often palisade 

around blood vessels. The critical distinguishing feature is the 

penetration of the capsule with the invasion of surrounding 

structures.

M a lig n an t th y m o m a  ty p e  II is perhaps better thought of 

as a form of thymic carcinoma. These tumors account for about 

5% of thymomas. Macroscopically, they usually are fleshy, obvi

ously invasive masses that often metastasize to  such sites as the 

lungs. Microscopically, most resemble squamous cell carcinoma.

Thymic Hyperplasia
Clinical Features

Thym ic en la rg em en t o ften  is associa ted  w ith  the p res 
ence of ly m p h o id  follicles, or germ inal centers, w ith in  the 
m edu lla . These germ inal cen ters con tain  reactive B cells, 
w h ich  are on ly  p re sen t in  sm all n u m b ers  in  n o rm a l thy 
m uses. Thym ic fo llicular hy p erp lasia  is fo u n d  in  m o st 
p a tien ts  w ith  myasthenia gravis a n d  som etim es a lso  occurs 
in  o ther au to im m u n e  d iseases, such  as system ic lu p u s  
e ry th em ato su s a n d  rh eu m ato id  a rth ritis . The re la tionsh ip  
be tw een  the  th y m u s a n d  m y asth en ia  g rav is is d iscussed  
in  C h ap te r 22. O f significance, rem oval of the h yperp lastic  
th y m u s is o ften  beneficial early  in  the d isease.

Thymoma
T hym om as are tum ors of thym ic ep ithelia l cells. Several 
classification system s for thym om a based  o n  cytologic an d  
biologic criteria  have  been  p ro p o sed . O ne sim ple  a n d  clini
cally u sefu l classification is as follow s:
• B enign o r en cap su la ted  thym om a: cytologically  an d  

biologically  ben ign
• M alignan t thym om a

• Type I: cytologically  b en ign  b u t in filtra tive  a n d  locally 
aggressive

• Type II (thym ic carcinom a): cytologically  a n d  biologi
cally m alig n an t

M O R P H O L O G Y

Macroscopically, thymomas are lobulated, firm, gray-white masses 

up to  15 to 20 cm in dimension. Most appear encapsulated, 

but 20% to 25% penetrate the capsule and infiltrate perithymic 

tissues. Microscopically, virtually all thymomas are composed of 

a mixture of epithelial tum or cells and nonneoplastic thymocytes 

(immature T  cells). In benign th y m o m a s , the epithelial cells are 

spindled or elongated and resemble those that normally popu

late the medulla. As a result, these are sometimes referred to as 

m e d u lla ry  th y m o m a s . In other tumors, there is an admixture 

of the plumper, rounder, cortical-type epithelial cells; this pattern 

is sometimes referred to  as a mixed thymoma. The medullary 

and mixed patterns account for 60% to 70% of all thymomas.

M alig n an t th y m o m a  ty p e  I is cytologically bland but 

locally invasive; it accounts for 20% to 25% of all thymomas. 

These tumors also occasionally (and unpredictably) metastasize. 

They are composed of varying proportions of epithelial cells and 

reactive thymocytes. The epithelial cells usually have abundant

T hym om as are  rare. They m ay  arise a t an y  age, b u t m ost 
occur in  m id d le -ag ed  adu lts . In  a large  series a b o u t 30% 
w ere  asym ptom atic ; 30% to 40% p ro d u c e d  local m an ifesta 
tions such  as cough, dyspnea , a n d  su p e rio r ven a  cava syn 
drom e; a n d  the rem a in d e r w ere  associa ted  w ith  a  system ic 
d isease, m ost com m only  m yasthen ia  gravis, in  w h ich  a 
concom itan t th y m o m a is d iscovered  in  15% to 20% of 
pa tien ts. R em oval o f the tu m o r o ften  leads to  im p ro v em en t 
of the n eu ro m u scu la r d iso rder. In  ad d itio n  to  m yasthen ia  
grav is , thym om as m ay  be associa ted  w ith  several o ther 
pareneop lastic  syndrom es. These inc lude  in  ro u g h  o rd e r 
o f frequency  , p u re  re d  cell ap lasia , hypo g am m ag lo b u 
linem ia, a n d  m u lti o rg an  au to im m u n ity . The la tte r bears 
resem blance w ith  g raft v e rsu s h o st d isease.
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The m ajor function  of the lu n g  is to  rep len ish  oxygen  and  
rem ove carbon  d iox ide from  b lood. D evelopm entally , the 
resp ira to ry  system  is a n  o u tg ro w th  from  the v en tra l w all 
of the foregut. The m id line  trachea develops tw o  la tera l 
o u tpouch ings, the  lu n g  bu d s. The rig h t lu n g  b u d  ev en tu 
ally d iv ides in to  th ree  m ain  bronchi, a n d  the  left in to  tw o 
m ain  bronchi, th u s  g iv ing  rise to  th ree  lobes on  the rig h t 
an d  tw o  o n  the left. The m ain  b ronch i b ran ch  d ichoto 
m ously , g iv ing  rise to  p rog ressive ly  sm aller airw ays, 
te rm ed  bronchioles, w h ich  are  d is tin g u ish ed  from  bronch i 
by  the  lack of cartilage a n d  subm ucosa l g lands w ith in  
the ir w alls. A d d itio n a l b ran ch in g  of b ronchio les leads 
to  terminal bronchioles; the  p a r t  of the lu n g  d ista l to  the 
te rm inal b ronchio le  is called  an  acinus. P u lm o n ary  acini 
a re  com posed  of respiratory bronchioles (em anating  from  
the  term inal bronchiole) th a t p roceed  in to  alveolar ducts, 
w h ich  im m ed ia te ly  b ran ch  in to  alveolar sacs, the b lind  
en d s  of the  resp ira to ry  passages, w h o se  w alls  a re  fo rm ed  
en tire ly  of alveoli, the u ltim ate  site o f gas exchange. The 
alveo lar w alls  (or a lveo lar septa) consist o f the fo llow ing  
com ponen ts, p roceed ing  from  b lood  to  a ir (Fig. 13.1):
• The capillary endothelium and basement membrane.
• The pulmonary interstitium, com posed  of fine elastic 

fibers, sm all b u n d les  o f collagen, a  few  fibroblast-like 
cells, sm oo th  m uscle  cells, m ast cells, an d  ra re  m ono 
nuclear cells.

• Alveolar epithelium, consisting  of a  con tin u o u s layer of 
tw o  p rinc ipa l cell types: flattened , p late-like type  I 
p neum ocy tes  covering  95% of the a lveo lar surface; and  
ro u n d e d  type II p neum ocy tes. The la tte r syn thesize  p u l
m o n ary  su rfac tan t a n d  are  the m a in  cell type  invo lved  
in  rep a ir of a lveo lar ep ith e liu m  after dam ag e  to  type  I 
pneum ocy tes.

A  few  a lveo lar m acrophages u sua lly  lie free w ith in  the 
alveo lar space. In  the city dw ellers, these m acrophages 
often  con ta in  p h agocy tosed  carbon  particles.

L ung  d iseases can  b ro ad ly  be d iv id ed  in to  those affect
ing  (1) the  a irw ays, (2) the  in te rs titium , a n d  (3) the p u lm o 
nary  vascu lar system . This d iv ision  in to  d iscrete  
co m p artm en ts  is, o f course, decep tively  sim ple. In  reality , 
d isease in  one co m p artm en t o ften  causes secondary  a ltera 
tions of m orp h o lo g y  an d  function  in  o thers.

ATELECTASIS (COLLAPSE)

A te le c ta s is , a lso  k n o w n  as co lla p se , is  loss o f  lu n g  v o lu m e  

caused  b y  in a d e q u a te  e x p a n s io n  o f  a ir  spaces. It resu lts  
in  sh u n tin g  of in ad eq u a te ly  oxygenated  b lood  from  p u l
m o n ary  a rte ries in to  veins, th u s  g iv ing  rise to a  ven tila tion 
p e rfu s io n  im balance a n d  hypoxia. O n  the  basis of the

495

http://ebooksmedicine.net

http://studentconsult.com
http://ebooksmedicine.net


496 C H A P T E R  13 Lung

Endothelium

Fig. 13.1 Microscopic structure of the alveolar wall. Note that the basement 
membrane ( y e l lo w )  is thin on one side and widened where it is continuous 
with the interstitial space.

u n d e rly in g  m echan ism  a n d  the  d is trib u tio n  of alveo lar col
lapse, a telectasis is classified in to  th ree  form s
• Resorption atelectasis occurs w h e n  a n  ob stru c tio n  p re 

v en ts  a ir from  reach ing  d ista l a irw ays. A ny  air p re sen t 
g rad u a lly  becom es absorbed , a n d  a lveo lar collapse 
follow s. The m o st com m on  cause of reso rp tio n  collapse 
is obstruc tion  o f a  b ronchus. R eso rp tion  atelectasis m ost 
frequen tly  occurs p o stopera tive ly  d u e  to  in trab ronch ia l 
m ucous o r m u c o p u ru le n t p lugs, b u t also  m ay  resu lt 
from  foreign  bo d y  asp ira tio n  (particu larly  in  children), 
b ronch ial asthm a, b ronchiectasis, chronic bronchitis, o r 
in trab ronch ia l tum or, in  w h ich  it m ay  be the  first sign 
of m alignancy .

• Compression atelectasis is u su a lly  associa ted  w ith  accu
m u la tio n  of fluid, b lood , o r a ir w ith in  the p leu ra l cavity. 
A  freq u en t cause is p leu ra l effusions occu rring  in  the 
se tting  of congestive h ea rt failure. L eakage of a ir in to  
the  p leu ra l cavity  (pneum othorax) also  leads to com 
p ress io n  atelectasis. Basal a telectasis re su ltin g  from  a 
failu re to  b re a th  deep ly  com m only  occurs in  b ed rid d e n  
patien ts, in  pa tien ts  w ith  ascites, a n d  d u rin g  a n d  after 
surgery .

• Contraction atelectasis (or cicatrization  atelectasis) occurs 
w h e n  local o r diffuse fibrosis affecting  the  lu n g  o r the 
p leu ra  h am p er lu n g  expansion .

A telectasis (except w h e n  caused  by  contraction) is 
po ten tia lly  reversib le  a n d  shou ld  be trea ted  p ro m p tly  to 
p rev en t hypoxem ia  a n d  su p erim p o sed  in fection  o f the col
lap sed  lung .

ACUTE RESPIRATORY DISTRESS 
SYNDROME

The ep idem io logy  a n d  defin ition  of acu te  resp ira to ry  d is
tress sy n d ro m e (ARDS) are  evolving. Form erly  considered  
to  be the severe en d  of a sp ec tru m  of acu te  lu n g  in jury , it

is n o w  defined  as re sp ira to ry  fa ilu re  occurring  w ith in  1  

w eek  of a k n o w n  clinical in su lt w ith  b ila tera l opacities on  
chest im aging, n o t fu lly  exp la ined  by  effusions, atelectasis, 
card iac  failure, o r flu id  overload . It is g rad ed  based  o n  the 
severity  o f the changes in  a rte ria l b lood  oxygenation . 
C auses are  diverse; the sh ared  fea tu re  is th a t all lead  to 
extensive b ila tera l in jury  to  alveoli.

Severe ARDS is charac terized  by ra p id  onse t o f life- 
th rea ten in g  resp ira to ry  insufficiency, cyanosis, a n d  severe 
a rte ria l hypoxem ia  th a t is refracto ry  to  oxygen  therapy . 
T he h isto logic m an ifesta tion  of ARDS in  the lu n g s  is 
k n o w n  as diffuse alveolar damage (DAD). ARDS m ay  occur 
in  a m u ltitu d e  of clinical se ttings a n d  is associated  w ith  
p rim ary  p u lm o n ary  d iseases a n d  severe system ic inflam 
m ato ry  d iso rd ers  such  as sepsis. The m ost freq u en t triggers 
o f ARDS are p n eu m o n ia  (35%-45%) an d  sepsis (30%-35%), 
fo llow ed  by asp ira tion , trau m a  (includ ing  b ra in  in jury , 
ab d o m in a l su rgery , a n d  m u ltip le  fractures), pancreatitis, 
a n d  tran sfu sio n  reactions. ARDS sh o u ld  n o t be confused  
w ith  resp ira to ry  d istress synd rom e of the new born ; the 
la tte r  is caused  by a deficiency of su rfac tan t caused  by 
p rem atu rity .

Pathogenesis

I n  A R D S , th e  in te g r ity  o f  th e  a lv e o la r -c a p illa ry  m e m 

b ra n e  is c o m p ro m is e d  b y  e n d o th e lia l a n d  e p ith e lia l  

in ju r y .  M ost w o rk  suggests th a t ARDS stem s from  an  
in flam m atory  reaction  in itia ted  by  a va rie ty  of p ro-inflam 
m ato ry  m ed ia to rs  (Fig. 13.2). As early  as 30 m in u tes  after 
an  acu te  insu lt, there  is increased  syn thesis  of in te rleuk in  
8  (IL-8 ), a p o ten t n eu tro p h il chem otactic  a n d  activating  
agent, by  p u lm o n a ry  m acrophages. Release of IL - 8  and  
o th e r factors, such  as IL-1 an d  tu m o r necrosis factor (TNF), 
leads to  endo the lia l ac tiva tion  a n d  sequestra tion  a n d  acti
va tio n  of n eu tro p h ils  in  p u lm o n ary  capillaries. N e u tro 
ph ils  are  th o u g h t to  hav e  a n  im p o rtan t ro le  in  the 
p a thogenesis  of ARDS. H isto log ic exam ination  of lungs 
early  in  the d isease p rocess show s increased  n u m b ers  of 
n eu tro p h ils  w ith in  the  vascu lar space, the  in te rs titium , an d  
the alveoli. A ctivated  n eu tro p h ils  release a varie ty  of p ro d 
ucts (e.g., reactive oxygen  species, p ro teases) th a t dam age 
the a lveo lar ep ith e liu m  a n d  en do the lium . The assau lt on  
the en d o th e liu m  a n d  ep ith e liu m  causes vascu lar leak iness 
an d  loss of su rfac tan t th a t ren d e r the alveo lar u n it unab le  
to  expand . O f note, the d estruc tive  forces u n leash ed  by 
n eu tro p h ils  can  be coun terac ted  by a n  a rray  o f en d o g en o u s 
an ti-p ro teases a n d  an ti-ox idan ts th a t are u p re g u la te d  by 
p ro in flam m ato ry  cytokines. In  the end , it is the balance 
be tw een  the d estruc tive  a n d  p ro tec tive  factors th a t de ter
m ines the degree  of tissue in jury  a n d  clinical severity  of 
the ARDS.

M O R P H O L O G Y

In the a c u te  phase o f A R D S , the lungs are dark red, firm, 

airless, and heavy. Microscopic examination reveals capillary con

gestion, necrosis of alveolar epithelial cells, interstitial and intra

alveolar edema and hemorrhage, and (particularly with sepsis) 

collections of neutrophils in capillaries. The most characteristic 

finding is the presence of hyaline m e m b ra n e s , particularly
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ACUTE LUNG INJURY

Fig . 13.2 The normal alveolus ( le f t )  and the injured alveolus in the early phase of acute lung injury and the acute respiratory distress syndrome. Under the 
influence of proinflammatory cytokines such as interleukins IL- 8  and IL-1 and tumor necrosis factor (TNF) (released by macrophages), neutrophils are 
sequestered in the pulmonary microvasculature and then egress into the alveolar space, where they undergo activation. Activated neutrophils release leukot
rienes, oxidants, proteases, and platelet-activating factor (PAF), which contribute to local tissue damage, accumulation of edema fluid, surfactant inactivation, 
and hyaline membrane formation. Subsequently, the release of macrophage-derived fibrogenic cytokines such as transforming growth factor-p (TGF-p) and 
platelet-derived growth factor (PGDF) stimulate fibroblast growth and collagen deposition associated with the healing phase of injury. ( M o d i f ie d  f r o m  W a r e  L B : 

P a th o p h y s io lo g y  o f  a c u te  lu n g  in ju r y  a n d  t h e  a c u te  r e s p ir a t o r y  d is t r e s s  s y n d r o m e , Semin Respir Crit Care Med 2 7 3 3 7 , 2 0 0 6 . )

lining the distended alveolar ducts (Fig. 13.3). Such membranes 

consist of fibrin-rich edema fluid admixed with remnants of 

necrotic epithelial cells. Overall, the picture is remarkably similar 

to that seen in respiratory distress syndrome of the newborn 

(Chapter 6 ). In the o rg an iz ing  stage, type II pneumocytes 

proliferate vigorously in an attempt to regenerate the alveolar 

lining. Resolution is unusual; more commonly, the fibrin-rich exu

dates organize into intraalveolar fibrosis. Marked thickening of 

the alveolar septa ensues due to proliferation of interstitial cells 

and deposition of collagen.

C lin ica l Features

The clinical synd rom e of acu te  lu n g  in ju ry  o r ARDS affects 
app rox im ate ly  190,000 p a tien ts  p e r y ear in  the U nited  
States. In  85% of cases, it develops w ith in  72 h o u rs  of 
the in itial in su lt. The overall hosp ita l m orta lity  ra te  is 
38.5% (27%, 32%, a n d  45% for m ild , m odera te , a n d  severe 
ARDS, respectively). P red ic to rs o f p o o r p rognosis  inc lude

ad v an ced  age, bacterem ia (sepsis), a n d  the d ev e lo p m en t of 
m u ltio rg an  failure. M ost p a tien ts  w h o  su rv ive  the acu te 
in su lt recover n o rm al resp ira to ry  function  w ith in  6  to 1 2  

m onths, b u t the  rest develop  diffuse in te rstitia l fibrosis 
lead in g  to  chronic resp ira to ry  insufficiency.

A  S U M M A R Y

A C U T E  R E S P IR A TO R Y  D ISTR ES S S Y N D R O M E

• ARDS is a clinical syndrome of progressive respiratory insuf

ficiency caused by diffuse alveolar damage in the setting of 

sepsis, severe trauma, or diffuse pulmonary infection.

• Neutrophils and their products have a crucial role in the 

pathogenesis of ARDS by causing endothelial and epithelial 

injury.

• The characteristic histologic picture is that of alveolar edema, 

epithelial necrosis, accumulation of neutrophils, and presence 

of hyaline membranes lining the alveolar wall and ducts.
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Fig. 13.3 Acute lung injury and acute respiratory distress syndrome. 
(A) Diffuse alveolar damage in the acute phase. Some alveoli are collapsed, 
while others are distended; many are lined by bright pink hyaline membranes 
( a r r o w ) .  (B) The healing stage is marked by resorption of hyaline membranes 
and thickening of alveolar septa by inflammatory cells, fibroblasts, and col
lagen. Numerous reactive type II pneumocytes also are seen at this stage 
( a r r o w s ) , associated with regeneration and repair.

OBSTRUCTIVE VERSUS RESTRICTIVE 
PULMONARY DISEASES

D if fu s e  p u lm o n a ry  d iseases can  b e  c la ss ifie d  in to  tw o  

categories: (1) o b s tru c tiv e  (a irw a y )  d isease, c h a ra c te rize d  

b y  a n  increase  in  res is tance  to  a ir  f lo w  caused  b y  p a r t ia l  

o r c o m p le te  o b s tru c tio n  a t a n y  le v e l;  a n d  (2) re s tr ic tiv e  

disease, c h a ra c te rize d  b y  re d u c e d  e x p a n s io n  o f  lu n g  

p a re n c h y m a  a n d  decreased  to ta l lu n g  capac ity .

The major diffuse obstructive disorders are emphysema, 
chronic bronchitis, bronchiectasis, and asthma. In  p a tien ts  w ith  
these d iseases, forced v ita l capacity  (FVC) is e ithe r no rm al 
o r slightly  decreased , w h ile  the  exp ira to ry  flow  rate, 
u su a lly  m easu red  as the forced exp ira to ry  vo lum e a t 1  

second  (FEVj), is significantly  decreased . T hus, the  ra tio  of 
FEV to FVC is characteristically  decreased . E xpiratory  
ob stru c tio n  m ay  re su lt from  anatom ic a irw ay  n arrow ing , 
classically o bse rved  in  asthm a, o r from  loss of elastic recoil, 
characteristic  of em physem a.

By con trast, in  diffuse restric tive  d iseases, FVC is 
red u ced  an d  the exp ira to ry  flow  ra te  is n o rm al o r red u ced  
p ropo rtiona te ly . H ence, the ra tio  o f FEV to FVC is near 
norm al. R estrictive defects occur in  tw o  genera l cond i
tions: (1 ) chest w all d iso rd ers  in  the p resence of no rm al 
lungs (e.g., w ith  severe obesity , d iseases of the p leu ra , 
an d  n eu ro m u scu la r d iso rders , such  as the  G uillain-B arré 
synd rom e [C hapter 22], th a t affect the  resp ira to ry  
m uscles) a n d  (2 ) acu te  or chronic in te rstitia l lu n g  dis
eases. The classic acu te  restric tive  d isease is ARDS, d is
cussed  earlier. C hronic  restric tive  d iseases (d iscussed  
later) inc lude  the pneum ocon ioses, in te rstitia l fibrosis of 
u n k n o w n  etiology, a n d  in filtra tive  cond itions such  as 
sarcoidosis.

OBSTRUCTIVE LUNG  
(AIRWAY) DISEASES

In  the ir p ro to typ ica l form s, the  fo u r d iso rd ers  in  th is 
g ro u p -e m p h y s e m a , chronic bronchitis, asthm a, and  
bronchiectasis — have  d istinct clinical a n d  ana tom ic  charac
teristics (Table 13.1), b u t o verlaps be tw een  em physem a, 
chronic bronchitis, an d  asth m a are com m on.

I t  s h o u ld  b e  n o te d  th a t  e m p h y s e m a  is d e fin e d  o n  th e  

basis  o f  m o rp h o lo g ic  a n d  ra d io lo g ic  fea tu re s , w h e re a s  

c h ro n ic  b ro n c h it is  is  d e f in e d  o n  th e  basis  o f  c lin ic a l fe a 

tu res  (described  later). The ana tom ic  d is trib u tio n  of these 
d iso rd ers  also  is som ew h at d ifferent, as chronic bronch itis 
in itia lly  involves the  large  a irw ays, w hereas em ph y sem a 
affects the acinus. In  severe or ad v an ced  cases of both , 
sm all a irw ay  d isease (chronic bronchiolitis) is also  p resen t. 
A lth o u g h  em ph y sem a m ay  exist w ith o u t chronic b ronchi
tis (particu larly  in  in h erited  a 1 -an ti-try p sin  deficiency, d is
cussed  later) a n d  vice versa, the tw o  d iseases u sua lly  
coexist. This is a lm ost certa in ly  because cigarette  sm oking  
is the m ajor u n d e rly in g  cause of bo th . In  v iew  of their 
p ro p en sity  to  coexist, em p h y sem a an d  chronic bronch itis 
o ften  are  g ro u p ed  together u n d e r  the  ru b ric  o f chronic 
obstructive pulmonary disease (COPD). C O PD  affects m ore  
th an  10% of the U.S. a d u lt  p o p u la tio n  a n d  is the  fo u rth  
lead in g  cause of d e a th  in  th is coun try . The largely  irrevers
ible airflow  ob stru c tio n  of C O PD  d istin g u ish es it from  
asthm a, w hich , as d iscussed  later, is charac terized  by 
reversib le  airflow  obstruc tion  (Fig. 13.4).

Emphysema

E m p h y s e m a  is  c h a ra c te rize d  b y  p e rm a n e n t e n la rg e m e n t  

o f  th e  a ir  spaces d is ta l to  th e  te r m in a l b ro n c h io le s , accom 

p a n ie d  b y  d e s tru c tio n  o f  th e ir  w a lls  w ith o u t  s ig n ific a n t  

f ib ro s is . It is classified accord ing  to  its anatom ic d is trib u 
tion. A s d iscussed  earlier, the  ac inus is the s tru c tu re  d ista l 
to term inal bronchioles, an d  a c luste r o f th ree  to  five acini 
is called  a lobule (Fig. 13.5A). T here are fo u r m ajor types of 
em physem a: (1) cen triacinar, (2) panac inar, (3) d ista l acinar, 
an d  (4) irregu lar. O nly  the first tw o  types cause significant 
a irw ay  obstruction , w ith  cen triacinar em ph y sem a being  
ab o u t 2 0  tim es m ore com m on  th an  pan ac in a r d isease.
• Centriacinar (centrilobular) emphysema. T h e  d is t in c tiv e  

fe a tu re  o f  c e n tria c in a r e m p h y s e m a  is th a t  th e  c e n tra l 

o r p ro x im a l p arts  o f  th e  a c in i, fo rm e d  b y  re s p ira to ry
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Table 13.1 Disorders Associated W ith  A irflo w  O bstruction: T h e  Spectrum  of Chronic O bstructive Pulm onary Disease

C lin ica l E n tity
A n a to m ic
S ite M a jo r  Patho log ic  Changes E tio logy S igns/S ym ptom s

Chronic bronchitis Bronchus Mucous gland hypertrophy and 
hyperplasia, hypersecretion

Tobacco smoke, air pollutants Cough, sputum production

Bronchiectasis Bronchus Airway dilation and scarring Persistent or severe infections Cough, purulent sputum, fever

Asthma Bronchus Smooth muscle hypertrophy and 
hyperplasia, excessive mucus, 
inflammation

Immunologic or undefined 
causes

Episodic wheezing, cough, 
dyspnea

Emphysema Acinus Air space enlargement, wall 
destruction

Tobacco smoke Dyspnea

Small airway disease, 
bronchiolitis*

Bronchiole Inflammatory scarring, partial 
obliteration of bronchioles

Tobacco smoke, air pollutants Cough, dyspnea

*Can be present in all forms of obstructive lung disease or by itself.

b ro n c h io le s , are  a ffe c te d , w h i le  d is ta l a lv e o li are  

spared . Thus, b o th  em p h y sem ato u s a n d  no rm al air 
spaces exist w ith in  the sam e acinus a n d  lobule (see Fig. 
13.5B). The lesions a re  m ore com m on a n d  severe in  
the  u p p e r  lobes, p a rticu la rly  in  the ap ical segm ents. In 
severe cen triacinar em physem a, the d is ta l ac inus also 
becom es invo lved , a n d  thus, the d iffe ren tia tion  from  
pan ac in a r em p h y sem a becom es difficult. This type  of 
em p h y sem a is m ost com m on  in  cigarette  sm okers, often  
in  associa tion  w ith  chronic bronchitis.

• Panacinar (panlobular) emphysema. I n  p a n a c in a r (p a n 

lo b u la r )  e m p h y s e m a , th e  a c in i are  u n ifo r m ly  e n la rg e d , 

from  the  level o f the re sp ira to ry  bronchio le  to  the  term i
na l b lind  a lv e o li (see Fig. 13.5C). In  con trast to  centri- 
ac inar em physem a, pan ac in ar em ph y sem a occurs m ore 
com m only  in  the low er lu n g  zones a n d  is associated  
w ith  a 1 -an ti-try p sin  deficiency.

• Distal acinar (paraseptal) emphysema. I n  th is  fo r m  o f  

e m p h y s e m a , th e  p ro x im a l p o r t io n  o f  th e  ac in u s  is  

n o rm a l b u t  th e  d is ta l p a r t  is  p r im a r i ly  in v o lv e d . The 
em p h y sem a is m ore  s trik ing  ad jacen t to  the p leu ra , 
a long  the lobu lar connective tissue septa, a n d  a t the

Chronic injury (e.g., smoking) 

Small airway disease

EMPHYSEMA CHRONIC BRONCHITIS
Alveolar wall destruction Productive cough

Overinflation Airway inflammation

ASTHMA
Reversible obstruction

Bronchial hyperresponsiveness 
triggered by allergens, infection, etc.

Fig. 13.4 Schematic representation of overlap between chronic obstructive 
lung diseases.

m arg in s of the  lobules. It occurs ad jacen t to  a reas of 
fibrosis, scarring , o r a telectasis a n d  is u sua lly  m ore 
severe in  the  u p p e r  half of the lungs. The characteristic  
find ing  is the p resence o f m ultip le , con tiguous, en larged  
a ir spaces ran g in g  in  d iam eter from  less th an  0.5 m m  to 
m ore  th an  2 . 0  cm , som etim es fo rm ing  cystic s truc tu res  
that, w ith  p rog ressive  en largem ent, give rise to  bullae. 
The cause of th is  type  of em p h y sem a is un k n o w n ; it 
com es to  a tten tio n  m ost o ften  in  y o u n g  a d u lts  w h o  
p re sen t w ith  sp o n tan eo u s pneum otho rax .

Fig. 13.5 Major patterns of emphysema. (A) Diagram of normal structure 
of the acinus, the fundamental unit of the lung. (B) Centriacinar emphysema 
with dilation that initially affects the respiratory bronchioles. (C) Panacinar 
emphysema with initial distention of all the peripheral structures (i.e., the 
alveolus and alveolar duct); the disease later extends to affect the respiratory 
bronchioles.
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Smoking or air pollutant 
+

genetic predisposition

Congenital
a 1 -anti-trypsin

deficiency

Oxidative stress, 
increased 

apoptosis and 
senescence

Inflammatory 
cells, release of 

inflammatory 
mediators

f

Protease-
anti-protease

imbalance

Alveolar wall destruction J
Fig. 13.6 Pathogenesis of emphysema. See text for details.

• Irregular emphysema. Irregular em physem a, so nam ed  
because the acinus is  irregularly in vo lved , is alm ost 
invariably associated w ith  scarring, such  as th a t resu lt
in g  from  hea led  in flam m atory  d iseases. A lth o u g h  clini
cally asym ptom atic , th is  m ay  be the m ost com m on  fo rm  
of em physem a.

Pathogenesis

Inh a led  cigarette  sm oke an d  o th er nox ious partic les cause 
lu n g  dam age  a n d  in flam m ation , w hich , p a rticu la rly  in  
pa tien ts  w ith  a  genetic p red isposition , re su lt in  paren ch y 
m al d estru c tio n  (em physem a) a n d  a irw ay  d isease (bron
chiolitis a n d  chronic bronchitis). Factors th a t influence 
the  d ev e lo p m en t o f em ph y sem a include the  fo llow ing  
(Fig. 13.6):
• Inflammatory cells and mediators: A w id e  varie ty  of inflam 

m ato ry  m ed ia to rs  have  been  sh o w n  to be increased  
(inc lud ing  leuko triene  B4  IL-8 , TNF, a n d  others) th a t 
a ttrac t m ore  in flam m atory  cells from  the circu lation  
(chem otactic factors), am plify  the  in flam m atory  p rocess 
(p ro in flam m atory  cytokines), a n d  induce  s tru c tu ra l 
changes (g ro w th  factors). The in flam m atory  cells p re sen t 
in  lesions inc lude  neu tro p h ils , m acrophages, a n d  CD4+ 
an d  C D 8 + T cells. It is n o t k n o w n  if the  T cells a re  spe
cific for a p a rticu la r an tig en  or are rec ru ited  as p a r t  of 
inflam m ation .

• Protease-anti-protease imbalance: Several p ro teases are 
re leased  from  the  in flam m atory  cells an d  ep ithelia l cells 
th a t b reak  d o w n  connective tissues. In  p a tien ts  w ho  
develop  em physem a, there  is a re la tive  deficiency of 
p ro tective  an ti-p ro teases (fu rther d iscussed  below ).

• Oxidative stress: Reactive oxygen  species a re  genera ted  
by cigarette  sm oke a n d  o th e r in h a led  partic les and  
re leased  from  activa ted  in flam m ato ry  cells such  as m ac
rophages a n d  neu tro p h ils . These cause ad d itio n a l tissue 
dam age a n d  in flam m ation  (C hap ter 3).

• Airway infection: A lth o u g h  infection  is n o t th o u g h t to 
p lay  a  ro le  in  the  in itia tion  of tissue destruc tion , bacte
ria l a n d /o r  v ira l infections cause acu te  exacerbations.

The idea  that proteases are im portant is based  in  part 
on the observation that patients w ith  a genetic deficiency  
o f the anti-protease a1-anti-trypsin  have a p red isposition

to d evelop  pulm onary em physem a, w h ich  is com pounded  
b y  sm oking. A bou t 1% of all p a tien ts  w ith  em ph y sem a 
h av e  th is defect. a 1 -an ti-trypsin , no rm ally  p re sen t in  
serum , tissue fluids, a n d  m acrophages, is a m ajor inh ib ito r 
of p ro teases  (particu larly  elastase) secreted  by n eu tro p h ils  
d u rin g  in flam m ation . a 1 -an ti-try p sin  is enco d ed  by a gene 
in  the p ro te in ase  inh ib ito r (Pi) locus o n  chrom osom e 14. 
The Pi locus is po lym orph ic , a n d  ap p rox im ate ly  0.012% 
of the U.S. p o p u la tio n  is h om ozygous for the  Z allele, a 
geno type  th a t is associa ted  w ith  m ark ed ly  decreased  
se ru m  levels of a1 -an ti-trypsin . M ore th an  80% of these 
in d iv id u a ls  develop  sym ptom atic  pan ac in ar em physem a, 
w h ich  occurs a t a n  earlie r age a n d  is o f g rea ter severity  if 
the in d iv id u a l sm okes.

Protease-m ediated dam age o f extracellular matrix has 
a central role in  the airway obstruction seen  in  em phy
sem a. Sm all a irw ays are no rm ally  he ld  o p en  by  the elastic 
recoil o f the lu n g  p arenchym a, a n d  the loss of elastic tissue 
in  the w alls o f a lveoli th a t su rro u n d  resp ira to ry  b ronchi
oles reduces rad ia l trac tion  a n d  th u s  causes the re sp ira to ry  
bronchio les to  collapse d u rin g  expira tion . This leads to 
functional airflow  ob stru c tio n  desp ite  the absence of 
m echanical obstruction .

M O R P H O L O G Y

The diagnosis and classification of emphysema depend largely on 

the macroscopic appearance of the lung. Typical p an ac inar 

em p h ysem a produces pale, voluminous lungs that often 

obscure the heart when the anterior chest wall is removed at 

autopsy. The macroscopic features of c e n tria c in a r em p h y 

sem a are less impressive. Until late stages, the lungs are a deeper 

pink than in panacinar emphysema and less voluminous, and the 

upper two-thirds of the lungs are more severely affected than 

the lower lungs. Histologic examination reveals d es tru c tio n  of 

a lv eo la r w alls  w ith o u t fibrosis, leading to  en larged  a ir  

spaces (Fig. 13.7). In addition to alveolar loss, the number of 

alveolar capillaries is diminished. Terminal and respiratory bron

chioles may be deformed because of the loss of septa that help

Fig. 13.7 Pulmonary emphysema. There is marked enlargement of the air 
spaces, with destruction of alveolar septa but without fibrosis. Note the 
presence of black anthracotic pigment.
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tether these structures in the parenchyma. W ith  the loss of 

elastic  tissue in the surrounding alveolar septa, radial traction 

on the small airways is reduced. As a result, they tend to  collapse 

during expiration— an important cause of chronic airflow  

obstruction in severe emphysema. Bronchiolar inflammation and 

submucosal fibrosis are consistently present in advanced disease.

C lin ical Features

Dyspnea u sually  is the  first sym ptom ; it beg ins insid iously  
b u t is stead ily  progressive . In  p a tien ts  w ith  u n d e rly in g  
chronic b ronch itis  o r chronic asthm atic  bronchitis, cough  
a n d  w h eez in g  m ay  be the  in itial com plain ts. W eigh t loss is 
com m on  a n d  m ay  be severe en o u g h  to suggest an  occult 
m a lig n an t tum or. P u lm o n ary  function  tests reveal red u ced  
FEV 1 w ith  n o rm al o r near-no rm al FVC. H ence, the  FEV 1 to 
FVC ra tio  is reduced.

The classic p re sen ta tio n  of em physem a w ith  no  
"b ronch itic" com ponen t is one in  w h ich  the p a tien t is 
barre l-chested  an d  dyspneic, w ith  obv iously  p ro lo n g ed  
expira tion , sitting  fo rw ard  in  a h u n ch ed -o v er position . In 
these patien ts, a ir space en la rg em en t is severe a n d  diffus
ing  capacity  is low . D yspnea  an d  h y p erv en tila tio n  are  
p rom inen t, so th a t un til very  late in  the disease, gas 
exchange is ad eq u a te  an d  b lood  gas v a lues are re la tively  
norm al. Because of p ro m in en t d y sp n ea  a n d  ad eq u a te  oxy
genation  of hem oglobin , these p a tien ts  som etim es are 
som etim es called  "p in k  puffers."

A t the o th e r en d  of the clinical sp ec tru m  is a p a tien t w ith  
em ph y sem a w h o  also  has p ro n o u n ced  chronic bronch itis 
an d  a h isto ry  of recu rren t infections. D yspnea  u su a lly  is 
less p ro m in en t, a n d  in  the  absence of increased  re sp ira to ry  
d rive  the p a tien t re ta in s  carb o n  dioxide, becom ing  hypoxic 
an d  often  cyanotic. For unclear reasons, such  p a tien ts  tend  
to be o b e se —hence the d esignation  "b lu e  b loaters."

In  m ost p a tien ts  w ith  C O PD  the sym ptom s fall in  
be tw een  these tw o  extrem es. H y p ox ia -induced  p u lm o n ary  
vascu lar sp asm  a n d  loss o f p u lm o n ary  cap illary  surface 
area  from  alveo lar d estru c tio n  causes the g rad u a l develop 
m en t of secondary pulmonary hypertension, w h ich  in  2 0 % to 
30% of p a tien ts  leads to  r ig h t-s id ed  congestive h e a rt failu re 
(cor pu lm onale , C h ap te r 11). D ea th  from  em ph y sem a is 
re la ted  to  e ithe r resp ira to ry  failu re or r igh t-s ided  h ea rt 
failure.

Conditions R elated  to Em physem a

Several cond itions invo lv ing  ab n o rm al a irspaces o r accu
m u la tions of a ir w ith in  the  lungs or o ther tissues also  are  
recognized:
• Compensatory emphysema describes the  d ila tion  of resid 

ua l a lveoli in  response  to loss o f lu n g  substance else
w here , such  as occurs after surg ical rem oval o f a 
d iseased  lu n g  or lobe.

• Obstructive overinflation refers to  expansion  of the lu n g  
d u e  to  a ir trap p in g . A  com m on  cause  is sub to ta l obstruc 
tion  of an  a irw ay  by  a tu m o r or fo re ign  object. O bstruc 
tive overin fla tion  can  be life -th rea ten ing  if expansion  of 
the affected p o rtio n  p ro d u ces com pression  of the 
rem ain in g  n o rm al lung .

• Bullous emphysema refers to an y  fo rm  of em p h y sem a th a t 
p ro d u ces  large  su b p leu ra l blebs or bu llae  (spaces > 1  cm

Rg. I3 . 8  Bullous emphysema with large apical and subpleural bullae. (F ro m  

t h e  T e a c h in g  C o lle c t io n  o f  t h e  D e p a r t m e n t  o f  P a th o lo g y ,  U n iv e r s i t y  o f  T e x a s  S o u th 

w e s te r n  M e d ic a l  S c h o o l,  D a lla s ,  Texas.)

in  d iam eter in  the d is ten d ed  state) (Fig. 13.8). Such blebs 
rep re sen t localized  accen tua tions of one of the  four 
fo rm s of em physem a; m o st o ften  the  blebs are subp leu 
ral, a n d  on  occasion they  m ay  ru p tu re , lead in g  to 
pneum otho rax .

• Mediastinal (interstitial) emphysema is caused  by en try  of 
a ir in to  the in terstitium  of the lung, from  w h ere  it m ay 
track to  the m ed iastinum  an d  som etim es the subcuta
neous tissue. It m ay  occur spontaneously  if a su d d en  
increase in  in traalveo lar p ressu re  (as w ith  vom iting  or 
v io lent coughing) p roduces alveolar ru p tu re , w h ich  
allow s a ir to  dissect in to  the in terstitium . Som etim es 
it develops in  ch ild ren  w ith  w h oop ing  cough. It m ay 
also occur in  patien ts o n  resp ira to rs w h o  have partia l 
bronchiolar obstruction  or in  ind iv iduals w ith  a perfo
ra ting  in jury  (e.g., a fractu red  rib). W hen the interstitial 
air gets in to  the subcu taneous tissue, the  p a tien t m ay 
literally b low  u p  like a balloon, w ith  m ark ed  sw elling 
of the head  an d  neck an d  crackling crep ita tion  over the 
chest (subcutaneous em physem a). In  m ost instances 
the air is resorbed  spon taneously  after the site of 
en try  seals.

A  S U M M A R Y

E M P H Y S E M A

• Emphysema is a chronic obstructive airway disease charac

terized by enlargement of air spaces distal to terminal 

bronchioles.

• Subtypes include centriacinar (most common: smoking- 

related), panacinar (seen in ai-anti-trypsin deficiency), distal 

acinar, and irregular.

• Smoking and inhaled pollutants cause ongoing accumulation of 

inflammatory cells, which are the source of proteases such as 

elastases that irreversibly damage alveolar walls.

• Patients with uncomplicated emphysema present with 

increased chest volumes, dyspnea, and relatively normal blood 

oxygenation at rest (“pink puffers”).

• Most patients with emphysema also have signs and symptoms 

of concurrent chronic bronchitis, since cigarette smoking is a 

risk factor for both.
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Chronic Bronchitis

C h ro n ic  b ro n c h it is  is  d ia g n o s e d  o n  c lin ic a l g ro u n d s : i t  is  

d e fin e d  b y  th e  presence  o f  a  p e rs is te n t p ro d u c tiv e  cou gh  

fo r  a t leas t 3 con secu tive  m o n th s  in  a t le a s t 2 con secu tive  

years . It is com m on  am o n g  cigarette  sm okers a n d  u rb a n  
dw elle rs in  sm o g -rid d en  cities; som e stud ies  ind icate  th a t 
20% to 25% of m en  in  the  40- to 65-year-old age g ro u p  have  
the  disease. In  early  stages of the disease, the cough  raises 
m uco id  sp u tu m , b u t airflow  is n o t obstruc ted . Som e pa tien ts  
w ith  chronic b ronch itis  have  ev idence of hyperresp o n siv e  
a irw ays, w ith  in te rm itten t b ronchospasm  a n d  w heezing  
(asthm atic  bronchitis), w h ile  o ther bronchitic  patien ts, espe
cially heavy  sm okers, develop  chronic ou tflow  obstruction , 
u su a lly  w ith  associa ted  em physem a (COPD).

Pathogenesis

T h e  d is t in c t iv e  fe a tu re  o f  c h ro n ic  b ro n c h it is  is  h y p e rs e 

c re tio n  o f  m u cu s , b e g in n in g  in  th e  la rg e  a irw a y s .

A lth o u g h  the  m o st im p o rtan t cause is cigarette  sm oking, 
o th e r a ir p o llu tan ts , such  as su lfu r d iox ide a n d  n itrogen  
d ioxide, m ay  con tribu te . These en v iro n m en ta l irritan ts  
induce  h y p e rtro p h y  of m ucous g lands in  the  trachea an d  
bronch i as w ell as a n  increase in  m ucin -secreting  goblet 
cells in  the ep ithelia l surfaces of sm aller b ronch i a n d  b ron 
chioles. These irritan ts  also  cause in flam m ation  m ark ed  by 
the  in filtra tion  of m acrophages, neu tro p h ils , a n d  ly m p h o 
cytes. In  con trast w ith  asthm a, eosinoph ils  a re  n o t seen  in  
chronic bronchitis. W hereas the defin ing  m u cu s hyperse 
cre tion  is p rim arily  a reflection  of invo lvem en t of large 
bronchi, the airflow  obstruc tion  in  chronic bronch itis 
resu lts  from  (1 ) sm all a irw ay  disease, in d u ced  by  m ucous 
p lu g g in g  of the b ronch io lar lum en , in flam m ation , an d  
b ronch io lar w all fibrosis, a n d  (2) coexisten t em physem a. In  
general, w h ile  sm all a irw ay  d isease (chronic bronchiolitis) is 
a n  im p o rta n t co m p o n en t of early , m ild  airflow  obstruction , 
chronic b ronch itis  w ith  significant airflow  obstruc tion  
a lm ost a lw ays is com plicated  by  em physem a.

It is p o s tu la ted  th a t m an y  of the effects of env ironm en ta l 
irr itan ts  on  re sp ira to ry  ep ith e liu m  are m ed ia ted  by local 
release of cy tok ines such  as IL-13 from  T cells a n d  innate  
ly m p h o id  cells. The tran sc rip tio n  of the m u c in  gene in  
b ronch ia l ep ith e liu m  a n d  the  p ro d u c tio n  of n eu tro p h il 
e lastase  are  increased  as a consequence of exposu re  to 
tobacco sm oke. M icrobial in fection  o ften  is p re sen t b u t has 
a  secondary  role, chiefly by m a in ta in in g  in flam m ation  an d  
exacerbating  sym ptom s.

M O R P H O L O G Y

As seen in gross specimens, the mucosal lining of the larger 

airways usually is h yp erem ic  and swollen by edema fluid and 

is covered by a layer of mucinous or mucopurulent secretions. 

The smaller bronchi and bronchioles also may be filled with 

secretions. The diagnostic feature of chronic bronchitis in the 

trachea and larger bronchi is e n la rg e m e n t o f th e  m ucus- 

secre tin g  glands (Fig. 13.9). The magnitude of the increase in 

size is assessed by the ratio of the thickness of the submucosal 

gland layer to that of the bronchial wall (the Reid index—  

normally 0.4). Variable numbers of inflammatory cells, largely

Fig . I 3 . 9  Chronic bronchitis. The lumen of the bronchus is above. Note the 
marked thickening of the mucous gland layer (approximately twice-normal) 
and squamous metaplasia of lung epithelium. (F ro m  th e  T e a c h in g  C o lle c t io n  o f  

t h e  D e p a r t m e n t  o f  P a th o lo g y ,  U n iv e r s i t y  o f  T e x a s , S o u th w e s te rn  M e d ic a l  S c h o o l,  

D a l la s ,  T e x a s .)

lymphocytes and macrophages but sometimes also admixed neu

trophils, are frequently seen in the bronchial mucosa. C h ro n ic  

bro nch io litis  (small airway disease), characterized by goblet cell 

metaplasia, mucous plugging, inflammation, and fibrosis, also is 

seen. In severe cases, there may be complete obliteration of the 

lumen as a consequence of fibrosis (b ron ch io litis  o b lite ran s ). 

It is the submucosal fibrosis that leads to luminal narrowing and 

airway obstruction. Emphysematous changes often coexist.

Clinical Features

The course of chronic b ronch itis  is qu ite  variable. In  som e 
patien ts, cough  a n d  sp u tu m  p ro d u c tio n  pers is t indefin itely  
w ith o u t ven tila to ry  dysfunction , w h ile  o thers  develop  
C O PD  w ith  significant ou tflow  ob stru c tio n  m ark ed  by 
hypercapn ia , hypoxem ia, a n d  cyanosis. P atien ts w ith  
chronic b ronch itis  a n d  C O PD  have  freq u en t exacerbations, 
m ore  ra p id  d isease p rogression , a n d  p o o re r o u tcom es th an  
those w ith  em p h y sem a alone. P rogressive  d isease is 
m ark ed  by the  d ev e lo p m en t of p u lm o n ary  hypertension , 
som etim es lead in g  to  card iac fa ilu re  (C hap ter 11); recur
ren t infections; a n d  u ltim ate ly  re sp ira to ry  failure.

f t  S UMMARY

C H R O N IC  BRONCHITIS

• Chronic bronchitis is defined as persistent productive cough 

for at least 3 consecutive months in at least 2 consecutive 

years.

• Cigarette smoking is the most important underlying risk factor; 

air pollutants also contribute.

• Chronic airway obstruction largely results from small airway 

disease (chronic bronchiolitis) and coexistent emphysema.

• Histologic examination demonstrates enlargement of mucus- 

secreting glands, goblet cell metaplasia, and bronchiolar wall 

fibrosis.
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Asthma

A sth m a is a  chronic in flam m atory  d iso rd e r of the a irw ays 
th a t causes recu rren t ep isodes of w heezing , breath lessness, 
chest tigh tness, a n d  cough, p a rticu la rly  a t n ig h t a n d /o r  
early  in  the m orn ing . The ha llm arks of asth m a are  in te r
m itten t, reversib le  a irw ay  obstruction ; chronic bronchial 
in flam m ation  w ith  eosinophils; b ronch ia l sm ooth  m uscle 
cell h y p e rtro p h y  a n d  hyperreactiv ity ; a n d  increased  
m u cu s  secretion. Som etim es triv ia l stim uli are sufficient 
to trigger a ttacks in  patien ts, because of a irw ay  h yper
reactiv ity . M any cells p lay  a  role in  the in flam m atory  
response, in  p a rticu la r eosinophils, m ast cells, m acro 
phages, lym phocy tes, neu tro p h ils , a n d  ep ithelia l cells. O f 
note, a s th m a has increased  in  incidence significantly  in  the 
W estern  w o rld  over the  p a s t 4 decades. O ne  exp lanation  
for th is tro u b lin g  tren d  is the  hygiene hypothesis, accord 
in g  to  w h ic h  a lack of exposu re  to  in fectious o rgan ism s 
(and  possib ly  n o npa thogen ic  m icroorgan ism s as w ell) in  
early  ch ildhood  resu lts  in  defects in  im m u n e  to lerance 
a n d  su b seq u en t h y perreac tiv ity  to im m u n e  stim uli la ter 
in  life.

Pathogenesis

M a jo r  factors  c o n tr ib u t in g  to  th e  d e v e lo p m e n t o f  a s th m a  

in c lu d e  g en e tic  p re d is p o s it io n  to  ty p e  I  h y p e rs e n s it iv 

i t y  (a to p y ), acute  a n d  ch ro n ic  a irw a y  in f la m m a tio n , a n d  

b ro n c h ia l h yp e rre sp o n s iv en e s s  to  a  v a r ie ty  o f  s t im u li.

A sth m a m ay  be subclassified  as atopic (evidence of aller
gen sensitization) o r nonatopic. In  bo th  types, ep isodes of 
b ronchospasm  m ay  be triggered  by d iverse  exposures, 
such  as resp ira to ry  in fections (especially viral), a irbo rne  
irritan ts  (e.g., sm oke, fum es), cold air, stress, a n d  exercise. 
There also  a re  v a ry in g  p a tte rn s  of in f la m m a tio n -e o s in o 
ph ilic  (m ost com m on), neu troph ilic , m ixed  in flam m atory , 
an d  p a u c i-g ra n u lo c y tic - th a t a re  associa ted  w ith  dif
fering  etiologies, im m unopatho log ies, a n d  responses to 
treatm en t.

The classic a top ic  fo rm  is associated  w ith  excessive type 
2 h e lp er T (TH2) cell activation . C ytokines p ro d u ced  by TH2 
cells accoun t for m o st of the fea tu res o f a top ic  asth m a — 
IL-4 a n d  IL-13 stim ula te  IgE p ro d u c tio n , IL-5 activates 
eosinophils, a n d  IL-13 a lso  s tim u la tes m ucus p roduc tion . 
IgE coats subm ucosa l m ast cells, w h ic h  on  exposu re  to 
a lle rgen  release the ir g ranu le  con ten ts a n d  secrete cyto
k ines a n d  o th e r m ed ia to rs. M ast ce ll-d e riv ed  m ed ia to rs  
p ro d u ce  tw o  w av es o f reaction: a n  early  (im m ediate) phase  
a n d  a late  phase  (Fig. 13.10):
• The early-phase reaction is d o m in a ted  by bronchocon- 

striction , increased  m u cu s p ro d u c tio n , a n d  vasod ila 
tion. B ronchoconstriction  is triggered  by m ed ia to rs  
re leased  from  m ast cells, in c lu d in g  h istam ine, p ro sta 
g lan d in  D2, a n d  leuko trienes LTC4, D4, an d  E4, a n d  also 
by  reflex n eu ra l p a thw ays.

• The late-phase reaction is in flam m atory  in  n a tu re . Inflam 
m ato ry  m ed ia to rs  stim u la te  ep ithelia l cells to  p ro d u ce  
chem okines (inc lud ing  eotaxin, a  p o ten t chem oattrac 
tan t an d  activa to r of eosinophils) th a t p ro m o te  the 
rec ru itm en t o f TH2 cells, eosinophils, an d  o th e r leuko 
cytes, th u s  am p lify ing  a n  in flam m ato ry  reaction  th a t is 
in itia ted  by re s id en t im m u n e  cells.

• R epeated  b ou ts  of in flam m ation  lead  to  s tru c tu ra l 
changes in  the b ronch ial w a ll th a t are collectively 
re ferred  to  as airway remodeling. These changes inc lude  
h y p e rtro p h y  of b ronch ial sm oo th  m uscle  an d  m u cu s 
g lands a n d  increased  vascu larity  a n d  dep o sitio n  o f sub 
ep ithelia l collagen, w h ic h  m ay  occur as early  as several 
years before in itia tion  of sym ptom s.

A sthm a ten d s to  " ru n "  in  fam ilies, b u t the  role o f genet
ics in  a s th m a  is com plex. G enom e-w ide associa tion  s tud ies  
have iden tified  a n u m b er of genetic v a rian ts  associated  
w ith  asth m a risk, som e in  genes enocd ing  factors like the 
IL-4 recep to r th a t a re  clearly  in vo lved  in  asth m a p a th o g en 
esis. H ow ever, the precise con trib u tio n  of asthm a-associ
a ted  genetic v a rian ts  to  the d ev e lo p m en t o f d isease rem ains 
to be determ ined .

A topic A sth m a

T h is  is th e  m o s t c o m m o n  ty p e  o f  a s th m a  a n d  is a  classic  

e x a m p le  o f  ty p e  I  Ig E -m e d ia te d  h y p e rs e n s it iv ity  re a c tio n

(C hap ter 5). It u su a lly  beg ins in  ch ildhood . A  positive  
fam ily  h isto ry  of a to p y  a n d /o r  asth m a is com m on, a n d  the 
onse t o f asthm atic  a ttacks is o ften  p reced ed  by allergic 
rh in itis, urticaria , o r eczem a. A ttacks m ay  be triggered  by 
a llergens in  dust, pollen , an im al d an d e r, or food, o r by 
infections. A  skin  test w ith  the o ffend ing  an tig en  resu lts  in  
an  im m ed ia te  w h eal-and -fla re  reaction . A topic a s th m a  also 
can  be d iagnosed  based  o n  se ru m  rad ioa lle rgoso rben t tests 
(RASTs) th a t iden tify  the  p resence of IgEs th a t recognize 
specific allergens.

N on-A top ic  A sth m a

P atien ts  w ith  nonatop ic  form s of asth m a do  n o t have  evi
dence of a llergen  sensitization , an d  sk in  test resu lts  u sua lly  
are  negative. A  positive  fam ily  h isto ry  of as th m a  is less 
com m on. R esp ira to ry  in fections d u e  to v iru ses (e.g., rh in o 
v irus, pa ra in flu en za  v irus) a n d  inhaled  a ir p o llu tan ts  (e.g., 
su lfu r dioxide, ozone, n itro g en  dioxide) are com m on  trig 
gers. It is th o u g h t th a t v iru s-in d u ced  in flam m ation  of the 
re sp ira to ry  m ucosa  low ers the th resh o ld  of the  subep ithe 
lial vagal recep to rs to  irritan ts. A lth o u g h  the  connections 
are  n o t w e ll u n d e rs to o d , the u ltim ate  h u m o ra l an d  cellu lar 
m ed ia to rs  o f a irw ay  obstruc tion  (e.g., eosinophils) are  
com m on to b o th  atop ic an d  n o na top ic  v a rian ts  of asthm a, 
so they  are  trea ted  in  a sim ilar w ay .

D rug-Induced  A sthm a

Several pharm aco log ic  agen ts  p rovoke  asthm a, asp irin  
being  the m o st strik ing  exam ple. P a tien ts  w ith  asp irin  sen
sitiv ity  p re sen t w ith  re cu rren t rh in itis, n asa l po lyps, u rti
caria, a n d  b ronchospasm . The precise pa thogenesis is 
u n k n o w n  b u t is likely to  invo lve som e ab no rm ality  in  p ro s
tag lan d in  m etabo lism  stem m ing  from  inh ib ition  of cyclo
oxygenase by  asp irin .

O ccupational A sthm a

O ccupational a sth m a m ay  be triggered  by fum es (epoxy 
resins, plastics), o rgan ic  a n d  chem ical d u s ts  (w ood, cotton, 
p la tinum ), gases (toluene), a n d  o th e r chem icals. A sth m a 
attacks u sua lly  develop  after rep ea ted  exposu re  to  the 
inciting  antigen(s).
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A  NORMAL AIRWAY C  TRIGGERING OF ASTHMA
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Fig. 13.10 (A and B) Comparison of a normal airway and an airway involved by asthma. The asthmatic airway is marked by accumulation of mucus in the 
bronchial lumen secondary to an increase in the number of mucus-secreting goblet cells in the mucosa and hypertrophy of submucosal glands; intense chronic 
inflammation due to recruitment of eosinophils, macrophages, and other inflammatory cells; thickened basement membrane; and hypertrophy and hyperplasia 
of smooth muscle cells. (C) Inhaled allergens (antigen) elicit a T-2-dominated response favoring IgE production and eosinophil recruitment. (D) On reexposure 
to antigen (Ag), the immediate reaction is triggered by Ag-induced cross-linking of IgE bound to Fc receptors on mast cells. These cells release preformed 
mediators that directly and via neuronal reflexes induce bronchospasm, increased vascular permeability, mucus production, and recruitment of leukocytes. 
(E) Leukocytes recruited to the site of reaction (neutrophils, eosinophils, and basophils; lymphocytes and monocytes) release additional mediators that 
initiate the late phase of asthma. Several factors released from eosinophils (e.g., major basic protein, eosinophil cationic protein) also cause damage to the 
epithelium.
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^  M O R P H O L O G Y

The morphologic changes in asthma have been described in 
individuals who die of prolonged severe attacks (status asthmati- 
cus) and in mucosal biopsy specimens of individuals challenged 
with allergens. In fatal cases, the lungs are distended due to air 
trapping (overinflation), and there may be small areas of atelec
tasis. The most striking finding is occlusion of bronchi and bron
chioles by thick, tenacious m ucous plugs containing whorls of 
shed epithelium (C u rsch m an n  spira ls). Numerous eosino
phils and C h arc o t-L e y d e n  crystals (crystalloids made up of 
the eosinophil protein galectin-10) also are present. O ther char
acteristic morphologic changes in asthma (Fig. I3.I0B), collec
tively called airway remodeling, include
• Thickening of airway wall
• Sub-basement membrane fibrosis (Fig. 13.11)
• Increased submucosal vascularity
• An increase in size of the submucosal glands and goblet cell 

metaplasia of the airway epithelium
• Hypertrophy and/or hyperplasia of the bronchial muscle

C lin ica l Features

A n attack  of as th m a  is charac terized  by severe d y sp n ea  
a n d  w h eez in g  d u e  to b ronchoconstric tion  an d  m u cu s p lu g 
ging, w h ich  leads to  tra p p in g  of a ir in  d is ta l a irspaces 
a n d  p rog ressive  h yperin fla tion  of the lungs. In  the  u su a l 
case, a ttacks last from  1 to  several h o u rs  a n d  subside  
e ither spon taneously  o r w ith  therapy . In terva ls be tw een  
attacks a re  characteristically  free from  o vert re sp ira to ry  
difficulties, b u t persisten t, sub tle  deficits can  be detected  
by  p u lm o n ary  function  tests. O ccasionally  a severe p a r 
oxysm  occurs th a t does n o t re sp o n d  to  th e rap y  a n d  p er
sists for days an d  ev en  w eeks (status asthmaticus). The 
associated  hypercapn ia , acidosis, a n d  severe hypox ia  
m ay  be fatal, a lth o u g h  in  m ost cases the  cond ition  is 
m ore  d isab ling  th a n  lethal. S tan d ard  the rap ies  include 
an ti-in flam m ato ry  d rugs, p a rticu la rly  g lucocorticoids,

Fig. 13.11 Bronchial biopsy specimen from an asthmatic patient showing 
sub-basement membrane fibrosis, eosinophilic inflammation, and smooth 
muscle hyperplasia.

a n d  b ronchod ila to rs  such  as be ta-ad renerg ic  d ru g s  an d  
leuko triene  inh ib ito rs (recall th a t leuko trienes are p o ten t 
b ronchoconstric tors). A gen ts th a t block specific im m u n e  
m ed ia to rs, such  as IL-4 a n d  IL-5, a re  o f m o d est benefit 
in  som e p a tien ts  b u t are n o t b road ly  efficacious, p e rh ap s  
because of d isease he terogeneity . A no ther ap p ro ach  called 
bronchial thermoplasty, w h ich  involves con tro lled  delivery  
of therm al energy  d u r in g  bronchoscopy  to  reduce  the 
m ass of sm oo th  m uscle  a n d  a irw ay  responsiveness, is 
be ing  ev a lu a ted  in  p a tien ts  w ith  severe, poo rly  contro lled  
asthm a.

f t  S U M M A R Y

A S T H M A

• Asthma is characterized by reversible bronchoconstriction 
caused by airway hyperresponsiveness to a variety of stimuli.

• Atopic asthma most often is caused by a TH2 and IgE-mediated 
immunologic reaction to environmental allergens and is char
acterized by early-phase (immediate) and late-phase reactions. 
The TH2 cytokines IL-4, IL-5, and IL-13 are important media
tors. Non-TH2 inflammation also has roles in atopic asthma 
that are being defined.

• Triggers for nonatopic asthma are less clear but include viral 
infections and inhaled air pollutants, which also can trigger 
atopic asthma.

• Eosinophils are key inflammatory cells found in almost all 
subtypes of asthma; eosinophil products (such as major basic 
protein) are responsible for airway damage.

• Airway remodeling (sub-basement membrane thickening and 
hypertrophy of bronchial glands and smooth muscle) adds an 
irreversible component to  the obstructive disease.

Bronchiectasis * •

B ro n ch iec tas is  is th e  p e rm a n e n t d ila t io n  o f  b ro n c h i a n d  

b ro n c h io le s  caused  b y  d e s tru c tio n  o f  s m o o th  m u sc le  a n d  

th e  s u p p o rtin g  e lastic  tissu e; i t  ty p ic a lly  re s u lts  f ro m  or 

is  associated  w i t h  c h ro n ic  n e c ro t iz in g  in fe c tio n s . It is n o t
a p rim ary  d iso rder, as it a lw ays occurs secondary  to  p e r
s isten t in fection  or obstruc tion  caused  by a varie ty  of con
d itions. B ronchiectasis gives rise  to  a characteristic  
sy m p to m  com plex d o m in a ted  by cough  a n d  expecto ration  
of cop ious am o u n ts  o f p u ru le n t sp u tu m . D iagnosis d ep en d s  
on  a n  ap p ro p ria te  h isto ry  a n d  rad io g rap h ic  dem o n stra tio n  
of b ronch ial d ilation . The cond itions th a t m ost com m only  
p red isp o se  to  bronchiectasis include:
• Bronchial obstruction. C om m on  causes a re  tum ors, 

fo reign  bodies, a n d  im paction  of m ucus. In  these cond i
tions, b ronchiectasis is localized  to  the obstru c ted  lu n g  
segm ent. B ronchiectasis a lso  m ay  com plicate  a top ic  
asth m a a n d  chronic bronchitis.

• Congenital or hereditary conditions—for exam ple:
• Cystic fibrosis, in  w h ich  w id e sp re a d  severe bronchiec

tasis resu lts  from  o bstruc tion  caused  by abnorm ally  
viscid  m u cu s  a n d  secondary  infections (C hap ter 7).

• Immunodeficiency states, p articu la rly  im m unog lobu lin  
deficiencies, in  w h ich  localized  o r d iffuse bronchiec
tasis o ften  d evelops because of recu rren t bacterial 
infections.
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• Primary ciliary dyskinesia (also called  the im m otile  
cilia syndrom e). This is a ra re  au to so m al recessive 
d iso rd e r th a t is frequen tly  associa ted  w ith  b ronchi
ectasis a n d  w ith  sterility  in  m ales. It is caused  by 
in h e rited  abnorm alities o f cilia th a t im p a ir  m ucocili
a ry  clearance of the airw ays, lead in g  to  p e rsis ten t 
infections.

• Necrotizing, or suppurative, pneumonia, p articu la rly  w ith  
v iru len t o rgan ism s such  as Staphylococcus aureus or 
Klebsiella spp., p red isp o se  affected p a tien ts  to  develop 
m en t o f b ronchiectasis. P osttubercu losis  b ronchiecta
sis con tinues to  be a significant cause of m o rb id ity  in  
endem ic areas.

Pathogenesis

T w o  in te r tw in e d  processes c o n tr ib u te  to  b ro nch iec tas is : 

o b s tru c tio n  a n d  ch ro n ic  in fe c tio n . E ither m ay  be the ini
tia to r. For exam ple, obstruc tion  caused  by a fo reign  body  
im p a irs  clearance of secretions, p ro v id in g  a favorab le  sub 
stra te  for su p erim p o sed  infection. The re su ltan t in flam m a
to ry  dam age  to  the b ronch ial w all an d  the accum ula ting  
ex u d a te  fu rth e r d is ten d  the a irw ays, lead in g  to irreversib le  
d ila tion . C onversely , a p e rsis ten t necro tiz ing  infection  in  
the  b ronch i o r b ronchio les m ay  lead  to p o o r clearance of 
secretions, obstruction , a n d  in flam m ation  w ith  p e rib ro n 
chial fibrosis an d  trac tion  o n  the  bronchi, cu lm inating  
ag a in  in  fu ll-b low n  bronchiectasis.

506 C H A P T E R  13 Lung

M O R P H O L O G Y

Bronchiectasis usually affects the lower lobes bilaterally, particu

larly those air passages that are most vertical. W hen caused by 

tumors or aspiration of foreign bodies, the involvement may be 

sharply localized to a single segment of the lungs. Usually, the 

most severe involvement is found in the more distal bronchi and 

bronchioles. T h e  a irw ays m ay  be d ila ted  to  as m uch as 

fo u r t im e s  th e ir  usual d ia m e te r  and can be seen on gross 

examination almost out to the pleural surface (Fig. 13.12). By 

contrast, in normal lungs, the bronchioles cannot be followed by 

eye beyond a point 2 to  3 cm from the pleura.

The histologic findings vary with the activity and chronicity 

of the disease. In full-blown active cases, an intense acute and 

chronic inflammatory exudate within the walls of the bronchi 

and bronchioles leads to  desquamation of lining epithelium and 

extensive areas of ulceration. Typically, mixed flora are cultured 

from the sputum. The usual organisms include staphylococci, 

streptococci, pneumococci, enteric organisms, anaerobic and 

microaerophilic bacteria, and (particularly in children) H a e m o p h i 

lu s  i n f l u e n z a e  and P s e u d o m o n a s  a e r u g i n o s a .

W hen healing occurs, the lining epithelium may regenerate 

completely; however, the injury usually cannot be repaired and 

abnormal dilation and scarring persist. Fibrosis of the bronchial 

and bronchiolar walls and peribronchiolar fibrosis develop in 

more chronic cases. In some instances the necrosis destroys the 

bronchial or bronchiolar walls, producing an abscess cavity.

C lin ica l Features

B ro n ch iec tas is  is c h a ra c te rize d  b y  severe , p e rs is te n t  

c o u g h  assoc ia ted  w i t h  e x p e c to ra tio n  o f  m u c o p u ru le n t,  

som e tim e s  fe t id ,  s p u tu m . O ther com m on  sym ptom s

Fig. 13.12 Bronchiectasis in a patient with cystic fibrosis who underwent 
lung resection for transplantation. Cut surface of lung shows markedly 
dilated bronchi filled with purulent mucus that extend to subpleural regions.

inc lude  dyspnea , rh inosinusitis , an d  hem optysis . Sym p
tom s often  are  ep isodic  a n d  are  p rec ip ita ted  by u p p e r- 
resp ira to ry  trac t in fections o r the in tro d u c tio n  of new  
p a thogen ic  agents. Severe, w id e sp re a d  bronchiectasis m ay 
lead  to  significant obstruc tive  ven tila to ry  defects, w ith  
hypoxem ia, hypercapn ia , p u lm o n ary  hypertension , an d  
cor p u lm onale . H ow ever, w ith  c u rren t trea tm en t ou tcom es 
h av e  im p ro v ed  a n d  severe com plications of b ronchiectasis, 
such  as b ra in  abscess, am ylo idosis (C hap ter 5), an d  cor 
p u lm ona le , occur less frequen tly  n o w  th a n  in  
the  past.

C H R O N IC  INTERSTITIAL 
(RESTRICTIVE, INFILTRATIVE) 
LUNG DISEASES

C h ro n ic  in te rs t it ia l  d iseases are a  h ete ro g e n e o u s  g ro u p  

o f  d is o rd e rs  c h a ra c te rize d  b y  b ila te ra l,  o fte n  p a tc h y , 

p u lm o n a r y  fib ro s is  m a in ly  a ffe c tin g  th e  w a lls  o f  th e  

a lv e o li (see Fig. 13.1). M any of the en tities in  th is  g roup  
are  of u n k n o w n  cause a n d  pa thogenesis; som e h av e  an  
in traa lveo lar a n d  an  in te rstitia l com ponen t. C hronic  in te r
stitia l lu n g  d iseases are ca tegorized  based  o n  clin icopath- 
ologic fea tu res a n d  characteristic  h isto logy  (Table 13.2). 
H ow ever, it m u s t be acknow ledged  th a t there  is freq u en t 
overlap  in  h isto logic fea tu res am o n g  the d iffe ren t cond i
tions. The sh ared  h isto logic fea tu res a n d  the sim ilarity  in  
clinical signs, sym ptom s, rad io g rap h ic  a ltera tions, an d  
pa thophysio log ic  changes justify  the ir considera tion  as a
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Table 13.2 M ajo r Categories of Chronic In terstitia l Lung 
Disease

Fibrosing

Usual interstitial pneumonia (idiopathic pulmonary fibrosis)
Nonspecific interstitial pneumonia
Cryptogenic organizing pneumonia
Collagen vascular disease-associated
Pneumoconiosis
Therapy-associated (drugs, radiation)

G ran u lo m atou s

Sarcoidosis
Hypersensitivity pneumonia

Eosinophilic

Loeffler syndrome 
Drug allergy-related
Idiopathic chronic eosinophilic pneumonia

S m oking-R elated

Desquamative interstitial pneumonia 
Respiratory bronchiolitis

etiologic clues com e from  genetic stud ies. G erm  line m u ta 
tions lead in g  to  loss o f telom erase  are associa ted  w ith  
increased  risk, suggesting  th a t cellu lar senescence contrib 
u tes  to  a p rofibro tic  phen o ty p e . The link  to  cellu lar ag ing  
a lso  is in  line w ith  the observa tion  th a t IPF is a d iso rd e r of 
o ld e r adu lts , ra re ly  occu rring  before the age of 55 years. 
O th e r genetic  associations also  p o in t to  the  p rim ary  defect 
res id in g  in  ep ithelia l cells. Specifically, app rox im ate ly  35% 
of affected  in d iv id u a ls  hav e  a genetic v a rian t in  the  MUC5B 
gene th a t a lte rs the p ro d u c tio n  of m ucin , w h ile  a sm aller 
n u m b er of affected p a tien ts  have germ  line m u ta tio n s  in  
su rfac tan t genes. These genes are  on ly  exp ressed  in  lu n g  
ep ithelia l cells, in d ica ting  tha t ep ithe lia l cell abnorm alities 
can  be the p rim ary  in itia to rs of IPF. It is h y p o th esized  th a t 
ab n o rm al ep ithelia l rep a ir  a t the  sites of chronic in jury  an d  
in flam m ation  gives rise  to  exuberan t fibroblastic o r m yofi- 
b roblastic  p ro lifera tion , lead in g  to  the characteristic  fibro
b lastic  foci. A lth o u g h  the m echan ism s of fibrosis are  
incom plete ly  u n d e rs to o d , recen t d a ta  p o in t to  excessive 
activa tion  of p rofibro tic  factors such  as TGF-p.

g roup . The h a llm ark  of these d iso rd ers  is red u ced  com pli
ance (stiff lungs), w h ich  in  tu rn  necessitates increased  effort 
to b rea the  (dyspnea). F u rtherm ore , dam age to the alveo lar 
ep ith e liu m  a n d  in terstitia l v ascu la tu re  p ro d u ces  abno rm al
ities in  the  v en tila tio n -p e rfu s io n  ratio , lead in g  to  hypoxia. 
C hest ra d io g rap h s  show  sm all nodu les, irreg u la r lines, o r 
"g ro u n d -g la ss  shadow s."  W ith  p rogression , p a tien ts  m ay  
develop  resp ira to ry  failure, p u lm o n ary  hypertension , an d  
cor p u lm o n a le  (C hap ter 11). W h en  advanced , the etiol
ogy  of the u n d e rly in g  d iseases m ay  be d ifficult to  de ter
m ine because they  all re su lt in  diffuse scarring  a n d  gross 
d estru c tio n  of the  lung , re ferred  to  as end-stage or "honey
comb" lung.

Fibrosing Diseases 

Id iopath ic  Pulm onary Fibrosis

Id iopath ic  p u lm o n ary  fibrosis (IPF) refers to  a p u lm o n ary  
d iso rd er o f u n k n o w n  etio logy  th a t is charac terized  by 
pa tchy , p rog ressive  b ila tera l in te rstitia l fibrosis. Because its 
etio logy  is u n k n o w n , it is also  k n o w n  as cryptogenic fibros
ing alveolitis. M ales are  affected  m ore o ften  th a n  fem ales, 
a n d  it is a  disease of aging, v irtua lly  n ev er occu rring  before 
50 y ears  o f age. The rad io log ic  a n d  h isto logic p a tte rn  of 
fibrosis is re ferred  to  as usual interstitial pneumonia (UIP), 
w h ich  is req u ired  for the d iagnosis of IPF. O f note, sim ilar 
pa tho log ic  changes in  the lu n g  m ay  be p resen t in  en tities 
such  as asbestosis, co llagen vascu lar d iseases, a n d  o ther 
conditions. Therefore, IPF is a d iagnosis o f exclusion.

Pathogenesis

T h e  in te rs t it ia l  f ib ro s is  th a t  characte rizes  IP F  is b e lie v e d  

to  re s u lt  f r o m  re p e a te d  in ju r y  a n d  d e fe c tiv e  re p a ir  o f  

a lv e o la r  e p ith e liu m , o fte n  in  a  g e n e tic a lly  p re d is p o s e d  

in d iv id u a l  (Fig. 13.13). The cause of the  in jury  is obscure, 
an d  a varie ty  of sources have been  p ro p o sed , inc lud ing  
chronic gastroesophageal reflux. H ow ever, on ly  a sm all 
fraction  of in d iv id u a ls  suffering  from  reflux  o r exposed  to 
o th e r p ro p o se d  env ironm en ta l triggers develop  IPF; thus, 
o th e r factors m u s t have  a p re d o m in a n t role. The clearest

M O R P H O L O G Y

Grossly, the pleural surfaces of the lung are cobblestoned due 

to  retraction of scars along the interlobular septa. The cut 

surface shows firm, rubbery white areas of fibrosis, which occurs 

preferentially within the lower lobe, the subpleural regions, and 

along the interlobular septa. Histologically, the hallmark is patchy  

in te rs titia l fibrosis, which varies in intensity (Fig. 13.14) and

Environmental factors: 
Smoking
Occupational exposure 
Other irritants, toxins 
Viral infection

At risk epithelium:
Age *
Genetics:

Telomerase mutations 
Surfactant mutations 
MUC5B variant

Innate and adaptive 
immune response

Persistent epithelial 
injury/activation

I
Pro-fibrogenic factors

y

i
 Abnormal intracellular 
signaling

Fig. 13.13 Proposed pathogenic mechanisms in idiopathic pulmonary fibro
sis. See text for details.
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Fig. 13.14 Usual interstitial pneumonia. The fibrosis, which varies in inten
sity, is more pronounced in the subpleural region.

worsens with time. The earliest lesions demonstrate exuberant 

fibroblastic proliferation (fib roblastic  foci) (Fig. 13.15). O ver 

time these areas become more collagenous and less cellular. 

Quite typical is the existence of both early and late lesions. The 

dense fibrosis causes collapse of alveolar walls and formation of 

cystic spaces lined by hyperplastic type II pneumocytes or bron- 

chiolar epithelium (h o n eyco m b  fibrosis). The interstitial 

inflammation usually is patchy and consists of an alveolar septal 

infiltrate of mostly lymphocytes and occasional plasma cells, mast 

cells, and eosinophils. Secondary pulmonary hypertensive changes 

(intimal fibrosis and medial thickening of pulmonary arteries) are 

often present.

C lin ica l Features

IPF u sually  p re sen ts  w ith  the g rad u a l o n se t of a  n o n p ro 
ductive  cough  a n d  p rog ressive  dyspnea . O n  physical 
exam ination , m ost p a tien ts  have  characteristic  "d ry "  or 
"V elcrolike" crackles d u r in g  insp ira tion . C yanosis, cor p u l
m onale, a n d  p erip h e ra l ed em a m ay  develop  in  la te r stages 
of the  disease. The characteristic  clinical an d  radio log ic

Fig. 13.15 Usual interstitial pneumonia. Fibroblastic focus with fibers 
running parallel to surface and bluish myxoid extracellular matrix. Honey
combing is present to the left.

find ings (subp leu ra l a n d  basila r fibrosis, re ticu lar abno r
m alities, a n d  "honeycom bing") o ften  are  d iagnostic . A nti
in flam m ato ry  the rap ies  have  p ro v e n  to  be of little  use, in  
line w ith  the  id ea  th a t in flam m ation  is o f secondary  p a th o 
genic im portance. By con trast, anti-fibrotic  therap ies such  
as n in tedan ib , a ty rosine  k inase  inh ib ito r, a n d  p irfen idone , 
a n  inh ib ito r o f TGF-ß, have  p ro d u ced  positive  ou tcom es in  
clinical tria ls a n d  are n o w  a p p ro v e d  for u se  in  pa tien ts  
w ith  IPF. The overall p rognosis  rem ains poor, how ever; 
su rv iv a l is on ly  3 to 5 years, a n d  lu n g  tran sp lan ta tio n  is the 
on ly  defin itive treatm en t.

O th e r Fibrosing Diseases

O th e r ra re  p u lm o n ary  d iseases associa ted  w ith  fibrosis 
need  to  be considered  in  the d ifferen tia l d iagnosis of IPF, 
several o f w h ich  are  w o rth y  of brief m en tion . O ne is non
specific interstitial pneumonia (NSIP). NSIP is a chronic 
b ila tera l in te rstitia l lu n g  d isease of u n k n o w n  etiology, 
w h ich  (desp ite  its nam e) has d istinc t radiologic, histologic, 
a n d  clinical features, in c lu d in g  a freq u en t association  w ith  
collagen vascu lar d iso rd ers  such  as rh eu m ato id  a rth ritis . 
It is im p o rta n t to  recognize NSIP because it has  a  m u ch  
be tte r p rognosis  th a n  IPF. It is charac terized  by  m ild  to 
m o d era te  in te rstitia l chronic in flam m ation  a n d /o r  fibrosis 
th a t is p a tchy  b u t u n ifo rm  in  the a reas involved . A  second 
u n co m m o n  en tity  associated  w ith  fibrosis is cryptogenic 
organizing pneumonia. It p resen ts  w ith  cough  a n d  dyspnea , 
an d  chest ra d io g rap h s  d em o n stra te  su b p leu ra l o r pe ri
b ronch ial pa tchy  areas of a irspace conso lida tion  w h ich  are  
d u e  to  in traa lveo la r p lu g s  of loose o rg an iz in g  connective 
tissue. Som e p a tien ts  recover spon taneously  w h ile  m o st 
requ ire  trea tm en t, u sua lly  w ith  o ral stero ids. A lso in  the 
d ifferen tial d iagnosis o f fib rosing  p u lm o n ary  d iso rd ers  
are  several rheum ato log ic  entitiies, such  as system ic scle
rosis, rh eu m ato id  a rth ritis  a n d  system ic lu p u s  e ry them a
tosus, w h ich  m ay  be com plicated  by d iffuse p u lm o n ary  
fibrosis.

Ä S U M M A R Y

C H R O N IC  IN T E R S T IT IA L  L U N G  DISEASES

• Diffuse interstitial fibrosis of the lung gives rise to  restrictive 

lung diseases characterized by reduced lung compliance and 

reduced forced vital capacity (FVC). The ratio of FEV to  FVC 

is normal.

• Diseases that cause diffuse interstitial fibrosis are heteroge

neous. The unifying pathogenic factor is injury to  the alveoli 

leading to  activation of macrophages and release of fibrogenic 

cytokines such as TGF-p.

• Idiopathic pulmonary fibrosis is prototypic of restrictive lung 

diseases. It is characterized by patchy interstitial fibrosis, fibro

blastic foci, and formation of cystic spaces (honeycomb lung). 

This histologic pattern is known as usual interstitial pneumonia

(UIP).

Pneumoconioses

Pneumoconiosis is a te rm  orig inally  co ined  to  describe lu n g  
d iso rd ers  caused  by  in h a la tio n  of m inera l dusts . The te rm  
has been  b ro ad en ed  to  inc lude  d iseases in d u ced  by o rganic 
a n d  inorgan ic  particu la tes, a n d  som e experts  also  reg ard
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Table 13.3 M ineral D ust-Induced Lung Disease

A g e n t Disease Exposure

Coal dust Simple coal worker’s pneumoconiosis: macules and nodules 
Complicated coal worker’s pneumoconiosis: PMF

Coal mining

Silica Silicosis Sandblasting, quarrying, mining, stone cutting, foundry 
work, ceramics

Asbestos Asbestosis, pleural effusions, pleural plaques, or diffuse fibrosis; 
mesothelioma; carcinoma of the lung and larynx

Mining, milling, and fabrication of ores and materials; 
installation and removal of insulation

PMF, Progressive massive fibrosis.

chem ical fum e- a n d  v ap o r-in d u ced  lu n g  d iseases as p n eu 
m oconioses. The m inera l d u s t pneum ocon ioses — the th ree  
m o st com m on  of w h ich  are  caused  by in h a la tio n  of coal 
d ust, silica, a n d  a sb es to s—usually  stem  from  exposu re  in  
the  w orkp lace . A sbestos is the exception , as w ith  th is 
m inera l the  increased  risk  for cancer ex tends to  fam ily 
m em bers of asbestos w o rk ers  a n d  to in d iv id u a ls  exposed  
o u ts id e  of the  w orkp lace . Table 13.3 ind icates the p a th o 
logic cond itions associa ted  w ith  each  m inera l d u s t a n d  the 
m ajor in d u strie s  in  w h ich  the  d u s t exposu re  m ay  p ro d u ce  
disease.

Pathogenesis

The reaction  of the lu n g  to  m ineral dusts  d ep en d s on  m any 
variables, includ ing  the size, shape, solubility, a n d  reactivity 
of the particles. For exam ple, particles g reater th an  5 to 
1 0  |tm  are  un likely  to reach d istal a irw ays, w hereas particles 
sm aller th an  0.5 |tm  m ove in to  an d  o u t of alveoli, often 
w ith o u t substan tial deposition  an d  injury. Particles tha t are 
1 to  5 |tm  in  d iam eter are  the m ost dangerous, because they 
get lodged  a t the bifurcation  of the d ista l airw ays. Coal d u st 
is relatively inert, an d  large am oun ts  m u st be deposited  in  
the lungs before lu n g  disease is clinically detectable. Silica, 
asbestos, an d  bery llium  are m ore reactive th an  coal 
dust, resu lting  in  fibrotic reactions a t low er concentrations. 
M ost inhaled  d u s t is en trap p ed  in  the m ucus b lanket 
an d  rap id ly  rem oved  from  the lu n g  by  ciliary m ovem ent. 
H ow ever, som e of the particles becom e im pacted  a t alveolar 
duc t bifurcations, w here  m acrophages accum ulate and  
engulf the trap p ed  particulates.

T h e  p u lm o n a ry  a lv e o la r  m a c ro p h a g e  is a  k e y  c e llu la r  

e le m e n t in  th e  in i t ia t io n  a n d  p e rp e tu a t io n  o f  in f la m m a 

t io n , lu n g  in ju r y  a n d  fib ro s is . Follow ing  phagocy tosis  by 
m acrophages, m any  partic les activate  the  in flam m asom e 
an d  in d u ce  p ro d u c tio n  of the p ro -in flam m ato ry  cytokine 
IL-1 as w ell as the release of o th e r factors, w h ich  in itiates 
an  in flam m atory  response  th a t leads to  fib rob last p ro lifera 
tion  an d  co llagen  deposition . Som e of the  in h a led  partic les 
m ay  reach  the  lym phatics e ither by  d irec t d ra in ag e  or 
w ith in  m ig ra tin g  m acrophages a n d  thereby  in itia te  an  
im m u n e  response  to  com ponen ts  o f the  p articu la tes  a n d /  
o r to  self-pro teins th a t a re  m odified  by the  particles. This 
then  leads to  a n  am plification  a n d  ex tension  of the local 
reaction . Tobacco sm oking  w orsens the effects of all inha led  
m inera l dusts , m ore  so w ith  asbestos th a n  o ther particles.

C oal W o rk e r’s Pneumoconiosis

W o rld w id e  d u s t red u c tio n  in  coal m ines has  greatly  red u ced  
the  incidence of coal d u s t- in d u c e d  disease. The sp ec tru m  of 
lu n g  find ings in  coal w o rk ers  is w ide , ran g in g  from  asymp

tomatic anthracosis, in  w h ich  p ig m en t deposits  w ith o u t a 
percep tib le  cellu lar reaction; to  simple coal worker's pneumo
coniosis (CWP), in  w h ich  m acrophages accum ula te  w ith  little 
to  no  p u lm o n ary  dysfunction ; to complicated CWP o r progres
sive massive fibrosis (PMF), in  w h ich  fibrosis is extensive an d  
lu n g  function  is com prom ised  (see Table 13.3). A lthough  
statistics vary , it seem s th a t less th a n  1 0 % of cases of sim ple 
CW P p ro g ress  to  PM F. O f note, PM F is a generic term  
th a t app lies to  a confluen t fibrosing  reaction  in  the  lung; 
th is can  be a com plication  of any  of the pneum ocon ioses 
d iscussed  here.

A lth o u g h  coal is m ain ly  carbon, coal m ine d u s t con ta ins 
a v arie ty  of trace m etals, ino rgan ic  m inerals, a n d  crystal
line silica. The ra tio  of carbon  to  con tam inating  chem icals 
an d  m inera ls  ("coal ran k ") increases from  b itu m in o u s to 
an th rac ite  coal; in  general, an th rac ite  m in in g  has been 
associated  w ith  a  h ig h er risk  for CW P.

M O R P H O L O G Y

P u lm o n a ry  anthracosis  is the most innocuous coal-induced 

pulmonary lesion in coal miners and also is commonly seen in 

urban dwellers and tobacco smokers. Inhaled carbon pigment is 

engulfed by alveolar or interstitial macrophages, which then accu

mulate in the connective tissue along the pulmonary and pleural 

lymphatics and in draining lymph nodes.

S im p le  C W P  is characterized by the presence of coal 

m acules and larger coal nodules. The coal macule consists of 

dust-laden macrophages and small amounts of collagen fibers 

arrayed in a delicate network. Although these lesions are scat

tered throughout the lung, the upper lobes and upper zones of 

the lower lobes are more heavily involved. In due course, cen- 

tr ilo b u la r  em p h ysem a may occur. Functionally significant 

emphysema is more common in the United Kingdom and Europe, 

probably because in these locales the coal rank is higher than in 

the United States.

C o m p lic a te d  C W P  (P M F ) occurs on a background of 

simple C W P  by coalescence of coal nodules and generally devel

ops over many years. It is characterized by multiple, dark black 

scars larger than 2  cm and sometimes up to 1 0  cm in greatest 

diameter that consist of dense collagen and pigment (Fig. 13.16).

C lin ica l Features

CW P u sually  is a  ben ig n  d isease th a t p ro d u ces  little decre
m en t in  lu n g  function . In  those in  w h o m  PM F develops, 
there  is increasing  p u lm o n a ry  dysfunction , p u lm o n ary  
hypertension , a n d  cor pu lm onale . P rogression  from  CW P 
to PM F has been  linked  to  a  varie ty  of variab les inc lud ing
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Fig. 13.16 Progressive massive fibrosis in a coal worker. A large amount of 
black pigment is associated with fibrosis. (F ro m  K l a t t  E C : Robbins and Cotran 
atlas of pathology, e d  2 ,  E ls e v ie r ,  P h ila d e lp h ia ,  p  1 2 1 . )

Fig. 13.17 Advanced silicosis, seen in a transected lung. Scarring has con
tracted the upper lobe into a small dark mass ( a r r o w ) . Note the dense pleural 
thickening. ( C o u r te s y  o f  D r .  J o h n  G o d le s k i ,  B r ig h a m  a n d  W o m e n ’s  H o s p i t a l ,  B o s to n ,  

M a s s a c h u s e t t s . )

h ig h er coal d u s t exposu re  levels an d  to ta l d u s t b u rd en . 
U nfo rtunate ly , once estab lished  PM F has a tendency  to 
p ro g ress  even  in  the  absence of fu rth e r exposure . A fter 
tak in g  sm oking-re la ted  risk  in to  account, there  is no  
increased  frequency  of lu n g  carcinom a in  coal m iners, a 
fea tu re  th a t d is tingu ishes CW P from  bo th  silica a n d  asbes
tos exposu res (d iscussed  next).

Silicosis

S ilic o s is  is c u rre n tly  th e  m o s t p re v a le n t  c h ro n ic  occupa

t io n a l d isease in  th e  w o r ld .  It is caused  by  inhala tion  of 
crysta lline  silica, m ostly  in  occupational settings. W orkers 
invo lved  in  sand b lastin g  a n d  h ard -ro ck  m in in g  are  a t p a r 
ticu larly  h ig h  risk. Silica occurs in  bo th  crystalline an d  
am o rp h o u s  form s, b u t crysta lline  fo rm s (inc lud ing  qu artz , 
cristobalite, a n d  tridym ite) are by  far the m o st toxic an d  
fibrogenic. O f these, q u a rtz  is m o st com m only  im plicated  
in  silicosis. A fter inhala tion , the partic les in te rac t w ith  ep i
thelial cells a n d  m acrophages. Ingested  silica partic les 
cause  ac tiva tion  of the in flam m asom e a n d  the  su b seq u en t 
release of in flam m atory  m ed ia to rs  by p u lm o n ary  m acro 
phages, in c lu d in g  IL-1, TNF, fibronectin , lip id  m ed ia to rs, 
oxygen-derived  free rad icals, a n d  fibrogenic cytokines. 
W hen  m ixed  w ith  o ther m inerals, the fibrogenic effect of 
q u a rtz  is red u ced . This fo rtu ito u s  s itu a tio n  is com m on
place, as q u a rtz  in  the w orkp lace  is ra re ly  pu re . Thus, for 
exam ple, m iners o f the iron-con ta in ing  ore h em atite  m ay  
h av e  a b u n d a n t q u a rtz  in  the ir lu n g s  y e t hav e  relatively  
m ild  lu n g  d isease because of the  p ro tective  effect of 
hem atite .

^  M O R P H O L O G Y

S ilico tic  nodules in their early stages are tiny, barely palpable, 

discrete, pale-to-black (if coal dust is present) nodules in the 

upper zones of the lungs (Fig. 13.17). Microscopically, the silicotic 

nodule demonstrates con cen trica lly  a rrang ed  hyalin ized  

collagen fibers  surrounding an amorphous center. The 

“whorled” appearance of the collagen fibers is quite distinctive 

for silicosis (Fig. 13.18). Examination of the nodules by p o larized

Fig. 13.18 Coalescent collagenous silicotic nodules. ( C o u r te s y  o f  D r .  J o h n  

G o d le s k i ,  B r ig h a m  a n d  W o m e n ’s  H o s p i t a l ,  B o s to n ,  M a s s a c h u s e t t s . )
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m icroscopy reveals w e a k ly  b ire fr in g e n t silica particles, pri

marily in the center of the nodules. As the disease progresses, 

individual nodules may coalesce into hard, collagenous scars, with 

eventual progression to  PMF. The intervening lung parenchyma 

may be compressed or overexpanded, and a honeycomb pattern 

may develop. Fibrotic lesions also may occur in hilar lymph nodes 

and the pleura.

C lin ica l Features

Silicosis u su a lly  is de tected  in  asym ptom atic  w o rk ers  
o n  ro u tin e  chest rad io g rap h s, w h ich  typically  show  
a fine n o d u la rity  in  the u p p e r  zones of the  lung . M ost 
p a tien ts  do  n o t develop  sho rtness o f b rea th  u n til la te  in  
the  course, after PM F is p resen t. M any p a tien ts  w ith  PM F 
develop  p u lm o n ary  h y p erten sio n  an d  cor p u lm o n a le  
as a re su lt of chronic h y p o x ia -in d u c e d  vasoconstric tion  
a n d  parenchym al destruc tion . The d isease is slow ly p ro 
gressive, o ften  im p a irin g  p u lm o n ary  function  to  such  a 
degree  th a t physical activ ity  is severely  lim ited . Silicosis 
is associated  w ith  a n  increased  suscep tib ility  to  tubercu 
losis. It is p o s tu la ted  th a t silicosis dep resses cell-m ediated  
im m un ity , a n d  crystalline silica m ay  inh ib it the  ab ility  
of p u lm o n ary  m acrophages to  kill p hagocy tosed  m yco
bacteria . N o d u le s  o f silicotubercu losis o ften  con ta in  a 
cen tra l zone of caseation . The re la tionsh ip  be tw een  silica 
an d  lu n g  cancer is u nse ttled , b u t m ost s tud ies  suggest 
tha t silica exposu re  is associated  w ith  som e increase 
in  risk.

Asbestos's and  Asbestos-Related Diseases

A sbestos is a fam ily  of crystalline h y d ra te d  silicates 
w ith  a fib rous geom etry . O n  the  basis o f epidem iologic  
stud ies, occupational exposu re  to  asbestos is linked  to  (1 ) 
p a ren ch y m al in te rstitia l fibrosis (asbestosis); (2 ) localized 
fibrous p laques, or, rare ly , d iffuse fibrosis in  the p leu ra ; (3) 
p leu ra l effusions; (4) lu n g  carcinom a; (5) m alig n an t p leu ra l 
an d  p eritonea l m esotheliom a; a n d  (6 ) la ryngeal carci
nom a. A n  increased  incidence of asbestos-re la ted  cancers 
in  fam ily  m em bers o f asbestos w o rk ers  has  a le rted  the 
general pub lic  to  the  p o ten tia l h a za rd s  of asbestos in  the 
env ironm ent.

Pathogenesis

A s  w i t h  s ilic a  crys tals , once p h a g o c y to s e d  b y  m acro 

p h ag es , asbestos fib e rs  a c tiv a te  th e  in f la m m a s o m e  a n d  

d am a g e  p h a g o ly s o s o m a l m e m b ra n e s , s t im u la t in g  th e  

re lease  o f  p ro in f la m m a to ry  factors  a n d  f ib ro g e n ic  m e d ia 

to rs . In  ad d itio n  to  cellu lar an d  fibrotic lu n g  reactions, 
asbestos p robab ly  also  functions as b o th  a tu m o r in itia to r 
an d  a p rom oter. Som e of the  oncogenic effects o f asbestos 
on  the m eso the lium  are  m ed ia ted  by  reactive free rad icals 
g enera ted  by asbestos fibers, w h ich  p referen tia lly  localize 
in  the d is ta l lu n g  close to the m eso thelia l layer. H ow ever, 
po ten tia lly  toxic chem icals ad so rb ed  o n to  the asbestos 
fibers also  u n d o u b te d ly  con tribu te  to  the  pa thogen icity  
of the fibers. For exam ple, the ad so rp tio n  of carcinogens 
in  tobacco sm oke on to  asbestos fibers m ay  be the basis 
for the rem arkab le  synergy  be tw een  tobacco sm oking  
an d  the  d eve lopm en t o f lu n g  carcinom a in  asbestos 
w orkers.

Fig. 13.19 High-power detail of an asbestos body, revealing the typical 
beading and knobbed ends ( a r r o w ) .

^  M O R P H O L O G Y

Asbestosis is marked by diffuse p u lm o n a ry  in te rs titia l f ib ro 

sis, characterized by the presence of asbestos bodies, which 

are seen as golden brown, fusiform or beaded rods with a trans

lucent center. They consist of asbestos fibers coated with an 

iron-containing proteinaceous material (Fig. 13.19). Asbestos 

bodies apparently are formed when macrophages attempt to  

phagocytose asbestos fibers; the iron “crust” is derived from 

phagocyte ferritin.

In contrast with C W P  and silicosis, asbestosis begins in the 

lower lobes and subpleurally, spreading to  the middle and upper 

lobes of the lungs as the fibrosis progresses. Contraction of the 

fibrous tissue distorts the normal architecture, creating enlarged 

air spaces enclosed within thick fibrous walls; eventually, the 

affected regions become honeycombed. Simultaneously, fibrosis 

develops in the visceral pleura, causing adhesions between the 

lungs and the chest wall. The scarring may trap and narrow pul

monary arteries and arterioles, causing pulmonary hypertension 

and cor pulmonale.

P leu ra l p laques are the most common manifestation of 

asbestos exposure and are well-circumscribed plaques of dense 

collagen (Fig. 13.20), often containing calcium. They develop most 

frequently on the anterior and posterolateral aspects of the 

p a rie ta l p le u ra  and over the domes of the diaphragm. Uncom

monly, asbestos exposure induces pleural effusion or diffuse 

pleural fibrosis.

C lin ica l Features

The clinical find ings in  asbestosis are ind is tingu ishab le  
from  those of any  o ther chronic in te rstitia l lu n g  disease. 
P rogressively  w o rsen in g  d y sp n ea  ap p ea rs  10 to  20 years 
after exposure . It is u su a lly  accom pan ied  by a cough  an d  
p ro d u c tio n  of sp u tu m . T he d isease m ay  rem ain  static o r 
p ro g ress  to congestive h ea rt failure, cor pu lm onale , an d  
dea th . P leu ral p laq u es a re  u sua lly  asym ptom atic  an d  are 
de tected  o n  ra d io g rap h s  as c ircum scribed  densities.

B oth lu n g  carcinom a an d  m alig n an t m eso theliom a 
develop  in  w o rk ers  exposed  to  asbestos. The risk  for devel
o p in g  lu n g  carcinom a is increased  ab o u t 5-fold for asbestos 
w orkers; the re la tive  risk  for m esotheliom a, no rm ally  a  very
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Fig. 13.20 Asbestosis. Markedly thickened visceral pleura covers the lateral 
and diaphragmatic surface of the lung. Note also severe interstitial fibrosis 
diffusely affecting the lower lobe of the lung.

ra re  tu m o r (2-17 cases p e r  1 m illion  ind iv iduals), is m ore  
th a n  1000 tim es greater. C oncom itan t c igarette  sm oking  
greatly  increases the  risk  for lu n g  carcinom a b u t n o t for 
m esotheliom a. L ung  or p leu ra l cancer associated  w ith  
asbestos exposu re  carries a p a rticu la rly  p o o r p rognosis.

®  S U M M A R Y

P N E U M O C O N IO S E S

• Pneumoconioses encompass a group of chronic fibrosing dis

eases of the lung resulting from exposure to organic and 

inorganic particulates, most commonly mineral dust.

• Pulmonary alveolar macrophages play a central role in the 

pathogenesis of lung injury by promoting inflammation and 

producing reactive oxygen species and fibrogenic cytokines.

• Coal dust-induced disease varies from asymptomatic anthra- 

cosis, to simple coal w orker’s pneumoconiosis (coal macules 

or nodules, and centrilobular emphysema), to  progressive 

massive fibrosis (PMF), manifested by increasing pulmonary 

dysfunction, pulmonary hypertension, and cor pulmonale.

• Silicosis is the most common pneumoconiosis in the world, 

and crystalline silica (e.g., quartz) is the usual culprit.

• The manifestations of silicosis range from asymptomatic 

silicotic nodules to  PMF; individuals with silicosis also have 

an increased susceptibility to tuberculosis. The relationship 

between silica exposure and subsequent lung cancer is 

controversial.

• Asbestos exposure is linked with six disease processes: (1) 

parenchymal interstitial fibrosis (asbestosis); (2 ) localized

fibrous plaques or, rarely, diffuse pleural fibrosis; (3) pleural 

effusions; (4) lung cancer; (5) malignant pleural and peritoneal 

mesothelioma; and (6 ) laryngeal cancer.

• Cigarette smoking increases the risk for lung cancer in the 

setting of asbestos exposure; moreover, even family members 

of workers exposed to  asbestos are at increased risk for 

cancer.

D ru g- and  R adiation-Induced Pulm onary D isease

D ru g s can  cause a varie ty  of acu te  a n d  chronic a ltera 
tions in  resp ira to ry  s tru c tu re  a n d  function . For exam ple, 
bleomycin, a n  anti-cancer agent, causes p n eu m o n itis  an d  
in terstitia l fibrosis as a  re su lt of d irec t toxicity of the d ru g  
a n d  by s tim u la tin g  the influx  of in flam m atory  cells in to  
the  alveoli. Amiodarone, a n  an ti-a rrhy thm ic  agent, also  is 
associa ted  w ith  risk  for p n eu m o n itis  a n d  fibrosis. Radiation 
pneumonitis is a w ell-k n o w n  com plication  of irrad ia tio n  
of p u lm o n a ry  an d  o ther thoracic tum ors. Acute radiation 
pneumonitis, w h ich  typically  occurs 1  to 6  m o n th s  after 
th e rap y  in  as m an y  as 2 0 % of the  patien ts, is m an ifested  
by fever, d y sp n ea  o u t of p ro p o rtio n  to  the v o lum e of irra 
d ia ted  lung , p leu ra l effusion, a n d  p u lm o n ary  in filtra tes in  
the  irrad ia ted  lu n g  bed . These signs a n d  sym ptom s m ay  
reso lve w ith  corticostero id  th e rap y  o r p rog ress  to  chronic 
radiation pneumonitis, associa ted  w ith  p u lm o n ary  fibrosis.

Granulomatous Diseases

Sarcoidosis

S arco id os is  is a  m u lt is y s te m  d isease o f  u n k n o w n  e tio l

o g y  c h a ra c te rize d  b y  n o n ca s e a tin g  g ra n u lo m a to u s  in f la m 

m a t io n  in  m a n y  tissues a n d  o rgans. W e discuss it here  
because one p re sen ta tio n  of sarco idosis is as a restrictive 
lu n g  disease. O ther d iseases, in c lu d in g  m ycobacterial o r 
fungal infections a n d  berylliosis, som etim es a lso  p ro d u ce  
n o ncasea ting  g ranu lom as; therefore, the h isto logic d iagno 
sis o f sarco idosis is one of exclusion. A lth o u g h  sarcoidosis 
can  m an ifest in  m an y  d ifferen t w ays, b ila tera l h ila r lym ph- 
ad e n o p a th y  o r lu n g  invo lvem en t (or both), visib le o n  chest 
rad io g rap h s, is the m ajor f ind ing  a t p resen ta tio n  in  m ost 
cases. Eye a n d  sk in  invo lvem en t each occurs in  ab o u t 25% 
of cases, a n d  e ither m ay  occasionally  be the  p resen tin g  
fea tu re  of the d isease.

E p idem io logy

Sarcoidosis occurs th ro u g h o u t the w o rld , affecting  bo th  
genders a n d  all races a n d  age g roups. T here are, how ever, 
certa in  in te resting  ep idem iologic  trends:
• A  consisten t p red ilec tion  for a d u lts  y o u n g e r th a n  40 

years of age.
• A  h ig h  incidence in  D an ish  a n d  S w ed ish  p o p u la tions, 

a n d  in  the U n ited  S tates am o n g  A frican A m ericans (in 
w h o m  the frequency  is 1 0  tim es h igher th a n  in  w hites).

• A  h ig h er p revalence am o n g  nonsm okers, a n  association  
th a t is v irtua lly  u n iq u e  to  sarco idosis am o n g  p u lm o n ary  
diseases.

E tio logy  and Pathogenesis

A lth o u g h  th e  e tio lo g y  o f  sarco idosis  re m a in s  u n k n o w n ,  

se v era l lin e s  o f  e v id e n ce  suggest th a t  i t  is  a  d isease o f

http://ebooksmedicine.net

http://ebooksmedicine.net


Chronic Interstitial (Restrictive, Infiltrative) Lung Diseases 513

d is o rd e re d  im m u n e  re g u la t io n  in  g e n e tic a lly  p re d is 

p o s e d  in d iv id u a ls  expo sed  to  c e rta in  e n v iro n m e n ta l  

agen ts . The ro le of each  of these co n tribu to ry  influences is 
su m m arized  in  the  fo llow ing  d iscussion.

Several im m unolog ic  abnorm alities in  sarcoidosis 
sug g est the  d ev e lo p m en t o f a  cell-m ediated  response  to  an  
u n id en tified  an tigen . The p rocess is d riv en  by CD4+ he lper 
T cells. These im m unolog ic  "c lues" inc lude  the follow ing:
• In traa lveo lar a n d  in terstitia l accum ula tion  of CD4+ TH1 

cells, w ith  p e rip h e ra l T cell cy topenia
• O ligoclonal expansion  of CD4+ TH1 T cells w ith in  the 

lu n g  as d e te rm in ed  by analysis of T  cell recep to r 
rea rran g em en ts

• Increases in  TH1 cy tok ines such  as IL-2 an d  IFN-y, resu lt
in g  in  T  cell p ro life ra tion  a n d  m acrophage  activation , 
respectively

• Increases in  several cy tok ines in  the local en v iro n m en t 
(IL-8 , TNF, m acrophage  in flam m atory  p ro te in -1a) th a t 
favor rec ru itm en t of ad d itio n a l T  cells a n d  m onocytes 
an d  con tribu te  to  the fo rm ation  of g ranu lom as

• A nergy  to  com m on  sk in  test an tigens such  as Candida 
o r pu rified  p ro te in  deriva tive  (PPD)

• P olyclonal hypergam m ag lo b u lin em ia
• Fam ilial a n d  racial c lu ste ring  of cases, suggesting  the 

invo lvem en t of genetic  factors

A fter lu n g  tran sp lan ta tio n , sarco idosis recurs in  the new  
lungs in  a t least o n e-th ird  of patien ts, b u t w ith o u t any 
effect o n  surv ival. Finally, several p u ta tiv e  "an tig en s"  have  
been  p ro p o sed  as the  inciting  ag en t for sarco idosis (e.g., 
v iruses, m ycobacteria , Borrelia, pollen), b u t there  is no  
"sm ok ing  g u n " link ing  sarco idosis to  an y  specific an tigen  
or in fectious agent.

^  M O R P H O L O G Y

The cardinal histopathologic feature of sarcoidosis, irrespective 

of the organ involved, is the n o n n ecro tiz in g  ep ith e lio id  g ran 

u lo m a  (Fig. 13.21). This is a discrete, compact collection of 

epithelioid cells rimmed by an outer zone rich in C D 4+ T  cells.

It is not uncommon to  see intermixed multinucleate giant cells 

formed by fusion of macrophages. Early on, a thin layer of lami

nated fibroblasts is found peripheral to the granuloma; over time, 

these proliferate and lay down collagen that replaces the entire 

granuloma with a hyalinized scar. Two other microscopic features 

are sometimes seen in the granulomas: (1) S chaum ann  bodies, 

laminated concretions composed of calcium and proteins; and 

(2 ) as tero id  bodies, stellate inclusions enclosed within giant 

cells. Their presence is not required for diagnosis of sarcoidosis, 

and they may also occur in granulomas of other origins. Rarely, 

foci of central necrosis may be present in sarcoid granulomas, 

especially in the nodular form.

The lungs are involved at some stage of the disease in 

90% of patients. The granulomas predominantly involve the 

interstitium rather than air spaces, with some tendency to local

ize in the connective tissue around bronchioles and pulmonary 

venules and in the pleura (“ lymphangitic” distribution).The bron- 

choalveolar lavage fluid contains abundant C D 4+  T  cells. In 5% 

to  15% of patients, the granulomas eventually are replaced by 

diffuse in te rs titia l fibrosis, resulting in a so-called “honey

comb lung”.

Fig. 13.21 Sarcoid. Characteristic peribronchial noncaseating granulomas 
with many giant cells are present.

Intrathoracic h ila r and p a ra tra ch e a l lym ph nodes are

enlarged in 75% to 90% of patients, while one-third present with 

peripheral lymphadenopathy. The nodes are characteristically 

painless and have a firm, rubbery texture. Unlike in tuberculosis, 

lymph nodes in sarcoidosis are “nonmatted” (nonadherent) and 

do not ulcerate.

Skin lesions are encountered in approximately 25% of 

patients. E ry th e m a  nodosum , the hallmark of acute sarcoid

osis, consists of raised, red, tender nodules on the anterior 

aspects of the legs. Sarcoidal granulomas are uncommon in these 

lesions. By contrast, discrete painless subcutaneous nodules can 

also occur in sarcoidosis, and these usually reveal abundant 

noncaseating granulomas.

In v o lv em e n t o f th e  eye and lac rim a l glands occurs in 

ab o u t o ne-fifth  to  o n e -h a lf o f p a tien ts . The ocular involve

ment takes the form of iritis  or iridocyclitis  and may be uni

lateral or bilateral. As a consequence, corneal opacities, glaucoma, 

and (less commonly) total loss of vision may develop. The pos

terior uveal tract also is affected, with resultant choro id itis , 

re tin itis , and o p tic  n e rv e  invo lvem ent. These ocular lesions 

are frequently accompanied by inflammation in the lacrimal 

glands, with suppression of lacrimation (sicca syn d ro m e ). U n i

la te ra l o r  b ila te ra l p a ro titis  w ith  painful e n la rg e m e n t of 

th e  p aro tid  glands occurs in less than 1 0 % of patients with 

sarcoidosis; some go on to develop xerostomia (dry mouth). 

Combined uveoparotid involvement is designated M iku licz  

synd ro m e.

T h e  spleen may appear unaffected grossly, but in about 

three-fourths of cases, it contains granulomas. In approximately 

10%, it becomes clinically enlarged. T h e  liv e r demonstrates 

microscopic granulomatous lesions, usually in the portal triads, 

about as often as the spleen, but only about one-third of patients 

demonstrate hepatomegaly or abnormal liver function. Sarcoid 

involvement of bone m a rro w  is reported in as many as 40% of 

patients, although it rarely causes severe manifestations. O ther 

findings may include hypercalcemia and hypercalciuria. These 

changes are not related to  bone destruction but rather are 

caused by increased calcium absorption secondary to production 

of active vitamin D by the macrophages that form the 

granulomas.
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C lin ica l Features

In  m an y  affected in d iv idua ls , the d isease is en tire ly  asy m p 
tom atic, d iscovered  on  ro u tin e  chest film s as b ila tera l h ilar 
ad e n o p a th y  or as a n  inc iden ta l f ind ing  a t au topsy . In 
o thers, p e rip h e ra l ly m p h ad en o p a th y , cu taneous lesions, 
eye invo lvem ent, sp lenom egaly , or h epatom egaly  m ay  be 
p re sen tin g  m anifesta tions. In  ab o u t tw o -th ird s  of sym p
tom atic  cases, there  is g rad u a l app earan ce  of resp ira to ry  
sy m p to m s (shortness of b rea th , d ry  cough, o r vag u e  sub 
ste rna l discom fort) o r constitu tiona l signs an d  sym ptom s 
(fever, fatigue, w e ig h t loss, anorexia, n ig h t sw eats). A 
defin itive d iagnostic  test for sarco idosis does n o t exist, 
a n d  estab lish ing  a d iagnosis requ ires  the p resence of clini
cal an d  rad io log ic  find ings th a t are consisten t w ith  the 
d isease, the  exclusion of o th e r d iso rd ers  w ith  sim ilar p re 
sen tations, a n d  the iden tification  of n o ncasea ting  g ranu lo 
m as in  in vo lved  tissues. In  particu lar, tubercu losis  m u st be 
excluded.

Sarcoidosis follow s an  u n p red ic tab le  course  character
ized  by  e ithe r p rog ressive  chronicity  or p e rio d s  of activ ity  
in te rsp ersed  w ith  rem issions. The rem issions m ay  be spon 
taneous or in itia ted  by  ste ro id  th e rap y  a n d  o ften  are  p e r
m anen t. O verall, 65% to 70% of affected in d iv id u a ls  recover 
w ith  m in im al o r no  res id u a l m an ifesta tions. A no ther 20% 
develop  p e rm a n e n t lu n g  d ysfunction  o r v isua l im p a ir
m en t. O f the  rem ain in g  10% to 15%, m ost succum b to p ro 
gressive p u lm o n a ry  fibrosis an d  cor pu lm onale .

Ä S U M M A R Y

S A R C O ID O S IS

• Sarcoidosis is a multisystem disease of unknown etiology; the 

diagnostic histopathologic feature is the presence of noncase- 

ating granulomas in various tissues.

• Immunologic abnormalities include high levels of C D 4+  T HI 

cells in the lung that secrete cytokines such as IFN-y.

• Clinical manifestations include lymph node enlargement, eye 

involvement (sicca syndrome [dry eyes], iritis, or iridocyclitis), 

skin lesions (erythema nodosum, painless subcutaneous 

nodules), and visceral involvement (liver, skin, bone marrow). 

Lung involvement occurs in 90% of cases, with formation of 

granulomas and interstitial fibrosis.

H ypersensitivity Pneum onitis

H ypersensitiv ity  p n eu m o n itis  is a n  im m unologically  
m ed ia ted  in flam m atory  lu n g  d isease th a t p rim arily  affects 
the  a lveoli a n d  is therefore  o ften  called allergic alveolitis. 
M ost o ften  it is a n  occupational d isease th a t resu lts  from  
h e ig h ten ed  sensitiv ity  to  in h a led  an tigens such  as those 
fo u n d  in  m o ldy  h ay  (Table 13.4). U nlike b ronch ial asthm a, 
in  w h ich  b ronch i a re  the focus of im m unolog ically  m ed i
a ted  in jury , the dam age  in  h y persensitiv ity  p n eu m o n itis  
occurs a t the  level of alveo li. H ence, it m an ifests  p red o m i
n an tly  as a restric tive  lu n g  d isease w ith  the  typical 
decreases in  d iffusion  capacity , lu n g  com pliance, a n d  to tal 
lu n g  vo lum e. The responsib le  occupational a n d  house 
h o ld  exposu res a re  d iverse, b u t the synd rom es share  
com m on  clinical a n d  pa tho log ic  find ings a n d  p robab ly  
h av e  a very  sim ilar pathophysio log ic  basis.

Table 13.4 Sources of Antigens Causing Hypersensitivity  
Pneum onitis

S o urce  o f A n tig e n Types o f Exposures

Mushrooms, fungi, yeasts Contaminated wood, humidifiers, central 
hot air heating ducts, peat moss plants

Bacteria Dairy barns (farmer’s lung)

Mycobacteria Metalworking fluids, sauna, hot tub

Birds Pigeons, dove feathers, ducks, parakeets

Chemicals Isocyanates (auto painters), zinc, dyes

From Lacasse Y, Girard M, Cormier Y: Recent advances in hypersensitivity 
pneumonitis, Chest 142:208, 2012.

Several lines o f evidence suggest th a t hypersensitiv ity
p n eu m o n itis  is an  im m unolog ically  m ed ia ted  disease:
• B ronchoalveolar lavage specim ens consisten tly  show  

increased  n u m b ers  of CD4+ an d  C D 8 + T lym phocytes.
• M ost affected  p a tien ts  h av e  specific an tibod ies  aga in st 

the o ffend ing  an tig en  in  the ir serum .
• C om plem en t a n d  im m un o g lo b u lin s  hav e  been  dem on 

s tra ted  w ith in  vessel w alls  by  im m unofluorescence.
• N oncasea ting  g ran u lo m as are  fo u n d  in  the  lungs o f tw o- 

th ird s  o f affected  patien ts.

^  M O R P H O L O G Y

The histopathologic picture in both acute and chronic forms of 

hypersensitivity pneumonitis includes patchy mononuclear cell 

infiltrates in the pulmonary interstitium, with a characteristic 

peribronchiolar accentuation. Lymphocytes predominate, but 

plasma cells and epithelioid macrophages also are present. In 

acute forms of the disease, variable numbers of neutrophils also 

may be seen. “ Loose,”  p o o rly  fo rm e d  g ranu lom as, without 

necrosis, are present in more than two-thirds of cases, usually in 

a peribronchiolar location (Fig. 13.22). In advanced chronic cases, 

bilateral, upper-lobe-dominant interstitial fibrosis (UIP pattern) 

occurs.

Fig. 13.22 Hypersensitivity pneumonitis, histologic appearance. Loosely 
formed interstitial granulomas and chronic inflammation are characteristic.
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C lin ica l Features

H ypersensitiv ity  p n eu m o n itis  m ay  m an ifest e ither as 
a n  acu te  reaction, w ith  fever, cough , dyspnea , a n d  consti
tu tio n a l signs a n d  sym ptom s arising  4 to  8  h o u rs  after 
exposure , o r as a chronic d isease charac terized  by in sid ious 
o n se t of cough, d yspnea , m alaise, a n d  w e ig h t loss. W ith  
the acu te  form , the  d iagnosis is u sua lly  obv ious because of 
the tem pora l re la tionsh ip  of sy m p to m  onse t a n d  exposu re  
to  the  incrim inating  an tigen . If an tigen ic  exposu re  is term i
n a te d  after acu te  a ttacks o f the d isease, com plete  reso lu tion  
of p u lm o n ary  sym ptom s occurs w ith in  days. Failure to 
rem ove the inciting  ag en t from  the en v iro n m en t even tually  
resu lts  in  an  irreversib le  chronic in te rstitia l p u lm o n ary  
disease.

Pulmonary Eosinophilia
A n u m b er of d iso rd ers  are charac terized  by p u lm o n ary  
in filtra tes rich  in  eosinophils, w h ich  are rec ru ited  to  the 
lu n g  by local release of chem otactic  factors. These d iverse 
d iseases generally  are of im m unolog ic  orig in , b u t the etiol
ogy  is n o t u n d e rs to o d . P u lm o n ary  eosinoph ilia  is d iv id ed  
in to  the fo llow ing  categories:
• Acute eosinophilic pneumonia with respiratory failure, char

ac terized  by ra p id  onse t o f fever, dyspnea , hypoxia , an d  
diffuse p u lm o n ary  in filtra tes on  chest rad io g rap h s. The 
b ronchoalveo lar lavage flu id  typically  contains m ore 
th a n  25% eosinophils. T here is p ro m p t response  to 
corticosteroids.

• Simple pulmonary eosinophilia (Loeffler syndrome), charac
terized  by  tran sien t p u lm o n a ry  lesions, eo sinoph ilia  in  
the b lood, a n d  a ben ign  clinical course. The alveo lar 
sep ta  are th ickened  by  a n  in filtrate  con ta in ing  eosino
ph ils  a n d  occasional g ian t cells.

• Tropical eosinophilia, caused  by  infection  w ith  m icrofi
lariae an d  he lm in th ic  p arasites

• Secondary eosinophilia, seen, for exam ple, in  association  
w ith  asthm a, d ru g  allergies, a n d  certa in  fo rm s of 
vasculitis

• Idiopathic chronic eosinophilic pneumonia, charac terized  by 
agg regates of lym phocy tes a n d  eosinoph ils  w ith in  the 
sep ta l w alls  a n d  the  alveo lar spaces, typically  in  the 
p e rip h e ry  of the  lu n g  fields, an d  accom pan ied  by h igh  
fever, n ig h t sw eats, a n d  d yspnea . This is a d isease of 
exclusion, once o th er causes of p u lm o n a ry  eosinoph ilia  
have  been  ru le d  ou t.

Smoking-Related Interstitial Diseases

In  ad d itio n  to  obstruc tive  lu n g  d isease (COPD), sm oking  
is also  is associa ted  w ith  restric tive  o r in te rstitia l lu n g  
d iseases. Desquamative interstitial pneumonia (DIP) an d  
respiratory bronchiolitis are  tw o  re la ted  exam ples of 
sm oking-associa ted  in te rstitia l lu n g  disease. The m ost 
s trik ing  h isto logic fea tu re  of DIP is the accum ula tion  of 
large n u m b ers  o f m acrophages con ta in ing  d u sty -b ro w n  
p ig m en t (smoker's macrophages) in  the  a ir spaces (Fig. 
13.23). The alveo lar sep ta  are th ickened  by a sparse  
in flam m atory  in filtrate  (usually  lym phocytes); in terstitia l 
fibrosis, w h e n  p resen t, is m ild . P u lm o n ary  function  
tests u su a lly  show  a m ild  restric tive  abnorm ality . O verall,

Fig. 13.23 Desquamative interstitial pneumonia. There is accumulation of 
large numbers of macrophages within the alveolar spaces with only slight 
fibrous thickening of the alveolar walls.

pa tien ts  w ith  DIP have  a good  p rognosis  a n d  a n  excellent 
response  to  ste ro id s an d  sm oking  cessation; how ever, 
som e p a tien ts  p ro g ress  desp ite  therapy . R esp ira to ry  b ron 
chiolitis is a com m on  lesion fo u n d  in  sm okers th a t is char
ac terized  by the  p resence of p ig m en ted  in tra lu m in a l 
m acrophages ak in  to  those in  DIP, b u t in  a "bronchio lo- 
cen tric" d is trib u tio n  (first- a n d  second -o rder re sp ira to ry  
bronchioles). M ild  perib ronch io lar fibrosis also  is seen. As 
w ith  DIP, affected  p a tien ts  p re sen t w ith  g ra d u a l o n se t of 
d y sp n ea  a n d  d ry  cough, a n d  the  sym ptom s recede w ith  
sm oking  cessation.

PULMONARY DISEASES OF 
VASCULAR O RIG IN

Pulmonary Embolism, Hemorrhage, and Infarction

T hrom boem bolism  causes app rox im ate ly  50,000 d ea th s  
p e r  year in  the U n ited  S tates a n d  even  w h e n  n o t d irectly  
fatal o ften  com plicates the  course of o ther diseases. The 
true  incidence of nonfa ta l p u lm o n ary  em bolism  is n o t 
know n. Som e cases u n d o u b te d ly  occur o u ts id e  the hosp ita l 
in  am b u la to ry  pa tien ts, in  w h o m  the em boli are sm all an d  
clinically silent. E ven  am o n g  h o sp ita lized  patien ts, no  
m ore th an  on e-th ird  a re  d iag n o sed  before death . A u topsy  
da ta  on  the  incidence o f p u lm o n ary  em bolism  vary  w idely , 
ran g in g  from  1 % in  the  general h o sp ita lized  pop u la tio n , to 
30% in  in d iv id u a ls  d y ing  after severe bu rns, traum a, o r 
fractures.

B lood clots th a t occlude the  large  p u lm o n ary  a rteries are 
a lm ost a lw ays em bolic in  orig in . M ore th a n  95% of all 
p u lm o n ary  em boli arise  from  th rom bi w ith in  the large 
deep  veins of the  legs, m ost o ften  those  th a t have  p ro p a 
ga ted  to  involve the  p o p litea l ve in  a n d  la rger veins above 
it. The influences th a t p red isp o se  to  ven o u s th rom bosis in  
the legs are d iscussed  in  C h ap te r 4, b u t the fo llow ing  risk  
factors a re  p a ram o u n t: (1 ) p ro lo n g ed  b ed  re s t (particu larly  
w ith  im m obiliza tion  of the  legs); (2 ) surgery , especially  
o rth o p ed ic  su rg ery  o n  the knee o r h ip ; (3) severe trau m a 
(includ ing  b u rn s  o r m u ltip le  fractures); (4) congestive h ea rt 
failure; (5) in  w om en , the  p e rio d  a ro u n d  p a rtu ritio n  or the
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use  of o ra l con tracep tion  p ills w ith  h ig h  estrogen  content; 
(6 ) d issem in a ted  cancer; a n d  (7) p rim ary  d iso rd ers  of 
hypercoagu lab ility  (e.g., factor V Leiden) (C hap ter 4).

T h e  p a th o p h y s io lo g ic  consequences o f  p u lm o n a ry  

th ro m b o e m b o lis m  d e p e n d  la rg e ly  o n  th e  s ize  o f  th e  

e m b o lu s , w h ic h  in  tu r n  d ic ta tes  th e  s ize  o f  th e  o cc lu d ed  

p u lm o n a ry  a rte ry , a n d  th e  c a rd io p u lm o n a ry  status o f  th e  

p a tie n t . T here a re  tw o  im p o rta n t consequences of p u lm o 
n a ry  arte ria l occlusion: (1 ) a n  increase in  p u lm o n ary  arte ry  
p re ssu re  from  blockage of flow  and , possibly, v asospasm  
caused  by  neurogen ic  m echan ism s a n d /o r  release o f m ed i
a to rs  (e.g., th rom boxane A2, serotonin); a n d  (2) ischem ia of 
the  d o w n stream  p u lm o n ary  parenchym a. T hus, occlusion 
of a  m ajor vessel resu lts  in  an  a b ru p t increase in  p u lm o 
n a ry  a rte ry  p ressu re , d im in ish ed  card iac  o u tp u t, rig h t
s id ed  h e a rt failu re (acute cor pulmonale), a n d  som etim es 
su d d e n  death . If sm aller vessels a re  occluded , the  re su lt is 
less catastroph ic  a n d  m ay  even  be clinically silent. H ypox 
em ia develops as a resu lt of m u ltip le  m echanism s:
• Perfusion of atelectatic lung zones. A lveolar collapse occurs 

in  ischem ic a reas  because of a red u c tio n  in  su rfactan t 
p ro d u c tio n  a n d  because p a in  associated  w ith  em bolism  
leads to  red u ced  m ovem en t of the chest w all.

• The decrease in  card iac o u tp u t causes a  widening of the 
difference in arterial-venous oxygen saturation.

• Right-to-left shunting of b lood  m ay  occur th ro u g h  a 
p a te n t fo ram en  ovale, p re sen t in  30% of no rm al 
ind iv iduals.

Recall th a t the lungs a re  oxygenated  n o t on ly  by the 
p u lm o n ary  arte ries b u t also  by b ronch ial a rte ries an d  
directly  from  air in  the alveoli. T hus, ischem ic necrosis 
(infarction) is the exception  ra th e r th a n  the  ru le , occurring  
in  as few  as 10% of p a tien ts  w ith  th rom boem boli. It 
occurs on ly  if there  is com prom ise  in  card iac function  or 
b ronch ial circulation , o r if the  reg ion  of the  lu n g  a t risk  is 
u n d e rv en tila ted  as a resu lt o f u n d e rly in g  p u lm o n ary  
disease.

^  M O R P H O L O G Y

The consequences of pulmonary embolism, as noted, depend 

on the size of the embolic mass and the general state of the 

circulation. A  large embolus may embed in the main pulmonary 

artery or its major branches or lodge astride the bifurcation 

as a saddle em bolus  (Fig. 13.24). Death usually follows so 

suddenly from hypoxia or acute failure of the right side of 

the heart (acute cor pulmonale) that there is no time for 

morphologic alterations in the lung. Smaller emboli become 

impacted in medium-sized and small-sized pulmonary arteries. 

W ith  adequate circulation and bronchial arterial flow, the 

vitality of the lung parenchyma is maintained, but alveolar 

hemorrhage may occur as a result of ischemic damage to  the 

endothelial cells.

W ith  compromised cardiovascular status, as may occur with 

congestive heart failure, in farction  results. The more peripheral 

the embolic occlusion, the higher the risk for infarction. About 

three-fourths of all infarcts affect the lower lobes, and more than 

one-half are multiple. Characteristically, they are wedge-shaped, 

with their base at the pleural surface and the apex pointing 

toward the hilus of the lung. Pulmonary infarcts typically are

516 C H A P T E R  13 Lung

Fig. 13.24 Large saddle embolus from the femoral vein lying astride 
the main left and right pulmonary arteries. ( C o u r te s y  o f  D r .  L in d a  M a r g r a f  

D e p a r t m e n t  o f  P a th o lo g y , U n iv e r s i t y  o f  T e x a s  S o u th w e s te rn  M e d ic a l  S c h o o l,  D a lla s ,  

Texas.)

hemorrhagic and appear as raised, red-blue areas of coagulative 

necrosis in the early stages (Fig. 13.25). The adjacent pleural 

surface often is covered by a fibrinous exudate. The occluded 

vessel is usually located near the apex of the infarcted area. The 

red cells begin to  lyse within 48 hours, and the infarct gradually 

becomes red-brown as hemosiderin is produced. In time, fibrous 

replacement begins at the margins as a gray-white peripheral 

zone and eventually converts the infarct into a scar.

C lin ica l Features

The clinical consequences of p u lm o n a ry  th rom boem bolism  
are  su m m arized  as follows:
• M ost (60% to 80%) are clinically silen t because they  are  

sm all; the b ronch ial c ircu la tion  su sta in s  the v iab ility  of

Fig. 13.25 A small, roughly wedge-shaped hemorrhagic pulmonary infarct 
of recent occurrence.
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the  affected  lu n g  parenchym a, a n d  the  em bolic m ass is 
rap id ly  rem oved  by fibrinolytic  activity .

• In  5% of cases, dea th , acu te  rig h t-s id ed  h e a rt failure, 
o r card iovascu lar collapse (shock) occurs sudden ly . 
M assive p u lm o n ary  em bolism  is one of the few  causes 
of v irtua lly  in s tan tan eo u s dea th . These severe conse
quences typically  h a p p e n  w h e n  m ore th a n  60% of the 
to ta l p u lm o n ary  vascu la tu re  is obstru c ted  by a large 
em bolus o r m u ltip le  s im u ltaneous sm all em boli.

• O bstruc tion  of sm all to  m ed iu m  p u lm o n ary  branches 
(10% to 15% of cases) causes p u lm o n ary  in farc tion  if 
som e e lem en t of circu la tory  insufficiency also  is p resen t. 
Typically, in d iv id u a ls  w h o  su sta in  in farc tions p resen t 
w ith  dyspnea.

• In  a sm all b u t significant su b se t o f p a tien ts  (accounting  
for <3% of cases), recu rren t "sh o w ers"  of em boli lead  to 
p u lm o n ary  hypertension , chronic rig h t-s id ed  heart 
failure, and , in  tim e, p u lm o n ary  vascu lar sclerosis w ith  
p rogressively  w o rsen in g  of dyspnea .

Em boli u su a lly  reso lve after the in itia l acu te  event, as 
en d o g en o u s fibrinolytic activ ity  o ften  leads to  the ir com 
p le te  d isso lu tion . H ow ever, in  the p resence of a n  u n d e rly 
ing  p red isp o sin g  factor, a sm all, innocuous em bolus m ay  
presage  a la rger one, a n d  p a tien ts  w h o  h av e  experienced  
one p u lm o n ary  em bolism  have a 30% chance of devel
o p ing  a second. P rophy lactic  th e rap y  m ay  inc lude  an ti
coagulation , early  am b u la tio n  for p o sto p era tiv e  and  
p o stp a rtu rie n t pa tien ts, app lica tion  of elastic stockings, 
in te rm itten t p n eu m atic  calf com pression , a n d  isom etric  
leg exercises for b e d rid d e n  patien ts. Those w h o  develop  
p u lm o n ary  em bolism  are g iven  an ti-coagu la tion  therapy . 
P atien ts w ith  m assive  p u lm o n ary  em bolism  w h o  are hem o- 
dynam ically  un stab le  (shock, acu te  rig h t h eart failure) are  
cand ida tes  for th rom boly tic  therapy .

N on th rom bo tic  p u lm o n ary  em boli com e in  several 
unco m m o n  b u t po ten tia lly  le tha l form s, such  as air, fat, 
an d  am nio tic  flu id  em bolism  (C hap ter 4). In trav en o u s 
d ru g  abuse  o ften  is associa ted  w ith  fo reign  body  em bolism  
in  the p u lm o n ary  m icrovascu la tu re; the p resence of m ag 
n esiu m  trisilicate (talc) in  the in trav en o u s m ix tu re  elicits a 
g ran u lo m ato u s response  w ith in  the in te rs titiu m  o r p u lm o 
nary  arteries. Invo lvem ent o f the  in te rs titiu m  m ay  lead  to 
fibrosis, w h ile  vascu lar invo lvem en t leads to  p u lm o n ary  
hypertension . R esidual talc crystals can  be d em o n stra ted  
w ith in  the g ran u lo m as u s in g  p o la rized  light. Bone m arro w  
em bolism  (d eno ted  by  the p resence of hem atopo ietic  and  
fat e lem en ts w ith in  a p u lm o n ary  artery) can  occur after 
m assive  trau m a  a n d  in  p a tien ts  w ith  bone in farc tion  sec
o n d a ry  to  sickle cell anem ia.

®  S U M M A R Y

P U L M O N A R Y  E M B O L IS M

• Almost all large pulmonary artery thrombi are embolic in 

origin, usually arising from the deep veins of the lower leg.

• Risk factors include prolonged bed rest, knee or hip surgery, 

severe trauma, congestive heart failure, use of oral contracep

tives (especially those with high estrogen content), dissemi

nated cancer, and genetic causes of hypercoagulability.

• Most emboli (60% to  80%) are clinically silent; a minority (5%, 

typically large “saddle emboli”) cause acute right-sided heart 

failure, shock, or sudden death; and the remainder cause pul

monary infarction.

• Risk for recurrence is high.

Pulmonary Hypertension * •

The p u lm o n ary  c ircu la tion  no rm ally  is one of low  resis
tance, a n d  p u lm o n ary  b lood  p ressu res  a re  on ly  ab o u t one- 
e ig h th  of system ic p ressu res . P u lm o n a ry  h y p e rte n s io n  

(d e fin e d  as p ressures  o f  25 m m  H g  or m o re  a t rest) m a y  

b e  caused  b y  a  decrease in  th e  cro ss-sectio na l a re a  o f  th e  

p u lm o n a r y  v a s cu la r b e d  or, less c o m m o n ly , b y  in c reased  

p u lm o n a r y  v a s cu la r b lo o d  f lo w . B ased o n  shared  features, 
the  W orld  H ea lth  O rg an iza tio n  has classified p u lm o n ary  
h y p e rten s io n  in to  the  fo llow ing  five groups:
• Pulmonary arterial hypertension, a d iverse  collection of 

d iso rd ers  th a t inc ludes heritab le  form s of p u lm o n ary  
h y p erten sio n  a n d  d iseases th a t cause p u lm o n ary  h y p er
tension  by affecting  sm all p u lm o n ary  m u scu la r a rte ri
oles; these inc lude  connective tissue d iseases, h u m a n  
im m unodefic iency  v iru s, an d  congenita l h ea rt d isease 
w ith  left to  r ig h t shun ts

• Pulmonary hypertension due to left-sided heart disease, 
in c lu d in g  systolic a n d  d iasto lic  dysfunction  a n d  v a lv u 
lar d isease

• Pulmonary hypertension due to lung diseases and/or hypoxia, 
in c lu d in g  C O PD  a n d  in terstitia l lu n g  disease

• Chronic thromboembolic pulmonary hypertension
• Pulmonary hypertension with unclear or multifactorial 

mechanisms

Pathogenesis

A s can  be ga th ered  from  th is classification, p u lm o n ary  
h y p e rten s io n  has d iverse  causes. Som e of the m ore com m on 
causes a re  the follow ing:
• Chronic obstructive or interstitial lung diseases (g roup  3). 

These d iseases ob litera te  a lveo lar capillaries, increasing  
p u lm o n a ry  resistance to  b lood  flow  and , secondarily , 
p u lm o n ary  b lood  p ressu re .

• Antecedent congenital or acquired heart disease (g roup  2). 
M itral stenosis, for exam ple, causes an  increase in  left 
a tria l p re ssu re  an d  p u lm o n a ry  ven o u s p ressu re  th a t is 
even tua lly  tran sm itted  to  the  arte ria l side of the p u lm o 
nary  vascu la tu re , lead in g  to hypertension .

• Recurrent thromboemboli (g roup  4). R ecurren t p u lm o n ary  
em boli m ay  cause p u lm o n ary  h y p erten sio n  by  red u c in g  
the functional cross-sectional a rea  of the p u lm o n ary  
vascu lar bed , w h ich  in  tu rn  leads to  a n  increase in  p u l
m o n ary  vascu lar resistance.

• Autoimmune diseases (g roup  1). Several of these d iseases 
(m ost no tab ly  system ic sclerosis) involve the p u lm o n ary  
v ascu la tu re  a n d /o r  the  in te rstitium , lead in g  to  increased  
vascu lar resistance an d  p u lm o n a ry  hypertension .

• Obstructive sleep apnea (also g ro u p  3) is a com m on  dis
o rd e r  th a t is associa ted  w ith  obesity  a n d  hypoxem ia. 
It is n o w  recogn ized  to  be a significant co n trib u to r to 
the d ev e lo p m en t of p u lm o n ary  h y p e rten s io n  a n d  cor 
pu lm onale .
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U ncom m only , p u lm o n ary  h y p e rten s io n  is encoun tered  
in  p a tien ts  in  w h o m  all k n o w n  causes are excluded; th is is 
re ferred  to  as idiopathic pulmonary arterial hypertension. This 
nam e is a m isnom er, how ever, as u p  to 80% of " id io p ath ic"  
p u lm o n ary  h y p erten sio n  (som etim es re ferred  to  as primary 
pulmonary hypertension) h as  a genetic basis, som etim es 
being  in h erited  in  fam ilies as an  au to so m al d o m in an t trait. 
W ith in  these  fam ilies, there  is incom plete  penetrance, and  
on ly  1 0 % to 2 0 % of the fam ily  m em bers develop  overt 
d isease. A s is o ften  the case, in vestiga ting  the  m olecu lar 
basis of an  unco m m o n  fam ilial fo rm  of the d isease has 
p ro v id e d  new  p athogen ic  insigh ts, in  th is in stance by 
sh in ing  a spo tligh t o n  the ro le  o f the  bone m orphogenetic  
p ro te in  (B M P)-signaling  p a th w ay . Inactivating  g erm  line 
m u ta tio n s in  the gene encod ing  bone m orphogenetic  
p ro te in  recep to r 2 (BMPR2) are  fo u n d  in  75% of the fam ilial 
cases of p u lm o n ary  h y p erten sio n  a n d  25% of sporad ic  
cases. M ore recently , m u ta tio n s  in  o ther genes th a t are  
invo lved  in  the BMPR2 p a th w a y  also  have  been  iden tified  
in  affected  pa tien ts. D etails rem ain  to  be w o rk ed  ou t, b u t 
it ap p ea rs  th a t defects in  BMPR2 signaling  leads to  dys
function  of en d o th e liu m  a n d  p ro life ra tion  of vascu lar 
sm ooth  m uscle  cells in  the p u lm o n a ry  vascu la tu re . Because 
on ly  10% to 20% of in d iv id u a ls  w ith  BMPR2 m u ta tio n s 
develop  disease, it is likely th a t m odifier genes a n d /o r  
env ironm en ta l triggers also  con tribu te  to the p a thogenesis 
of the d iso rder.

518 C H A P T E R  13 Lung

M O R P H O L O G Y

Regardless of their etiology, all forms of pulmonary hypertension 

are associated with m ed ia l h yp e rtro p h y  o f th e  p u lm o n ary  

m u scu lar and elastic a rte rie s , p u lm o n a ry  a r te r ia l a th 

erosclerosis, and rig h t v e n tr ic u la r  hyp ertro ph y . The pres

ence of organizing or recanalized thrombi favors recurrent 

pulmonary emboli as the cause, and the coexistence of diffuse 

pulmonary fibrosis, or severe emphysema and chronic bronchitis, 

points to  chronic hypoxia as the initiating event. The vessel 

changes can involve the entire arterial tree, from the main pul

monary arteries down to the arterioles (Fig. 13.26). In severe 

cases, atheromatous deposits form in the pulmonary artery and 

its major branches. The arterioles and small arteries are most 

prominently affected by medial hypertrophy and intimal fibrosis, 

sometimes narrowing the lumens to  pinpoint channels. An 

uncommon but characteristic pathologic change is the p lex i

fo rm  lesion, so called because a tuft of capillary formations is 

present, producing a network, or web, that spans the lumens of 

dilated thin-walled, small arteries and may extend outside the 

vessel.

C lin ica l Features

P u lm o n ary  h y p erten sio n  p ro d u ces  sym ptom s w h e n  the 
d isease is advanced . Id iopath ic  p u lm o n a ry  h y p erten sio n  is 
m o st com m on  in  w o m en  20 to  40 years of age a n d  occurs 
occasionally  in  y o u n g  ch ild ren . The p re sen tin g  fea tu res  are  
u sua lly  d y sp n ea  a n d  fatigue, b u t som e p a tien ts  have 
an g in a l chest pain . O ver tim e, re sp ira to ry  d istress, cyano
sis, a n d  r ig h t v en tricu lar h y p e rtro p h y  ap p ear, an d  dea th

Fig. 13.26 Vascular changes in pulmonary hypertension. (A) Atheroma for
mation, a change usually limited to large pulmonary arteries. (B) Marked 
medial hypertrophy. (C) Plexiform lesion characteristic of advanced pulmo
nary hypertension seen in small arteries.

from  deco m p en sa ted  cor pu lm onale , o ften  w ith  superim 
p o sed  th rom boem bo lism  a n d  p n eu m o n ia , ensues w ith in  2  

to  5 years in  80% of patien ts.
T rea tm en t choices d e p e n d  o n  the u n d e rly in g  cause. For 

those  w ith  secondary  disease, th e rap y  is d irec ted  a t the 
trigger (e.g., th rom boem bolic  d isease or hypoxem ia). A 
varie ty  of vasod ila to rs have  been  u se d  w ith  va ry in g  success 
in  those  w ith  g ro u p  1  d isease o r refracto ry  d isease belong 
in g  to  o ther g roups. L u n g  tran sp lan ta tio n  is the defin itive 
trea tm en t for selected patien ts.

http://ebooksmedicine.net

http://ebooksmedicine.net


Pulmonary Infections 519

Diffuse Alveolar Hemorrhage Syndromes

P u lm o n ary  h em o rrh ag e  is a  d ram atic  com plication  of som e 
in terstitia l lu n g  d iso rders. A m ong  these so-called "p u lm o 
n a ry  hem o rrh ag e  synd rom es" a re  (1) G o o d p astu re  syn
d rom e, (2) id iopath ic  p u lm o n ary  hem osiderosis , a n d  (3) 
g ranu lom atosis  w ith  polyangiitis.

G oodpasture Syndrom e

G o o d p a s tu re  s y n d ro m e  is a n  u n c o m m o n  a u to im m u n e  

disease in  w h ic h  lu n g  a n d  k id n e y  in ju r y  are caused  b y  

c irc u la t in g  a u to a n tib o d ie s  a g a in s t c e rta in  d o m a in s  o f  

ty p e  I V  c o lla g e n  th a t  are in tr in s ic  to  th e  b a s e m e n t m e m 

b ra n e s  o f  re n a l g lo m e r u li  a n d  p u lm o n a ry  a lv e o li.  The 
an tibod ies  trigger d estru c tio n  a n d  in flam m ation  of the 
b asem en t m em branes in  p u lm o n ary  alveoli a n d  rena l 
g lom eru li, g iv ing  rise to  necrotizing hemorrhagic interstitial 
pneumonitis an d  rapidly progressive glomerulonephritis.

^  M O R P H O L O G Y

The lungs are heavy and have areas of red-brown consolidation 

due to diffuse a lv eo la r h e m o rrh a g e . Microscopic examina

tion shows focal necrosis of alveolar walls associated with intra

alveolar hemorrhage, fibrous thickening of septa, and hypertrophic 

type II pneumocytes. There is abundant hem osid erin  due to  

earlier episodes of hemorrhage (Fig. 13.27). The characteristic 

lin e a r p a tte rn  o f im m un og lob u lin  deposition  (usually IgG, 

sometimes IgA or IgM) that is the hallmark diagnostic finding in 

renal biopsy specimens (Chapter 14) also may be seen along the 

alveolar septa.

M ost cases of G o o d p astu re  synd rom e occur in  pa tien ts  
in  their teens o r tw enties. In  co n trast to  m any  o th er au to 
im m u n e  diseases, there  is a m ale  p reponderance. The 
m ajority  of p a tien ts  are  active sm okers. P lasm apheresis  
an d  im m u n o su p p ress iv e  th e rap y  have  m ark ed ly  im p ro v ed  
a once-d ism al p rognosis. P lasm a exchange rem oves offend 

in g  an tibod ies, a n d  im m u n o su p p ress iv e  d ru g s  inh ib it 
an tib o d y  p ro d u c tio n . W ith  severe rena l disease, renal 
tra n sp lan ta tio n  is even tua lly  requ ired .

Granulom atosis and  Polyangiitis

M ore th a n  80% of p a tien ts  w ith  g ranu lom atosis  an d  po ly 
ang iitis  (GPA; form erly  Wegener granulomatosis) develop  
u p p e r-re sp ira to ry  o r p u lm o n ary  m an ifesta tions a t som e 
tim e in  their course. This is d iscussed  in  C h ap te r 10. H ere  
w e  list the  salien t p u lm o n ary  features. The lu n g  lesions are  
charac terized  by a com bination  of necro tiz ing  vascu litis 
("angiitis") an d  p aren ch y m al necro tiz ing  g ran u lo m ato u s 
in flam m ation . The signs a n d  sym ptom s stem  from  involve
m en t o f the  u p p e r-re sp ira to ry  trac t (chronic sinusitis, epi- 
staxis, n asa l perfo ration ) a n d  the lungs (cough, hem optysis , 
chest pain). A n ti-n eu tro p h il cy top lasm ic an tibod ies  (PR3- 
A N C A s) are  p re sen t in  close to  95% of cases (C hap ter 10).

PULMONARY INFECTIONS

P u lm o n a ry  in fe c tio n s  in  th e  fo r m  o f  p n e u m o n ia  are  

re s p o n s ib le  fo r  o ne  s ix th  o f  a l l  d ea ths  in  th e  U n ite d  

States. P neu m o n ia  can  be b ro ad ly  defined  as any  infection  
in  the lung . N orm ally , the lu n g  p aren ch y m a rem ains sterile 
because of a n u m b er of h igh ly  effective im m u n e  a n d  non 
im m u n e  defense m echan ism s th a t ex tend  th ro u g h o u t the 
re sp ira to ry  system  from  the  n aso p h a ry n x  to  the  alveo lar 
a ir spaces (Fig. 13.28). The vu lnerab ility  o f the lu n g  to 
in fection  d sep ite  these  defenses is n o t su rp ris in g  because 
(1 ) m an y  m icrobes are a irbo rne  an d  read ily  in h a led  in to  
the  lungs; (2 ) n aso p h a ry n g ea l flora are  regu la rly  a sp ira ted  
d u rin g  sleep, ev en  by hea lthy  ind iv iduals ; a n d  (3) lu n g  
d iseases o ften  low er local im m u n e  defenses.

The im portance  of im m u n e  defenses in  p rev en tin g  p u l
m o n ary  infections is em p h asized  by  p a tien ts  w ith  inher
ited  or acq u ired  defects in  inna te  im m u n ity  (includ ing  
n eu tro p h il a n d  com plem ent defects) o r ad ap tiv e  im m un ity  
(e.g., h u m o ra l im m unodeficiency), all of w h ich  lead  to  an

»’S*
«V*

Fig. 13.27 Diffuse alveolar hemorrhage syndrome. (A) Lung biopsy specimen demonstrates large numbers of intraalveolar hemosiderin-laden macrophages 
on a background of thickened fibrous septa. (B) The tissue has been stained with Prussian blue, an iron stain that highlights the abundant intracellular hemo
siderin. (F ro m  th e  T e a c h in g  C o lle c t io n  o f  th e  D e p a r t m e n t  o f  P a th o lo g y ,  C h i ld r e n ’s  M e d ic a l  C e n te r ,  D a l la s ,  T e x a s .)
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Fig. 13.28 Lung defense mechanisms. (A) Innate defenses against infection: 1, In the normal lung, removal of microbial organisms depends on entrapment in 
the mucous blanket and removal by means of the mucociliary elevator; 2 ,  Phagocytosis by alveolar macrophages can kill and degrade organisms and remove 
them from the air spaces by migrating onto the mucociliary elevator; or 3 , phagocytosis and killing by neutrophils recruited by macrophage factors; 4 ,  Comple
ment may enter the alveoli and be activated by the alternative pathway to produce the opsonin C3b, which enhances phagocytosis; 5 ,  Organisms, including 
those ingested by phagocytes, may reach the draining lymph nodes to initiate immune responses. (B) Additional mechanisms operate after development of 
adaptive immunity: 1, Secreted IgA can block attachment of the microorganism to epithelium in the upper-respiratory tract; 2 ,  In the lower-respiratory tract, 
serum antibodies (IgM, IgG) are present in the alveolar lining fluid and activate complement more efficiently by the classic pathway, yielding C3b ( n o t  s h o w n ) ;  

In addition, IgG is an opsonin; 3 , The accumulation of immune T cells is important for controlling infections by viruses and other intracellular microorganisms. 
P M N ,  neutrophil.

increased  incidence of in fections w ith  pyogen ic  bacteria. 
For exam ple, p a tien ts  w ith  m u ta tio n s  in  MYD 8 8 , an  
a d a p to r  p ro te in  req u ired  for signaling  by Toll-like recep 
tors, a re  ex trem ely  suscep tib le  to  severe necro tiz ing  p n eu 
m ococcal infections, w h ile  p a tien ts  w ith  congenita l defects 
in  IgA  p ro d u c tio n  (the m ajor im m u n o g lo b u lin  in  a irw ays 
secretions) a re  a t increased  risk  for p n eu m o n ias  caused  by 
en cap su la ted  o rgan ism s such  as pneum ococcus a n d  H. 
influenzae. O n  the  o th e r h an d , defects in  TH1 ce ll-m ed ia ted  
im m u n ity  lead  m ain ly  to  increased  in fections w ith  in tracel
lu la r m icrobes such  as a typ ical m ycobacteria . M uch m ore 
com m only, lifestyle choices in terfere  w ith  h o st im m u n e  
defense m echan ism s a n d  facilitate infections. For exam ple, 
cigarette  sm oke com prom ises m ucociliary  clearance an d  
p u lm o n ary  m acro p h ag e  activ ity , an d  a lcohol im pa irs  n eu 
troph ile  function  as w ell as cough  a n d  epiglo ttic  reflexes 
(thereby  increasing  the risk  for asp iration).

B acterial p n eu m o n ias  a re  classified accord ing  to  the 
specific etiologic ag en t or, if no  p a th o g en  can  be iso lated , 
by the clinical se tting  in  w h ich  the  in fection  occurs. A lto 
gether, seven  d istinc t clinical se ttings are recognized , each 
associated  w ith  a  fairly  d istinct g ro u p  of p a th o g en s (sum 
m arized  in  Table 13.5). T hus, considera tion  of the clinical

se tting  can  be a he lp fu l gu ide  w h e n  an ti-m icrobial th e rap y  
has to  be g iven  em pirically .

Community-Acquired Bacterial Pneumonias

B acterial p n eu m o n ias  o ften  fo llow  a v ira l up p e r-re sp ira to ry  
trac t infection. S. pneumoniae (i.e., the pneum ococcus) is the 
m o st com m on  cause of com m un ity -acqu ired  acu te  p n eu m o 
n ia  a n d  is d iscussed  first, fo llow ed by o th e r relative com m on 
pathogens.

Streptococcus pneum oniae

Pneum ococcal infections occur w ith  increased  frequency  in  
tw o  clinical settings: (1) chronic d iseases such  as CHF, 
CO PD , or diabetes; a n d  (2) congen ita l o r acqu ired  defects 
in  im m u n o g lo b u lin  p ro d u c tio n  (e.g., acqu ired  im m u n e  
deficiency synd rom e [AIDS]). In  ad d itio n , decreased  or 
ab sen t sp lenic function  (e.g., sickle cell d isease o r after 
sp lenectom y) greatly  increases the risk  for overw helm ing  
pneum ococcal sepsis. You w ill recall th a t the  sp leen  con
tains the la rgest collection of phagocy tes in  the b o d y  an d  
is the m ajor o rg an  responsib le  for rem ov ing  pneum ococci 
from  the b lood. The sp leen  also  is a n  im p o rta n t site for
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Table 13.5 T h e  Pneum onia Syndrom es and Im plicated  
Pathogens

C o m m u n ity -A c q u ire d  Bacterial Pneum onia

S t r e p to c o c c u s  p n e u m o n ia e  

H a e m o p h i lu s  in f lu e n z a e  

M o r a x e l la  c a t a r r h a l is  

S ta p h y lo c o c c u s  a u r e u s  

L e g io n e l la  p n e u m o p h i la

Enterobacteriaceae (K le b s ie l la  p n e u m o n ia e )  and P s e u d o m o n a s  s p p .  

M y c o p la s m a  p n e u m o n ia e  

C h la m y d ia  p n e u m o n ia e  

C o x ie l la  b u r n e t i i (Q fever)

C o m m u n ity -A c q u ire d  V ira l P neum onia

Respiratory syncytial virus, human metapneumovirus, parainfluenza 
virus (children); influenza A and B (adults); adenovirus (military 
recruits)

N osocom ial P neum onia

Gram-negative rods belonging to E n te r o b a c te r ia c e a e  ( K le b s ie l la  spp., 
S e r r a t ia  m a rc e s c e n s ,  E s c h e r ic h ia  c o l i)  and P s e u d o m o n a s  spp.

S. a u r e u s  (usually methicillin-resistant)

A sp ira tio n  Pneum onia

Anaerobic oral flora ( B a c te r o id e s ,  P r e v o te lla ,  F u s o b a c te r iu m ,

P e p to s t r e p to c o c c u s ) , admixed with aerobic bacteria (S. p n e u m o n ia e ,  

S. a u r e u s ,  H .  in f lu e n z a e ,  and P s e u d o m o n a s  a e r u g in o s a )

C hronic  P neum onia

Nocardia
Actinomyces
Granulomatous: Mycobacterium tuberculosis and atypical mycobacteria, 

H is to p la s m a  c a p s u la tu m ,  C o c c id io id e s  im m it is ,  B la s to m y c e s  d e r m a t i t id is

N e c ro tiz in g  P neum on ia  and Lung Abscess

Anaerobic bacteria (extremely common), with or without mixed 
aerobic infection

S. a u r e u s ,  K . p n e u m o n ia e ,  S t r e p to c o c c u s  p y o g e n e s , and type 3 
pneumococcus (uncommon)

P neum on ia  in th e  Im m un oco m p ro m ised  H ost

Cytomegalovirus 
P n e u m o c y s t is  j i r o v e c i

Mycobacterium avium complex (MAC)
Invasive aspergillosis 
Invasive candidiasis
“Usual” bacterial, viral, and fungal organisms (listed above)

p ro d u c tio n  of an tibod ies  ag a in st po lysaccharides, w h ich  
are  the d o m in an t p ro tective  an tibod ies ag a in st encapsu 
la ted  bacteria.

The p resence of n u m ero u s  n eu tro p h ils  in  sp u tu m  con
ta in ing  the  typ ical g ram -positive , lance t-shaped  diplococci 
su p p o rts  the  d iagnosis of pneum ococcal p n eum on ia , b u t it 
m u s t be rem em bered  th a t S. pneumoniae is a p a r t  of the 
en d o g en o u s flora in  2 0 % of adu lts , a n d  therefore  false
positive  resu lts  m ay  be ob ta ined . Iso la tion  of pneum ococci 
from  b lood  cu ltu res  is m ore  specific b u t less sensitive (in 
the early  phase  of illness, on ly  20% to 30% of p a tien ts  have  
positive  b lood  cu ltu res). Pneum ococcal vaccines contain 
ing  cap su la r po ly saccharides from  the  com m on  sero types 
are  u se d  in  in d iv id u a ls  a t h ig h  risk  for pneum ococcal 
sepsis.

H aem oph ilus  in fluenzae

B oth en cap su la ted  an d  u n en cap su la ted  form s of H. 
influenzae are  im p o rtan t causes of com m un ity -acqu ired

pn eu m o n ias . The fo rm er can  cause a p articu larly  life- 
th rea ten in g  fo rm  of p n eu m o n ia  in  ch ild ren , o ften  after a 
resp ira to ry  v ira l infection. A d u lts  a t risk  for develop ing  
in fections inc lude  those w ith  chronic p u lm o n ary  d iseases 
such  as chronic bronchitis, cystic fibrosis, an d  bronchiecta
sis. H. influenzae is the  m ost com m on  bacterial cause of 
acu te  exacerbations of COPD. E ncapsu la ted  H. influenzae 
type b w as form erly  a n  im p o rta n t cause of ep ig lo ttitis  an d  
su p p u ra tiv e  m en ing itis  in  ch ild ren , b u t vaccination  aga in st 
th is o rgan ism  in  infancy has significantly  red u ced  the  risk.

M o ra x e lla  catarrhalis

M. catarrhalis is be ing  increasing ly  recogn ized  as a  cause of 
bacteria l p n eu m o n ia , especially  in  o ld e r ad u lts . It is the 
second m ost com m on  bacterial cause of acu te  exacerbation  
of C O PD  in  adu lts . A long  w ith  S. pneumoniae a n d  H. influ
enzae, M. catarrhalis is one of the th ree  m ost f req u en t causes 
of o titis m ed ia  (infection of the m id d le  ear) in  ch ild ren .

Staphylococcus aureus

S. aureus is a n  im p o rta n t cause of secondary  bacterial p n e u 
m on ia  in  ch ild ren  a n d  hea lthy  a d u lts  after v ira l re sp ira to ry  
illnesses (e.g., m easles in  ch ild ren  a n d  in fluenza  in  bo th  
ch ild ren  a n d  adu lts). Staphylococcal p n eu m o n ia  is associ
a ted  w ith  a h ig h  incidence of com plications, such  as lu n g  
abscess a n d  em pyem a. S taphylococcal p n e u m o n ia  occur
rin g  in  associa tion  w ith  righ t-s ided  staphylococcal endo 
card itis  is a serious com plication  of in trav en o u s d ru g  
abuse. It is also  a n  im p o rta n t cause of nosocom ial p n e u m o 
n ia  (d iscussed  later).

Klebsiella pneum on iae

K. pneumoniae is the m ost freq u en t cause of g ram -negative  
bacteria l p n eu m o n ia . Klebsiella-related p n eu m o n ia  fre
quen tly  afflicts deb ilita ted  a n d  m a ln o u rish ed  in d iv idua ls , 
p a rticu la rly  chronic alcoholics. Thick a n d  ge la tinous sp u tu m  
is characteristic, because the o rg an ism  p ro d u ces  a n  ab u n 
d a n t v iscid  cap su la r po lysaccharide , w h ich  the  p a tie n t m ay  
h av e  difficulty  co ugh ing  up .

Pseudom onas aeruginosa

A lth o u g h  d iscussed  here  w ith  com m unity -acqu ired  p a th o 
gens because of its associa tion  w ith  infections in  cystic 
fibrosis, P. aeruginosa in fection  is m ost com m only  is seen 
in  nosocom ial se ttings (d iscussed  later). Pseudomonas p n eu 
m on ia  also  is com m on  in  in d iv id u a ls  w h o  are  neu tropen ic , 
u su a lly  secondary  to  chem otherapy ; in  v ictim s o f extensive 
burns; an d  in  p a tien ts  req u irin g  m echanical ven tila tion . P. 
aeruginosa has a  p ro p en sity  to  in v ad e  b lood  vessels a t the 
site o f infection, w ith  consequen t ex trap u lm o n ary  sp read . 
Pseudomonas bacterem ia is a fu lm in an t disease, w ith  d ea th  
o ften  occurring  w ith in  a m a tte r o f days. H isto log ic exam i
na tio n  reveals o rgan ism s in v ad in g  the  w alls of necrotic 
b lood  vessels (Pseudomonas vasculitis), lead in g  to  secondary  
coagulative  necrosis o f the  p u lm o n a ry  parenchym a.

Legionella pneum ophila

L. pneumophila is the ag en t of L egionnaire disease, an  
ep o n y m  for the  ep idem ic  a n d  spo rad ic  form s of p n e u 
m on ia  caused  by th is o rganism . Pontiac fever is a  re la ted  
self-lim ited u p p e r-re sp ira to ry  trac t infection  caused  by  L. 
pneumophila, w ith o u t pneum onic  sym ptom s. L. pneumophila
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flou rishes in  artificial aquatic  env ironm en ts, such  as w a te r
cooling  tow ers a n d  w ith in  the  tu b in g  system  of dom es
tic (potable) w a te r  supp lies. The m o d e  of transm ission  is 
th o u g h t to  be e ither in h a la tio n  of aeroso lized  o rgan ism s 
o r asp ira tio n  of con tam ina ted  d rin k in g  w ater. Legionella 
p n eu m o n ia  is com m on  in  in d iv id u a ls  w ith  som e p red is 
p osing  cond ition  such  as cardiac, renal, im m unologic, o r 
hem ato log ic  disease. O rg an  tran sp lan t recip ien ts are  p a r 
ticu larly  susceptib le . Legionella p n eu m o n ia  m ay  be qu ite  
severe, frequen tly  req u irin g  h osp ita liza tion  a n d  p ro d u c in g  
a fa ta lity  ra te  o f 30% to 50% in  im m u n o su p p ressed  ind i
v idua ls . R ap id  d iagnosis is facilita ted  by d em o n stra tio n  of 
Legionella an tigens in  the u rin e  o r by  a positive  fluorescen t 
an tib o d y  test o n  sp u tu m  sam ples; cu ltu re  rem ains the stan 
d a rd  d iagnostic  m odality . PC R -based tests can  be u sed  on  
b ronch ial secretions in  a typ ical cases.

M yco p lasm a  pneum oniae

M ycoplasm a infections are p a rticu la rly  com m on  am o n g  
ch ild ren  a n d  y o u n g  adu lts . They occur spo rad ically  o r as 
local ep idem ics in  c losed com m unities (schools, m ilitary  
cam ps, prisons). Tests for Mycoplasma an tigens a n d  po ly 
m erase  cha in  reaction  (PCR) testing  for Mycoplasma D N A  
are  available.

M O R P H O L O G Y

Bacterial pneumonia has two patterns of anatomic distribution: 

lobular bronchopneumonia and lobar pneumonia (Fig. 13.29). In 

the context of pneumonias, the term  “consolidation,” used fre

quently, refers to “solidification” of the lung due to  replacement 

of the air by exudate in the alveoli. Patchy consolidation of the 

lung is the dominant characteristic of b ro ncho p neum on ia , 

while consolidation of a large portion of a lobe or of an entire 

lobe defines lo b ar p n e u m o n ia  (Fig. l3.30).These anatomic cat

egorizations may be difficult to apply in individual cases because 

patterns overlap, and patchy involvement may evolve to  become

522 C H A P T E R  13 Lung

Fig. 13.29 The anatomic distribution of bronchopneumonia and lobar 
pneumonia affecting the lower lobes of the lung.

Fig. 13.30 Lobar pneumonia with gray hepatization. The lower lobe is 
uniformly consolidated.

confluent over time, producing complete lobar consolidation. 

Moreover, the same organisms may produce either pattern 

depending on patient susceptibility. Most important from the 

clinical standpoint are identification of the causative agent and 

determination of the extent of disease.

In lo b a r p neum on ia , four stages of the inflammatory 

response have classically been described. In the first stage of 

congestion , the lung is heavy, boggy, and red. It is characterized 

by vascular engorgement, intraalveolar fluid with few neutrophils, 

and often the presence of numerous bacteria. The stage of red  

h ep a tiza tio n  that follows is characterized by massive confluent 

exudation, as neutrophils, red cells, and fibrin fill the alveolar 

spaces (Fig. I3 .3 IA ). On gross examination, the lobe is red, firm, 

and airless, with a liver-like consistency, hence the term  hepatiza

tion. The stage of g ray  h ep a tiza tio n  that follows is marked by 

progressive disintegration of red cells and the persistence of a 

fibrinosuppurative exudate (see Fig. I3 .3 IB ), resulting in a color 

change to grayish-brown. In the final stage of reso lu tion , the 

exudate within the alveolar spaces is broken down by enzymatic 

digestion to  produce granular, semifluid debris that is resorbed, 

ingested by macrophages, expectorated, or organized by fibro

blasts growing into it (Fig. I3 .3 IC ). Pleural fibrinous reaction to  

the underlying inflammation is often present in the early stages 

if the consolidation extends to  the surface (p le u ritis ). It may 

resolve or undergo organization, leaving fibrous thickening or 

permanent adhesions.

Foci of b ro n c h o p n e u m o n ia  are consolidated areas of acute 

suppurative inflammation. The consolidation may be confined to  

one lobe but is more often multilobar and frequently bilateral 

and basal because of the tendency of secretions to  gravitate to  

the lower lobes.Well-developed lesions are slightly elevated, dry, 

granular, gray-red to yellow, and poorly delimited at their margins. 

Histologically, a neutrophil-rich exudate fills the bronchi, bron

chioles, and adjacent alveolar spaces (see Fig. I3 .3 IA ).
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Fig. 13.31 (A) Acute pneumonia. The congested septal capillaries and exten
sive neutrophil exudation into alveoli correspond to early red hepatization. 
Fibrin nets have not yet formed. (B) Early organization of intraalveolar exu
dates, seen in areas to be streaming through the pores of Kohn ( a r r o w ) .  

(C) Advanced organizing pneumonia, featuring transformation of exudates 
to fibromyxoid masses richly infiltrated by macrophages and fibroblasts.

Complications of pneumonia include (1) tissue destruction 

and necrosis, causing abscess fo rm a tio n ; (2 ) spread of infection 

to  the pleural cavity, causing the intrapleural fibrinosuppurative 

reaction known as em pyem a; and (3) b a c te re m ic  d issem ina

tio n  to  the heart valves, pericardium, brain, kidneys, spleen, or 

joints, causing metastatic abscesses, endocarditis, meningitis, or 

suppurative arthritis.

C lin ica l Features

The m ajor sym ptom s of typ ical com m un ity -acqu ired  acu te  
bacteria l p n eu m o n ia  are  a b ru p t onse t o f h ig h  fever, shak ing  
chills, a n d  cough  p ro d u c in g  m u c o p u ru le n t spu tum ; occa
sional p a tien ts  have  hem optysis . W h en  p leu ritis  is p resen t, 
it is accom pan ied  by p leu ritic  p a in  a n d  p leu ra l friction  rub . 
The w ho le  lobe is rad io p aq u e  in  lobar p neum on ia , w h ereas 
there  are focal opacities in  b ro n chopneum on ia .

The clinical p ic tu re  is m ark ed ly  m odified  by  the  ad m in 
is tra tion  of effective antib io tics. T rea ted  p a tien ts  m ay  be 
re la tively  afebrile w ith  few  clinical signs 48 to  72 h o u rs  
after the in itia tion  of antib io tics. The iden tification  of the 
o rgan ism  an d  the de te rm in a tio n  of its an tib io tic  sensitiv ity  
a re  the keystones of therapy . Less th a n  10% of pa tien ts  
w ith  p n eu m o n ia  severe e n o u g h  to  m erit hosp ita liza tion  
now  succum b, an d  in  m o st such  instances d e a th  resu lts  
from  a com plication , such  as em pyem a, m en ing itis, en d o 
card itis, o r pericard itis, or to  som e p red isp o sin g  influence, 
such  as deb ility  o r chronic alcoholism .

Community-Acquired Viral Pneumonias

T h e  m o st c o m m o n  causes o f  c o m m u n ity -a c q u ire d  v ir a l  

p n e u m o n ia s  are  in f lu e n z a  typ e s  A  a n d  B , th e  re s p ira to ry  

s y n c y tia l v iru s e s , h u m a n  m e ta p n e u m o v iru s , a d e n o v iru s , 

rh in o v iru s e s , ru b e o la  v iru s , a n d  v a r ic e lla  v iru s  (see Table 
13.5). N early  all o f these agen ts also  cause u p p e r-re sp ira to ry  
trac t in fections ("com m on cold").

T hese pa tho log ic  v iru ses share  a  p ro p en sity  to  infect 
an d  dam age  ressp ira to ry  ep ithe lium , p ro d u c in g  a n  inflam 
m ato ry  response. W h en  the  process ex tends to  alveoli, 
there  is u su a lly  in te rs titia l in flam m ation , b u t  som e o u t
p o u rin g  of flu id  in to  a lveo lar spaces m ay  also  occur, so th a t 
on  chest film s the  changes m ay  m im ic those of bacteria l 
p n eu m o n ia . A s a resu lt, it is n o t possib le to  d is tin g u ish  
bac teria l a n d  v ira l p n eu m o n ia  based  o n  rad io log ic ap p e a r
ance alone. M oreover, dam age lead in g  to  necrosis of the 
re sp ira to ry  ep ith e liu m  inh ib its m ucociliary  clearance an d  
p red isp o ses  to  secondary  bacteria l infections. Such serious 
com plications of v ira l in fection  are  m ore likely in  in fants, 
o lder adu lts , m a ln o u rish ed  patien ts, alcoholics, a n d  im m u- 
n o su p p ressed  ind iv iduals.

^  M O R P H O L O G Y

The morphologic patterns in viral pneumonias are similar. The 

process may be patchy, or it may involve whole lobes bilaterally 

or unilaterally. Macroscopically, the affected areas are red-blue, 

congested, and subcrepitant. On histologic examination, the 

in f la m m a to ry  reaction  is large ly  confined to  th e  w alls of 

th e  alveoli (Fig. 13.32). The septa are widened and edematous; 

they usually contain a mononuclear inflammatory infiltrate of 

lymphocytes, macrophages and, occasionally, plasma cells. In the 

classic case, alveolar spaces in viral pneumonias are free of cel

lular exudate. In severe cases, however, full-blown diffuse alveolar 

damage with hyaline membranes may develop. In less severe, 

uncomplicated cases, subsidence of the disease is followed by 

reconstitution of the normal architecture. Superimposed bacte

rial infection, as expected, results in a mixed histologic picture.
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Fig. 13.32 Viral pneumonia. The thickened alveolar walls are infiltrated with 
lymphocytes and some plasma cells, which are spilling over into alveolar 
spaces. Note the focal alveolar edema ( c e n te r )  and early fibrosis ( u p p e r  r ig h t ) .

C lin ica l Features

The clinical course of v ira l p n eu m o n ia  is ex trem ely  varied . 
It m ay  m asq u e rad e  as a severe u p p e r-re sp ira to ry  tract 
in fection  or "chest co ld" th a t goes u n d iag n o sed , o r m an i
fest as a fu lm inan t, life -th reaten ing  in fection  in  im m u n o 
com prom ised  patien ts. T he in itia l p re sen ta tio n  u sually  is 
th a t of a n  acute, nonspecific febrile illness charac terized  by 
fever, headache, a n d  m alaise and , later, cough  w ith  m in im al 
sp u tu m . The localization  of the in flam m atory  exuda te  to 
the  alveo lar w alls, p rev en ts  oxygenation  of b lood  flow ing  
th ro u g h  the affected  a ir spaces w h ich  in  tu rn  causes m is
m atch  of v en tila tion  a n d  perfusion . A s a resu lt, the degree  
of re sp ira to ry  d istress o ften  seem s o u t of p ro p o rtio n  to  the 
physical a n d  rad io g rap h ic  find ings. Iden tify ing  the  caus
a tive  ag en t can  be difficult.

In flu e n za  Infections

P e rh a p s  no  o th e r c o m m u n ic a b le  d is o rd e r causes as 

m u c h  p u b lic  con cern  in  th e  d e v e lo p e d  w o r ld  as th e  th re a t  

o f  a n  in f lu e n z a  e p id e m ic . The in fluenza v iru s  is a single
s tra n d e d  R N A  v irus, b o u n d  by a n u c leop ro te in  th a t de ter
m ines the  v iru s  ty p e —A, B, o r C. The v ira l surface has a 
lip id  b ilayer con ta in ing  the  v ira l hem ag g lu tin in  a n d  n eu r
am in idase , w h ich  d e term ine  the  sub ty p e  (e.g., H 1N 1, 
H 3N 2). H o st an tibod ies to  the  h em ag g lu tin in  an d  n eu r
am in idase  p re v e n t a n d  am eliorate , respectively , fu tu re  
in fection  w ith  the in fluenza v iru s. The type  A  v iru ses infect 
h u m an s, p igs, horses, a n d  b ird s  a n d  are the m ajor cause of 
pandemic a n d  epidemic in fluenza infections. E pidem ics of 
in fluenza occur th ro u g h  m u ta tio n s of the hem ag g lu tin in  
an d  n eu ram in id ase  an tigens th a t a llow  the v iru s  to  escape 
m o st h o st an tibod ies (antigenic drift). Pandem ics, w h ich  last 
longer an d  are m ore w id e sp re a d  th a n  ep idem ics, m ay 
occur w h e n  b o th  the  hem ag g lu tin in  a n d  n eu ram in id ase  
are  rep laced  th ro u g h  recom bination  of R N A  segm ents 
w ith  those  of an im al v iruses, m ak ing  all an im als suscep 
tible to  the  new  in fluenza  v iru s  (antigenic shift). C om m er
cially availab le in fluenza vaccines p ro v id e  reasonab le  
p ro tec tion  ag a in st the  disease, especially  in  vu lnerab le  
in fan ts an d  in  o lder adu lts .

In sigh t in to  fu tu re  pan d em ics has com e from  s tu d y in g  
those  past. D N A  analysis of v ira l genom es re triev ed  from  
the  lu n g s  of a  so ld ier w h o  d ied  in  the  g rea t 1918 in fluenza 
p an d em ic  th a t k illed  20 m illion  to  40 m illion  in d iv id u a ls  
w o rld w id e  iden tified  sw ine in fluenza sequences, consis
ten t w ith  th is v iru s  h av in g  its o rig in  in  a n  an tigen ic  shift. 
The first flu p an d em ic  o f th is cen tu ry , in  2009, also  resu lted  
from  a n  an tigen ic  sh ift invo lv ing  a v iru s  of sw ine orig in . It 
caused  p articu larly  severe infections in  y o u n g  adu lts , 
ap p a ren tly  because o lder a d u lts  h a d  an tibod ies  aga in st 
p a s t in fluenza  stra in s th a t conveyed  p artia l p ro tection . 
C om orb id ities such  as d iabetes, h ea rt d isease, lu n g  d isease, 
an d  im m u n o su p p ress io n  also  w ere  associa ted  w ith  a 
h igher risk  for severe infection.

W h at th en  m ig h t be the  source of the  nex t g rea t p an 
dem ic? O ne concern  is cen tered  o n  av ian  in fluenza, w h ich  
n o rm ally  infects b irds. O ne av ian  strain , type  H 5N 1, has 
sp read  th ro u g h o u t the w o rld  in  w ild  a n d  dom estic  b irds. 
A s of S eptem ber 2015, app rox im ate ly  700 H 5N 1 in fluenza 
v iru s  infections a n d  400 d ea th s  in  h u m a n s  (from  15 coun 
tries) have  been  rep o rted  to  the W orld  H ea lth  O rgan iza tion  
(W HO). N early  all cases have  been  acq u ired  by close 
con tact w ith  dom estic  b irds; m o st d ea th s  resu lted  from  
p n eu m o n ia . F o rtunate ly , the  transm ission  of the cu rren t 
H 5N 1 av ian  v iru s  is inefficient. H ow ever, if H 5N 1 influ 
enza recom bines w ith  a n  in fluenza  th a t is h igh ly  infectious 
for h um ans, a s tra in  m ig h t em erge th a t is capable of 
su sta ined  h u m an -to -h u m an  transm ission  (and, thus, of 
causing  the nex t g rea t pandem ic).

f t  S U M M A R Y

A C U T E  P N E U M O N IA S

• S . p n e u m o n i a e  (the pneumococcus) is the most common cause 

of community-acquired bacterial pneumonia and usually has a 

lobar pattern of involvement.

• Morphologically, lobar pneumonias evolve through four stages: 

congestion, red hepatization, gray hepatization, and resolution.

• O ther common causes of bacterial pneumonias in the com

munity include H .  i n f l u e n z a e  and M .  c a t a r r h a l i s  (both associated 

with acute exacerbations of C O PD ), S . a u r e u s  (usually second

ary to  viral respiratory infections), K .  p n e u m o n i a e  (observed in 

chronic alcoholics), P. a e r u g i n o s a  (seen in individuals with cystic 

fibrosis, in burn victims, and in patients with neutropenia), and 

L . p n e u m o p h i l a ,  seen particularly in organ transplant 

recipients.

• V i r a l  p n e u m o n ia s  are characterized by respiratory distress out 

of proportion to the clinical and radiologic signs, and by inflam

mation that is predominantly confined to alveolar septa, with 

generally clear alveoli.

• Common causes of viral pneumonia include influenza A  and B, 

respiratory syncytial virus, human metapneumovirus, parainflu

enza virus, and adenovirus.

Hospital-Acquired Pneumonias

N o s o c o m ia l, or h o s p ita l-a c q u ire d , p n e u m o n ia s  are  

d e fin e d  as p u lm o n a ry  in fe c tio n s  a c q u ire d  in  th e  course  

o f  a  h o s p ita l stay. These in fections n o t on ly  have  an  
adverse  im p ac t on  the clinical course of ill pa tien ts, b u t
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also  a d d  considerab ly  to  the b u rg eo n in g  costs of h ea lth  
care. N osocom ial in fections are  com m on in  hosp ita lized  
in d iv id u a ls  w ith  severe u n d e rly in g  disease, those w h o  
are  im m u n o su p p ressed , o r those  o n  p ro lo n g ed  an tib io tic  
reg im ens. P atien ts on  m echanical ven tila tion  are  a p a r 
ticu larly  h igh -risk  g roup , a n d  in fections acqu ired  in  th is 
se tting  are  g iven  the d esignation  ventilator-associated pneu
monia. G ram -negative  ro d s  (m em bers o f Enterobacteriaceae 
an d  Pseudomonas spp.) a n d  S. aureus are the  m ost com m on 
isolates; un like  com m unity -acqu ired  p n eum on ias , S. pneu
moniae is n o t a  com m on  p a th o g en  in  the hosp ita l setting.

Aspiration Pneumonia

A spiration  p n eum onia  occurs in  d eb ilita ted  patients or 
those w h o  aspirate gastric contents w h ile  unconscious  
(e.g., after a stroke) or during repeated vom iting . Those 
affected  have  ab n o rm al gag  a n d  sw allow ing  reflexes th a t 
facilitate a sp ira tion . The re su lta n t p n eu m o n ia  is partly  
chem ical, d u e  to  the ex trem ely  irrita tin g  effects of the 
gastric acid , a n d  p a rtly  bacterial. Typically, m ore  th a n  one 
o rgan ism  is recovered  o n  cu ltu re , aerobes being  m ore 
com m on  th a n  anaerobes (see Table 13.5). A sp ira tio n  p n eu 
m onia  is o ften  necro tizing , p u rsu e s  a fu lm in an t clinical 
course, a n d  is a freq u en t cause of d e a th  in  in d iv id u a ls  
p red isp o sed  to  asp ira tion . In  those  w h o  surv ive, abscess 
fo rm ation  is a com m on com plication . M icroasp ira tion , by 
contrast, occurs in  m an y  in d iv iduals , especially  those w ith  
gastroesophageal reflux, an d  m ay  exacerbate o th e r lu n g  
d iseases b u t does n o t lead  to  p n eum on ia .

Lung Abscess * •

Lung abscess refers to a loca lized  area o f suppurative  
necrosis w ith in  the pulm onary parenchym a, resu ltin g  in  
the form ation o f one or m ore large cavities. The causative  
o rgan ism  m ay  be in tro d u ced  in to  the  lu n g  by an y  of the 
fo llow ing  m echanism s:
• Aspiration of infective material from  carious tee th  or 

infected  sinuses or tonsils. This m ay  occur d u rin g  oral 
surgery , anesthesia , com a, o r alcoholic in toxication , an d  
in  debilita ted  patien ts w ith  depressed  cough  reflexes.

• Aspiration of gastric contents, u sua lly  accom pan ied  by 
in fectious o rgan ism s o rig in a tin g  in  the  o ropharynx .

• As a complication of necrotizing bacterial pneumonias, p a r
ticu larly  those  caused  by S. aureus, Streptococcus pyo
genes, K. pneumoniae, Pseudomonas spp ., and , rarely , type 
3 pneum ococci. M ycotic infections a n d  bronchiectasis 
a lso  m ay  lead  to  lu n g  abscesses.

• Bronchial obstruction, p articu la rly  w ith  b ronchogenic 
carcinom a ob stru c tin g  a b ronchus or bronchiole. 
Im pa ired  d rainage, d ista l atelectasis, a n d  asp ira tio n  of 
b lood  a n d  tu m o r fragm en ts a ll con tribu te  to  the  devel
o p m en t o f abscesses. A n  abscess a lso  m ay  fo rm  w ith in  
a n  excavated  necrotic p o rtio n  of a  tum or.

• Septic embolism, from  infective end o card itis  o f the rig h t 
side of the  heart.

• In  ad d itio n , lu n g  abscesses m ay  re su lt from  hema
togenous spread of bacteria in  d issem inated  pyogenic  
infection. This occurs m ost characteristically  in  stap h y 
lococcal bacterem ia a n d  o ften  resu lts  in  m u ltip le  lu n g  
abscesses.

A naerobic bacteria a re  p resen t in  a lm ost all lung  
abscesses, a n d  they are  the exclusive isolates in  one-th ird  to 
tw o-th irds of cases. The m ost frequently  encoun tered  anaer
obes a re  com m ensals norm ally  found  in  the oral cavity, 
principally  species of Prevotella, Fusobacterium, Bacteroides, 
Peptostreptococcus, a n d  m icroaerophilic streptococci.

M O R P H O L O G Y

Abscesses range in diameter from a few millimeters to large 

cavities 5 to  6  cm across. The localization and number of 

abscesses depend on their mode of development. Pulmonary 

abscesses resulting from aspiration of infective material are 

m o re  c o m m o n  on th e  r ig h t side (with its more vertical 

airways) than on the left, and most are single. On the right side, 

they tend to occur in the posterior segment of the upper lobe 

and in the apical segments of the lower lobe, because these 

locations reflect the probable course of aspirated material when 

the patient is recumbent. Abscesses that develop in the course 

of pneumonia or bronchiectasis commonly are multiple, basal, 

and diffusely scattered. Septic emboli and abscesses arising from 

hematogenous seeding are commonly multiple and may affect 

any region of the lungs.

As the focus of suppuration enlarges, it almost inevitably 

ruptures into airways. Thus, the contained exudate may be par

tially drained, producing an air-fluid level on radiographic exami

nation. Occasionally, abscesses rupture into the pleural cavity and 

produce bronchopleural fistulas, the consequence of which is 

p n e u m o th o ra x  or e m p y e m a . O ther complications arise 

from embolization of septic material to  the brain, giving rise to  

meningitis or brain abscess. On histologic examination, as 

expected with any abscess, the suppurative focus is surrounded 

by variable amounts of fibrous scarring and mononuclear infiltra

tion (lymphocytes, plasma cells, macrophages), depending on the 

chronicity of the lesion.

C lin ica l Features

The m an ifesta tions of a  lu n g  abscess a re  m u ch  like those 
of b ronchiectasis a n d  inc lude  a p ro m in e n t cough  tha t 
u sua lly  y ie lds cop ious a m o u n ts  of foul-sm elling , p u ru len t, 
o r sangu ineous sp u tu m ; occasionally, h em op tysis  occurs. 
S p ik ing  fever an d  m alaise a re  com m on. C lubb ing  of the 
fingers, w e ig h t loss, an d  anem ia  m ay  all occur. A bscesses 
occur in  10% to 15% of p a tien ts  w ith  b ronchogenic  carci
nom a; thus, w h e n  a lu n g  abscess is su spec ted  in  a n  o lder 
ad u lt, u n d e rly in g  carcinom a m u st be considered . Second
a ry  am ylo idosis (C hap ter 5) m ay  develop  in  chronic cases. 
T rea tm en t inc ludes an tib io tic  th e rap y  an d , if need ed , su r
gical d ra inage. O verall, the m orta lity  ra te  is in  the range 
of 1 0 %.

Chronic Pneumonias
C hronic p n eu m o n ia  m ost o ften  is a localized  lesion  in  an  
im m u n o co m p eten t in d iv id u a l, w ith  or w ith o u t reg ional 
ly m p h  n o d e  invo lvem ent. There is typically  g ran u lo m a
tous in flam m ation , w h ich  m ay  be d u e  to  bacteria  (e.g.,
M. tuberculosis) o r fungi. In  im m u n o co m p ro m ised  patien ts, 
such  as those w ith  deb ilita ting  illness, o n  im m u n o su p 
p ressive  reg im ens, o r w ith  h u m a n  im m unodefic iency
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v iru s  (HIV) infection  (see later), the u su a l p resen ta 
tion  is w id esp read  d isease d u e  to  system ic d issem ina
tion  of the causative  organ ism . T ubercu losis is by  far the 
m ost im p o rta n t en tity  w ith in  the sp ec tru m  of chronic 
pneum on ias.

Tuberculosis

T ubercu losis is a com m unicab le  chronic g ran u lo m ato u s 
d isease  caused  by  Mycobacterium tuberculosis. It u sua lly  
involves the lungs b u t m ay  affect any  o rg an  o r tissue in  the 
body.

Epidem iology

T h e  W o r ld  H e a lth  O rg a n iz a t io n  (W H O )  con s iders  tu b e r 

cu lo s is  to  b e  th e  m o s t c o m m o n  cause o f  d e a th  re s u ltin g  

f r o m  a  s in g le  in fe c tio u s  a g en t. It is estim ated  th a t 1.7 
b illion  in d iv id u a ls  a re  in fected  w o rld w id e , w ith  8  to  1 0  

m illion  n ew  cases a n d  1.5 m illion  d ea th s p e r  year. In  the 
W estern  w o rld , d ea th s  from  tubercu losis  p eak ed  in  1800 
a n d  stead ily  declined  th ro u g h o u t the  1800s a n d  1900s. 
H ow ever, in  1984 the decline in  new  cases s to p p ed  ab rup tly , 
a change th a t resu lted  from  the increased  incidence of 
tubercu losis  in  H IV -infected  in d iv idua ls . A s a  consequence 
of in tensive  pub lic  h ea lth  surveillance an d  tubercu losis 
p ro p h y lax is  am o n g  im m u n o su p p ressed  in d iv idua ls , the 
incidence of tubercu losis  in  U .S.-born in d iv id u a ls  has 
declined  since 1992. In  2014, there  w ere  app rox im ate ly  
9400 new  cases of active tubercu losis  in  the U n ited  States, 
w ith  nearly  60% of these occu rring  in  im m ig ran ts  from  
coun tries w h ere  tubercu losis  is endem ic.

T u b e rc u lo s is  flo u ris h e s  u n d e r  c o n d itio n s  o f  p o v e rty ,  

c ro w d in g , a n d  ch ro n ic  d e b il i ta t in g  illn e s s . In  the U nited  
States, tubercu losis  is a d isease of o ld e r adu lts , the u rb a n  
poor, p a tien ts  w ith  AIDS, a n d  m em bers of m ino rity  com 
m unities. A frican  A m ericans, N a tive  A m ericans, the In u it 
(from  A laska), H ispanics, a n d  im m ig ran ts  from  S ou theast 
A sia have  h igher ra tes o f d isease th a n  o ther segm ents of 
the  p o p u la tion . C erta in  d isease states also  increase the risk, 
such  as d iabetes m ellitus, H o d g k in  lym phom a, chronic 
lu n g  d isease (particu larly  silicosis), chronic rena l failure, 
m alnu trition , alcoholism , a n d  im m u n o su p p ressio n . In 
a reas of the w o rld  w h ere  H IV  infection  is p reva len t, HIV  
infection  is the d o m in an t risk  factor for the  d ev e lo p m en t 
of tuberculosis.

It is im p o rtan t th a t infection be d ifferen tia ted  from  
disease. Infection  im plies seed ing  of a focus w ith  organ ism s, 
w h ich  m ay  o r m ay  n o t cause clinically significant tissue 
dam age (i.e., d isease). A lth o u g h  o ther ro u tes  m ay  be 
involved , m ost infections a re  acqu ired  by  d irec t person-to- 
p e rso n  transm ission  of a irbo rne  d ro p le ts  o f o rgan ism s 
from  a n  active case to  a suscep tib le  host. In  m ost in d iv id u 
als, a n  asym ptom atic  focus o f p u lm o n a ry  in fection  ap p ea rs  
th a t is self-lim ited, a lth o u g h  uncom m only , p rim ary  tuber
culosis m ay  re su lt in  the d ev e lo p m en t of fever a n d  p leu ra l 
effusions. G enerally , the  on ly  ev idence of infection, if any 
rem ains, is a tiny, telltale fibrocalcific n o d u le  a t the site of 
the infection. V iable o rgan ism s m ay  rem ain  d o rm a n t in  
such  loci for decades, a n d  possib ly  for the life o f the  host. 
Such in d iv id u a ls  a re  infected  b u t d o  n o t have  active d isease 
a n d  therefore  canno t tran sm it o rgan ism s to  o thers. Yet, if 
their im m u n e  defenses are  low ered , the  infection  m ay  reac-
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tivate  to  p ro d u ce  com m unicab le  a n d  p o ten tia lly  life- 
th rea ten in g  disease.

Infection  w ith  M. tuberculosis typically  leads to  the 
d ev e lo p m en t o f de lay ed  hypersensitiv ity , w h ich  can  be 
de tected  by  the tubercu lin  (M antoux) test. A bou t 2 to  4 
w eeks after the in fection  has begun , in tracu tan eo u s injec
tion  of 0.1 mL of sterile  p u rified  p ro te in  deriva tive  (PPD) 
in d u ces a visible a n d  p a lpab le  in d u ra tio n  (at least 5 m m  in 
d iam eter) th a t peaks in  48 to  72 hours. Som etim es, m ore 
PPD  is req u ired  to elicit the  reaction , a n d  u n fo rtuna te ly , 
in  som e responders , the s ta n d a rd  dose m ay  p ro d u ce  a 
large, necro tiz ing  lesion. A  positive  tubercu lin  skin  test 
resu lt signifies cell-m ed iated  h y persensitiv ity  to  tubercu 
lar an tigens, b u t does n o t d ifferen tia te  be tw een  in fection  
an d  disease. A  w ell-recogn ized  lim ita tion  of th is  test is 
tha t fa lse-negative reactions (or sk in  test anergy) m ay  be 
p ro d u ced  by certa in  v ira l infections, sarcoidosis, m a ln u 
trition , H o d g k in  lym phom a, im m u n o su p p ressio n , an d  
(notably) o v erw h e lm in g  active tubercu lous disease. False
positive  reactions m ay  resu lt from  in fection  by atyp ical 
m ycobacteria.

A b o u t 80% of the p o p u la tio n  in  certa in  A sian  an d  
A frican coun tries is tubercu lin -positive . In  contrast, in  
2012, approx im ate ly , 5% to 10% of the U.S. p o p u la tio n  
w as positive, in d ica tin g  the m ark ed  difference in  ra tes of 
exposu re  to  the tubercle  bacillus. In  general, 3% to 4% of 
p rev iously  u n ex p o sed  in d iv id u a ls  acqu ire  active tubercu 
losis d u r in g  the  first y ea r after " tu b e rcu lin  conversion ," 
a n d  no  m ore  th a n  15% do  so thereafter. Thus, on ly  a sm all 
fraction  of those w ho  contract a n  in fection  develop  active 
disease.

E tio logy  and Pathogenesis

M ycobacteria a re  slender ro d s  th a t are acid-fast (i.e., they 
have  a h ig h  con ten t of com plex  lip id s  th a t read ily  b in d  the 
Z ieh l-N eelsen  [carbol fuchsin] sta in  a n d  subsequen tly  
stu b b o rn ly  resist decolorization). M. tuberculosis hominis is 
responsib le  for m ost cases of tuberculosis; the  reservo ir of 
in fection  typically  is fo u n d  in  in d iv id u a ls  w ith  active p u l
m o n ary  d isease. T ransm ission  u su a lly  is d irect, by  inha la 
tion  of a irbo rne  o rgan ism s in  aeroso ls g enera ted  by 
expecto ration  o r by  exposu re  to  con tam ina ted  secretions of 
in fected  in d iv idua ls . O ro p h ary n g ea l an d  in testina l tuber
culosis con trac ted  by d rin k in g  m ilk  con tam ina ted  w ith  
Mycobacterium bovis infection  is n o w  ra re  except in  those 
coun tries w ith  tubercu lo u s d a iry  cow s a n d  sales of u n p a s 
teu rized  m ilk. O ther m ycobacteria , p a rticu larly  Mycobacte
rium avium complex, are m u ch  less v iru len t th a n  M. 
tuberculosis a n d  rare ly  cause d isease in  im m u n o co m p eten t 
in d iv id u a ls . H ow ever, they  cause d isease in  10% to 30% of 
pa tien ts  w ith  AIDS.

Pathogenesis

The pa thogenesis of tubercu losis  in  the p rev iously  u nex 
p o sed  im m u n o co m p eten t in d iv id u a l is cen tered  o n  the 
d eve lopm en t o f cell-m ed iated  im m u n ity , w h ich  confers 
resistance to  the o rgan ism  a n d  resu lts  in  d ev e lo p m en t of 
tissue hypersensitiv ity  to  tub ercu la r an tigens. The p a th o 
logic fea tu res of tubercu losis, such  as caseating  g ranu lo 
m as a n d  cavitation , are the  resu lt o f the  d estruc tive  tissue 
hypersensitiv ity  th a t is p a rt a n d  parcel o f the  ho st im m u n e  
response. Because the  effector cells for b o th  p ro tective
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A  INFECTION BEFORE ACTIVATION OF CELL MEDIATED IMMUNITY
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Fig. 13.33 Sequence of events in the natural history of primary pulmonary tuberculosis. This sequence commences with inhalation of virulent strains of 
M y c o b a c t e r iu m  and culminates in the development of immunity and delayed hypersensitivity to the organism. (A) Events occurring in the first 3 weeks after 
exposure. (B) Events thereafter. The development of resistance to the organism is accompanied by conversion to a positive result on tuberculin skin testing. 
Cells and bacteria are not drawn to scale. IF N - y , Interferon y  iN O S , inducible nitric oxide synthase; M H C ,  major histocompatibility complex; M T b , M y c o b a c t e r iu m  

tuberculosis; T N F , tumor necrosis factor.

im m u n ity  a n d  d am ag in g  h ypersensitiv ity  a re  the sam e, 
the  app earan ce  of tissue h ypersensitiv ity  also  signals the 
acqu isition  of im m u n ity  to  the  o rganism . The sequence of 
even ts  from  in h a la tio n  of the in fectious in o cu lu m  to con
ta in m en t of the  p rim ary  focus is illu stra ted  in  Fig. 13.33 
a n d  can  be o u tlin ed  as follow s:
• Entry into macrophages. A v iru len t s tra in  of m ycobacteria  

gains en try  to  m acrophage  endosom es, a  p rocess m ed i
a ted  by  several m acrophage  recep tors, in c lu d in g  the 
m acrophage  m annose  recep to r an d  com plem en t recep 
to rs th a t recognize several co m ponen ts  o f the m ycobac
terial cell w alls.

• Replication in macrophages. O nce in terna lized , the  o rgan 
ism s inh ib it no rm al m icrobicidal responses by  p rev en t
ing  the fu sion  of the  lysosom es w ith  the  phagocytic  
vacuole, a llow ing  the m ycobacterium  to p e rsis t and  
pro liferate . T hus, the earliest p h ase  of p rim ary  tubercu 
losis (the first 3 w eeks) in  the n o nsensitized  p a tien t is 
charac terized  by bacillary  p ro life ra tion  w ith in  the  p u l
m o n ary  alveo lar m acrophages an d  a ir spaces, ev en tu 
ally re su ltin g  in  bacterem ia a n d  seed ing  of the o rgan ism s 
to m u ltip le  sites. D esp ite  the  bacterem ia, m ost in d iv id u 
als a t th is stage are asym ptom atic  o r have  a m ild  flulike 
illness.

• Development of cell-mediated immunity. This occurs 
app rox im ate ly  3 w eeks after exposure . P rocessed  m yco
bacterial an tigens reach  the d ra in in g  ly m p h  n o d es an d  
are  p re sen ted  to  CD4 T cells by den d ritic  cells a n d  m ac
rophages. U n d e r the influence of m acrophage-secreted  
IL-12, CD4+ T cells o f the TH1 subse t are  g enera ted  th a t 
are  capable of secreting  IFN-y.

• T cell-mediated macrophage activation and killing of bacteria. 
IFN-y re leased  by the  CD4+ T cells of the  TH1 subse t is 
crucial in  ac tiva ting  m acrophages. A ctivated  m acro 
phages, in  tu rn , release a varie ty  of m ed ia to rs  an d  
u p reg u la te  expression  of genes w ith  im p o rta n t d o w n 
stream  effects, includ ing : (1) TNF, w h ich  is responsib le  
for rec ru itm en t o f m onocytes, w h ich  in  tu rn  u n d e rg o  
activation  a n d  d iffe ren tia tion  in to  the "ep ith e lio id  h is
tiocytes" th a t characterize  the g ran u lo m ato u s  response; 
(2) inducib le  n itric  ox ide syn thase  (iNOS), w h ich  raises 
n itric  ox ide (NO) levels, h e lp in g  to  create reactive n itro 
gen in te rm ed ia tes  th a t a p p e a r to  be p a rticu la rly  im p o r
tan t in  k illing  of m ycobacteria; a n d  (3) an ti-m icrobial 
p ep tid es  (defensins) th a t a re  a lso  toxic to  m ycobacterial 
o rganism s.

• Granulomatous inflammation and tissue damage. In addi
tio n  to stim ulating m acrophages to k ill m ycobacteria,
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th e  T H1 resp on se  orchestra tes  th e  fo r m a t io n  o f  g ra n u 

lo m a s  a n d  caseous necrosis . M acrophages ac tivated  
by  IFN-y d ifferen tia te  in to  the  "ep ith e lio id  h istiocy tes" 
th a t agg regate  to  fo rm  granu lom as; som e ep ithelio id  
cells m ay  fuse to  fo rm  g ian t cells. In  m an y  in d iv id u 
als, th is response  h a lts  the infection  before significant 
tissue d estru c tio n  or illness occur. In  o ther in d iv id u a ls  
w ith  im m u n e  deficits d u e  to  age or im m u n o su p p res 
sion, the  infection  p rog resses a n d  the  o ngo ing  im m une 
response  resu lts  in  caseation  necrosis. A ctivated  m ac
ro p h ag es also  secrete TNF an d  chem okines, w h ich  
p ro m o te  rec ru itm en t of m ore  m onocytes. The im p o r
tance of TNF is u n d e rsco red  by the  fact th a t pa tien ts  
w ith  rh eu m ato id  a rth ritis  w h o  are trea ted  w ith  a TNF 
an tag o n is t have  a n  increased  risk  for tubercu losis 
reactivation .

I n  s u m m a ry , im m u n ity  to  a  tu b e rc u la r  in fe c t io n  is  p r i 

m a r i ly  m e d ia te d  b y  T H1 ce lls , w h ic h  s tim u la te  m acro 

p hages  to  k i l l  m y c o b a c te ria . This im m u n e  response, w h ile  
largely  effective, com es a t the  cost o f h y persensitiv ity  an d  
the  accom pany ing  tissue destruc tion . D efects in  any  of the 
steps of a  TH1 T cell response  (inc lud ing  IL-12, IFN-y, TNF, 
o r n itric  ox ide p roduction ) re su lt in  poo rly  fo rm ed  g ran u 
lom as, absence o f resistance, a n d  d isease p rogression . Ind i
v id u a ls  w ith  in h erited  m u ta tio n s in  any  com ponen t of the 
TH1 p a th w a y  are ex trem ely  suscep tib le  to  infections w ith  
m ycobacteria . R eactivation  of the in fection  o r reexposu re  
to the  bacilli in  a p rev iously  sensitized  h o st resu lts  in  ra p id  
m obilization  of a defensive reaction  b u t also  increased  
tissue necrosis. Just as h y persensitiv ity  a n d  resistance 
ap p e a r in  parallel, so, too, the  loss of hypersensitiv ity  (indi
cated  by tub ercu lin  negativ ity  in  a M. tuberculosis-infected 
patien t) is a n  om in o u s sign  of fad in g  resistance to  the 
organism .

P rim ary  Tuberculosis

P rim ary  tubercu losis is the fo rm  of d isease th a t develops 
in  a p rev iously  unex p o sed  a n d  therefore  u n sensitized  
pa tien t. A b o u t 5% of those new ly  infected  acqu ire  signifi
can t d isease.

In  the large  m ajority  of o therw ise  hea lthy  in d iv idua ls , 
the on ly  consequence of p rim ary  tubercu losis  are  the foci 
o f scarring  d iscussed  earlier. H ow ever, these foci m ay  
harb o r v iable bacilli a n d  th u s  serve as a n id u s  for d isease 
reac tiva tion  a t a la te r tim e if h o s t defenses w ane . U ncom 
m only , new  infection  leads to  progressive primary tuberculo
sis. This com plication  occurs in  pa tien ts  w h o  are  overtly  
im m u n o co m p ro m ised  o r w h o  have  m ore sub tle  defects in  
ho st defenses, as is characteristic  o f m a ln o u rish ed  ind i
v idua ls . C erta in  racial g roups, such  as the Inu it, a lso  are  
m ore p ro n e  to  the  d ev e lo p m en t of p rog ressive  p rim ary  
tuberculosis. The incidence of p rog ressive  p rim ary  tuber
culosis is p a rticu larly  h ig h  in  H IV -positive p a tien ts  w ith  
significan t im m u n o su p p ress io n  (i.e., CD4+ T cell coun ts 
below  200 ce lls /|iL ). Im m u n o su p p ress io n  resu lts  in  an  
inab ility  to  m o u n t a  CD4+ T ce ll-m ed ia ted  response  th a t 
w o u ld  con ta in  the  p rim ary  focus; because hypersensitiv ity  
an d  resistance are  m ost o ften  concom itan t factors, the  lack 
of a tissue h y persensitiv ity  reaction  resu lts  in  the absence 
of the characteristic  caseating  g ran u lo m as (nonreactive 
tuberculosis) (see Fig. 13.35D).
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Fig. 13.34 Primary pulmonary tuberculosis, Ghon complex. The gray-white 
parenchymal focus ( a r r o w )  is under the pleura in the lower part of the upper 
lobe. Hilar lymph nodes with caseation are seen ( le f t ) .

^  M O R P H O L O G Y

In countries in which bovine tuberculosis and infected milk have 

largely disappeared, primary tuberculosis almost always begins in 

the lungs. The inhaled bacilli usually implant in the distal air spaces 

of the lower part of the upper lobe or in the upper part of the 

lower lobe. They are typically close to  the pleura. During the 

development of sensitization, a 1 -cm to 1.5-cm area of gray-white 

inflammatory consolidation emerges. This is called the G hon  

focus. In the majority of cases, the center of this focus undergoes 

caseous necrosis. Tubercle bacilli, either free or within phagocytes, 

travel via the lymphatic vessels to the regional lymph nodes, which 

also often caseate. This combination of parenchymal and nodal 

lesions is called the G hon com plex  (Fig. 1 3.34). Lymphatic and 

hematogenous dissemination to other parts of the body also 

occurs during the first few weeks. Development of cell-mediated 

immunity controls the infection in approximately 95% of cases. 

Therefore, the Ghon complex undergoes progressive fibrosis, and 

calcification often follows (detectable as a Ranke com plex  on 

radiograph). Despite seeding of other organs, no lesions develop. 

Histologically, sites of infection are involved by a characteristic 

inflammatory reaction marked by the presence of caseating and 

noncaseating granulomas, which consist of epithelioid histiocytes 

and multinucleate giant cells (Fig. 13.35A to C ).

Secondary Tuberculosis (Reactivation Tuberculosis)

Secondary  tubercu losis  is the p a tte rn  of d isease th a t arises 
in  a p rev iously  sensitized  host. It m ay  ap p e a r shortly  after 
p rim ary  tubercu losis, b u t m ore  com m only  arises from  
reac tiva tion  of d o rm a n t p rim ary  lesions m an y  decades
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Fig. 13.35 The morphologic spectrum of tuberculosis. A characteristic tubercle at low magnification (A) and at higher power (B) shows central granular 
caseation surrounded by epithelioid and multinucleate giant cells. This is the usual response in individuals who develop cell-mediated immunity to the organ
ism. (C) Occasionally, even in immunocompetent patients, tubercular granulomas may not show central caseation; hence, irrespective of the presence or 
absence of caseous necrosis, use of special stains for acid-fast organisms is indicated when granulomas are present. (D) In this specimen from an immunosup- 
pressed patient, sheets of macrophages packed with mycobacteria are seen (acid-fast stain).

after in itia l infection, p a rticu la rly  w h e n  ho st resistance is 
w eakened . It a lso  m ay  re su lt from  reinfection , w h ich  m ay 
occur e ither because the  p ro tec tion  a ffo rded  by the  p rim ary  
d isease  has w a n e d  o r because of exposu re  to a large  inocu 
lu m  of v iru len t bacilli. W hatever the source of the o rgan 
ism , on ly  a few  p a tien ts  (<5%) w ith  p rim ary  d isease 
subsequen tly  develop  secondary  tuberculosis.

Secondary p u lm onary  tuberculosis is classically localized 
to  the apex of one o r b o th  u p p e r lobes. The reason  is obscure 
b u t m ay  relate to h igh  oxygen tension  in  the apices. Because 
of the preexistence of hypersensitiv ity , the bacilli excite a 
p ro m p t a n d  m ark ed  tissue response th a t tends to w all off 
the  focus. As a  resu lt of th is localization, the regional lym ph  
nodes are  less p rom inen tly  involved  early  in  the disease 
th an  they are in  p rim ary  tuberculosis. O n  the o ther hand , 
cavitation  occurs read ily  in  the secondary  form , lead ing  to 
erosion in to  a n d  dissem ination  a long  airw ays. Such changes 
becom e a n  im p o rtan t source of infectivity, because the 
pa tien t now  produces sp u tu m  contain ing  bacilli.

Secondary  tubercu losis  sh o u ld  a lw ays be a n  im p o rtan t 
consid era tio n  in  H IV -positive p a tien ts  w h o  p re sen t w ith  
p u lm o n ary  disease. O f note, a lth o u g h  a n  increased  risk

for tubercu losis  exists a t all stages of H IV  disease, the 
m an ifesta tions d iffer d e p en d in g  on  the degree  of im m u n o 
supp ression . For exam ple, p a tien ts  w ith  less severe im m u 
n o su p p ress io n  (CD4+ T cell coun ts >300 ce lls / |iL) p re sen t 
w ith  "u su a l"  secondary  tubercu losis  (apical d isease w ith  
cavitation) w h ile  those w ith  m ore ad v an ced  im m u n o su p 
p ressio n  (CD4+ T cell coun ts below  200 ce lls /|iL ) p re sen t 
w ith  a  clinical p ic tu re  th a t resem bles p rog ressive  p rim ary  
tubercu losis  (low er a n d  m id d le  lobe conso lidation , h ilar 
ly m p h ad en o p a th y , a n d  noncav ita ry  d isease). The ex ten t 
of im m u n o su p p ress io n  also  d e term ines the frequency  of 
ex trap u lm o n ary  invo lvem ent, ris ing  from  10% to 15% in 
m ild ly  im m u n o su p p ressed  p a tien ts  to  g rea ter th an  50% in 
those w ith  severe im m u n e  deficiency.

^  M O R P H O L O G Y

The initial lesion usually is a small focus of consolidation, less than 

2 cm in diameter, within 1 to 2 cm of the apical p leu ra . Such 

foci are sharply circumscribed, firm, gray-white to yellow areas 

that have a variable amount of central caseation and peripheral
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Fig. 13.36 Secondary pulmonary tuberculosis. The upper parts of both 
lungs are riddled with gray-white areas of caseation and multiple areas of 
softening and cavitation.

fibrosis. In favorable cases, the initial parenchymal focus under

goes progressive fibrous encapsulation, leaving only fibrocalcific 

scars. Histologically, the active lesions show characteristic coales- 

cent tubercles with central caseation. Although tubercle bacilli 

can be demonstrated by appropriate methods in early exudative 

and caseous phases of granuloma formation, it is usually impos

sible to find them in the late, fibrocalcific stages.

Localized, apical, secondary pulmonary tuberculosis may heal 

with fibrosis either spontaneously or after therapy, or the disease 

may progress and extend along several different pathways. 

In progressive p u lm o n a ry  tuberculosis, the apical lesion 

enlarges and the area of caseation expands. Erosion into a bron

chus evacuates the caseous center, creating a ragged, irre g u la r  

cavity  lined by caseous m a te r ia l that is poorly walled off 

by fibrous tissue (Fig. 13.36). Erosion of blood vessels results 

in hemoptysis. W ith  adequate treatment, the process may be 

arrested, although healing by fibrosis often distorts the pulmo

nary architecture. Irregular cavities, now free of caseous necrosis, 

may remain intact or collapse and become fibrotic. If the treat

ment is inadequate or host defenses are impaired, the infection 

may spread by direct extension and by dissemination through 

airways, lymphatic channels, and the vascular system. M ilia ry  

p u lm o n a ry  disease occurs when organisms reach the blood

stream through lymphatic vessels and then recirculate to the lung 

via the pulmonary arteries. The lesions appear as small (2-mm) 

foci of yellow-white consolidation scattered through the lung 

parenchyma (the word m i l i a r y  is derived from the resemblance 

of these foci to millet seeds). W ith  progressive pulmonary tuber

culosis, the pleural cavity is invariably involved and serous p leura l 

effusions, tub ercu lo us  em p y e m a , or o b lite ra tiv e  fibrous  

p leu ritis  may develop.

E ndobronch ia l, en d o trac h e a l, and laryngeal tu b e rc u 

losis may develop when infective material is spread either 

through lymphatic channels or from expectorated infectious 

material. The mucosal lining may be studded with minute granu

lomatous lesions, sometimes apparent only on microscopic 

examination.

S ystem ic  m ilia ry  tuberculosis  ensues when the organ

isms disseminate hematogenously throughout the body. Systemic 

miliary tuberculosis is most prominent in the liver, bone marrow, 

spleen, adrenal glands, meninges, kidneys, fallopian tubes, and 

epididymis (Fig. 13.37).

Iso la ted -o rgan  tuberculosis  may appear in any one of the

organs or tissues seeded hematogenously and may be the pre

senting manifestation of tuberculosis. Organs typically involved 

include the meninges (tuberculous meningitis), kidneys (renal 

tuberculosis), adrenal glands, bones (osteomyelitis), and fallopian 

tubes (salpingitis).When the vertebrae are affected, the condition 

is referred to  as P o tt disease. Paraspinal “cold” abscesses con

taining necrotic tissues may track along the tissue planes to  

present as an abdominal or pelvic mass.

L ym ph aden itis  is the most frequent form of extrapulmo

nary tuberculosis, usually occurring in the cervical region (“scrof

ula”). Lymphadenopathy tends to  be unifocal, and most patients 

do not have concurrent extranodal disease. HIV-positive patients, 

on the other hand, almost always have multifocal disease, sys

temic symptoms, and either pulmonary or other organ involve

ment by active tuberculosis.

In years past, in tes tina l tuberculosis  contracted by the 

drinking of contaminated milk was fairly common as a primary 

focus of tuberculosis. In developed countries today, intestinal 

tuberculosis is more often a complication of protracted advanced 

secondary tuberculosis, secondary to  the swallowing of coughed- 

up infective material. Typically, the organisms are trapped in 

mucosal lymphoid aggregates of the small and large bowel, which 

then undergo inflammatory enlargement with ulceration of the 

overlying mucosa, particularly in the ileum.

The many patterns of tuberculosis are depicted in Fig. 13.38.

C lin ica l Features

Localized secondary  tuberculosis m ay  be asym ptom atic. 
W hen  m anifestations appear, they are  usually  insid ious 
in  onset, w ith  g radual developm ent o f bo th  system ic and  
localizing sym ptom s an d  signs. System ic m anifestations, 
p robab ly  related  to the release of cytokines by activated 
m acrophages (e.g., TNF an d  IL-1), often  ap p ear early  in  
the  disease course an d  include m alaise, anorexia, w eigh t 
loss, an d  fever. C om m only, the fever is low  g rade and  
rem itten t (appearing  late each afternoon  an d  then  subsid 
ing), an d  n igh t sw eats occur. W ith  progressive  pu lm onary  
involvem ent, increasing am oun ts  o f spu tum , a t first m ucoid  
an d  later pu ru len t, appear. W h en  cav itation  is present, the 
sp u tu m  contains tubercle bacilli. Som e degree of hem optysis

Fig. 13.37 Miliary tuberculosis of the spleen. The cut surface shows numer
ous gray-white granulomas.
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Fig. 13.38 The natural history and spectrum of tuberculosis. ( A d a p t e d  f r o m  a  s k e tc h  p r o v id e d  b y  D r .  R .K . K u m a r ,  T h e  U n iv e r s i t y  o f  N e w  S o u th  W a le s ,  S c h o o l o f  

P a th o lo g y , S y d n e y , A u s t r a l ia . )

is p resen t in  ab o u t half o f all cases o f p u lm onary  tuberculo 
sis. Pleuritic p a in  m ay  resu lt from  extension of the infection 
to  the  p leu ra l surfaces. E x trapulm onary  m anifestations of 
tuberculosis are legion an d  d ep en d  on  the o rgan  system  
involved  (e.g., tubercu lous salpingitis m ay  p resen t as infer
tility, tubercu lous m eningitis w ith  headache an d  neurologic 
deficits, P o tt disease w ith  back p a in  an d  paraplegia). The 
d iagnosis of pu lm onary  disease is based  in p a rt on  the 
h isto ry  an d  on  physical an d  rad iograph ic  findings of con
so lidation  or cavitation  in  the apices of the lungs. U ltim ately, 
how ever, tubercle bacilli m u st be identified.

The m ost com m on m ethodo logy  for d iagnosis o f tuber
culosis rem ains dem o n stra tio n  of acid-fast o rgan ism s in 
sp u tu m  by sta in ing  or by  use  of fluo rescen t au ram in e  rho 
dam ine. C onven tional cu ltu res  for m ycobacteria  requ ire  
u p  to  1 0  w eeks, b u t liq u id  m e d ia -b a se d  rad iom etric  assays 
th a t detect m ycobacterial m etabo lism  are able to  p ro v id e  
a n  an sw er w ith in  2 w eeks. PCR am plification  can  be p e r
fo rm ed  on liqu id  m ed ia  w ith  g row th , as w ell as on tissue 
sections, to  iden tify  the m ycobacterium . H ow ever, cu ltu re  
rem ains the s ta n d a rd  d iagnostic  m odality  because it can 
iden tify  the  occasional PC R -negative case a n d  also  allow s 
testing  of d ru g  susceptib ility . O f concern, m u ltid ru g  resis
tance (MDR), defined  as resistance of m ycobacteria  to  tw o 
o r m ore  of the p rim ary  d ru g s  u sed  for trea tm en t of tuber
culosis, is becom ing  m ore com m on, a n d  the W H O  esti
m a ted  th a t 500,000 in d iv id u a ls  w ere  new ly  in fected  w ith

m u ltid ru g -re s is tan t tubercu losis  in  2014. This rep resen ts  
app rox im ate ly  3% of new  cases a n d  20% of p rev iously  
trea ted  cases. The ep icen ter of th is tro u b lin g  ep idem ic  lies 
in  E astern  E u rope  a n d  R ussia, w h ere  in som e locales u p  to 
2 0 % of n ew  infections are w ith  m u ltid ru g -re s is tan t strains. 
O f even g rea ter concern, app rox im ate ly  5% to 10% of such  
cases exhib it extensive m u ltid ru g  resistance, defined  by 
resistance to  a b ro ad  sp ec tru m  of an tib io tics in c u rren t use  
ag a in st tuberculosis.

The p rognosis is d e te rm in ed  by the ex ten t of the infec
tion  (localized versus w id esp read ), the  im m u n e  s ta tu s  
o f the  host, a n d  the an tib io tic  sensitiv ity  of the  o rgan 
ism . U n d erstan d ab ly , the  p rognosis is g u a rd e d  in those 
w ith  m u ltid ru g -re s is tan t tubercu losis. A m ylo idosis m ay 
d evelop  in p e rsis ten t cases.

®  S U M M A R Y

T U B E R C U L O S IS

• Tuberculosis is a chronic granulomatous disease caused by M .  

t u b e r c u lo s i s ,  usually affecting the lungs, but virtually any extra

pulmonary organ can be involved.

• Initial exposure to  mycobacteria results in development of a 

cellular immune response that confers resistance and leads to  

hypersensitivity (as determined by a positive result on the 

tuberculin skin test).
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• The T HI subset of C D 4+  T  cells has a crucial role in cell- 

mediated immunity against mycobacteria; mediators of inflam

mation and bacterial containment include IFN-y,TNF, and nitric 

oxide.

• The histopathologic hallmark of host reaction to tuberculosis 

in immunocompetent individuals is the presence of granulo

mas, usually with caseous necrosis.

• Primary pulmonary tuberculosis in immunocompetent indi

viduals is asymptomatic and results only in healed lesions, typi

cally in a sub-pleural focus and a draining lymph node.

• Secondary (reactivation) tuberculosis arises in previously 

exposed individuals when host immune defenses are compro

mised, and usually manifests as cavitary lesions in the lung 

apices.

• Both progressive primary tuberculosis and secondary tuber

culosis can result in systemic seeding, causing life-threatening 

forms of disease such as miliary tuberculosis and tuberculous 

meningitis.

• HIV-seropositive status is an important risk factor for develop

ment or recrudescence of active tuberculosis.

N ontuberculous M yco b ac te ria l D isease

N o n tu b e rcu lo u s  m ycobacteria  m ost com m only  cause 
chronic, localized  p u lm o n ary  d isease in  im m unocom pe 
ten t in d iv id u a ls . In  the U n ited  States, s tra in s im plicated  
m o st frequen tly  inc lude  Mycobacterium avium-intracellulare 
(also called  M. avium com plex), Mycobacterium kansasii, an d  
Mycobacterium abscessus. It is n o t unco m m o n  for n o n tu b e r
cu lous m ycobacterial infection  to  m an ifest as upper-lobe  
cav itary  disease, m im ick ing  tubercu losis, especially  in  
p a tien ts  w ith  a long  h isto ry  of sm oking  o r alcohol abuse. 
C oncom itan t chronic p u lm o n a ry  d isease (COPD, cystic 
fibrosis, pneum ocon iosis) is o ften  p resen t.

In  im m u n o su p p ressed  in d iv id u a ls  (p rim arily  HIV- 
seropositive  patien ts), M. avium com plex infection  m an i
fests as a d issem inated  d isease associa ted  w ith  system ic 
signs an d  sym ptom s (fever, n ig h t sw eats, w e ig h t loss). 
H epa to sp lenom ega ly  a n d  ly m p h ad en o p a th y , signify ing 
inv o lv em en t o f the  m o nonuclear phagocy te  system  by  the 
o p p o rtu n is tic  pa thogen , is com m on, as a re  gastro in testina l 
sym ptom s such  as d ia rrh ea  an d  m alabsorp tion . P u lm o 
n a ry  inv o lv em en t is o ften  in d is tingu ishab le  from  tubercu 
losis in  pa tien ts  w ith  AIDS. D issem inated  M. avium com plex 
in fection  in  p a tien ts  w ith  AIDS ten d s to  occur la te  in  the 
clinical course, w h e n  CD4+ T cell coun ts hav e  fallen  below  
100 ce lls /|iL . H ence, tissue exam ination  u su a lly  does n o t 
reveal g ranu lom as; in stead , foam y m acrophages "s tu ffed" 
w ith  atyp ical m ycobacteria  typically  a re  seen.

Histoplasmosis, Coccidioidomycosis, 
and Blastomycosis
Infections caused  by  d im orph ic  fungi, w h ich  inc lude  His- 
toplasma capsulatum, Coccidioides immitis, a n d  Blastomyces 
dermatitidis, m anifest e ithe r w ith  iso la ted  p u lm o n ary  
invo lvem ent, as com m only  seen in  in fected  im m unocom 
p e ten t in d iv iduals , o r w ith  d issem inated  d isease in  
im m u n o co m p ro m ised  in d iv id u a ls . T ce ll-m ed ia ted  
im m u n e  responses a re  critical for con ta in ing  the infection, 
so in d iv id u a ls  w ith  com prom ised  cell-m ediated  im m un ity ,

such  as those w ith  HIV, are p ro n e  to  system ic d isease. In 
p a r t  because of the  overlap  in  clinical p resen ta tions, infec
tious d iseases d u e  to all th ree  d im orph ic  fung i are consid 
e red  together in  th is  section.

Epidem iology

Each of the  d im orph ic  fung i has  a typical geograph ic  d is
tribu tion , as follows:
• H. capsulatum is endem ic  in  the  O hio  a n d  cen tra l M is

sissipp i R iver valleys a n d  a long  the  A p p a lach ian  M oun 
ta ins in  the  so u th eas te rn  U n ited  States. W arm , m o ist soil 
con ta in ing  d ro p p in g s  from  bats a n d  b ird s  p ro v id es an  
ideal m e d iu m  for the g ro w th  of the  m ycelial form , 
w h ich  p ro d u ces in fectious spores.

• C. immitis is endem ic in  the  so u th w este rn  a n d  far 
w este rn  reg ions of the  U n ited  States, p a rticu la rly  in  
C alifo rn ia 's  San Joaqu in  Valley, w h ere  coccidial infec
tion  is k n o w n  as "va lley  fever."

• B. dermatitidis has a d is trib u tio n  in  the U n ited  S tates th a t 
overlaps w ith  those  in  w h ich  h istop lasm osis is found .

M O R P H O L O G Y

The yeast forms are fairly distinctive, which helps in the identi

fication of individual fungi in tissue sections:

• H .  c a p s u l a t u m :  round to  oval, small yeast forms measuring 2 to  

5 |t,m in diameter (Fig. I3 .39A)

• C . i m m i t i s :  thick-walled, nonbudding spherules, 20 to  60 |t,m in 

diameter, often filled with small endospores (see Fig. I3.39B)

• B .  d e r m a t i t i d i s :  round to oval and larger yeast forms than H i s -  

t o p l a s m a  (5 to  25 |t,m in diameter) that reproduce by charac

teristic broad-based budding (see Fig. I3.39C and D )

C lin ica l Features

Clinical m anifestations m ay  take the form  of (1) acute 
(primary) pulmonary infection, (2 ) chronic (granulomatous) pul
monary disease, or (3) disseminated miliary disease. The prim ary  
p u lm onary  nodules, com posed  of aggregates of m acro
phages filled w ith  organism s, are  associated w ith  sim ilar 
lesions in  the regional lym ph  nodes. These lesions evolve 
in to  sm all g ranulom as com plete w ith  g iant cells an d  m ay 
develop central necrosis an d  la te r fibrosis an d  calcification. 
The sim ilarity  to  p rim ary  tuberculosis is striking, an d  dif
ferentiation  requires identification  of the yeast form s (best 
seen w ith  silver stains). The clinical sym ptom s a n d  signs 
resem ble those of a "flulike" syndrom e an d  are m ost often 
self-lim ited. In  the vu lnerab le  host, chronic cavitary  pu lm o
nary  disease develops, w ith  a  p red ilection  for the u p p e r 
lobe, resem bling  the secondary  form  of tuberculosis. It is 
not uncom m on  for these fungi to  give rise to perih ilar m ass 
lesions tha t resem ble bronchogenic carcinom a radiologi
cally. A t th is stage, m anifestations m ay  include cough, 
hem optysis, an d  even  d yspnea  an d  chest pain.

In  in fan ts o r im m u n o co m p ro m ised  adu lts , particu larly  
those w ith  H IV  infection, d issem inated  d isease (analogous 
to m iliary  tubercu losis) m ay  develop . U n d e r these circum 
stances, there  are no  w ell-fo rm ed  g ranu lom as. Instead , 
focal collections of phagocy tes con ta in ing  yeast fo rm s are 
seen w ith in  the  liver, sp leen, ly m p h  nodes, ly m p h o id  
tissue of the gastro in testina l tract, an d  bone m arro w . The 
ad ren a l g lands a n d  m en inges also  m ay  be involved , an d  in
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Fig. 13.39 (A) H is to p la s m a  c a p s u la t u m  yeast forms fill phagocytes in a lymph node of a patient with disseminated histoplasmosis (silver stain). (B) Coccidi
oidomycosis with intact spherules within multinucleated giant cells. (C) Blastomycosis, with rounded budding yeasts, larger than neutrophils. Note the char
acteristic thick wall and nuclei (not seen in other fungi). (D) Silver stain highlights the broad-based budding seen in B la s to m y c e s  im m it is  organisms.

a m ino rity  of cases, u lcers fo rm  in  the  nose  a n d  m ou th , on  
the  tongue, o r in  the larynx. D issem inated  d isease p ro 
duces a febrile illness m ark ed  by  hepatosp lenom egaly , 
anem ia, leukopen ia , a n d  th rom bocy topen ia . C u taneous 
in fections w ith  d issem inated  Blastomyces o rgan ism s fre
q u en tly  induce  s trik ing  ep ithelia l h yperp lasia , w h ich  m ay  
be m istaken  for sq u am o u s cell carcinom a.

Pneumonia in the Immunocompromised Host

The ap p earan ce  of a p u lm o n ary  in filtrate  a n d  signs of 
in fection  (e.g., fever) a re  som e of the m ost com m on  an d  
serious com plications in  in d iv id u a ls  w ith  im m u n e  system s 
tha t a re  su p p ressed  by disease, im m u n o su p p ress iv e  d rugs, 
o r th e rap eu tic  irrad ia tion . A  w id e  varie ty  of "o p p o rtu n is 
tic" pa thogens, m an y  of w h ich  rare ly  cause in fection  in  
n o rm al in d iv idua ls , can  cause in fections in  these settings, 
a n d  o ften  m ore th an  one agen t is invo lved . The m ore 
com m on  p u lm o n ary  p a th o g en s inc lude  (1) bacteria  (P. 
aeruginosa, Mycobacterium spp., L. pneumophila, a n d  Listeria 
monocytogenes); (2 ) v iru ses (cy tom egalov irus a n d  h erpesv i
rus); a n d  (3) fung i (P. jiroveci, Candida spp ., Aspergillus spp., 
a n d  Cryptococcus neoformans).

Cytom egalovirus Infection

Infection  by  cy tom egalov irus (CMV), a m em ber of the  her
pesv iru s  fam ily, m ay  m anifest in  various form s, depen d in g  
partly  on  the age a n d  the im m une sta tus of the host. Cells

infected by the v iru s exhibit g igantism  of bo th  the cytoplasm  
a n d  the nucleus. The nucleus typically contains a large inclu
sion su rro u n d ed  by  a clear halo  ("ow l's  eye"), w h ich  gives 
the  nam e to the classic fo rm  of sym ptom atic  disease that 
occurs in  n eo n a te s—cytomegalic inclusion disease. A lthough  
classic cytom egalic inclusion  disease involves m any  organs, 
CM V infections are d iscussed here  because in  im m unosup- 
pressed  adults, particu larly  patien ts w ith  AIDS an d  recipi
ents of allogeneic hem atopoietic  s tem  cell transp lan ts, CM V 
pneum onitis  is a serious problem .

T ransm ission  of CM V can  occur by several m echanism s, 
d e p en d in g  o n  the  age group:
• A  fe tus can  be in fected  transp lacen ta lly  from  a new ly  

acq u ired  or reac tiva ted  in fection  in  the m o th er (con
genital CM V  infection).

• The v iru s  can  be tran sm itted  to  the  in fan t th ro u g h  cervi
cal o r vag inal secretions at b irth , o r la te r th ro u g h  the 
b reas t m ilk  of a  m o th er w ith  a n  active infection  (perinatal 
CM V infection).

• P reschool ch ild ren , especially  in  d ay  care centers, can  
acquire  i t  th ro u g h  saliva. T odd lers so in fected  read ily  
transm it the  v iru s  to  the ir paren ts.

• In  p a tien ts  o lder th a n  15 y ears  of age, the  venerea l rou te  
is the d o m in an t m o d e  of transm ission , b u t sp read  also 
m ay  occur th ro u g h  contact w ith  resp ira to ry  secretions 
an d  by the  fecal-oral rou te .

• Ia trogenic  transm ission  can  occur a t any  age th ro u g h  
o rg an  tran sp lan ta tio n  o r b lood  transfusion .
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Fig. 13.40 Cytomegalovirus infection of the lung. A distinct nuclear inclu
sion and multiple cytoplasmic inclusions are seen in an enlarged cell.

^  M O R P H O L O G Y

Histologically, the characteristic enlargement of CMV-infected 

cells is readily appreciated. In the glandular organs, the parenchy

mal epithelial cells are affected; in the brain, the neurons; in the 

lungs, the alveolar macrophages and epithelial and endothelial 

cells; and in the kidneys, the tubular epithelial and glomerular 

endothelial cells. In fec ted  cells a re  s trik ing ly  en larged , 

o ften  to  a  d ia m e te r  o f 40 p,m, and ex h ib it ce llu la r and  

n u c lear p le io m o rp h is m . Prominent intranuclear basophilic 

inclusions spanning half the nuclear diameter are usually set off 

from the nuclear membrane by a clear halo (Fig. 13.40). W ithin  

the cytoplasm of these cells, smaller basophilic inclusions also 

may be seen.

Cytom egalovirus Mononucleosis

In  hea lthy  y o u n g  ch ild ren  a n d  adu lts , the  d isease is nearly  
a lw ays asym ptom atic . In  su rveys a ro u n d  the  w o rld , 50% 
to 100% of a d u lts  dem o n stra te  anti-C M V  an tibod ies in  the 
serum , in d ica ting  p rev io u s  exposure . The m o st com m on 
clinical m an ifesta tion  of CM V  infection  in  im m unocom pe 
ten t hosts bey o n d  the  n eonata l p e rio d  is a n  infectious 
m ononucleosis-like  illness m ark ed  by fever, a typ ica l lym 
phocytosis, ly m p h ad en o p a th y , a n d  h epatom egaly  accom 
p an ied  by abno rm al liver function  test resu lts, suggesting  
m ild  hepatitis. M ost p a tien ts  recover from  CM V m ono 
nucleosis w ith o u t any  sequelae, a lth o u g h  excretion  of the 
v iru s  m ay  occur in  bo d y  flu ids for m o n th s to  years. Irre
spective of the  p resence o r absence of sym ptom s after 
infection, an  in d iv id u a l w h o  is once in fected  becom es sero
positive  for life. The v iru s  rem ains la ten t w ith in  leuko 
cytes, w h ich  are  the m ajor reservo irs.

Cytom egalovirus Infection in Im m unosuppressed Individuals

Im m u n o su p p ressio n -re la ted  CM V infection  occurs m ost 
com m only  in  recip ien ts o f tran sp lan ts  (such  as heart, liver, 
k idney , lung , o r hem atopo ie tic  stem  cell) a n d  in  pa tien ts  
w ith  AIDS. This can  be e ithe r p rim ary  in fection  o r reactiva
tion  of a  la ten t infection. CM V is the  m ost com m on  o p p o r
tun istic  v ira l p a th o g en  in  AIDS.

In  all of these settings, serious d issem inated  CM V infec
tions p rim arily  affect the lungs (pneum onitis), gastro 
in testina l trac t (colitis), a n d  re tina  (retinitis); the cen tra l 
n e rv o u s system  u sua lly  is spared . In  the lung , infection  
is associated  w ith  typ ical cytom egalic  changes, m onon- 
cu lear infiltrates, a n d  foci of necrosis, w h ich  m ay  p ro 
gress to  acu te  resp ira to ry  d istress syndrom e. In testinal 
necrosis an d  u lcera tion  can  develop  a n d  m ay  be exten 
sive, lead in g  to  the fo rm ation  of "p seu d o m em b ran es"  
(C hap ter 15) a n d  deb ilita ting  d iarrhea . CM V  retin itis, by 
far the m o st com m on  fo rm  of o p p o rtu n is tic  CM V disease, 
can  occur e ithe r alone o r in  com bination  w ith  involve
m en t of the  lungs a n d  in testina l tract. D iagnosis o f CM V 
infection  is m ad e  by d em o n stra tio n  of characteristic  v iral 
inclusions in  tissue sections, successful v ira l cu ltu re , rising  
an ti-v ira l an tib o d y  titer, a n d  qualita tive  o r q u an tita tive  
PCR assay -b ased  de tec tion  of CM V D N A . The la tte r  has 
revo lu tion ized  the  ap p ro ach  to  m o n ito rin g  p a tien ts  after 
transp lan ta tion .

Pneumocystis

P. jiroveci (p rev iously  P. carinii), a n  o p p o rtu n is tic  in fectious 
agen t fo rm erly  considered  to  be a p ro tozoan , is n o w  clas
sified as a fungus. Serologic ev idence ind ica tes th a t v irtu 
ally  all in d iv id u a ls  a re  exposed  to  Pneumocystis d u rin g  the 
first few  years of life, b u t in  m ost the in fection  rem ains 
laten t. R eactivation  w ith  d ev e lo p m en t o f clinical d isease 
occurs a lm ost exclusively in  im m u n o co m p ro m ised  ind i
v iduals. In d eed , p a tien ts  w ith  AIDS are ex trem ely  suscep 
tible to  infection  w ith  P. jiroveci, a n d  it a lso  m ay  infect 
severely  m aln o u rish ed  in fan ts a n d  im m u n o su p p ressed  
in d iv id u a ls  (especially  after o rg an  tran sp lan ta tio n  o r in  
in d iv id u a ls  receiv ing  cytotoxic ch em o th erap y  or corticoster
o ids). In  pa tien ts  w ith  AIDS, the risk  for acqu iring  P. jir
oveci infections increases in  inverse  p ro p o rtio n  to the CD4+ 
T cell count, w ith  coun ts less th a n  200 c e lls /^ L  h av in g  a 
stro n g  p red ic tive  value . Pneumocystis infection  is largely  
confined  to  the lung , w h ere  it p ro d u ces a n  in te rstitia l 
pneum onitis .

^  M O R P H O L O G Y

Involved areas of the lung contain a characteristic in tra a lv e o la r  

foam y, p ink-sta in ing  e x u d a te  with hematoxylin-eosin (H&E) 

stain (“cotton candy” exudate) (Fig. I3 .4 IA ). The septa are thick

ened by edema and a minimal mononuclear infiltrate. Special 

stains are required to visualize the organism. Silver stain of tissue 

sections reveals round- to  cup-shaped cysts (4 to 10 |t.m in 

diameter) within the alveolar exudates (see Fig. I3 .4 IB ).

The d iagnosis of Pneumocystis p n eu m o n ia  sh o u ld  be 
considered  in  any  im m u n o co m p ro m ised  p a tien t w ith  
resp ira to ry  sym ptom s a n d  ab n o rm al find ings o n  chest 
rad io g rap h . Fever, d ry  cough, an d  d y sp n ea  occur in  90% 
to 95% of patien ts, in  w h o m  rad io g rap h ic  ev idence of b ilat
e ra l p e rih ila r an d  basila r in filtrates is typical. H ypox ia  is 
frequent; p u lm o n a ry  function  s tud ies  show  a restrictive 
lu n g  defect. T he m ost sensitive a n d  effective m eth o d  of 
d iagnosis is to  iden tify  the o rgan ism  in  in d u ced  sp u tu m  or 
b ronchoalveo lar lavage flu id  u sin g  im m unofluorescence. If
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Fig. 13.41 Pneumocystis pneumonia. (A) The alveoli are filled with a characteristic foamy acellular exudate. (B) Silver stain demonstrates cup-shaped and 
round cysts within the exudate.

trea tm en t is in itia ted  before w id e sp re a d  invo lvem ent, the 
o u tlo o k  for recovery  is good; how ever, because resid u a l 
o rgan ism s are  likely to  persist, p articu larly  in  pa tien ts  
w ith  AIDS, re lapses a re  com m on un less the u n d erly in g  
im m unodefic iency  is corrected  or p rophy lac tic  the rap y  
is given.

Opportunistic Fungal Infections 

Candidiasis

Candida albicans is the  m ost com m on d isease-causing  
fungus. It is a no rm al in h ab itan t o f the  o ral cavity , gastro 
in testina l tract, an d  vag ina  in  m any  in d iv iduals . System ic 
cand id iasis  (w ith  associa ted  pneum on ia) is a d isease 
restric ted  to  im m u n o co m p ro m ised  p a tien ts  th a t has 
p ro tean  m anifesta tions.

^  M O R P H O L O G Y

In tissue sections, C .  a lb i c a n s  demonstrates yeastlike forms (blas- 

toconidia), pseudohyphae, and true hyphae (Fig. I3.42A). Pseudo- 

hyphae are an important diagnostic clue and represent budding 

yeast cells joined end to  end at constrictions, thus simulating true 

fungal hyphae. The organisms may be visible with routine H&E 

stains, but a variety of special “fungal” stains (Gomori 

methenamine-silver, periodic acid—Schiff) commonly are used to  

better highlight the pathogens. * •

C lin ica l Features

C an d id iasis  can  invo lve the m ucous m em branes, skin, an d  
deep  o rgans (invasive candid iasis). A m ong  these varied  
p resen ta tions, the fo llow ing  m erit brief m ention:
• Superficial infection on mucosal surfaces of the oral cavity 

(thrush). This is the  m ost com m on  p resen ta tion . F lorid  
p ro life ra tion  of the fung i creates gray-w hite , d irty - 
look ing  p seu d o m em b ran es  com posed  of m a tted  o rgan 
ism s a n d  in flam m atory  cells a n d  tissue debris. D eep  to

the  surface, there  is m ucosal hyperem ia  a n d  in flam m a
tion. T h ru sh  is seen  in  new borns, deb ilita ted  patien ts, 
a n d  ch ild ren  receiv ing  o ral corticostero ids for asthm a, 
a n d  after a  course of b ro ad -sp ec tru m  an tib io tics th a t 
d estro y  co m peting  n o rm al bacterial flora. The o ther 
m ajor risk  g ro u p  inc ludes H IV -positive patien ts; pa tien ts  
w ith  o ral th ru sh  n o t associa ted  w ith  a n  obv ious u n d e r
ly ing  cond ition  sh o u ld  be ev a lu a ted  for H IV  infection.

• Vaginitis is ex trem ely  com m on  in  w om en , especially  
those w h o  a re  diabetic  o r p re g n a n t o r o n  o ral con tracep 
tive pills.

• Esophagitis is com m on in  p a tien ts  w ith  AIDS a n d  in  
those w ith  hem ato ly m p h o id  m alignancies. These 
p a tien ts  p re sen t w ith  d y sp h ag ia  (pain fu l sw allow ing) 
an d  re tro ste rn a l pain ; endoscopy  d em o n stra tes  w h ite  
p laq u es  a n d  p seu d o m em b ran es  resem bling  those found  
on  o th e r m ucosal surfaces.

• Skin infection can  m an ifest in  m an y  d iffe ren t form s, 
in c lu d in g  infection  of the nail (onychomycosis), nail fo lds 
(paronychia), h a ir  follicles (folliculitis), m oist, in tertrig i- 
n o u s  skin  such  as a rm p its  o r w ebs of the fingers an d  
toes (intertrigo), an d  pen ile  sk in  (balanitis). Diaper rash is 
a cu taneous can d id a l infection  seen  in  the  p e rin eu m  of 
in fants, in  the  reg ion  of con tact w ith  w e t d iapers.

• Chronic mucocutaneous candidiasis is a chronic refractory  
d isease afflicting the m ucous m em branes, skin, hair, 
an d  nails; it is associa ted  w ith  a varie ty  of u n d erly in g  
T cell defects. These in  inc lude  Job syndrome, an  inherited  
cond ition  w ith  a varie ty  of abnorm alitles in c lu d in g  an  
defect in  Th17 T cell responses, w h ich  are  im p o rta n t in  
contro lling  fungal infections (C hap ter 5).

• Invasive candidiasis im plies b lood -bo rne  d issem ination  
of o rgan ism s to  v a rio u s tissues or o rgans. C om m on  p a t
terns include (1 ) rena l abscess, (2 ) m yocard ia l abscess 
an d  endocard itis , (3) b ra in  invo lvem en t (m ost com 
m only  m en ing itis, b u t p a ren ch y m al m icroabscesses 
occur), (4) en d o p h th a lm itis  (v irtually  any  eye s truc tu re  
can  be involved), (5) hepatic  abscesses, a n d  (6 ) Candida 
p neum on ia , u sua lly  p resen tin g  w ith  b ila tera l n o d u la r 
in filtrates, resem b ling  Pneumocystis p n eu m o n ia  (see
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Fig. 13.42 The morphology of fungal infections. (A) Candida organism has pseudohyphae and budding yeasts (silver stain). (B) Invasive aspergillosis (gross 
appearance) of the lung in a hematopoietic stem cell transplant recipient. (C) Gomori methenamine-silver (GMS) stain shows septate hyphae with acute-angle 
branching, consistent with Aspergillus. (D) Cryptococcosis of the lung in a patient with AIDS. The organisms are somewhat variable in size. (B, C o u r te s y  o f  D r .  

D o m in ic k  C a v u o t i ,  D e p a r t m e n t  o f  P a th o lo g y ,  U n iv e r s i t y  o f  T e x a s  S o u th w e s te rn  M e d ic a l  S c h o o l,  D a l la s ,  T e x a s .)

earlier). P atien ts w ith  acu te  leukem ias w h o  are p ro 
fo u n d ly  neu tro p en ic  after chem otherapy  are p a rticu 
larly  p ro n e  to  the d ev e lo p m en t o f system ic d isease. 
Candida end o card itis  is the m o st com m on  fungal endo 
card itis, u su a lly  occurring  in  pa tien ts  w ith  prosthe tic  
h e a rt valves o r in  in trav en o u s  d ru g  abusers.

Cryptococcosis

Cryptococcosis, caused  by C. neoformans, a lm ost exclusively 
m an ifests as a n  o p p o rtu n is tic  in fection  in  im m u n o 
com prom ised  hosts, p a rticu la rly  pa tien ts  w ith  AIDS or 
h em ato ly m p h o id  m alignancies.

^  M O R P H O L O G Y

The fungus, a 5- to  I0-|J,m yeast, has a thick, gelatinous capsule 

and reproduces by budding (see Fig. I3 .42D ). Unlike in C a n d id a  

infections, however, pseudohyphal or true hyphal forms are not 

seen. Identification of the capsule is a key diagnostic clue. 

In routine H&E stains, the capsule is not directly visible, but

often a clear “halo” representing the area occupied by the 

capsule can be seen surrounding the individual fungi. India ink or 

periodic acid—Schiff staining effectively highlights the fungus. The 

capsular polysaccharide antigen is the substrate for the crypto- 

coccal latex agglutination assay, which is positive in more than 

95% of patients infected with the organism.

C lin ica l Features

C ryptococcosis u sua lly  m an ifests as p u lm o n ary , cen tra l 
n e rv o u s system , o r d issem inated  disease. C ryptococcus is 
m o st likely to  be acq u ired  by  in h a la tio n  of aeroso lized  
co n tam in a ted  soil o r b ird  d ro p p in g s. The fu n g u s  in itially  
localizes in  the lungs a n d  th en  d issem inates to  o ther sites, 
p a rticu la rly  the  m eninges. Sites o f invo lvem en t a re  m ark ed  
by  a variab le  tissue response, w h ich  ran g es from  florid  
p ro life ra tion  of gela tinous o rgan ism s w ith  a m in im al o r 
ab sen t in flam m ato ry  cell in filtra te  (in  im m unodefic ien t 
hosts) to a g ran u lo m ato u s  reaction  (in  the m ore reactive 
host). In  the cen tra l n e rv o u s  system  these fu n g i g row  
in  gela tinous m asses w ith in  the m en inges o r ex p an d  the
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periv ascu la r V irchow -R obin  spaces, p ro d u c in g  so-called 
"soap -b u b b le  lesions."

The O pportun istic  M o lds

Mucormycosis a n d  invasive aspergillosis are  u n com m on  
infections th a t a re  a lm ost a lw ays lim ited  to  im m u n o 
com prom ised  hosts, p a rticu la rly  those w ith  hem ato lym - 
p h o id  m alignancies a n d  p ro fo u n d  neu tro p en ia , those 
u n d e rg o in g  corticostero id  therapy , o r fo llow ing  hem ato 
po ie tic  stem  cell tran sp lan t recip ients.

M O R P H O L O G Y

Mucormycosis is caused by the class of fungi known as Z y g o m y c e 

t e s .  R h iz o p u s  and M u c o r  are the two fungi of medical importance 

within the Zygomycetes class. Their hyphae are n on sep ta te  

and branch at right angles; by contrast, the hyphae of A s p e r g i l l u s  

organisms are s e p ta te  and branch at more acute angles (see 

Fig. I3 .42C ). Both zygomycetes and A s p e r g i l l u s  cause a nondis

tinctive, suppurative, sometimes granulomatous reaction with 

a p red ilec tio n  fo r  invading blood vessel w alls, causing  

h e m o rra h a g e , vascu lar necrosis and in farction  (see 

Fig. I3.42B).

C lin ica l Features

In  rhinocerebral a n d  pulmonary mucormycosis, zygom ycetes 
have  a p ro p en sity  to  colonize the  nasal cavity  or sinuses 
an d  th en  sp read  by d irec t ex tension  in to  the brain , orbit, 
an d  o th e r h ead  an d  neck  struc tu res. P atien ts w ith  d ia 
betic ketoacidosis a re  m ost likely to  develop  a fu lm in an t 
invasive  fo rm  of rh inocerebra l m ucorm ycosis. P u lm o 
nary  d isease can  be localized  (e.g., cav itary  lesions) 
o r m ay  m an ifest rad io log ically  w ith  d iffuse "m ilia ry" 
involvem ent.

Invasive aspergillosis preferen tia lly  localizes to  the lungs, 
an d  in fection  m ost o ften  m anifests as a necro tiz ing  p n e u 
m on ia  (see Fig. 13.42B). System ic d issem ination , especially  
to the brain , is a com plication  th a t is o ften  fatal.

Allergic bronchopulmonary aspergillosis occurs in  pa tien ts  
w ith  as th m a  w h o  develop  a n  exacerbation  of sym ptom s 
caused  by a type  I hypersensitiv ity  ag a in st the fu n g u s 
g row ing  in  the  bronchi. Such p a tien ts  o ften  have  circulat
ing  IgE an tibod ies  ag a in st Aspergillus a n d  p erip h era l 
eosinophilia .

Aspergilloma ("fu n g u s ball") fo rm ation  occurs by fungal 
co lon ization  of p reex isting  p u lm o n ary  cavities (e.g., d ila ted  
bronch i o r lu n g  cysts, p o sttubercu lo sis  cav itary  lesions). 
These m asses m ay  act as ball valves to  occlude the cavity , 
thereby  p re d isp o sin g  the  p a tie n t to  infection  an d  
hem optysis.

Pulmonary Disease in Human Immunodeficiency 
Virus Infection

P u lm o n ary  d isease con tinues to  be the lead in g  co n tribu to r 
to  m o rb id ity  a n d  m orta lity  in  H IV -infected  in d iv idua ls . 
A lth o u g h  the u se  of p o te n t an ti-re trov ira l agen ts a n d  effec
tive chem oprophy lax is has  m ark ed ly  decreased  the inci
dence a n d  has im p ro v ed  ou tcom es, the p le th o ra  of en tities

invo lved  m akes d iagnosis a n d  trea tm en t a d istinct 
challenge.
• D esp ite  the  em phasis  o n  "o p p o rtu n is tic"  infections, it 

shou ld  be recogn ized  th a t bacterial low er-resp ira to ry  
tract in fection  caused  by  the  "u su a l"  p a th o g en s  is 
exceedingly  com m on  in  H IV  infection. The im plicated  
o rgan ism s inc lude  S. pneumoniae, S. aureus, H. influenzae, 
an d  g ram -negative  rods. B acterial p n e u m o n ias  in  HIV- 
infected  in d iv id u a ls  are m ore com m on, m ore severe, 
an d  m ore often  a ssocia ted  w ith  bacterem ia th a n  in  those 
w ith o u t H IV  infection.

• N o t all p u lm o n ary  in filtrates in  H IV -infected in d iv id u 
als a re  infectious. A  ho st of non in fectious diseases, 
in c lu d in g  K aposi sarcom a (C hap ters 5 a n d  10), p u lm o 
n a ry  n o n -H o d g k in  ly m p h o m a (C hap ter 12), a n d  p rim ary  
lu n g  cancer, occur w ith  increased  frequency  a n d  m u st 
be excluded .

• The CD4+ T cell co u n t o ften  is u sefu l in  n a rro w in g  
the d ifferen tial d iagnosis. A s a ru le  o f thum b , bac
terial a n d  tub ercu la r in fections occur w ith  m ild ly  
su p p ressed  CD4+ coun ts (m ore th a n  200 ce lls / |iL); 
Pneumocystis p n eu m o n ia  u sua lly  occurs a t CD4+ T 
cell coun ts below  200 c e lls /^L , w h ile  CM V a n d  M. 
avium com plex in fections a re  unco m m o n  u n til the  very  
late  stages of the d isease (CD4+ T  cell coun ts below  
50 ce lls / |iL).

Finally, a n  im p o rtan t p o in t is th a t p u lm o n a ry  d isease in  
H IV -infected in d iv id u a ls  m ay  re su lt from  m ore th an  one 
cause, a n d  th a t ev en  com m on p a th o g en s  m ay  be resp o n 
sible for d isease w ith  atyp ical m anifesta tions.

LUNG TUMORS

R oughly  95% of p rim ary  lu n g  tu m o rs a re  carcinom as; the 
rem ain in g  5% sp an  a m iscellaneous g ro u p  th a t includes 
carcino ids, m esenchym al m alignancies (e.g., fibrosarco
m as, le iom yom as), lym phom as, a n d  a few  ben ign  lesions. 
The m ost com m on  ben ig n  tu m o r is a spherical, sm all (1 
to  4 cm), d iscre te  "h am arto m a"  th a t o ften  show s u p  as a 
so-called "co in  lesion" on  chest im aging . It consists m ain ly  
of m a tu re  cartilage adm ix ed  w ith  fat, fib rous tissue, an d  
b lood  vessels in  v a rio u s p ropo rtions. C lonal cytogenetic  
abnorm alities have  been  d em o n stra ted , ind ica ting  th a t it 
is ac tually  a  ben ign  n eo p lasm  a n d  th a t the  n am e ham 
artom a (w hich  im plies a d ev e lopm en ta l anom aly) is a 
m isnom er.

Carcinomas

C a rc in o m a  o f  th e  lu n g  is th e  m o s t im p o r ta n t  cause o f  

c a n c e r-re la te d  d eaths  in  in d u s tr ia l iz e d  co u n trie s . It has
lo n g  he ld  th is p o sition  am o n g  m ales in  the U n ited  States, 
accoun ting  for ab o u t on e-th ird  of cancer d ea th s  in  m en, 
an d  has becom e the lead in g  cause of cancer d ea th s  in  
w o m en  as w ell. A m erican  C ancer Society estim ates for 
2016 inc lude  app rox im ate ly  221,200 new  cases of lu n g  
cancer a n d  158,040 deaths. The incidence am o n g  m ales is 
g rad u a lly  decreasing, b u t it con tinues to  increase am ong  
fem ales, w ith  m ore  w o m en  d y in g  each  y ear from  lu n g  
cancer th a n  from  b reast cancers since 1987. These sobering
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Table 13.6 Histologic Classification of M alignant Epithelial 
Lung Tum ors (2015 W H O  Classification, Sim plified Version)

Adenocarcinoma
Acinar, papillary, micropapillary, solid, lepidic predominant, mucinous 

subtypes
Squamous cell carcinoma 
Large cell carcinoma 
Neuroendocrine carcinoma 

Small cell carcinoma 
Large cell neuroendocrine carcinoma 
Carcinoid tumor 

Mixed carcinomas
Adenosquamous carcinoma 
Combined small cell carcinoma 

Other unusual morphologic variants 
Sarcomatoid carcinoma 
Spindle cell carcinoma 
Giant cell carcinoma
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statistics reflect the  fact th a t the incidence of sm oking  in  
w o m en  increased  m ark ed ly  over the p a s t h a lf cen tu ry . The 
peak  incidence of lu n g  cancer is in  in d iv id u a ls  in  their 
fifties a n d  sixties. A t d iagnosis, m ore  th an  50% of pa tien ts  
a lready  have  d is tan t m etastases, w h ile  a n  ad d itio n a l one- 
fo u rth  have d isease in  the reg ional ly m p h  nodes. The 
p rognosis  rem ains dism al: the  5-year su rv iva l ra te  for all 
stages of lu n g  cancer com bined  is ab o u t 16%, a  figure  th a t 
has n o t chan g ed  m u ch  over the  la st 35 years; even  w ith  
d isease localized  to  the lung , the 5-year su rv iva l ra te  is 
on ly  45%.

T h e  fo u r  m a jo r  h is to lo g ic  typ e s  o f  ca rc ino m as  o f  th e  

lu n g  are a d e n o c a rc in o m a , s q u am o u s  c e ll ca rc in o m a , 

s m a ll c e ll c a rc in o m a  (a s u b ty p e  o f  n e u ro e n d o c r in e  carci

n o m a ), a n d  la rg e  c e ll c a rc in o m a  (Table 13.6). In  som e 
cases, there  is a com bination  of histologic p a tte rn s  (e.g., 
sm all cell carc inom a an d  adenocarcinom a). S quam ous cell 
an d  sm all cell carc inom as have the  s trongest association  
w ith  sm oking, b u t there  is also  a n  associa tion  w ith  aden o 
carcinom a. In  fact, possib ly  because of changes in  sm oking  
p a tte rn s  in  the U n ited  States, adenocarc inom a h as rep laced  
sq u am o u s cell carc inom a as the m o st com m on  p rim ary  
lu n g  tu m o r in  recen t years. A denocarcinom as also  are by 
far the  m ost com m on  p rim ary  tu m o rs arising  in  w om en , 
in  never-sm okers, a n d  in  in d iv id u a ls  y o u n g e r th a n  45 
years of age.

U ntil recently , carcinom as of the lu n g  w ere  classified 
in to  tw o  b ro ad  groups: sm all cell lu n g  cancer (SCLC) and  
n o n -sm a ll cell lu n g  cancer (NSCLC), the la tte r in c lu d in g  
adenocarcinom a, sq u am o u s a n d  large  cell carcinom a, an d  
large cell n eu roendocrine  carcinom as. This classification 
has been  recen tly  rep laced  by  a 2015 W orld  H ea lth  O rga
n iza tio n  classification (a sim plified  version  of w h ich  is 
sh o w n  in  Table 13.6). The reaso n  for th is h isto ric  d iv ision  
is th a t v irtua lly  all SCLCs have m etastasized  by  the tim e 
of d iagnosis. T herefore, they  are  best trea ted  w ith  system ic 
chem otherapy , w ith  or w ith o u t rad ia tio n  th erapy . By con
trast, NSCLCs are  m ore  likely to  be resectable a n d  u sua lly  
resp o n d  poo rly  to  conven tional chem otherapy . H ow ever, 
therap ies a re  n o w  availab le  th a t ta rge t specific oncopro 
teins th a t are fo u n d  in  a subse t of NSCLC, m ain ly  
adenocarc inom as b u t also  sq u am o u s cell carcinom as. Thus, 
if ad eq u a te  tissue is available, NSCLC is subjected  to

m olecu lar analysis to  d e term ine  if ta rg e ted  th e rap y  is w a r
ran ted . In  ad d itio n , new  im m u n o th e rap y  ap p roaches 
(checkpoin t blockade, d iscussed  in  C h ap te r 6 ) a re  now  
a p p ro v ed  fo r a  subse t of NSCLC a n d  are  be ing  tested  in  
SCLC.

E tio logy  and Pathogenesis

L ik e  o th e r cancers, s m o k in g -re la te d  carc ino m as o f  th e  

lu n g  arise  b y  a  s te p w is e  a c c u m u la tio n  o f  d r iv e r  m u ta 

tio n s  th a t  re s u lt  in  tra n s fo rm a tio n  o f  b e n ig n  p ro g e n ito r  

cells  in  th e  lu n g  in to  n e o p la s tic  ce lls  possessing  a l l  o f  th e  

h a llm a rk s  o f  cancer. The sequence of m o lecu lar changes 
is n o t ra n d o m  b u t ten d s to  fo llow  a sequence th a t paralle ls  
the h isto logic p rog ressio n  to w ard  cancer. T hus, inactiva
tion  of the  p u ta tiv e  tu m o r su p p resso r genes located  on  the 
sh o rt a rm  of ch rom osom e 3 (3p) is a very  com m on  early  
event, w h ereas m u ta tio n s in  the TP53 tu m o r su p p resso r 
gene a n d  the K RAS  oncogene occur re la tively  late. C erta in  
genetic changes, such  as loss of ch rom osom al m ateria l on  
3p, are fo u n d  ev en  in  ben ign  b ronch ial ep ith e liu m  of 
sm okers w ith o u t lu n g  cancer, suggesting  th a t large  areas 
of the re sp ira to ry  m ucosa  are  m u tag en ized  by  exposu re  to 
carcinogens ("field  effect"). O n  th is  fertile soil, those cells 
th a t accum ula te  ad d itio n a l m u ta tio n s  u ltim ate ly  develop  
in to  cancer.

A  su b se t of adenocarc inom as (abou t 10% in  w h ite s  an d  
30% in  A sians), p articu larly  those arising  in  nonsm ok ing  
w om en , h a rb o r m u ta tio n s  th a t activate  the epidermal growth 
factor receptor (EGFR), a  recep to r ty rosine  k inase  th a t stim u 
la tes d o w n stream  p ro -g ro w th  p a th w ay s  invo lv ing  RAS, 
PI3K, a n d  o th e r signaling  m olecules. O f note, these tum ors 
a re  sensitive to  d ru g s  th a t inh ib it EGFR signaling , a lth o u g h  
the response  is o ften  short-lived . EGFR an d  KRAS m u ta 
tions (in 30% of adenocarcinom as) are m u tu a lly  exclusive, 
as m ig h t be expected  since KRAS lies d o w n stream  of 
EGFR. O ther " ta rg e tab le"  m u ta tio n s  have been  described  
in  a  low  frequency  of adenocarc inom as (4% to 6 % overall), 
in c lu d in g  m u ta tio n s th a t activate o th e r ty rosine  k inases, 
in c lu d in g  ALK, ROS1, HER2, o r c-MET. Each of these 
k inases is o p tim ally  ta rge ted  by  a d ifferen t d rug , w h ich  has 
sp u rre d  a n ew  era  of "p erso n a lized "  lu n g  cancer trea tm en t, 
in  w h ich  the genetics o f the  tu m o r gu ide  therapy .

W ith  reg a rd  to  carcinogenic influences, th e re  is s tro n g  

e v id e n c e  th a t  c ig a re tte  s m o k in g  a n d , to  a  m u c h  lesser 

e x te n t, o th e r e n v iro n m e n ta l carc ino g en s  are th e  m a in  

c u lp r its  re s p o n s ib le  fo r  th e  m u ta tio n s  th a t  g iv e  ris e  to  

lu n g  cancers. A b o u t 90% of lu n g  cancers occur in  active 
sm okers o r those w h o  s to p p ed  recently . M oreover, there  
is a nearly  linear co rre la tion  be tw een  the frequency  of lu n g  
cancer a n d  pack-years o f cigarette  sm oking. The increased  
risk  is 60 tim es g rea ter a m o n g  hab itu a l heavy  sm okers 
(tw o packs a d ay  fo r 2 0  years) th a n  am o n g  nonsm okers. 
For unclear reasons, w o m en  are m ore suscep tib ile  to  car
c inogens in  tobacco sm oke th a n  m en. A lth o u g h  cessation  
of sm oking  decreases the risk  fo r d eve lop ing  lu n g  cancer 
over tim e, it never re tu rn s  to  baseline levels, a n d  genetic 
changes th a t p red a te  the  fu ll d ev e lo p m en t o f lu n g  cancer 
can  p ersis t fo r m an y  years in  the  b ronch ial ep ith e liu m  
of fo rm er sm okers. P assive sm oking  (proxim ity  to  ciga
re tte  sm okers) also  increases the risk  fo r d eve lop ing  lu n g  
cancer, as does sm oking  of p ip es a n d  cigars, a lbeit on ly  
m odestly .
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O th e r carcinogenic influences associated  w ith  occupa
tional exposu res act in  concert w ith  sm oking  a n d  m ay  
som etim es be responsib le  for lu n g  cancer all by  them 
selves; exam ples inc lude  w o rk  in  u ra n iu m  m ines, w o rk  
w ith  asbestos, a n d  in h a la tio n  of d u s ts  con ta in ing  arsenic, 
ch rom ium , nickel, o r v iny l ch loride. A  card ina l exam ple of 
a synerg istic  in te rac tion  be tw een  tw o  carcinogens is found  
in  asbestos a n d  tobacco sm oking. E xposure  to  asbestos in  
nonsm okers increases the  risk  for d eve lop ing  lu n g  cancer 
5-fold, w h ereas  in  heavy  sm okers exposed  to  asbestos the 
risk  is e levated  app rox im ate ly  55-fold.

E ven  th o u g h  sm oking  a n d  o th er env ironm en ta l influ 
ences a re  p a ra m o u n t in  the causa tion  of lu n g  cancer, n o t 
all in d iv id u a ls  exposed  to  tobacco sm oke develop  cancer 
(abou t 11% of heavy  sm okers do). It is very  likely th a t the 
m u tagen ic  effect o f carcinogens is m odified  by  hered ita ry  
(genetic) factors. Recall th a t m an y  chem icals req u ire  m eta 
bolic ac tiva tion  v ia the P-450 m onooxygenase  enzym e 
system  for conversion  in to  u ltim ate  carcinogens (C hap ter 
6 ). In d iv id u a ls  w ith  certa in  p o ly m o rp h ism s invo lv ing  the 
P-450 genes have  an  increased  capacity  to  activate  p rocar
c inogens fo u n d  cigarette  sm oke, a n d  are th u s  exposed  to 
larger doses of carcinogens a n d  incu r a g rea ter risk  of 
develop ing  lu n g  cancer. S im ilarly, in d iv id u a ls  w hose  
p erip h e ra l b lood  lym phocy tes u n d e rg o  ch rom osom al 
b reakages after exposu re  to  tobacco-related  carcinogens 
(m u tagen  sensitive genotype) have  a g rea ter th an  1 0 -fold 
increased  risk  for d eve lop ing  lu n g  cancer over contro l 
subjects.

By analogy  to  the ad en o m a-ca rc in o m a  sequence in  the 
colon, it is p ro p o sed  th a t som e invasive  adenocarcinom as 
of the  lu n g  arise  th ro u g h  a n  atyp ical ad en o m ato u s 
h y p e rp lasia -ad en o carc in o m a in  s itu -in v as iv e  adenocarci
nom a sequence. S tud ies o f lu n g  in jury  m ode ls  in  m ice have  
iden tified  a p o p u la tio n  of m u ltip o ten t cells a t the b ronch io 
loalveo lar d u c t junction , te rm ed  bronchioalveolar stem cells 
(BASCs). A fter lu n g  in jury , m u ltip o ten t BASCs p ro lifera te  
an d  rep len ish  the  n o rm al cell types (bronchio lar C lara  cells 
an d  a lveo lar cells) fo u n d  in  th is location, thereby  facilitat
ing  ep ithelia l regenera tion . It is p o s tu la ted  th a t BASCs 
incu r the in itia ting  h it (for exam ple, a som atic  KRAS  m u ta 
tion) th a t enables these cells to  escape n o rm al "checkpo in t" 
m echan ism s a n d  resu lts  in  p u lm o n a ry  adenocarcinom as.

The sequen tia l changes lead in g  d ev e lo p m en t of squa
m ous cell carc inom as are  w ell d ocum ented ; there  is a  linear 
co rre la tion  be tw een  the in tensity  of exposu re  to  c igarette  
sm oke a n d  the  ap p earan ce  of ever m ore  w o rriso m e ep ithe 
lial changes th a t beg in  w ith  ra th e r in nocuous basal cell 
hy p erp lasia  an d  sq u am o u s m etap lasia  a n d  p ro g ress  to 
sq u am o u s dysp lasia  an d  carcinom a in  situ , before culm i
n a tin g  in  invasive  cancer.

M O R P H O L O G Y

Carcinomas of the lung begin as small lesions that typically are 

firm and gray-white.They may arise as intraluminal masses, invade 

the bronchial mucosa, or form large bulky masses pushing into 

adjacent lung parenchyma. A denocarc inom as are usually 

p eriph era lly  located , but also may occur closer to the hilum. 

In general, adenocarcinomas grow slowly and form smaller masses 

than do the other subtypes, but they tend to metastasize widely

at an early stage. They may assume a variety of growth patterns, 

including ac inar (g land -fo rm ing ) (Fig. 13.43C); papillary; 

m ucinous which is often multifocal and may manifest as 

pneumonia-like consolidation); and solid types. The solid variant 

often requires demonstration of intracellular mucin by special 

stains to establish its adenocarcinomatous differentiation.

The putative precursor of adenocarcinoma is a typ ical ade 

n o m ato u s  hyperp lasia  (AAH) (see Fig. I3 .43A), which is 

thought to  progress in a stepwise fashion to adenocarcinoma in 

situ, minimally invasive adenocarcinoma (<3 cm in diameter with 

an invasive component of <5 mm), and invasive adenocarcinoma 

(a tum or of any size with an area of invasion >5 mm). AAH  

appears as a well-demarcated focus of epithelial proliferation 

(with a diameter of 5 mm or less) composed of cuboidal to  

low-columnar cells that demonstrate nuclear hyperchromasia, 

pleomorphism, and prominent nucleoli. Genetic analyses have 

shown that AAH is monoclonal and shares many molecular aber

rations with adenocarcinomas (e.g., K R A S  mutations).

A d e n o c a rc in o m a  in situ (AIS) (formerly bronchioloalveo

lar carcinoma), often involves peripheral parts of the lung as a 

single nodule. The key features of AIS are diameter of 3 cm or 

less, growth along preexisting structures, and preservation of 

alveolar architecture (see Fig. I3.43B). The tum or cells, which 

may be nonmucinous, mucinous, or mixed, grow in a monolayer 

along the alveolar septa, which serve as a scaffold. By definition, 

AIS does not demonstrate destruction of alveolar architecture 

or stromal invasion with desmoplasia, features that would merit 

the diagnosis of invasive adenocarcinoma.

S quam ous cell carc inom as are more common in men 

than in women and are closely correlated with a smoking history; 

they tend to arise  c e n tra lly  in m a jo r  b ronchi and eventually 

spread to  local hilar nodes, but they disseminate outside the 

thorax later than do other histologic types. Large lesions may 

undergo central necrosis, giving rise to  c av ita tio n . The preneo

plastic lesions that antedate, and usually accompany, invasive 

squamous cell carcinoma are well characterized. Squamous cell 

carcinomas often are preceded by the development, over years, 

of squam ous m etap las ia  o r  dysplasia in the bronchial epi

thelium, which then transforms to  ca rc in o m a  in s itu , a phase 

that may last for several years (Fig. 13.44). By this time, atypical 

cells may be identified in cytologic smears of sputum or in bron

chial lavage fluids or brushings, although the lesion is asymptom

atic and undetectable on radiographs. Eventually, the small 

neoplasm reaches a symptomatic stage, when a well-defined 

tum or mass begins to  obstruct the lumen of a major bronchus, 

often producing distal atelectasis and infection. Simultaneously, 

the lesion invades surrounding pulmonary substance (Fig. I3.45A). 

On histologic examination, these tumors range from well- 

differentiated squamous cell neoplasms showing keratin pearls 

(see Fig. I3.45B) and intercellular bridges to poorly differentiated 

neoplasms exhibiting only minimal squamous cell features.

L arge  cell carc inom as are undifferentiated malignant epi

thelial tumors that lack the cytologic features of neuroendocrine 

carcinoma and show no evidence of glandular or squamous dif

ferentiation. The cells typically have large nuclei, prominent nucle

oli, and moderate amounts of cytoplasm.

S m all cell lung carc inom as (SCLCs) generally appear as 

pale gray, c e n tra lly  located  masses that extend into the lung 

parenchyma. These cancers are composed of relatively small 

tum or cells with a round to  fusiform shape, scant cytoplasm, 

and finely granular chromatin with a salt and pepper
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Fig. 13.43 Adenocarcinoma and associated lesions. (A) Atypical adenomatous hyperplasia with cuboidal epithelium and mild interstitial fibrosis. (B) Adeno
carcinoma in situ, mucinous subtype, with characteristic growth along preexisting alveolar septa, without invasion. (C) Gland-forming adenocarcinoma; inset 
shows thyroid transcription factor 1 (TTF-1) positivity, which is seen in a majority of pulmonary adenocarcinomas.

appearance. Numerous mitotic figures are present (Fig. 13.46). 

Necrosis is invariably present and may be extensive. The tum or 

cells are fragile and often show fragmentation and “crush arti

fact” in small biopsy specimens. Another feature, best appreci

ated in cytologic specimens, is nuclear molding resulting from 

close apposition of tum or cells that have scant cytoplasm. These 

tumors express a variety of neuroendocrine markers (Table 

13.7) and may secrete a host of polypeptide hormones that may 

result in paraneoplastic syndromes (see later). By the time of 

diagnosis, most will have metastasized to  hilar and mediastinal 

lymph nodes. In the 2015 W H O  Classification, SCLC is grouped 

together with large cell neuroendocrine carcinoma, another 

very aggressive tum or that exhibits neuroendocrine morphol

ogy and expresses neuroendocrine markers (synaptophysin, 

chromogranin, and C D56). M ixed  p a tte rn s  (e.g., adenosqua

mous carcinoma, mixed adenocarcinoma, small cell carcinoma) 

are seen in 1 0 % or less of lung carcinomas.

Each of these lung cancer subtypes tends to  spread to lymph 

nodes in the carina, the mediastinum, and the neck (scalene 

nodes) and clavicular regions, and, sooner or later, to  distant sites. 

Involvement of the left supraclavicular node (Virchow node) is

particularly characteristic and sometimes calls attention to  an 

occult primary tumor. These cancers, when advanced, often 

extend into the pleural or pericardial space, leading to inflamma

tion and effusions. They may compress or infiltrate the superior 

vena cava to  cause venous congestion or the vena caval syn

drome. Apical neoplasms may invade the brachial or cervical 

sympathetic plexus, causing severe pain in the distribution of the 

ulnar nerve or Horner syndrome (ipsilateral enophthalmos, 

ptosis, miosis, and anhidrosis). Such apical neoplasms are some

times called Pancoast tu m o rs , and the combination of clinical 

findings is known as Pancoast synd ro m e. Pancoast tum or is 

often accompanied by destruction of the first and second ribs 

and sometimes the thoracic vertebrae. As with other cancers, 

tumor-node-metastasis (TN M ) categories are used to indicate 

the size and spread of the primary neoplasm.

C lin ica l Features

C arcinom as of the lu n g  are  in sid ious lesions th a t in  m any  
cases have  sp read  so as to  be unresec tab le  before they 
p ro d u ce  sym ptom s. In  som e instances chronic cough  an d
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Fig. 13.44 Precursor lesions of squamous cell carcinomas. (A to C) Some of the earliest (and “mild”) changes in smoking-damaged respiratory epithelium 
include goblet cell hyperplasia (A), basal cell (or reserve cell) hyperplasia (B), and squamous metaplasia (C). (D) More ominous changes include the appearance 
of squamous dysplasia, characterized by the presence of disordered squamous epithelium, with loss of nuclear polarity, nuclear hyperchromasia, pleomorphism, 
and mitotic figures. (E and F) Squamous dysplasia may, in turn, progress through the stages of mild, moderate, and severe dysplasia. Carcinoma in situ (CIS) 
(E) is the stage that immediately precedes invasive squamous cell carcinoma (F). Apart from the lack of basement membrane disruption in CIS, the cytologic 
features of CIS are similar to those in frank carcinoma. ( A  to E, C o u r te s y  o f  D r .  A d i  G a z d a r ,  D e p a r t m e n t  o f  P a th o lo g y ,  U n iv e r s i t y  o f  T e x a s  S o u th w e s te rn  M e d ic a l  

S c h o o l,  D a lla s ,  T e x a s . F, R e p r o d u c e d  w i th  p e r m is s io n  f r o m  T ra v is  W D ,  C o lb y  TV , C o r r in  B , e t  a l,  e d i to r s :  World Health Organization histological typing of lung and pleural 
tumors, H e id e lb e r g ,  1 9 9 9 ,  S p r in g e r .)

Fig. 13.45 Squamous cell carcinoma. (A) Squamous cell carcinoma appearing as a central (hilar) mass that is invading contiguous parenchyma. (B) Well- 
differentiated squamous cell carcinoma, showing keratinization and pearls.
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sp read  to  sites such  as the  b ra in  (m ental o r neuro log ic  
changes), liver (hepatom egaly), o r bones (pain). A lthough  
the a d ren a l g lands m ay  be nearly  ob lite ra ted  by m etasta tic  
disease, ad ren a l insufficiency (A dd ison  disease) is uncom 
m on, because is lands of cortical cells sufficient to  m ain ta in  
ad ren a l function  u sually  persist.

O verall, squam ous cell carcinom a an d  adenocarcinom a 
carry  a m ore favorable p rognosis th an  SCLC. W hen squa
m ous cell carcinom as o r adenocarcinom as are detected 
before m etastasis or local sp read  (as in  h igh-risk  patien ts 
u n d ergo ing  surveillance im aging), cure is possib le by  lobec
tom y or pneum onectom y. U nresectable adenocarcinom as 
associated  w ith  targetable m uta tions in  tyrosine kinases 
such  as EGFR m ay  show  rem arkable responses to specific 
inhibitors. A  few  of these patien ts have long-term  rem is
sions on  the o rd er o f years, b u t relapse w ith in  m onths 
to  a year o r so is typical. Inevitably, resistan t tum ors are 
found  to  have new  m utations th a t either alter the d ru g  
ta rge t them selves (e.g., a n  add itiona l m u ta tio n  in  EGFR 
th a t p revents d ru g  b inding) o r c ircum vent tu m o r depen 
dence on  the  d ru g  target. M uch effort is curren tly  being 
devo ted  to  u n d ers tan d in g  the m echanism s of targeted  
d ru g  resistance in  o rd er to develop strategies th a t p reven t 
it from  occurring. Im m une checkpoint inhibitors p roduce 
responses in  a subset of tum ors, particu larly  those th a t are 
sm oking  related  (perhaps because of a  h igh  b u rd en  of tum or

Table 13.7 Com parison of Sm all Cell Lung C arcinom a and N o n-S m all Cell Lung C arcinom a (A denocarcinom a and Squamous 
Cell C arcinom a)

F e a tu re
S m all C e ll Lung  
C a rc in o m a N o n -S m a ll C e ll Lung C a rc in o m a

H isto logy

Scant cytoplasm; small,
hyperchromatic nuclei with fine 
chromatin pattern; nucleoli 
indistinct; diffuse sheets of cells

Abundant cytoplasm; pleomorphic nuclei with 
coarse chromatin pattern; nucleoli often 
prominent; glandular or squamous architecture

N euroen do crin e  M arkers

For example, dense core granules on electron 
microscopy; expression of chromogranin, 
synaptophysin, and CD56

Present Absent

Epithelial M arkers

Epithelial membrane antigen, carcinoembryonic antigen, 
and cytokeratin intermediate filaments

Present Present

Mucin Absent Present in adenocarcinomas

Peptide hormone production Adrenocorticotropic hormone, 
anti-diuretic hormone, 
gastrin-releasing peptide, 
calcitonin

Parathyroid hormone-related peptide (PTH-rp) in 
squamous cell carcinoma

T u m o r Suppressor G ene A b n o rm alities

3 p  deletions >90% >80%

R B  mutations ~90% ~ 2 0 %

p ! 6 / C D K N 2 A  mutations ~I0% >50%

T P 5 3  mutations >90% >50%

D o m in an t O ncogene A b n o rm alities

K R A S  mutations Rare ~30% (adenocarcinomas)

E G F R  mutations Absent ~ 2 0 % (adenocarcinomas, nonsmokers, women)

A L K  rearrangements Absent 4%-6% adenocarcinomas, nonsmokers, often have 
signet ring morphology

Response to chemotherapy and radiotherapy Often complete response but 
recur invariably

Incomplete

Fig. 13.46 Small cell carcinoma with small deeply basophilic cells and areas 
of necrosis ( t o p  le f t ) .  Note basophilic staining of vascular walls due to encrus
tation by DNA from necrotic tumor cells (Azzopardi effect).

expecto ration  call a tten tio n  to localized, resectable d isease. 
By the tim e o ther sym ptom s, such  as hoarseness, chest 
pain , su p e rio r vena  cava synd rom e, pericard ia l o r p leu ra l 
effusion, o r p e rsis ten t segm en ta l atelectasis o r p n eu m o n itis  
m ake the ir ap p earance, the p rognosis  is poor. Too often, 
the tu m o r p resen ts  w ith  sym ptom s caused  by m etasta tic
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neoantigens), an d  rep resen t a hopefu l new  avenue for 
therapy.

By contrast, the  p ic tu re  for SCLC u n fo rtu n a te ly  has 
changed  little. SCLCs hav e  invariab ly  sp read  by  the tim e 
they are detected , even  if the p rim ary  tu m o r a p p ea rs  to  be 
sm all an d  localized; thus, surg ical resection  is n o t a viable 
op tion . SCLCs are  very  sensitive to  chem otherapy  b u t 
invariab ly  recur, a n d  as o f y e t ta rge ted  therap ies are  
unavailab le . The m ed ian  su rv iva l even  w ith  trea tm en t 
rem ains on ly  1 year, a n d  on ly  5% are  alive a t 10 years. 
Because these  tu m o rs have  a very  h igh  m u ta tio n  b u rd en , 
they are  likely to  be im m unogen ic . A ccordingly , im m u n e  
checkpo in t therap ies have  p ro d u ced  en cou rag ing  responses 
in  p a tien ts  w ith  ad v an ced  SCLC.

In ad d itio n  to  the direct effects o f the tu m o r cells, it is 
estim ated  th a t 3% to 10% of patien ts w ith  lu n g  cancer 
develop paraneoplastic syndromes (C hapter 6 ). These include 
(1 ) hypercalcem ia caused  by secretion of a para thy ro id  
ho rm one-re la ted  peptide; (2) C ush ing  syndrom e (from  
increased p roduction  of adrenocorticotropic horm one); 
(3) syndrom e of in app rop ria te  secretion of anti-d iuretic  
horm one; (4) neu rom uscu lar syndrom es, includ ing  a m yas
thenic syndrom e, periphera l neuropathy , an d  polym yositis; 
(5) clubbing of the fingers an d  hypertroph ic  pu lm onary  
osteoarthropathy ; an d  (6 ) coagulation  abnorm alities, includ 
ing  m igrato ry  throm bophlebitis, nonbacterial endocarditis, 
an d  d issem inated  in travascu lar coagulation. H ypercalcem ia 
m ost often  is encoun tered  w ith  squam ous cell neoplasm s, 
the hem atologic syndrom es w ith  adenocarcinom as, an d  the 
neurologic syndrom es w ith  sm all cell neoplasm s, b u t excep
tions abound .

• Smoking is the most important risk factor for lung cancer.

• Precursor lesions include atypical adenomatous hyperplasia 

and adenocarcinoma in situ for adenocarcinomas and squa

mous dysplasia for squamous cancer.

• Tumors 3 cm or less in diameter characterized by pure growth 

along preexisting structures without stromal invasion are 

called adenocarcinoma in situ.

• SCLCs are best treated with chemotherapy, because almost all 

are metastatic at presentation. The other carcinomas may be 

curable by surgery if limited to  the lung. Targeted therapies, 

such as EGFR inhibitor therapy for adenocarcinomas with 

EGFR mutations, can be effective, an excellent example of 

personalized cancer therapy. Immunotherapies are under 

development and show promise.

• Lung cancers commonly cause a variety of paraneoplastic 

syndromes.

Carcinoid Tumors

C arcino id  tu m o rs a re  m alig n an t tu m o rs com posed  of cells 
th a t con ta in  dense-core neu rosecre to ry  g ranu les  in  their 
cy top lasm  and , rarely , m ay  secrete h o rm onally  active p o ly 
pep tid es . T hey are best th o u g h t of a  low -g rade  n eu ro en d o 
crine carcinom as a n d  are  subclassified  as typ ical o r atypical; 
bo th  are o ften  resectable a n d  curable. They occasionally  
occur as p a r t  of the m u ltip le  endocrine  neop lasia  synd rom e 
(C hap ter 20). B ronchial carc ino ids occur in  y o u n g  a d u lts  
(m ean  40 years) a n d  rep re sen t ab o u t 5% of all p u lm o n ary  
neoplasm s.

Ä S U M M A R Y

C A R C IN O M A  O F  T H E  L U N G

• The three major histologic subtypes are adenocarcinoma 

(most common), squamous cell carcinoma, and small cell car

cinoma, each of which is clinically and genetically distinct. 

Adenocarcinomas are the most common cancers overall and 

are especially common in women and in nonsmokers.

M O R P H O L O G Y

Most carcinoids originate in main bronchi and grow in one of 

two patterns: ( 1 ) an obstructing polypoid, spherical, intraluminal 

mass (Fig. I3.47A); or (2) a mucosal plaque penetrating the 

bronchial wall to  fan out in the peribronchial tissue— the 

so-called co lla r-b u tto n  lesion. Even penetrating lesions push 

into the lung substance along a broad front and are well demar

cated. Peripheral carcinoids are less common. Although 5% to

Fig. 13.47 Bronchial carcinoid. (A) Carcinoid growing as a spherical, pale mass ( a r r o w )  protruding into the lumen of the bronchus. (B) Histologic appearance 
demonstrating small, rounded, uniform nuclei and moderate cytoplasm. ( C o u r te s y  o f  D r .  T h o m a s  K r a u s z ,  D e p a r t m e n t  o f  P a th o lo g y ,  U n iv e r s i t y  o f  C h ic a g o  P r i t z k e r  

S c h o o l o f  M e d ic in e ,  C h ic a g o ,  I l l in o is . )
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15% of carcinoids have metastasized to the hilar nodes at pre

sentation, distant metastases are rare. Histologically, typ ica l 

carcinoids, like their counterparts in the intestinal tract, are 

composed of nests of uniform cells that have regular round nuclei 

with “salt-and-pepper” chromatin, absent or rare mitoses and 

little pleomorphism (see Fig. I3.47B). A ty p ic a l carcinoid  

tumors display a higher mitotic rate and small foci of necrosis. 

These tumors have a higher incidence of lymph node and distant 

metastasis than typical carcinoids. Unlike typical carcinoids, the 

atypical tumors have T P 5 3  mutations in 20% to  40% of cases. 

Typical carcinoid, atypical carcinoid, and large cell neuroendo

crine and small cell carcinoma can be viewed as a continuum of 

increasing histologic aggressiveness and malignant potential 

within the spectrum of pulmonary neuroendocrine neoplasms.

M ost carcino id  tu m o rs m an ifest w ith  signs a n d  sym p
tom s re la ted  to  their in tra lu m in a l g row th , in c lu d in g  cough, 
hem optysis , a n d  recu rren t b ronch ial a n d  p u lm o n a ry  infec
tions. P erip h era l tu m o rs a re  o ften  asym ptom atic  a n d  are  
d iscovered  inc iden ta lly  o n  chest rad io g rap h s. O n ly  rarely  
do  p u lm o n ary  carcino ids induce  the  carcinoid syndrome, 
charac terized  by in te rm itten t a ttacks of d ia rrhea , flushing, 
an d  cyanosis. The re p o rte d  5- a n d  10-year su rv iva l ra tes 
for typ ical carc ino ids are  above 85%, w h ile  these ra tes d ro p  
to 56% an d  35%, respectively , for a typ ica l carcinoids.

PLEURAL LESIONS

D isease of the p leu ra  u sua lly  is a  com plication  of a n  u n d e r
ly ing  p u lm o n ary  disease. Secondary  infections a n d  p leu ra l 
adhesions are com m on find ings a t au topsy . Im p o rtan t 
p rim ary  d iso rd ers  a re  (1 ) p rim ary  in trap leu ra l bacterial 
in fections an d  (2 ) malignant mesothelioma, a p rim ary  neo
p la sm  of the pleura.

Pleural Effusion and Pleuritis

P leu ra l effusions (flu ids in  the p leu ra l space) can  be e ither 
tra n su d a te s  or exudates. W h en  the effusion  is a  transudate , 
the  cond ition  is te rm ed  hydrothorax. C ongestive h ea rt 
failu re is the  m ost com m on cause of b ila tera l hyd ro tho rax . 
A n  exudate , charac terized  by p ro te in  con ten t g rea ter than  
30 g /L  and , often, in flam m atory  cells, suggests p leu ritis. 
The fo u r p rin c ip a l causes of pleural exudate fo rm ation  are  
(1 ) m icrobial invasion  th ro u g h  e ithe r d irec t ex tension  of a 
p u lm o n ary  in fection  o r b lood-borne seed ing  (suppurative 
pleuritis or empyema); (2 ) cancer (lung  carcinom a, m etasta tic  
neop lasm s to  the lu n g  o r p leu ra l surface, m esotheliom a); 
(3) p u lm o n a ry  infarction; a n d  (4) v ira l p leu ritis . O ther, less 
com m on causes o f exudative  p leu ra l e ffusions are  system ic 
lu p u s  e ry them atosus, rh e u m ato id  arth ritis , a n d  urem ia , as 
w ell as p rev io u s thoracic su rgery . M alignan t effusions 
characteristically  a re  large  an d  frequen tly  b loody  (hemor
rhagic pleuritis). C ytologic exam ination  m ay  reveal the 
m alig n an t cells.

W hatever the  cause, tra n su d a te s  a n d  serous exudates 
u sua lly  a re  reso rbed  w ith o u t resid u a l effects if the inciting  
cause is con tro lled  o r rem its. By contrast, fibrinous, hem or
rhagic, a n d  su p p u ra tiv e  ex udates  m ay  lead  to  fibrous

organ iza tion , y ie ld in g  adhesions o r fib rous p leu ra l thick
en ings th a t som etim es u n d e rg o  calcification.

Pneumothorax, Hemothorax, and Chylothorax

Pneumothorax refers to  p resence of a ir o r o th e r gas in  the 
p leu ra l sac. It m ay  occur in  you n g , ap p a re n tly  healthy  
adu lts , u sua lly  m en  w ith o u t any  k n o w n  p u lm o n ary  
d isease  (sim ple or sp o n tan eo u s pneum otho rax ), o r as a 
resu lt o f som e thoracic o r lu n g  d iso rd e r (secondary  p n eu 
m othorax), such  as em physem a o r a frac tu red  rib. Sec
o n d a ry  p n eu m o th o rax  is the  consequence of ru p tu re  of 
any  p u lm o n ary  lesion  s itu a ted  close to  the p leu ra l surface 
th a t a llow s in sp ired  a ir to  gain  access to  the p leu ra l 
cavity . R esponsib le p u lm o n ary  lesions inc lude  em p h y 
sem a, lu n g  abscess, tubercu losis, carcinom a, a n d  m any  
o ther, less com m on  processes. M echanical ven tila to ry  
su p p o rt w ith  h ig h  p re ssu re  a lso  m ay  trigger secondary  
pneum otho rax .

T here a re  several possib le  com plications of p n eu m o 
thorax . A  ball-valve leak  m ay  create a tension  p n eu m o th o 
rax  th a t shifts the m ed iastinum . C om prom ise  of the 
p u lm o n ary  circu la tion  m ay  follow  a n d  m ay  even  be fatal. 
If the leak  seals a n d  the lu n g  is n o t reex p an d ed  w ith in  a 
few  w eeks (either spon tan eo u sly  or th ro u g h  m ed ical o r 
surg ical in terven tion), so m u ch  scarring  m ay  occur th a t 
it can  never be fu lly  reex p an d ed . In  these cases, serous 
flu id  collects in  the  p leu ra l cavity , c reating  h y d ro p n eu m o 
thorax . W ith  p ro lo n g ed  collapse, the  lu n g  becom es vu l
nerab le  to  infection, as does the p leu ra l cavity  w h e n  
com m unica tion  be tw een  it a n d  the  lu n g  persists. E m pyem a 
is th u s a n  im p o rta n t com plication  of p n eu m o th o rax  
(pyopneum othorax).

Hemothorax, the  collection of w ho le  b lood  (in  con trast 
w ith  b loody  effusion) in  the p leu ra l cavity , m ay  be a com 
p lication  of a  ru p tu re d  in tra thorac ic  aortic  aneu rysm , an  
ev en t th a t is a lm ost a lw ays fatal. W ith  hem othorax , in  con
tras t w ith  b loody  p leu ra l effusions, the b lood  clots w ith in  
the p leu ra l cavity.

Chylothorax is a p leu ra l collection of a m ilky  lym phatic  
flu id  co n ta in ing  m icroglobules of lip id . The to ta l vo lum e 
of flu id  m ay  n o t be large, b u t chy lo thorax  is a lw ays sig
n ifican t because it im plies obstruc tion  of the  m ajor ly m p h  
ducts, u sua lly  by  an  in tra thorac ic  cancer (e.g., a p rim ary  
or secondary  m ed iastin a l neop lasm , such  as a lym phom a).

Malignant Mesothelioma
M a lig n a n t  m e s o th e lio m a  has as s u m ed  g re a t im p o rta n c e  

because i t  is  h ig h ly  re la te d  to  expo sure  to  a irb o rn e  asbes

tos. It is a ra re  cancer o f m eso thelia l cells, u su a lly  a rising  
in  the  p a rie ta l o r v isceral p leu ra ; it a lso  occurs m u ch  less 
com m only  in  the p e rito n eu m  a n d  p ericard ium . A pprox i
m ate ly  80% to 90% of in d iv id u a ls  w ith  th is cancer have  a 
h isto ry  of exposu re  to  asbestos. Those w h o  w o rk  d irectly  
w ith  asbestos (sh ip y ard  w orkers, m iners, in su la to rs) a re  a t 
g rea test risk, b u t m alig n an t m eso theliom as have  ap p ea red  
in  in d iv id u a ls  w h o se  on ly  exposu re  w as  liv ing  in  p rox im 
ity  to  a n  asbestos factory  or be ing  a re la tive  of a n  asbestos 
w orker. The la ten t p e rio d  for d eve lop ing  m alig n an t m eso 
theliom a after the in itia l exposu re  is long, o ften  25 to  40 
years, suggesting  th a t causative  d riv e r m u ta tio n s  are

http://ebooksmedicine.net

http://ebooksmedicine.net


Lesions of the Upper Respiratory Tract 545

acq u ired  slow ly, over a lo n g  p e rio d  of tim e. A s s ta ted  
earlier, the  com bination  of cigarette  sm oking  an d  asbestos 
exposu re  greatly  increases the  risk  for d eve lop ing  lu n g  
carcinom a, b u t it does n o t increase the risk  for develop ing  
m alig n an t m esotheliom a.

O nce inhaled , asbestos fibers rem ain  in  the bo d y  for life. 
T hus, the  lifetim e risk  after exposu re  does n o t d im in ish  
over tim e (unlike w ith  sm oking, in  w h ich  the risk  decreases 
after cessation). It has been  h y p o th esized  th a t asbestos 
fibers p referen tia lly  ga th er near the  m eso thelia l cell layer, 
w h ere  they  generate  reactive oxygen  species th a t cause 
D N A  dam age a n d  m u ta tions. Sequencing  o f m eso theliom a 
genom es has revea led  m u ltip le  d riv e r m u ta tions, m any  of 
w h ich  c luster in  p a th w ay s  invo lved  in  D N A  repair, cell 
cycle contro l, a n d  g ro w th  factor signaling . O f in terest, one 
of the  m o st com m only  m u ta te d  genes in  sporad ic  m eso the
liom a, BAP1, encodes a tu m o r su p p resso r in vo lved  in  
D N A  rep a ir th a t a lso  is affected  by  germ  line m u ta tio n s in  
fam ilies show ing  a h ig h  incidence of m esotheliom a.

M O R P H O L O G Y

Malignant mesotheliomas are often preceded by extensive 

p leu ra l fibrosis and p laque fo rm a tio n , readily seen on com

puted tomography scans. These tumors begin in a localized area 

and over time spread widely, either by contiguous growth or by 

diffuse seeding of pleural surfaces. A t autopsy, the affected lung 

typ ica lly  is ensheathed  by a  layer o f y e llo w -w h ite , f irm ,  

varia b ly  gela tinous tu m o r  that obliterates the pleural space 

(Fig. 13.48). The neoplasm may directly invade the thoracic wall 

or the subpleural lung tissue, but distant metastases are uncom

mon. Normal mesothelial cells are biphasic, giving rise to pleural 

lining cells as well as the underlying fibrous tissue. In line with 

this potential, mesotheliomas conform to one of three

Fig. 13.48 Malignant mesothelioma. Note the thick, firm, white pleural 
tumor that ensheathes this bisected lung.

morphologic appearances: ( 1 ) ep ith e lia l, in which cuboidal cells 

with small papillary buds line tubular and microcystic spaces (this 

is the most common pattern and also the one most likely to be 

confused with a pulmonary adenocarcinoma); (2 ) sarcom atous, 

in which spindled, occasionally fibroblastic-appearing cells grow  

in sheets; and (3) b iphasic, having both sarcomatous and epi

thelial areas.

LESIONS OF THE UPPER 
RESPIRATORY TRACT

Acute Infections

A cute infections of the  u p p e r  resp ira to ry  trac t a re  am o n g  
the  m o st com m on  afflictions of h u m an s, m o st frequen tly  
m an ifesting  as the "com m on  cold ." The clinical fea tu res 
a re  w ell know n: n asa l congestion  accom pan ied  by w ate ry  
d ischarge; sneezing; scratchy, d ry  sore th roat; a n d  a sligh t 
increase in  tem p era tu re  th a t is m ore  p ro n o u n ced  in  y o u n g  
ch ild ren . The m o st com m on p a th o g en s  a re  rh inov iruses, 
b u t coronav iruses, re sp ira to ry  syncytial v iruses, pa ra in flu 
enza a n d  in fluenza v iruses, adenov iru ses , en terov iruses, 
a n d  som etim es even  g ro u p  A  P-hem olytic streptococci 
h av e  been  im plicated . In  a  significant n u m b er of cases 
(a ro u n d  40%), the cause canno t be de term ined ; p e rh ap s  
n ew  v iru ses w ill be d iscovered . M ost of these infections 
occur in  the  fall a n d  w in te r  a n d  a re  self-lim iting (usually  
la s ting  for 1 w eek  o r less). In  a  m in o rity  of cases, colds m ay 
be com plicated  by the d ev e lo p m en t of bacterial o titis 
m ed ia  or sinusitis.

In  a d d itio n  to  the com m on  cold, infections of the u p p e r- 
re sp ira to ry  trac t m ay  p ro d u ce  signs a n d  sym ptom s local
ized  to  the  pharynx , ep ig lo ttis, o r larynx . Acute pharyngitis, 
m anifesting  as  a sore th roat, m ay  be caused  by a ho st of 
agents. M ild  p h ary n g itis  w ith  m in im al physical find ings 
frequen tly  accom pan ies a  cold a n d  is the m ost com m on 
fo rm  of pharyng itis . M ore severe fo rm s w ith  tonsillitis, 
associa ted  w ith  m ark ed  hyperem ia  a n d  exudates, occur 
w ith  P-hem olytic streptococcal a n d  ad en o v iru s  infections. 
Streptococcal tonsillitis is im p o rta n t to  recognize a n d  trea t 
early, because of the associa ted  p o ten tia l for d ev e lo p m en t 
of p eritonsilla r abscesses ("qu insy") o r for p rog ressio n  to 
poststrep tococcal g lo m eru loneph ritis  a n d  acu te  rh eum atic  
fever. C oxsackiev irus A  infection  m ay  p ro d u ce  p h ary n g ea l 
vesicles a n d  u lcers (herpang ina). Infectious m ononucleo 
sis, caused  by  Epstein-B arr v iru s  (EBV), is an  im p o rtan t 
cause of p h ary n g itis  a n d  bears the m on iker o f "k issing  
d isease" — reflecting  a com m on  m ode of transm ission  in  
p rev iously  nonex p o sed  ind iv iduals.

A cu te  bacterial epiglottitis is a  synd rom e p red o m in an tly  
affecting  y o u n g  ch ild ren  w h o  have  a n  infection  of the ep i
g lo ttis caused  by H. influenzae, in  w h ich  p a in  an d  a irw ay  
ob stru c tio n  are the  m ajor findings. The onse t is ab ru p t. 
Failu re  to  ap p rec ia te  the  need  to  m ain ta in  a n  o p en  a irw ay  
for a  ch ild  w ith  th is cond ition  can  have  fatal consequences. 
The a d v e n t o f vaccination  ag a in s t H. influenzae has greatly  
decreased  the incidence of th is d isease.

Acute laryngitis can  resu lt from  inhala tion  of irritan ts  o r 
m ay  be caused  by allerg ic reactions. It a lso  m ay  be caused
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by agen ts  th a t p ro d u ce  the  com m on  cold  a n d  usually  
invo lve the p h a ry n x  a n d  n asa l passages as w ell as the 
larynx . Brief m en tio n  sh o u ld  be m ad e  of tw o unco m m o n  
b u t im p o rta n t fo rm s of laryngitis: tuberculous a n d  diphthe
ritic. The fo rm er is a lm ost a lw ays a consequence of p ro 
tracted  active tubercu losis, d u r in g  w h ich  infected  sp u tu m  
is co ughed  u p . D iph theritic  la ryng itis  has  fo rtunate ly  
becom e u n co m m o n  because of the  w id e sp re a d  im m u n iza 
tion  of y o u n g  ch ild ren  ag a in st d ip h th e ria  toxin. A fter it is 
inhaled , Corynebacterium diphtheriae im p lan ts  o n  the  m ucosa 
of the  u p p e r  airw ays, w h ere  it e laborates a pow erfu l 
exotoxin  th a t causes necrosis o f the m ucosal ep ithelium , 
accom pan ied  by a dense  f ib rin o p u ru len t exudate , to  create 
the classic superficial, d irty -g ray  p seu d o m em b ran e  of 
d iph theria . The m ajor h a z a rd s  of th is in fection  are  slough 
ing  a n d  asp ira tio n  of the  p seu d o m em b ran e  (causing 
obstruc tion  of m ajor airw ays) an d  ab so rp tio n  of bacterial 
exotoxins (p ro d u c in g  m yocard itis, p e rip h e ra l n eu ro p a th y , 
o r o ther tissue injury).

In  ch ild ren , p a ra in flu en za  v iru s  is the  m o st com m on 
cause of la ryngo tracheobronch itis , m ore  com m only  kn o w n  
as croup, b u t o th e r agen ts such  as re sp ira to ry  syncytial 
v iru s  a lso  m ay  p rec ip ita te  th is condition . A lth o u g h  self
lim ited , c roup  m ay  cause frigh ten ing  in sp ira to ry  s trid o r 
an d  harsh , p e rsis ten t cough. In  occasional cases, the  la ryn 
geal in flam m atory  reaction  m ay  n a rro w  the  a irw ay  suffi
ciently  to  resu lt in  re sp ira to ry  failure. V iral infections in  
the u p p e r-re sp ira to ry  trac t p red isp o se  the p a tien t to  sec
o n d a ry  bacteria l infection, p a rticu la rly  by  staphylococci, 
streptococci, a n d  H. influenzae.

Nasopharyngeal Carcinoma

N aso p h a ry n g ea l carc inom a is a ra re  n eo p lasm  th a t m erits  
com m en t because of (1 ) the stro n g  ep idem io log ic  links to 
EBV a n d  (2) the h ig h  frequency  of th is cancer am o n g  the 
C hinese, w h ich  ra ises the possib ility  of v ira l oncogenesis 
on  a  b ack g ro u n d  of genetic  suscep tib ility . It is th o u g h t th a t 
EBV infects the ho st by  first rep lica ting  in  the  n aso p h a ry n 
geal ep ith e liu m  a n d  th en  in fecting  nearby  tonsillar B lym 
phocytes. In  som e in d iv idua ls , th is  leads to  transfo rm ation  
of the ep ithelia l cells. U nlike the  case w ith  B urk itt lym 
p h o m a  (C hap ter 12), an o th e r EBV -associated tum or, the 
EBV genom e is fo u n d  in  v irtu a lly  all n a so p h ary n g ea l car
cinom as, in c lu d in g  those  th a t occur o u ts id e  the endem ic 
areas in  Asia.

The th ree  histologic v a rian ts  are kera tin iz ing  squam ous 
cell carcinom a, non k era tin iz in g  sq u am o u s cell carcinom a, 
a n d  u n d iffe ren tia ted  carcinom a; the  last-m en tioned  is 
the m ost com m on  a n d  the one m ost closely lin k ed  w ith  
EBV. The u n d iffe ren tia ted  n eo p lasm  is charac terized  by  
large ep ithelia l cells w ith  ind is tinc t cell b o rd e rs  (reflect
in g  "syncy tia l" g row th) a n d  p ro m in en t eosinophilic  
nucleoli. In  n aso p h ary n g ea l carcinom as, the  tu m o r cells 
are  o ften  accom pan ied  by  a s trik ing  influx  of T  cells, 
w h ich  are  believed  to  be  re sp o n d in g  to  v ira l an tigens. 
N aso p h a ry n g ea l carc inom as in v ad e  locally, sp read  to  cer
vical ly m p h  nodes, a n d  th en  m etastasize  to d is ta n t sites. 
T hey ten d  to  be rad iosensitive , a n d  5-year su rv iva l ra tes 
o f 50% are rep o rted , even  for p a tien ts  w ith  ad vanced  
cancers. R esponses to  im m u n e  checkpo in t inh ib ito rs 
also  have been  rep o rted , p ro v id in g  a new  therapeu tic
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stra tegy  for tum ors th a t d o  n o t re sp o n d  to  conven tional 
therapy .

Laryngeal Tumors
A varie ty  of nonneop lastic , ben ign , a n d  m alig n an t neo
p lasm s of ep ithelia l a n d  m esenchym al o rig in  m ay  arise  in  
the larynx, b u t  on ly  vocal co rd  nodu les, pap illom as, an d  
sq u am o u s cell carcinom as are sufficiently  com m on  to m erit 
com m ent. In  all of these conditions, the m ost com m on 
p resen tin g  fea tu re  is hoarseness.

N o n m alig n an t Lesions

Vocal cord nodules ("po lyps") a re  sm ooth , hem ispherica l 
p ro tru s io n s  (usually  <0.5 cm  in  d iam eter) located , m ost 
often, o n  the  tru e  vocal cords. The n o d u les  are com posed  
of fib rous tissue an d  covered  by  stra tified  squam ous 
m ucosa th a t u sua lly  is in tac t b u t can  be  u lcera ted  from  
contact trau m a  w ith  the o ther vocal cord . These lesions 
occur chiefly in  heavy  sm okers o r singers (singer's  nodes), 
suggesting  th a t they  are the  re su lt of chronic irrita tio n  or 
over use.

Laryngeal papilloma o r squamous papilloma of the la rynx  is 
a ben ig n  n eop lasm , u su a lly  located  o n  the  true  vocal cords, 
th a t fo rm s a soft, ra sp b erry  like excrescence rare ly  m ore 
th a n  1 cm  in  d iam eter. H isto logically , it consists o f m u lti
p le  slender, fingerlike pro jections su p p o rte d  by  cen tra l 
fib rovascu lar cores a n d  covered  by  a n  o rderly , typical, 
stra tified  sq u am o u s ep ithe lium . W hen  the p ap illo m a is on  
the  free edge  of the  vocal cord , trau m a  m ay  lead  to  u lcer
a tio n  th a t can  be  accom pan ied  by  hem optysis.

P ap illom as u sually  a re  single in  a d u lts  b u t o ften  are  
m u ltip le  in  ch ild ren , in  w h o m  the cond ition  is re ferred  to 
as recurrent respiratory papillomatosis (RRP), since they  typ i
cally ten d  to  recu r after excision. These lesions are caused  
by  h u m a n  p ap illo m av iru s (HPV) types 6  a n d  11 a n d  often  
spon tan eo u sly  reg ress a t p u b erty . C ancerous transfo rm a
tion  is rare. The m o st likely cause for their occurrence in  
ch ild ren  is vertical transm ission  from  a n  infected  m o th er 
d u r in g  delivery . Therefore, the recen t availab ility  of an  
H PV  vaccine th a t can  p ro tec t w o m en  of rep ro d u c tiv e  age 
ag a in st in fection  w ith  types 6  an d  1 1  p ro v id es a n  o p p o rtu 
n ity  for p rev en tio n  of RRP in  ch ildren .

C arc inom a o f  the Larynx

C arcinom a of the  la rynx  rep resen ts  on ly  2% of all cancers. 
It m o st com m only  occurs after 40 y ears  o f age a n d  is m ore  
com m on in  m en  th a n  in  w o m en  (w ith  a gen d er ra tio  of 
7 : 1). E nv ironm en ta l influences a re  very  im p o rta n t in  its 
causation; nearly  all cases occur in  sm okers, a n d  alcohol 
an d  asbestos exposu re  also  m ay  p lay  roles. H u m a n  p ap il
lom av iru s sequences have been  de tected  in  ab o u t 15% of 
tum ors, w h ich  ten d  to  have a b e tte r  p rognosis  th a n  o ther 
carcinom as.

A b o u t 95% of la ryngeal cancers are  typ ical squam ous 
cell carcinom as. R arely, adenocarc inom as are seen, p re 
sum ably  arising  from  m ucous g lands. The tu m o r develops 
d irectly  o n  the vocal co rds (glottic tum ors) in  60% to 75% 
of cases, b u t  it a lso  m ay  arise above the  co rds (suprag lo ttic; 
25% to 40%) or below  the co rds (subglottic; <5%). Squa
m ous cell carc inom as of the la rynx  beg in  as in  situ  lesions 
th a t la te r ap p e a r as pearly  gray, w rin k led  p laq u es o n  the
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Fig. 13.49 Laryngeal squamous cell carcinoma ( a r r o w )  arising in a supraglottic location (above the true vocal cord).

m ucosal surface, u ltim ate ly  u lcera ting  a n d  fu n g a tin g  (Fig. 
13.49). The glottic tu m o rs a re  u su a lly  keratin iz ing , w ell 
to  m o d era te ly  d iffe ren tia ted  sq u am o u s cell carcinom as. As 
expected  w ith  lesions a ris in g  from  re cu rren t exposu re  to 
en v iro n m en ta l carcinogens, ad jacen t m ucosa  m ay  dem on 
stra te  sq u am o u s cell h y p erp lasia  w ith  foci o f dysp lasia , o r 
even  carcinom a in  situ .

C arcinom a of the la rynx  m anifests clinically w ith  p e r
sisten t hoarseness. The location  of the tu m o r w ith in  the 
la rynx  has a significant b earin g  o n  p rognosis. For exam ple, 
a b o u t 90% of glottic tu m o rs are confined  to  the la rynx  a t 
d iagnosis. First, as a resu lt o f in terference w ith  vocal cord  
m obility , they  develop  sym ptom s early  in  the course of 
d isease; second, the glottic reg ion  has a sparse  lym phatic  
supp ly , an d  sp read  beyond  the la rynx  is uncom m on . By 
contrast, the  sup rag lo ttic  la rynx  is rich  in  lym phatic  spaces, 
an d  nearly  o n e-th ird  of these tu m o rs m etastasize  to  reg ional 
(cervical) ly m p h  nodes. The subglo ttic  tu m o rs ten d  to 
rem ain  clinically quiescent, u su a lly  m an ifesting  as 
ad v an ced  disease. W ith  su rgery , rad ia tio n  therapy , o r com 
b ina tion  trea tm en t, m an y  p a tien ts  can  be cu red , b u t ab o u t 
one-th ird  d ie  o f the disease. The u su a l cause of d e a th  is 
w id esp read  m etastases a n d  cachexia, som etim es com pli
ca ted  by  p u lm o n ary  infection.
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The k id n ey  is a s truc tu ra lly  com plex  o rg an  th a t has 
evo lved  to  carry  o u t a n u m b er of im p o rta n t functions: 
excretion  of the w aste  p ro d u c ts  o f m etabolism , regu la tion  
of body  w a te r  a n d  salt, m ain tenance  of acid  balance, and  
secretion  of a varie ty  of h o rm ones a n d  p rostag lan d in s. 
D iseases of the  k idney  are  as com plex as its struc tu re , 
b u t the ir s tu d y  is facilita ted  by d iv id in g  th em  in to  those 
th a t affect its fou r com ponents: g lom eru li, tubules, in ter- 
stitium , a n d  b lood  vessels. This trad itio n a l ap p ro ach  is 
u sefu l because the  early  m an ifesta tions of d iseases tha t 
affect each of these co m p artm en ts  ten d  to  be d istinctive. 
F u rtherm ore , som e s tru c tu res  seem  to be m ore vu lnerab le  
to  specific fo rm s of rena l injury; for exam ple, g lom eru 
lar d iseases a re  o ften  im m unolog ically  m ed ia ted , w h ereas 
tu b u la r a n d  in terstitia l d iso rd ers  a re  m ore likely to  be 
caused  by  toxic o r in fectious agents. H ow ever, som e dis
o rd e rs  affect m ore  th a n  one struc tu re , an d  functional in te r
d ep endence  of s tru c tu res  in  the k id n ey  m eans th a t dam age 
to one com ponen t a lm ost a lw ays affects the o thers. T hus, 
severe g lom eru lar dam age  im p a irs  b lood  flow  th ro u g h  the 
p e ritu b u la r vascu lar system ; conversely , tu b u la r d estruc 
tion, by  increasing  in trag lo m eru la r p re ssu re  a n d  in ducing  
the p ro d u c tio n  of cy tok ines a n d  chem okines, m ay  lead  
to  g lom eru lar sclerosis. W hen  chronic k id n ey  d isease 
p rog resses to  its m ost ad v an ced  stage, so-called en d 
stage rena l disease, all fo u r co m p artm en ts  o f the k idney  
are  u sua lly  dam aged . D ue to  the large  functional reserve 
capacity  of the k idney , early  signs of k idney  d isease are  
o ften  m issed , a n d  m u ch  rena l dam age  m ay  occur before 
ren a l d ysfunction  becom es clinically ap p aren t. Before d is
cussing  in d iv id u a l d iseases of the k idney , w e  describe

clinical m an ifesta tions of k id n ey  d iseases shared  by several 
d iso rders.

CLIN ICAL MANIFESTATIONS OF 
RENAL DISEASES

The clinical m an ifesta tions of ren a l d isease can  be g ro u p ed  
in to  reasonab ly  w ell-defined  syndrom es. Som e are pecu 
liar to  g lom eru lar d iseases, a n d  o th ers  are sh a red  by  several 
ren a l d iso rders. Before w e  list the syndrom es, a few  term s 
m u st be defined.
• Azotemia  is a n  e leva tion  of b lood  u rea  n itro g en  an d  

creatin ine  levels a n d  u sua lly  reflects a decreased  glo
m eru la r filtra tion  ra te  (GFR). GFR m ay  be decreased  
as a consequence of in trinsic  rena l d isease o r extra 
rena l causes. Prerenal azotemia is en co u n te red  w h e n  
there  is h y p o p e rfu s io n  of the  k idneys (usually  d u e  to 
red u ced  ex tracellu lar flu id  vo lum e). T his decreases GFR 
in  the  absence of rena l p a ren ch y m al dam age a n d  is 
u sua lly  reversib le  if the  h y p o p e rfu s io n  is corrected  in  
tim e. Postrenal azotemia re su lts  w h e n  u rin e  ou tflow  is 
obstruc ted . Relief of the obstruc tion  is fo llow ed by cor
rection  of the  azotem ia.

• W hen  azo tem ia gives rise  to  clinical m an ifesta tions 
an d  system ic b iochem ical abnorm alities, it is te rm ed  
uremia. U rem ia is charac terized  n o t on ly  by  fa ilu re  of 
rena l excretory  function  b u t also  by  a ho st o f m etabolic 
an d  endocrine  a lte ra tions inc iden t to  rena l dam age.
In  ad d itio n , there  is secondary  gastro in testina l (e.g., 
u rem ic  gastroen teritis); n eu ro m u scu la r (e.g., p e rip h era l
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neu ropathy ); a n d  card iovascu lar (e.g., u rem ic  fib rinous 
pericard itis) invo lvem ent.

Below  is a  b rief su m m ary  of the various clinical m an i
festations a n d  synd rom es of rena l d iseases w ith  their 
defin ing  features. The tw o  m o st com m on  synd rom es asso 
ciated  w ith  g lom eru lar d iseases, nep h ro tic  a n d  nephritic , 
are  d iscussed  in  detail.
• Nephrotic syndrome is charac terized  by the follow ing:

• Proteinuria, w ith  daily  p ro te in  loss in  the u rin e  of 3.5 g 
o r m ore  in  a d u lts  (said  to  be in  the  "n ep h ro tic  range")

• Hypoalbuminemia, w ith  p lasm a  a lb u m in  levels less 
th a n  3 g /d L

• Generalized edema, the m ost obv ious clinical 
m an ifesta tion

• Hyperlipidemia a n d  lip id u ria
T h e  n e p h ro tic  sy n d ro m e  has d ive rse  causes th a t  

share a  c o m m o n  p a th o p h y s io lo g y , a  d e ra n g e m e n t in  

th e  c a p illa ry  w a lls  o f  th e  g lo m e ru li th a t resu lts  in  

increased  p e rm e a b ility  to  p la s m a  p ro te in s . Increased 
perm eability  of the g lom eru lar basem ent m em brane 
(GBM) m ay  resu lt from  structu ral o r physicochem ical 
alterations in  the GBM. W ith  long-stand ing  or heavy  pro 
teinuria, se rum  a lbum in  is decreased, g iv ing rise to hypo- 
a lbum inem ia an d  a d rop  in  p lasm a colloid osm otic 
p ressure, w h ich  in  tu rn  leads to  leakage of flu id  from  the 
b lood in to  extravascu lar spaces. As d iscussed in  C hap ter 
4, the resu lting  decrease in  in travascu lar vo lum e and  
renal b lood flow  triggers increased release of ren in  from  
renal jux tag lom eru lar cells. R enin in  tu rn  stim ulates the 
angiotensin-aldosterone axis, w h ich  p rom otes the reten 
tion of salt an d  w ate r by the k idney. This tendency  is 
exacerbated by  reductions in  the cardiac secretion of 
natriu retic  factors a ttribu ted  to decreased in travascu lar 
volum e. In  the face of con tinu ing  p ro te inuria , salt and  
w ate r re ten tion  fu rth e r aggravates the edem a an d  if 
unchecked m ay  lead  to  the developm ent of generalized  
edem a (term ed anasarca). A t the onset, there is little o r no  
azotem ia, hem aturia , o r hypertension.

The genesis of the  hy p erlip id em ia  is m ore  obscure. 
P resum ably , hypo a lb u m in em ia  triggers increased  syn
thesis o f lipop ro te in s  in  the liver, o r m assive  p ro te in u ria  
causes loss of a n  inh ib ito r of the ir synthesis. T here also 
is abno rm al tra n sp o rt o f c ircu la ting  lip id  partic les an d  
im p a irm en t o f p e rip h e ra l b reak d o w n  of lipopro te ins. 
The associa ted  lip id u ria  reflects the increased  p erm ea 
bility  of the  GBM to lipopro te ins.

The m ost im p o rtan t o f the p rim ary  g lom eru lar 
lesions th a t characteristically  lead  to  the n eph ro tic  
synd rom e are  focal segm ental g lom eru losclerosis and  
m in im al-change disease. The la tte r is m ore  im p o rtan t 
in  ch ild ren ; the fo rm er is m ore  im p o rta n t in  adu lts . 
The nep h ro tic  sy n d ro m e is also  com m only  seen  in  tw o 
o ther p rim ary  k id n ey  diseases, m em b ran o u s n e p h ro p 
a thy  a n d  m em branop ro life ra tive  g lom eru lonephritis , 
an d  as a com plication  of the system ic d isease d iabetes 
m ellitus.

• By con trast, nephritic syndrome is charac terized  by  the 
follow ing:
• Hematuria (red  cells a n d  re d  cell casts in  urine)
• Proteinuria (usually  in  the  su bneph ro tic  range) w ith  

or w ith o u t edem a
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• Azotemia
• Hypertension

T h e  n e p h r it ic  s y n d ro m e  u s u a lly  has a n  acute  onset 

a n d  is  caused  b y  in f la m m a to ry  le s io n s  o f  g lo m e ru li.

The lesions th a t cause the  neph ritic  synd rom e have  in  
com m on p ro life ra tion  of the  cells w ith in  the g lom eruli, 
o ften  accom pan ied  by an  in filtra te  of leukocytes. The 
in flam m atory  reaction  in jures the cap illary  w alls, p e r
m itting  b lood  to  p ass  in to  the u rine , a n d  induces hem o
dynam ic  changes th a t lead  to  a red u c tio n  in  the GFR. The 
red u ced  GFR is m an ifested  clinically by o liguria , flu id  
re ten tion , a n d  azo tem ia. H y p erten sio n  p robab ly  is a 
resu lt o f b o th  the  flu id  re ten tio n  a n d  a u g m en ted  ren in  
release from  the  ischem ic k idneys. The acu te  nephritic  
synd rom e m ay  be caused  by  p rim ary  g lom eru lar d is
eases, such  as postin fec tious g lo m eru loneph ritis  (GN) 
an d  various form s of crescentic G N , or as a re su lt o f sys
tem ic d iso rd ers  such  as system ic lu p u s  ery them atosus.

• Asymptomatic hematuria or n o n n ep h ro tic  p ro te in u ria  o r a 
com bination  of the tw o is the  typ ical clinical p resen ta tio n  
of IgA  n ep h ro p a th y , A lp o rt synd rom e, or m ild  form s or 
early  p resen ta tio n s of o ther g lom eru lar diseases.

• Rapidly progressive glomerulonephritis (RPGN) resu lts  in  
ra p id  loss o f ren a l function  in  a few  days or w eeks, typ i
cally in  the se tting  of neph ritic  syndrom e. The charac
teristic h isto logic find ing  associa ted  w ith  RPG N  is the 
presence of crescents (crescentic GN). R ap id ly  p rog res 
sive g lom eru loneph ritis  is a clinical sy n d ro m e a n d  n o t 
a specific etiologic fo rm  of G N . If u n trea ted , it leads to 
d ea th  from  renal fa ilu re  w ith in  a p e rio d  of w eeks to 
m onths.

• Acute kidney injury refers to  a b ru p t onse t o f ren a l dys
function  charac terized  by an  acu te  increase in  serum  
creatin ine  often  associated  w ith  o ligu ria  o r an u ria  
(decreased  o r no  u rin e  flow). It can  resu lt from  g lom eru 
lar in jury  (such as ra p id ly  p rog ressive  GN), in te rstitia l 
in jury , vascu lar in jury  (such  as th rom botic  m icroangi
opathy), or acu te  tu b u la r ep ithelia l cell injury.

• Chronic kidney disease resu lts  from  p rog ressive  scarring  
in  the  k id n ey  of any  cause. It is charac terized  by  various 
m etabolic  an d  electro ly te abnorm alities such  as h y p er
p h o sphatem ia , dyslip idem ia , an d  m etabolic  acidosis. 
H ow ever, it is o ften  asym ptom atic  u n til the m ost 
ad v an ced  stages, w h e n  sym ptom s of u rem ia  develop.

• End-stage renal disease (ESRD) is irreversib le  loss o f renal 
function  req u irin g  d ia lysis or tran sp lan ta tio n  typically  
d u e  to  severe p rog ressive  scarring  in  the  k id n ey  from  
any  cause.

• Urinary tract infection (UTI) is charac terized  by bacteri- 
u ria  a n d  p y u ria  (bacteria a n d  leukocytes in  the urine). 
It m ay  be sym ptom atic  o r asym ptom atic , a n d  m ay  affect 
the  k id n ey  (pyelonephritis) o r the b lad d e r (cystitis) only.

• Nephrolithiasis refers to  fo rm ation  of stones in  the col
lecting  system  a n d  is m an ifested  by ren a l colic and  
h em atu ria  (w ith o u t red  cell casts).

GLOMERULAR DISEASES

The g lom eru lu s consists of a n  anastom osing  n e tw o rk  of 
capillaries inv ested  by tw o  layers o f ep ithe lium . The vis
ceral ep ith e liu m  (com posed  of podocytes) is p a r t  o f the
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Fig. M .l Schematic diagram of a portion of a normal glomerulus.

cap illary  w all, w h ereas the  pa rie ta l ep ith e liu m  encircles 
B ow m an space (u rinary  space), the cavity  in  w h ich  filtrate 
o f p lasm a collects. The g lom eru lar cap illary  is the filtration  
u n it  a n d  consists of the fo llow ing  com ponen ts (Figs. 14.1 
a n d  14.2):
• F enestra ted  endothelial cells, w ith  each  fenestra  being  70 

to  1 0 0  n m  in  d iam eter.
• The glomerular basement membrane (GBM), w h ich  has a 

thick, e lectron-dense cen tra l layer called the lamina 
densa, a n d  tw o  th inner, e lectron-lucent p e rip h e ra l layers, 
the  lamina rara interna a n d  lamina rara externa. The GBM

consists o f co llagen (m ostly  type  IV), lam in in , po lyan 
ionic p ro teoglycans, fibronectin , an d  several o ther 
g lycoproteins.

• Podocytes, cells th a t possess in te rd ig ita tin g  foot p ro 
cesses th a t a re  em b ed d ed  in  a n d  a d h e re n t to  the  lam ina 
ra ra  ex terna. A djacent foot p rocesses are sep ara ted  by 
20- to  30 -n m -w id e  filtration slits, w h ich  are  b rid g ed  by 
a th in  slit d iap h rag m  com posed  m ain ly  of the p ro te in  
n e p h rin  (see later).

• Mesangial cells, w h ich  lie in  a m esang ia l m atrix  be tw een  
the  capillaries th a t su p p o rts  the g lom eru lar tuft. These
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Fig. 14.2 Low-power electron micrograph of rat glomerulus. B , Basement 
membrane; C L, capillary lumen; E n d , endothelium; E p , visceral epithelial cells 
(podocytes) with foot processes; Mes, mesangium; U S , urinary space.

cells, of m esenchym al orig in , a re  contractile  a n d  are 
capab le  of p ro lifera tion , of lay ing  d o w n  co llagen an d  
o th e r m atrix  com ponen ts, a n d  of secreting  a n u m b er of 
bio logically  active m ed ia to rs  in  response  to  cy tokines 
a n d  o th er factors (described  later).

N orm ally , the g lom eru lar filtra tion  system  is h igh ly  p e r
m eable to  w a te r an d  sm all so lu tes an d  a lm ost com pletely  
im perm eab le  to  m olecu les o f the  size a n d  m olecu lar charge 
of a lb u m in  (a 70,000-kDa p ro te in ). This selective pe rm e 
ab ility  d iscrim inates a m o n g  p ro te in  m olecu les accord ing  
to size (the larger, the  less perm eable), charge  (the m ore 
cationic, the  m ore  perm eable), an d  shape. Podocy te  slit 
d iap h rag m s are  im p o rta n t d iffusion  barrie rs for p lasm a 
p ro te ins, a n d  podocy tes are  also  largely  responsib le  for 
syn thesis of GBM com ponen ts. Nephrin, a transm em 
b ran e  g lycopro tein , is the  m ajor co m p o n en t of the slit 
d iap h rag m s be tw een  ad jacen t foo t p rocesses. The in tra 
cellu lar p a r t  of n e p h rin  in teracts  w ith  several cytoskel- 
e ta l a n d  signaling  p ro te in s  (see Fig. 14.1). N e p h rin  and  
its associated  p ro te ins, in c lu d in g  podocin, have  a crucial 
ro le  in  m a in ta in in g  the selective perm eab ility  of the glo
m eru la r filtra tion  barrier. This is d ram atically  illu stra ted  
by  ra re  h e red ita ry  d iseases in  w h ich  m u ta tio n s of n e p h rin  
o r its p a rtn e r  p ro te in s  lead  to  ab n o rm al leakage of p lasm a 
p ro te in s  in to  the u rin e  a n d  the neph ro tic  synd rom e. As 
m ig h t be expected , acqu ired  defects in  podocy tes an d  
slit d iaph ragm s, w h ich  are  seen  in  a n u m b er of renal 
d iseases, also  a re  associated  w ith  p ro te in u ria  o f vary ing  
severity .

Mechanisms of Glomerular Injury and Disease

G lom eru li m ay  be in ju red  by  d iverse  m echan ism s in  the 
course  of a n u m b er of system ic d iseases (Table 14.1). These 
a re  te rm ed  secondary glomerular diseases to  d ifferen tia te  
them  from  those in  w h ich  the k idney  is the on ly  o r p re 
d o m in an t o rg an  involved . The la tte r constitu te  the  various 
types of primary glomerular diseases, w h ich  are  d iscussed  
la te r in  th is section. The g lom eru lar a lte ra tions in  system ic 
d iseases a re  d iscussed  e lsew here.

Im m u n e  m e c h a n is m s  u n d e r lie  m o s t typ e s  o f  p r im a r y  

g lo m e ru la r  d iseases a n d  m a n y  o f  th e  secon dary  g lo m e ru 

la r  d iseases . U n d e r experim en ta l conditions, G N  can  be 
read ily  in d u ced  by  an tibod ies, a n d  g lom eru lar deposits  of 
im m unoglobu lins, o ften  w ith  v a rio u s co m ponen ts  o f com 
p lem ent, are  fo u n d  frequen tly  in  p a tien ts  w ith  G N . Tw o 
m echan ism s of an tib o d y  deposition  in  the  g lom eru lu s have  
been  estab lished : (1 ) dep o sitio n  of c ircu la ting  an tigen- 
an tibody  com plexes in  the g lom eru lar cap illary  w all o r 
m esang ium , a n d  (2 ) an tibod ies reac ting  in  situ  w ith in  the 
g lom eru lus, e ither w ith  fixed (intrinsic) g lom eru lar an ti
gens or w ith  extrinsic  m olecu les th a t are  p lan ted  in  the 
g lom eru lu s (Fig. 14.3). These p a th w ay s  are  n o t m u tu a lly  
exclusive, an d  in  h u m a n s  all m ay  con tribu te  to  in jury . 
A bnorm al ac tiva tion  a n d  g lom eru lar d ep o sitio n  of com ple
m en t m ay  be the sole cu lp rit in  som e form s of G N . Cell- 
m ed ia ted  im m u n e  m echan ism s also  m ay  p lay  a role in  
certa in  g lom eru lar diseases.

G lom erulonephritis  Caused by C irculating  

Im m u n e  Com plexes

D e p o s it io n  o f  c irc u la t in g  im m u n e  com plexes  in  th e  g lo 

m e ru lu s  in it ia te s  c o m p le m e n t (a n d /o r  Fc re c e p to r) m e d i

a te d  le u k o c y te  a c tiv a tio n , re s u lt in g  in  g lo m e ru la r  in ju ry .

The p a thogenesis o f im m u n e  com plex d iseases is d iscussed  
in  deta il in  C h ap te r 5. P resen ted  here  is a brief rev iew  of 
the sa lien t fea tu res th a t re la te  to  g lom eru lar in jury  in  G N .

In  c ircu la ting  im m u n e  co m p lex -m ed ia ted  diseases, the 
com plexes m ay  be fo rm ed  w ith  en d o g en o u s an tigens, as 
in  the G N  associated  w ith  system ic lu p u s  ery them atosus, 
o r the an tig en s m ay  be exogenous, as is p robab le  in  the  G N  
th a t fo llow s certa in  bacterial (streptococcal), v ira l (hepatitis 
B), parasitic  (Plasmodium falciparum m alaria), a n d  sp iro 
cheta l (Treponema pallidum) infections. O ften  the  inciting

Table 14.1 G lo m eru lar Diseases

P r im a ry  G lo m e ru la r  Diseases

Minimal-change disease
Focal segmental glomerulosclerosis
Membranous nephropathy
Acute postinfectious glomerulonephritis
Membranoproliferative glomerulonephritis
IgA nephropathy
Dense deposit disease
C3 glomerulonephritis

G lo m e ru lo p a th ie s  S eco nd ary  to  S ystem ic  Diseases

Lupus nephritis (systemic lupus erythematosus)
Diabetic nephropathy 
Amyloidosis
Glomerulopathy secondary to multiple myeloma 
Goodpasture syndrome 
Microscopic polyangiitis 
Granulomatosis with polyangiitis 
Henoch-Schönlein purpura
Bacterial endocarditis-related glomerulonephritis 
Thrombotic microangiopathy

H e re d ita ry  D isorders

Alport syndrome 
Fabry disease
Podocyte/slit-diaphragm protein mutations 

IgA, Immunoglobulin A.
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Fig. 14.3 Antibody-mediated glomerular injury. Injury can result either from the deposition of circulating immune complexes or from antibody-binding to 
glomerular components followed by formation of complexes in situ. Deposition of circulating immune complexes gives a granular immunofluorescence pattern. 
Anti-glomerular basement membrane (anti-GBM) antibody glomerulonephritis is characterized by a linear immunofluorescence pattern; there is no immune 
deposit formation in this disease.

an tig en  is u n k n o w n , as in  m ost cases of m em branopro lif- 
e ra tive  GN.

O nce an tigen -an tibody  com plexes a re  d eposited  or 
fo rm ed  in  the  g lom eruli, they  p ro d u ce  in jury  by ac tiva ting  
com plem en t a n d  rec ru itin g  leukocytes. B inding  of im m u n e  
com plexes to  Fc recep to rs o n  leukocytes also  m ay  contrib 
u te  to  ac tiva tion  of the  cells a n d  in jury . M orphologically , 
affected g lom eru li exh ib it leukocytic  in filtrates a n d  variab le  
p ro life ra tion  of m esang ia l a n d  parie ta l ep ithelia l cells. Elec
tro n  m icroscopy  reveals e lectron-dense im m u n e  deposits  
in  one or m ore  of th ree  locations: be tw een  the endo the lia l 
cells a n d  the GBM (subendo the lia l deposits), be tw een  the 
o u te r surface of the GBM a n d  the podocy tes (subep ithelia l 
deposits), or in  the m esang ium . The localization  o f an tigen , 
an tibody , o r im m u n e  com plexes de te rm in es the g lom eru 
la r in jury  response. S tud ies in  experim en ta l m odels have  
sh o w n  th a t com plexes d ep o sited  in  the en d o th e liu m  or 
su b en d o th e liu m  elicit a n  in flam m atory  reaction  in  the 
g lom eru lu s w ith  in filtra tion  of leukocytes an d  exuberan t 
p ro life ra tion  of g lom eru lar res id en t cells. By contrast, an ti
bod ies d irec ted  to  the  subep ithe lia l reg ion  of g lom eru lar 
capillaries a re  o ften  non in flam m atory , as seen  in  p rim ary  
m em b ran o u s n ep h ro p a th y  (d iscussed  later). The presence 
of im m un o g lo b u lin s  a n d  com plem en t in  these deposits  
can  be d em o n stra ted  by im m unofluorescence m icroscopy. 
T h e  p a tte rn  o f  im m u n e  c o m p le x  d e p o s it io n  b y  im m u n o 

fluo rescen ce  m ic ro s c o p y  is g ra n u la r , g iven  the ra th e r  pic
tu re sq u e  descrip tion  of " lu m p y -b u m p y "  by  pa tho log ists  
(Fig. 14.4A).

O nce d ep o sited  in  the  k idney , im m u n e  com plexes m ay  
even tua lly  be c leared  by d e g rad a tio n  or phagocytosis, 
m ostly  by in filtra ting  leukocytes a n d  m esang ia l cells. The

in flam m ato ry  reaction  m ay  th en  subside  if the exposu re  to 
the  inciting  an tig en  is short-lived  a n d  lim ited , as in  m ost 
cases of poststrep tococcal o r acu te  in fec tio n -re la ted  GN. 
H ow ever, if exposu re  to  an tig en  is su sta ined , rep ea ted  
cycles of im m u n e  com plex  form ation , deposition , and  
in ju ry  occur, lead in g  to  chronic G N . In  som e cases, the 
source of chronic an tigen ic  exposu re  is clear, such  as in  
h ep a titis  B v iru s  in fection  a n d  self n uc lear an tigens in  sys
tem ic lu p u s  ery them atosus, b u t m ore  o ften  the  an tig en  is 
u n k n o w n . A lth o u g h  im m u n e  com plex  deposition  is a 
com m on m echan ism  of in jury , c ircu la ting  com plexes a re  
a lm ost never iden tified  in  h u m a n  disease, likely because of 
technical lim itations.

G lom erulonephritis  Caused by Im m u n e  Com plexes  

Form ed in Situ

D e p o s it io n  o f  a n tib o d ie s  specific  fo r  f ix e d  ( in tr in s ic )  or 

p la n te d  ( fr o m  o u ts id e ) a n tig e n s  in  th e  g lo m e ru lu s  is  

a n o th e r m a jo r  p a th w a y  o f  g lo m e ru la r  in ju r y .  A ntigens 
expressed  by  podocy tes h av e  been  im p lica ted  in  m em bra 
no u s n ep h ro p a th y . A n tibod ies also  m ay  react in  situ  w ith  
p rev io u sly  "p la n te d "  n o n g lo m eru la r an tigens, w h ich  
d eposit an d  becom e concen tra ted  in  the  k id n ey  th ro u g h  
in terac tion  w ith  various g lom eru lar com ponen ts. P lan ted  
an tigens in c lu d e  nucleosom al com plexes, m ain ly  derived  
from  b reak d o w n  of apop to tic  cells, in  p a tien ts  w ith  sys
tem ic lu p u s  ery them atosus; bacterial p ro d u c ts , such  as 
endostrep to sin , a p ro te in  expressed  by g ro u p  A  strep to 
cocci; a n d  large  agg reg a ted  p ro te in s  (e.g., agg regated  
im m u n o g lo b u lin  G  [IgG]), w h ich  ten d  to d ep o sit in  the 
m esang ium . Locally fo rm ed  im m u n e  com plexes m ay  
also  g row  in  size th ro u g h  ad d itio n a l in teractions w ith
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Fig. I 4 . 4  Two patterns of deposition of immune complexes as seen by immunofluorescence microscopy. (A) Granular, characteristic of circulating and in 
situ immune complex deposition. (B) Linear, characteristic of classic anti-glomerular basement membrane (anti-GBM) antibody glomerulonephritis. (A , C o u r te s y  

o f  D r .  J. K o w a le w s k a ,  D e p a r t m e n t  o f  P a th o lo g y ,  U n iv e r s i t y  o f  W a s h in g to n ,  S e a t t le ,  W a s h in g to n . )

circu la ting  free an tibod ies an d  an tigens. M ost of these 
p lan ted  an tigens, as w ith  c ircu la ting  im m u n e  com plexes 
d eposited  on  the  GBM, show  a g ran u la r p a tte rn  of deposi
tion  by  im m unofluorescence m icroscopy.

A nti-G lo m eru lar B asem ent M e m b ra n e  

A n tib o d y -M e d ia te d  G lom erulonephritis  

A n tib o d y -m e d ia te d  G N  re s u lts  f r o m  th e  g lo m e ru la r  

d e p o s it io n  o f  a u to a n tib o d ie s  d ire c te d  a g a in s t p ro te in  

c o m p o n e n ts  o f  th e  G B M . The b est-characterized  d isease in  
th is  g ro u p  is anti-GBM  an tib o d y -m e d ia te d  crescentic G N  
(see Fig. 14.3), also  k n o w n  as Goodpasture disease. In  th is type 
of in jury , an tibod ies  are  d irec ted  ag a in st fixed an tigens in  
the GBM, crea ting  a linear p a tte rn  of s ta in ing  w h e n  v isual
ized  w ith  im m unofluorescence m icroscopy  (Fig. 14.4B). 
This p a tte rn  is u sefu l in  the  d iagnosis of g lom eru lar d isease. 
A  k n o w n  an tig en  th a t is the ta rge t of anti-G BM  an tibod ies 
is the a3  cha in  of the  type  IV co llagen of the  GBM. Som e
tim es the  anti-G BM  an tibod ies cross-react w ith  b asem en t 
m em branes of lu n g  alveoli, re su ltin g  in  s im u ltaneous lu n g  
an d  k id n ey  lesions (G oodpastu re  syndrom e, C h ap te r 13).

G lom eru lar D iseases C aused by C om plem en t Activation

The p rim ary  cause of these d iseases is u n re g u la te d  activa
tion  of the a lte rna tive  com plem en t p a th w ay , w h ich  m ay  
be triggered  by  acqu ired  au to an tib o d ies  ag a in st com ple
m en t co m ponen ts  o r in h erited  abnorm alities o f com ple
m en t reg u la to ry  proteins. E nsu ing  com plem en t-m ed ia ted  
in ju ry  m ay  re su lt in  rena l a n d  system ic d isease. T w o form s 
of G N  (dense d ep o sit d isease a n d  C3 GN) a n d  one form  
of a system ic d isease w ith  significant ren a l m an ifesta 
tions (com plem en t-m ed ia ted  th rom botic  m icroang iopathy  
[TMA] o r a typ ica l hem oly tic  u rem ic  syndrom e) belong  to 
th is category . A lth o u g h  com plem en t-m ed ia ted  th rom botic  
m icroang iopathy  is a system ic condition , rena l m an ifesta 
tion  rep resen ts  the  m ajor m o rb id ity  of the  d isease.

M e d ia to rs  o f  Im m u n e  Injury

A  m a jo r  p a th w a y  o f  a n t ib o d y - in it ia te d  g lo m e ru la r  

in ju r y  in v o lv e s  c o m p le m e n t a c tiv a tio n  a n d  re c ru itm e n t

o f  le u k o c y te s . A ctivation  of com plem en t v ia  the  classi
cal p a th w a y  leads to  the genera tion  of chem otactic  agen ts 
(m ainly  C5a) for neutrophils and monocytes. N eu tro 
ph ils  release p ro teases, w h ich  cause GBM degradation ; 
oxygen -derived  free rad icals, w h ich  cause cell dam age; 
a n d  arach idon ic  acid  m etabolites, w h ich  con tribu te  to 
red u c tio n  in  GFR. In  o th e r types of G N  in  w h ich  n eu 
troph ils  are n o t p rom inen t, co m p lem en t-d ep en d en t in jury  
m ay  occur th ro u g h  assem bly  of the C5b-C9 m em brane  
a ttack  com plex. T here is ev idence th a t the  m em brane  
a ttack  com plex in jures ep ithelia l cells, in d u c in g  th em  to 
secrete va rio u s in flam m atory  m ed ia to rs. The a lte rnative  
a n d  lectin  p a th w a y s  of com plem en t can  be ac tiva ted  by 
cell in jury  or apop tosis, an d  also  p e rh a p s  by  deposited  
IgA.

In  a d d itio n  to  n eu tro p h ils  an d  m onocytes, w h ich  are  
rec ru ited  by  an tibod ies  an d  com plem ent, T lymphocytes 
ac tiva ted  d u rin g  the im m u n e  reaction  also  have  been 
im p lica ted  in  g lom eru lar in jury . Platelets m ay aggregate  
a n d  release m ed ia to rs, in c lu d in g  p rostag lan d in s. R esiden t 
glomerular cells (epithelial, m esangial, a n d  endothelia l) can 
be stim u la ted  to  secrete m ed ia to rs  such  as cy tokines 
(in te rleuk in - 1 ), a rach idon ic  acid  m etabolites, g ro w th  
factors, a n d  n itric  oxide.

T hus, v irtua lly  all of the m ed ia to rs  described  in  the 
d iscussion  of in flam m ation  in  C h ap te r 3 m ay  con tribu te  to 
g lom eru lar injury.

N o n -im m u n e  M echan ism s o f  G lom eru lar In jury

M echanism s o th er th an  in flam m ation  con tribu te  to glo
m eru la r abnorm alities in  certa in  p rim ary  rena l d iso rders. 
Tw o th a t deserve special m en tio n  are podocy te  in ju ry  an d  
n e p h ro n  loss.

P o d o cy te  In ju ry

Podocy te  in ju ry  can  be in d u ced  by an tibod ies to  podocy te  
antigens; by  toxins; conceivably  by  certa in  cytokines; o r 
by  still poo rly  charac terized  c ircu la ting  factors, as in  som e 
cases of focal segm ental g lom eru losclerosis (d iscussed  
later). P odocy te  in jury  p ro d u ces  m orpho log ic  changes
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in c lu d in g  effacem ent of foo t p rocesses, vacuolization , an d  
re trac tion  a n d  d e tach m en t of cells from  the GBM, a n d  o ften  
resu lts  in  the d ev e lo p m en t o f p ro te in u ria . O f these changes, 
it is the loss of n o rm al slit d iap h rag m s th a t is m o st h igh ly  
associated  w ith  p ro te in u ria . G erm line  m u ta tio n s  in  the 
s tru c tu ra l com ponen ts of slit d iap h rag m s, such  as n e p h rin  
an d  podocin , also  a re  associa ted  w ith  functional a ltera 
tions th a t lead  to  ra re  h e red ita ry  form s of the n eph ro tic  
syndrom e.

N e p h ro n  Loss

O nce ren a l disease, g lom eru lar o r o therw ise , destroys 
sufficient n ep h ro n s  to  reduce  the GFR to 30% to 50% of 
norm al, sym ptom s a p p e a r an d  p rog ression  to  end-stage  
ren a l d isease p roceeds a t v a ry in g  rates. A ffected ind i
v id u a ls  have  p ro te in u ria , a n d  the ir g lom eru li show  w id e 
sp read  scarring , called  glomerulosclerosis. Such p rog ressive  
sclerosis is exacerbated  by a d ap tiv e  changes th a t occur 
in  response  to  the loss of nep h ro n s. Specifically, in tact 
g lom eru li u n d e rg o  h y p e rtro p h y  to  m ain ta in  ren a l func
tion, an  a lte ra tio n  th a t is associa ted  w ith  hem odynam ic  
changes, in c lu d in g  increases in  sing le-neph ron  GFR, b lood 
flow , a n d  transcap illa ry  p ressu re  (capillary  hypertension). 
These a lte ra tions a re  u ltim ate ly  "m a lad ap tiv e"  a n d  lead  
to  fu rth e r endo the lia l a n d  podocy te  in jury , increased  glo
m eru la r perm eab ility  to p ro te ins, a n d  accum ula tion  of 
p ro te in s  a n d  lip id s in  the m esang ia l m atrix . This is fol
low ed  by cap illary  ob litera tion , increased  dep o sitio n  of 
m esang ial m atrix  a n d  p lasm a  p ro te ins, a n d  finally seg
m en ta l (affecting a portion ) o r g lobal (com plete) sclero
sis of g lom eruli. T he la tte r resu lts  in  fu rth e r red u c tio n  of 
n e p h ro n  m ass, in itia ting  a v icious cycle of p rog ressive  
g lom erulosclerosis.

Ä S U M M A R Y

C L IN IC A L  S Y N D R O M E S  A N D  G L O M E R U L A R  

IN JU R Y

• The clinical manifestations of renal disease include nephrotic 

syndrome, nephritic syndrome, asymptomatic hematuria, 

rapidly progressive glomerulonephritis, acute kidney injury, 

chronic kidney disease, and end-stage renal disease.

• The dominant feature of nephrotic syndrome is significant (i.e., 

“nephrotic range”) proteinuria, while nephritic syndrome is 

characterized by proteinuria and hematuria often in associa

tion with functional impairment.

• Glomerular injury is most often caused by depositon of anti

bodies or immune complexes, activation of complement and 

leukocyte recruitment and activation.

• The most common forms of glomerulonephritis (G N ) are 

caused by the formation of immune complexes, which may 

be deposited from the circulation or form in situ. Immune 

complexes show a granular pattern of deposition.

• Autoantibodies against components of the GBM are the 

cause of anti-GBM-antibody-mediated disease, often associ

ated with severe injury. The pattern of antibody deposition 

is linear.

• Less frequently, complement may be activated in the absence 

of antibody, because of acquired or hereditary defects in its 

regulation.

W e n o w  tu rn  to  a considera tion  of specific types of G N  
an d  the  synd rom es they p ro d u ce  (Table 14.2). M any 
p rim ary  g lom eru lar d isease cause the n eph ro tic  syndrom e, 
b u t in  a d u lts  th is sy n d ro m e is m ost o ften  secondary  to 
d iabetes, am ylo idosis, a n d  system ic lu p u s  e ry th em ato su s 
(Table 14.3). The ren a l lesions p ro d u ced  by lu p u s  a n d  am y
lo idosis are  d iscussed  in  C h ap te r 5, a n d  those caused  by 
d iabetes in  C h ap te r 20.

M in im a l-C h an g e  D isease

M in im a l-c h a n g e  d isease, a  r e la t iv e ly  b e n ig n  d is o rd e r, is 

th e  m o s t f re q u e n t  cause o f  th e  n e p h ro tic  s y n d ro m e  in  

c h ild re n  a n d  is c h a ra c te rize d  b y  g lo m e r u li  th a t  h av e  a  

n o rm a l a p p earan ce  b y  l ig h t  m ic ro s c o p y . D iffuse efface
m en t o f podocy te  foo t p rocesses is seen  w ith  electron  
m icroscopy . It m ay  d evelop  a t any  age, b u t is m o st com m on 
be tw een  1 a n d  7 y ears  o f age.

Pathogenesis

A p o p u la r  hypo thesis  for the  pa thogenesis o f m in im al
change d isease is th a t som e c ircu la ting  m olecu les in jure 
podocy tes a n d  cause p ro te in u ria  w ith  effacem ent o f foot 
processes. A lth o u g h  there  are n u m ero u s  rep o rts  of cand i
date  se ru m  "facto rs" p ro d u ced  by  lym phocy tes a n d  o ther 
cells, n one  has been  charac terized  b iochem ically  o r defini
tively estab lished  as being  causative  in  the  disease. T hus, 
the pa thogenesis  o f m in im al-change d isease rem ains 
u n k n o w n .

^  M O R P H O L O G Y

Under the light microscope, the glomeruli appear normal, thus 

giving rise to  the name (Fig. I4.5A). The cells of the proximal 

convoluted tubules often are heavily laden with protein droplets 

and lipids due to  tubular reabsorption of the lipoproteins passing 

through the diseased glomeruli. The only obvious glomerular 

abnormality is the d iffuse e ffa c e m e n t o f th e  fo o t processes 

o f th e  podocytes (see Fig. I4.5B). The cytoplasm of the podo

cytes appears flattened over the external aspect of the GBM, 

obliterating the network of arcades between the podocytes and 

the GBM. O ther changes in podocytes include vacuolization, 

microvillus formation, and occasional focal detachments, suggest

ing some form of podocyte injury. W ith  reversal of the changes 

in the podocytes in response to corticosteroids, the proteinuria 

remits.

C lin ica l Features

The d isease typically  m an ifests  w ith  abrupt development o f 
the nephrotic syndrome in  a n  o therw ise  hea lthy  child. There 
is no  hypertension , an d  rena l function  is p rese rv ed  in  m ost 
o f these patien ts. The p ro te in  loss u sua lly  is confined  to 
sm aller p lasm a p ro te in s, chiefly a lb u m in  (selective p ro te in 
uria). The p rognosis  for ch ild ren  w ith  th is d iso rd e r is 
favorable. M ore th a n  90% of ch ild ren  resp o n d  to  a sh o rt 
course  of corticostero id  therapy ; how ever, p ro te in u ria  
recurs in  m ore th an  tw o -th ird s  of the in itial re sponders , 
som e of w h o m  becom e ste ro id -d ep en d en t w ith  p ro te in u ria  
recu rrin g  w h e n  ste ro id s are w ith d ra w n . Less th a n  5% 
develop  chronic k id n ey  d isease after 25 years, a n d  it is 
likely th a t m ost in d iv id u a ls  in  th is su b g ro u p  h a d  n eph ro tic  
synd rom e caused  by  focal segm enta l g lom eru losclerosis

http://ebooksmedicine.net

http://ebooksmedicine.net


556 C H A P T E R  14 Kidney and Its Collecting System

Table 14.2 S um m ary  of M ajo r P rim ary  G lo m eru lar Diseases

M ost F re q u e n t
C lin ica l
P resen tation

Glom erular Pathology

Disease Pathogenesis L igh t M icroscopy
Fluorescence
M icroscopy

E lectron
M icroscopy

Minimal-change disease Nephrotic syndrome Unknown; podocyte 
injury

Normal Negative Effacement of foot 
processes; no 
deposits

Focal segmental Nephrotic syndrome; Unknown: reaction to Focal and segmental Usually negative; Effacement of foot
glomerulosclerosis nonnephrotic range 

proteinuria
loss of renal mass; 
plasma factor?

sclerosis and 
hyalinosis

IgM and C3 
may be present 
in areas of 
scarring

processes;
epithelial
denudation

Membranous
nephropathy

Nephrotic syndrome In situ immune
complex formation; 
PLA2R antigen in 
most cases of 
primary disease

Diffuse capillary wall 
thickening and 
subepithelial "spike" 
formation

Granular IgG and 
C3 along GBM

Subepithelial
deposits

Membranoproliferative 
glomerulonephritis 
(MPGN) type I

Nephrotic/nephritic
syndrome

Immune complex Membranoproliferative 
pattern; GBM splitting

Granular IgG, C3, 
Clq and C4 
along GBM and 
mesangium

Subendothelial
deposits

C3 glomerulopathy 
(dense deposit 
disease and C3 
glomerulonephritis)

Nephrotic/nephritic
syndrome;
nonnephrotic
proteinuria

Activation of 
alternative 
complement 
pathway; antibody- 
mediated or 
hereditary defect in 
regulation

Mesangial proliferative 
or
membranoproliferative
patterns

C3 Mesangial,
intramembranous
and
subendothelial 
electron-dense 
or “waxy” 
deposits

Acute postinfectious 
glomerulonephritis

Nephritic syndrome Immune complex 
mediated; circulating 
or planted antigen

Diffuse endocapillary 
proliferation; 
leukocytic infiltration

Granular IgG and 
C3 along GBM 
and mesangium

Primarily
subepithelial
humps

IgA nephropathy Recurrent hematuria 
or proteinuria

Immune complexes 
containing IgA

Mesangial or focal 
endocapillary 
proliferative 
glomerulonephritis

IgA ± IgG, IgM, 
and C3 in 
mesangium

Mesangial and 
paramesangial 
dense deposits

Anti-GBM disease (e.g. Rapidly progressive Autoantibodies against Extracapillary Linear IgG and No deposits; GBM
Goodpasture
syndrome)

glomerulonephritis collagen type IV a3 
chain

proliferation with 
crescents; necrosis

C3; fibrin in 
crescents

disruptions; fibrin

Pauci-immune Rapidly progressive Anti-neutrophil Extracapillary Fibrin in No deposits; GBM
glomerulonephritis glomerulonephritis cytoplasmic

antibody
proliferation with 
crescents; necrosis

crescents disruptions; fibrin

G B M , Glomerular basement membrane; IgA, immunoglobulin A; IgG , immunoglobulin G; Ig M , immunoglobulin M.

n o t de tected  by  b iopsy . Because of its responsiveness to 
th e rap y  in  ch ild ren , m in im al-change d isease m u st be dif
feren tia ted  from  o th er causes of the n ep h ro tic  sy n d ro m e in 
n o n resp o n d ers . A d u lts  w ith  th is d isease also  re sp o n d  to 
stero id  therapy , b u t the response  is slow er a n d  re lapses are  
m ore com m on.

Focal S egm ental Glomerulosclerosis

F oca l s e g m e n ta l g lo m e ru lo s c le ro s is  (F S G S ) is character

iz e d  b y  sclerosis  o f  som e (b u t  n o t a ll)  g lo m e r u li  th a t  

in v o lv e s  o n ly  a  p a r t  o f  each a ffe c te d  g lo m e ru lu s . FSGS 
m ay  be p rim ary  (id iopathic) o r secondary  to  one of the 
fo llow ing  conditions:
• H IV  infection (HIV n ep h ro p a th y ). FSGS is seen  in  5-10% 

of p a tien ts  infected  w ith  HIV, b u t the  incidence is 
decreasing  w ith  im p ro v ed  an tiv ira l therapy .

• Heroin abuse (hero in  n ep h ro p a th y )
• Secondary  to  o th e r fo rm s of G N  (e.g., IgA  n ep h ro p a th y )
• A s a m a lad ap ta tio n  to n e p h ro n  loss (as d iscussed  earlier)

• In h erited  form s, in c lu d in g  au to som al d o m in an t fo rm s 
associa ted  w ith  m u ta tio n s  in  cy toskeletal p ro te in s  an d  
podocin , b o th  of w h ich  are  req u ired  for the in teg rity  of 
podocytes.

P rim ary  FSGS accounts for app rox im ate ly  20% to 30% 
of all cases of the nep h ro tic  syndrom e. It is an  increasing ly  
com m on cause of nep h ro tic  synd rom e in  a d u lts  and  
rem ains a freq u en t cause in  ch ildren .

Pathogenesis

In ju r y  to  p od ocy tes  is th o u g h t to  re p re s e n t th e  in i t ia t 

in g  e v e n t o f  p r im a r y  F S G S . H ow ever, w h a t causes th is 
in ju ry  rem ains u n k n o w n . Som e investiga to rs have  sug 
gested  th a t FSGS a n d  m in im al-change d isease  are p a r t  of 
a co n tin u u m  an d  th a t m in im al-change d isease m ay  trans
fo rm  in to  FSGS, b u t o thers believe th em  to be d istinct 
c lin icopathologic en tities from  the  ou tset. A s w ith  m in im al
change disease, perm eab ility -increasing  factors p ro d u ced
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Table 14.3 Causes o f N ephrotic  Syndrom e

Cause

Prevalence (%)*

C h ild re n A d u lts

P rim a ry  G lo m e ru la r Disease

Minimal-change disease 65 1 0

Focal segmental 
glomerulosclerosis

1 0 35

Membranous nephropathy 5 30

Membranoproliferative
glomerulonephritis

1 0 1 0

IgA nephropathy and others 1 0 15

System ic Diseases W ith  Renal M anifestations

Diabetes mellitus

Amyloidosis

Systemic lupus erythematosus

Ingestion of drugs (gold, penicillamine, “street heroin”)

Infections (malaria, syphilis, hepatitis B, HIV)

Malignancy (carcinoma, melanoma)

Miscellaneous (bee sting allergy, hereditary nephritis)

H IV , Human immunodeficiency virus.
*Approximate prevalence of primary disease is 95% of the cases in children and 60% 
in adults. Approximate prevalence of systemic disease is 5% of the cases in children 
and 40% in adults.

by lym phocy tes a re  su spec ted  b u t rem ain  u n p ro v en . The 
dep o sitio n  of hyaline  in  the  g lom eru li is caused  by the 
e n tra p m e n t of p lasm a  p ro te in s  a n d  lip id s in  foci o f in jury  
w h ere  sclerosis develops. The recurrence of p ro te in u ria  in  
p a tien ts  u n d e ro in g  ren a l tran sp lan tio n  for FSGS, som e
tim es w ith in  24 h o u rs  of tran sp lan ta tio n , su p p o rts  the idea  
th a t a  c ircu la ting  m ed ia to r leads to  podocy te  dam ag e  in  
som e cases.

^  M O R P H O L O G Y

Primary FSGS initially affects only the juxtamedullary glomeruli. 

W ith  progression, eventually all levels of the cortex are affected. 

The lesions occur in some tufts within a glomerulus while sparing 

others (Fig. 14.6). The affected glomeruli exhibit increased  

m esangial m a tr ix , o b lite ra te d  cap illa ry  lum in a , deposi

tion  o f hyaline (hyalinosis) and fo am y  (lip id -lad en ) m a c 

rophages. In affected glomeruli, immunofluorescence microscopy 

often reveals nonspecific trapping of immunoglobulins, usually 

IgM, and complement in the areas of hyalinosis. On electron 

microscopy, the podocytes exhibit e ffa c e m e n t o f fo o t p ro 

cesses, as in minimal-change disease.

W ith  time, progression leads to  global sclerosis of the glom

eruli, pronounced tubular atrophy, and interstitial fibrosis. This 

advanced picture is difficult to  differentiate from other forms of 

chronic glomerular disease, discussed later.

A  morphologic variant called collapsing g lo m e ru lo p a th y  

is characterized by collapse of the glomerular tuft and epithelial 

cell hyperplasia. This more severe manifestation of FSGS may be 

idiopathic or may be associated with H IV  infection, drug-induced 

toxicities, and some microvascular injuries. It carries a particu

larly poor prognosis.

C lin ica l C o u rs e

It is im p o rta n t to  d is tin g u ish  FSGS from  m inim al-change 
disease, because the clinical courses a n d  responses to 
th e rap y  are m ark ed ly  d ifferent. B oth are  associa ted  w ith  
n eph ro tic  syndrom e, b u t the  incidence of h em atu ria  an d  
h y p e rten s io n  is h igher in  in d iv id u a ls  w ith  FSGS. Also, 
un like  m in im al change disease, FSG S-associated p ro te in 
u ria  is nonselective, a n d  in  general the  response  to  cortico
ste ro id  th e rap y  is poor. A t least 50% of p a tien ts  w ith  
FSGS develop  end -stage  ren a l d isease w ith in  10 y ears  of 
d iagnosis.

M em b ra n o u s  N ep h ro p ath y

M e m b ra n o u s  n e p h ro p a th y  is  c h a ra c te rize d  b y  s u b e p ith e 

l ia l  im m u n o g lo b u lin -c o n ta in in g  d ep o s its  a lo n g  th e  

G B M . Early in  the disease, the g lom eru li m ay  ap p ea r 
n o rm al by  ligh t m icroscopy, b u t w ell-developed  cases 
show  diffuse thickening o f the capillary wall. It u sua lly  p re 
sen ts in  a d u lts  be tw een  the ages of 30 a n d  60 years an d  
fo llow s an  in d o len t a n d  slow ly p rog ressive  course.

U p to 80% of cases of m em b ran o u s n e p h ro p a th y  are 
p rim ary , caused  by au to an tib o d ies  ag a in st podocy te

B

+.4 '

Podocyte with effaced 
foot processes

Normal
basement
membrane

F ig .14.5 Minimal-change disease. (A) When viewed with a light microscope, 
the silver methenamine-stained glomerulus appears normal, with a delicate 
basement membrane. (B) Schematic diagram illustrating diffuse effacement 
of foot processes of podocytes with no immune deposits.
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Fig. 14.6 Focal and segmental glomerulosclerosis (periodic acid—Schiff 
stain), seen as a collection of scarred, obliterated capillaries and accumula
tions of matrix material in part of the affected glomerulus. ( C o u r te s y  o f  D r .  

H .  R e n n k e ,  D e p a r t m e n t  o f  P a th o lo g y , B r ig h a m  a n d  W o m e n ’s  H o s p i t a l ,  B o s to n ,  

M a s s a c h u s e t t s . )

an tigens. In  the  rem ainder, it occurs secondary  to  o ther 
conditions, in c lu d in g  the follow ing:
• Infections (chronic h epatitis  B, syphilis, schistosom iasis, 

m alaria)
• Malignant neoplasms, p articu larly  carcinom a of the lu n g  

a n d  colon  a n d  m elanom a
• Autoimmune diseases, particularly systemic lupus 

erythematosus
• Exposure to inorganic salts (gold, m ercury)
• Drugs (penicillam ine, cap topril, n o n ste ro id a l an ti

in flam m ato ry  agents)

Pathogenesis

M e m b ra n o u s  n e p h ro p a th y  is a  fo r m  o f  c h ro n ic  im m u n e  

c o m p le x  g lo m e ru lo n e p h r it is  in d u c e d  b y  a n tib o d ie s  react

in g  in  s itu  to  e n d o g e n o u s  or p la n te d  g lo m e ru la r  a n tig e n s .

A ntibod ies ag a in st the  podocy te  an tig en  p h o sp h o lip ase  A 2  

recep to r (PLA2R) are frequen tly  p re se n t b u t it is n o t estab 
lished  th a t they  are  causative. F orm ation  of subep ithe lia l 
im m u n e  deposits  leads to  com plem en t ac tiva tion  on  the 
surface of p odocy tes an d  genera tes the m em brane  a ttack  
com plex  (C5-C9). This in  tu rn  causes p odocy te  in jury  an d  
p ro te in u ria .

^  M O R P H O L O G Y

The main histologic feature of membranous nephropathy is 

diffuse th icken in g  o f th e  cap illa ry  w a ll on routine H&E 

stains (Fig. I4 .7A). Electron microscopy reveals that this apparent 

thickening is caused in part by sub ep ithe lia l deposits, which 

nestle against the GBM and are separated from each other by 

small, spikelike protrusions of GBM matrix that form in reaction 

to  the deposits (sp ike and d o m e  p a tte rn )  (see Fig. I4.7B). As 

the disease progresses, these spikes close over the deposits, 

incorporating them into the GBM. In addition, as in other causes 

of nephrotic syndrome, the podocytes show e ffa c e m e n t of 

fo o t processes. Later in the disease, the incorporated deposits 

may be broken down and eventually disappear, leaving cavities 

within the GBM. Continued deposition of basement membrane

matrix leads to progressive thickening of basement membranes. 

W ith  further progression, glomeruli may become sclerosed. 

Immunofluorescence microscopy shows typical g ra n u la r  

deposits of immunoglobulins and complement along the GBM 

(see Fig. I4 .4A).

C lin ica l Features

M ost cases of m em b ran o u s n e p h ro p a th y  are su d d e n  in  
o n se t a n d  p re sen t as full-blown nephrotic syndrome, u sua lly  
w ith o u t an teced en t illness; o th e r in d iv id u a ls  have  lesser 
degrees of p ro te in u ria . In  con trast to  m in im al-change 
disease, the p ro te in u ria  is nonselective, a n d  u sua lly  fails to 
re sp o n d  to  corticostero id  therapy . Secondary  causes of

Podocyte with effaced 
foot processes

Subepithelial
deposits

Spikes

Rg. I 4 . 7  Membranous nephropathy. (A) Diffuse thickening of the glomeru
lar basement membrane (periodic acid—Schiff stain). (B) Schematic diagram 
illustrating subepithelial deposits, effacement of foot processes, and the pres
ence of spikes of basement membrane material between the immune 
deposits.
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m em b ran o u s n e p h ro p a th y  sh o u ld  be ru le d  ou t. M em bra
n o u s  n ep h ro p a th y  fo llow s a no to riously  variab le  a n d  often  
in d o len t course. O verall, a lth o u g h  p ro te in u ria  persists  in  
g rea te r th an  60% of patien ts, on ly  ab o u t 40% p ro g ress  to 
ren a l fa ilu re  over a p e rio d  of 2 to  20 years. A n  ad d itio n a l 
10% to 30% of cases h av e  a m ore  b en ig n  course  w ith  p a rtia l 
o r com plete  rem ission  of p ro te inu ria .

M em b ran o p ro life ra tive  G lom erulonephritis  

M P G N  is m a n ife s te d  h is to lo g ic a lly  b y  a lte ra tio n s  in  

th e  G B M  a n d  m e s a n g iu m  a n d  b y  p ro life ra t io n  o f  g lo 

m e ru la r  ce lls . It accoun ts for 5% to 10% of cases of id io 
p a th ic  n eph ro tic  sy n d ro m e in  ch ild ren  a n d  adu lts . Som e 
pa tien ts  p re sen t on ly  w ith  h em a tu ria  o r p ro te in u ria  in  the 
n o n n ep h ro tic  range; o thers  exhib it a  com bined  nephro tic- 
n ep h ritic  p ic tu re . In  the past, M PG N  w as subclassified  in to  
tw o  types (I a n d  II) on  the  basis o f d istinct u ltrastru c tu ra l, 
im m unofluorescence, ligh t m icroscopic, a n d  pathogen ic  
find ings. These a re  n o w  recogn ized  to  be d istinc t entities, 
te rm ed  M P G N  type I  a n d  dense deposit disease (form erly 
M P G N  type II). O f the tw o  types of disease, M PG N  type  I 
is far m ore  com m on (abou t 80% of cases) a n d  is d iscussed  
here. D ense d ep o sit d isease w ill be d iscussed  la te r a long  
w ith  the re la ted  cond ition  of C3 g lom eru lonephritis .

Pathogenesis

T ype I M PG N  m ay  be caused  by dep o sitio n  of circu la ting  
im m u n e  com plexes or by  in  situ  im m u n e  com plex form a
tion  w ith  a p lan ted  an tigen . The inciting  an tig en  is n o t 
know n.

^  M O R P H O L O G Y

By light microscopy the glomeruli are large, have an accentuated 

lobular appearance, and show p ro life ra tio n  o f m esangial and  

e nd oth e lia l cells as w e ll as in filtra tin g  leukocytes (Fig. 

I4 .8A). The GBM is thickened, and the glomerular capillary wall 

often shows a double contour, or “tram track,” appearance, 

especially evident with use of silver or periodic acid—Schiff (PAS) 

stains. This “splitting” of the GBM is due to extension of pro

cesses of mesangial and inflammatory cells into the peripheral 

capillary loops and deposition of mesangial matrix as well as 

subepithelial immune complexes (see Fig. I4.8B). The character

istic light microscopic glomerular manifestations are often 

referred to as m e m b r a n o p r o l i f e r a t i v e  p a t t e r n  o f  g l o m e r u l a r  i n ju r y .

By electron microscopy, type I MPGN is characterized by 

d iscrete  sub end oth elia l deposits (see Fig. I4.8B). By immu

nofluorescence microscopy, C3 is deposited in an irregular gran

ular pattern, and IgG and early complement components ( Cl q  

and C4) also often are present, indicative of an immune complex 

pathogenesis.

C lin ica l Features

The m o d e  of p re sen ta tio n  in  ap p rox im ate ly  50% of cases is 
the n eph ro tic  syndrom e, a lth o u g h  it m ay  beg in  as acu te  
n ep h ritis  o r m ild  p ro te inu ria . The p rognosis  generally  is 
poor. In  one study , none  of the 60 pa tien ts  fo llow ed for 1 
to 20 y ears show ed  com plete rem ission; 40% p ro g ressed  to 
end-stage  rena l failure, 30% h a d  variab le  degrees of renal 
insufficiency, a n d  the  rem ain in g  30% h a d  p e rsis ten t

B

Fig. 14.8 (A) Membranoproliferative glomerulonephritis (MPGN), showing mesangial cell proliferation, basement membrane duplication, leukocyte infiltration, 
and accentuation of lobular architecture. (B) Schematic representation of the two patterns of MPGN. In type I, there are subendothelial deposits; in type II, 
now called d e n s e  d e p o s i t  d is e a s e , intramembranous characteristically dense deposits are seen. In both types, mesangial interposition gives the appearance of 
split basement membranes when viewed by light microscopy.
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n eph ro tic  synd rom e w ith o u t rena l failure. M PG N  type I 
also  m ay  occur in  associa tion  w ith  o ther d iso rd ers  (second
ary  M PG N ), such  as system ic lu p u s  e ry them atosus, hep a 
titis B a n d  C, chronic liver disease, an d  chronic bacterial 
infections. Indeed , m an y  so-called "id io p ath ic"  cases are  
believed  to  be associa ted  w ith  h ep a titis  C a n d  re la ted  
cryoglobulinem ia.

C 3 G lom erulopathy

The te rm  C3 glomerulopathy encom passes tw o  conditions, 
dense deposit disease (form erly  MPGN, type II) a n d  C3 glo
merulonephritis. These are  re la tively  ra re  d iseases w ith  
certa in  sh ared  clinical, m orphologic , a n d  pathogen ic  fea
tu re s  th a t m ay  be p a r t o f a  sp ec tru m  of in jury . They are set 
a p a rt by  d ifferences in  the electron  m icroscopic ap p e a r
ance. P atien ts m ay  p resen t w ith  n eph ro tic  o r neph ritic  syn 
d rom e, how ever, cases w ith  on ly  m ild  p ro te in u ria  also 
occur. P atien ts w ith  dense  d eposit d isease a re  usua lly  
y o u n g e r an d  m ore likely to  have  low  se ru m  C3 levels than  
p a tien ts  w ith  C3 G N , a lth o u g h  these d is tinctions are subtle.

Pathogenesis

C o m p le m e n t  d y s re g u la tio n  d u e  to  a c q u ire d  or h e re d ita ry  

a b n o rm a lit ie s  o f  th e  a lte rn a t iv e  p a th w a y  o f  c o m p le m e n t  

a c tiv a tio n  is  th e  u n d e r ly in g  cause o f  d ense d e p o s it  

disease a n d  C 3  G N .  Som e p a tien ts  have  an  au to an tib o d y  
ag a in st C3 convertase, called C3 nephritic factor (C3NeF), 
th a t causes u n co n tro lled  cleavage of C3 by  the a lte rna tive  
com plem ent p a th w ay . In  o ther patien ts, m u ta tio n s  in  
various com plem en t reg u la to ry  p ro te ins, such  as Factor H , 
Factor I, a n d  m em brane  cofactor p ro te in  (M CP), o r au to 
an tibod ies to  Factor H , a re  the  cause of u n re g u la te d  activa
tion  of the a lte rna tive  p a th w ay  of com plem ent.
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M O R P H O L O G Y

Although glomerular changes in dense deposit disease and 

C3 G N  vary from relatively subtle to severe, the classic light 

microscopic presentation is similar to  that seen in MPGN, 

type 1. The glomeruli are hypercellular, the capillary walls show 

duplicated basement membranes, and the mesangial matrix is 

increased. By immunofluorescence microscopy, there is b rig h t  

m esangial and g lo m e ru la r  cap illa ry  w a ll sta in ing  fo r  C3  

in both dense deposit disease and C3 G N . In dense deposit 

disease, C3 staining also may be seen along the tubular base

ment membranes. IgG and the early components of the classical 

complement pathway ( Cl q  and C4) are usually absent in both 

conditions. By electron microscopy, C3 G N  features mesan

gial and subendothelial electron-dense “waxy” deposits; similar 

deposits also may be seen along the tubular basement mem

branes. By contrast, in the aptly named dense deposit disease, 

the lamina densa and the subendothelial space of the GBM are 

transformed into an irregular, ribbonlike, extremely electron- 

dense structure, resulting from the deposition of C3-containing 

material.

C lin ica l Features

Both dense  d eposit d isease a n d  C3 G N  carry  a re la tively  
p o o r p rognosis  a n d  b o th  ten d  to  recu r p o sttran sp lan ta tio n  
a t a ra te  o f u p  to 85%. In  a recen t s tu d y  of 70 p a tien ts  w ith

dense  d ep o sit d isease o r C3 G N , 29% of p a tien ts  p rog ressed  
to end -stage  rena l fa ilu re  after a m ed ian  of 28 m onths.

A cute Postinfectious (Poststreptococcal) G lom erulonephritis  

A c u te  p o s tin fe c tio u s  G N  is caused  b y  g lo m e ru la r  d ep o s i

t io n  o f  im m u n e  com plexes  re s u lt in g  in  p ro li fe ra t io n  o f  

a n d  d am a g e  to  g lo m e ru la r  ce lls  a n d  in f i l t r a t io n  o f  le u k o 

cytes, e s p e c ia lly  n e u tro p h ils . The classic p a tte rn  is seen  in  
poststrep tococcal G N . Infections by o rgan ism s o th e r than  
streptococci a lso  m ay  be associa ted  w ith  postin fectious 
G N . These inc lude  certa in  pneum ococcal a n d  staphylococ
cal infections as w ell as several com m on  v ira l d iseases such  
as m u m p s, m easles, chickenpox, a n d  h epatitis  B a n d  C.

The typical case of poststrep tococcal G N  develops in  a 
ch ild  1 to  4 w eeks after he o r she recovers from  a g ro u p  A 
streptococcal infection. O nly  certa in  "n eph ritogen ic" 
stra in s o f P-hem olytic streptococci evoke g lom eru lar 
disease. In  m ost cases, the  in itia l in fection  is localized  to 
the p h a ry n x  or skin. In  ra re  cases, the d isease can  develop  
d u rin g  the infection.

Pathogenesis

P o ststrep tococcal G N  is a n  im m u n e  c o m p le x  d isease in
w h ich  tissue in ju ry  is p rim arily  caused  by com plem en t 
activation  by the classical p a th w ay . Typical fea tu res  of 
im m u n e  com plex disease, such  as hypocom plem en tem ia  
an d  g ran u la r deposits  of IgG  a n d  com plem ent o n  the GBM, 
are  seen. The re levan t an tig en s p robab ly  are  streptococcal 
p ro te in s. Specific an tigens im p licated  in  p a thogenesis 
include streptococcal exotoxin  B (Spe B) an d  streptococcal 
g lycera ldehyde-3 -phosphate  deh y d ro g en ase  (GAPDH). 
B oth hav e  a n  affinity  for g lom eru lar p ro te in s  a n d  p lasm in . 
It is no t clear if im m u n e  com plexes a re  fo rm ed  m ain ly  in  
the c ircu la tion  o r in  situ  (the la tte r by  b in d in g  of an tibod ies 
to bacterial an tig en s "p la n te d "  in  the  GBM).

M O R P H O L O G Y

By light microscopy, the most characteristic change in postinfec

tious G N  is increased c e llu la rity  of the glomerular tufts that 

affects nearly all glomeruli— hence the term  d i f f u s e  G N  (Fig. 

I4 .9A). The increased cellularity is caused both by proliferation 

and swelling of endothelial and mesangial cells and by infiltrating 

neutrophils and monocytes. Sometimes there is necrosis of the 

capillary walls. In a few cases, “crescents” (discussed later) may 

be observed within the urinary space, formed in response to  the 

severe injury. Electron microscopy shows deposited immune 

complexes arrayed as subendothelial, intramembranous, or, most 

often, subep ithe lia l “ hum ps” nestled against the GBM (see 

Fig. I4.9B). Mesangial deposits also are occasionally present. 

Immunofluorescence studies reveal scattered g ra n u la r depos

its o f IgG  and c o m p le m e n t within the capillary walls and 

some mesangial areas, corresponding to  the deposits visualized 

by electron microscopy. These deposits usually are cleared over 

a period of about 2 months.

C lin ica l Features

The m ost com m on  clinical p re sen ta tio n  is acute nephritic 
syndrome. E dem a a n d  h y p e rten s io n  are  com m on, w ith  m ild  
to  m o d era te  azo tem ia. C haracteristically , there  is gross
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Fig. 14.9 Poststreptococcal glomerulonephritis. (A) Glomerular hypercellularity is caused by intracapillary leukocytes and proliferation of intrinsic glomerular 
cells. Note the red blood cell casts in the tubules. (B) Typical electron-dense subepithelial “hump” ( a r r o w )  and intramembranous deposits. B M ,  Basement 
membrane; C L, capillary lumen; E , endothelial cell; E p , visceral epithelial cells (podocytes).

h em atu ria , the  u rin e  a p p ea rin g  sm oky b ro w n  ra th e r than  
b rig h t re d  d u e  to ox ida tion  of h em oglob in  to m ethem oglo- 
bin. Som e degree  of p ro te in u ria  is a con stan t feature, and , 
as m en tio n ed  earlier, it occasionally  m ay  be severe en o u g h  
to p ro d u ce  the  n eph ro tic  syndrom e. S erum  com plem en t 
levels are low  d u rin g  the active phase  of the d isease, and  
se ru m  a n ti-s trep to ly s in  O  an tib o d y  titers a re  e levated  in  
poststrep tococcal cases.

R ecovery occurs in  m ost ch ild ren  w ith  poststrep tococcal 
disease, b u t som e develop  rap id ly  p rog ressive  G N  ow ing  
to  severe in jury  w ith  fo rm ation  of crescents, o r chronic 
ren a l d isease from  secondary  scarring . The p rognosis  in  
spo rad ic  cases is less clear. In  adu lts , 15% to 50% of affected 
in d iv id u a ls  develop  end -stage  ren a l d isease over a few  
y ears  o r 1  to  2  decades, d e p en d in g  on  the clinical an d  his
tologic severity . By contrast, in  ch ild ren  w ith  sporad ic  
cases of acu te  postin fectious G N , the  p ro g ressio n  to  chro- 
nicity  is m u ch  low er.

IgA N ep h ro p a th y

I g A  n e p h ro p a th y  is o ne  o f  th e  m o st c o m m o n  causes o f  

re c u rre n t m ic ro sco p ic  or gross h e m a tu r ia  a n d  is th e  m o st 

c o m m o n  g lo m e ru la r  d isease re v e a le d  b y  re n a l b io p s y  

w o r ld w id e . This cond ition  u sua lly  affects ch ild ren  an d  
y o u n g  a d u lts  a n d  beg ins as a n  ep isode  of gross h em a tu ria  
th a t occurs w ith in  1  o r 2  d ays of a nonspecific u p p e r- 
re sp ira to ry  trac t infection. Typically, the h em a tu ria  lasts 
several days an d  th en  subsides, b u t it recurs period ically , 
u sua lly  in  the se tting  of a v ira l infection. It m ay  be associ
a ted  w ith  local pain .

T h e  h a llm a rk  o f  th e  disease is th e  d e p o s itio n  o f Ig A  

in  th e  m e s a n g iu m . Som e experts have  considered  IgA 
n ep h ro p a th y  to be a localized varian t of Henoch-Schonlein 
purpura, also characterized by IgA deposition  in  the m esan
gium . In  con trast w ith  IgA  neph ropathy , w h ich  is confined 
to  the k idney, H enoch-Schonlein p u rp u ra  is a system ic syn
d rom e also involv ing  the skin (pu rpu ric  rash), gastro
in testinal tract (abdom inal pain), an d  jo in ts (arthritis).

Pathogenesis

A n  a b n o rm a lly  g ly c o s y la te d  Ig A 1  (i.e ., g a la c to se -d e fi

c ie n t Ig A 1  [G d - Ig A 1 ])  im m u n o g lo b u lin  is th o u g h t to  

p la y  a  c e n tra l ro le  in  th e  p a th o g en e s is . This ab n o rm al IgA  
m ay  elicit an  au to im m u n e  response, a n d  au to an tib o d ies  
m ay  fo rm  large im m u n e  com plexes w ith  c ircu la ting  IgA. 
These com plexes d ep o sit in  the g lom eru lar m esang ium ; 
th is u n u su a l location  m ay  be re la ted  to  physicochem i
cal fea tu res of the  IgA  a n d  m ay  be facilita ted  by  a n  IgA1 
recep to r (CD71) o n  m esang ia l cells. The p resence of C3 
in  the  m esan g iu m  a n d  the  absence of C1q an d  C4 po in ts  
to ac tiva tion  of the  a lte rna tive  com plem en t p a th w ay  in  
the  pathogenesis. A  genetic influence is suggested  by the 
occurrence of IgA  n ep h ro p a th y  in  fam ilies a n d  in  HLA- 
iden tica l siblings, a n d  increased  frequency  of certa in  H LA  
an d  com plem en t geno types in  som e p o p u la tions. T aken  
together, these d a ta  suggest th a t in  genetically  suscep tib le  
in d iv idua ls , re sp ira to ry  o r gastro in testina l exposu re  to 
m icrobial o r o ther an tigens (e.g., v iruses, bacteria, food 
pro te ins) m ay  lead  to increased  IgA  synthesis, som e of 
w h ich  is abno rm ally  glycosylated , a n d  dep o sitio n  of IgA  
an d  IgA -contain ing  im m u n e  com plexes in  the m esang ium , 
w h ere  they  activate  the a lte rna tive  co m plem en t p a th w ay  
an d  in itia te  g lom eru lar in jury . In  su p p o rt of th is  scenario, 
IgA  n ep h ro p a th y  occurs w ith  increased  frequency  in  ind i
v id u a ls  w ith  celiac disease, in  w h o m  in testina l m ucosal 
defects a re  seen, a n d  in  liver disease, in  w h ich  there  is 
defective hepatob ilia ry  clearance of IgA  com plexes (second
ary IgA  nephropathy).

^  M O R P H O L O G Y

Histologically, the lesions in IgA nephropathy vary considerably.

The glomeruli may be normal or may show mesangial widening

and segmental inflammation confined to  some glomeruli (focal
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Fig. 14.10 IgA nephropathy. Characteristic immunofluorescence deposition 
of IgA, principally in mesangial regions, is evident. Ig A , Immunoglobulin A.

This fo rm  of type IV co llagen is crucial for n o rm al function  
of the lens, cochlea, a n d  g lom eru lus. M u ta tio n  of any  one of 
the  a  chains resu lts  in  defective h e te ro trim er assem bly  and , 
consequen tly , the m an ifesta tions o f A lp o rt syndrom e.

M O R P H O L O G Y

On histologic examination, glomeruli in hereditary nephritis 

appear unremarkable until late in the course. W ith  progression, 

increasing glomerulosclerosis, vascular sclerosis, tubular atrophy, 

and interstitial fibrosis are typical changes. Under the electron 

microscope, the G B M  is th in  and attenuated early in the course, 

but over time develops irregular foci of thickening or attenuation 

with pronounced splitting and lamination of the lamina densa, 

yielding a “ b asketw eave” appearance. In contrast to Alport 

syndrome, diffuse and uniform thinning of the glomerular base

ment membranes is the only morphologic finding in thin base

ment membrane disease.

proliferative GN); diffuse mesangial proliferation (mesangiopro- 

liferative GN); or (rarely) overt crescentic G N . The characteristic 

immunofluorescence picture is of m esangial deposition  of 

Ig A , often with C3 and properdin and smaller amounts of IgG 

or IgM (Fig. 14.10). Early components of the classical complement 

pathway usually are absent. Electron microscopy confirms the 

presence of electron-dense deposits in the mesangium.

C lin ica l Features

IgA  n ep h ro p a th y  m ost o ften  affects ch ild ren  a n d  y o u n g  
ad u lts . M ore th a n  half o f those affected p re sen t w ith  gross 
hematuria after an  in fection  of the resp ira to ry  or, less com 
m only , gastro in testina l o r u rin a ry  tract; 30% to 40% have  
on ly  m icroscopic h em atu ria , w ith  o r w ith o u t p ro te in u ria , 
a n d  5% to 10% develop  a typical acu te  neph ritic  syndrom e. 
The h em atu ria  typically  lasts for several days a n d  in itially  
subsides, b u t then  recu rs  period ically , u sua lly  in  the  se tting  
of a v ira l infection. The course  is h igh ly  variab le. M any 
p a tien ts  m ain ta in  no rm al ren a l function  for decades. Slow 
p ro g ressio n  to  end -stage  rena l d isease occurs in  25% to 
50% of cases over a  p e rio d  of 20 years. R enal b iopsy  find 
ings m ay  help  iden tify  those  w ith  a p o o re r p rognosis, as 
ind ica ted  by  d iffuse m esang ia l p ro lifera tion , segm ental 
sclerosis, endocap illa ry  pro lifera tion , o r tubu lo in terstitia l 
fibrosis.

H e re d ita ry  N ephritis

H ereditary nephritis refers to a group o f glom erular d is
eases caused b y  m utations in  gen es en cod in g  GBM  pro
te in s . The m ost com m on  of these ra re  d iseases are Alport 
syndrome a n d  thin basement membrane disease. In  A lp o rt syn 
d rom e, n ep h ritis  is accom pan ied  by senso rineu ra l deafness 
a n d  v ario u s eye d iso rders, in c lu d in g  lens d islocation , pos
terio r cataracts, a n d  corneal dy stro p h y . T hin  b asem en t 
m em brane  d isease is the  m ost com m on  cause of ben ign  
fam ilial h em a tu ria  w ith  no  system ic m anifesta tions.

Pathogenesis

The GBM is com posed  largely  of type  IV collagen, w h ich  is 
m ad e  u p  of h e tero trim ers  o f a3, a4 , a n d  a5  type  IV collagen.

C lin ica l Features

The m ajority  o f A lp o rt synd rom e p a tien ts  have  X-linked 
d isease  as a re su lt o f m u ta tio n  of the gene on  the  X chrom o
som e encod ing  the a5  cha in  of type IV  collagen. M ales 
therefore  a re  affected  m ore frequen tly  an d  m ore  severely 
th an  fem ales a n d  are m ore likely to  develop  end-stage 
rena l d isease a n d  deafness. R are au to som al recessive or 
d o m in an t cases a re  linked  to defects in  the genes th a t 
encode a3  or a4  type IV  collagen. In d iv id u a ls  w ith  he red i
ta ry  n ep h ritis  p re sen t a t 5 to 20 y ears  o f age w ith  gross o r 
m icroscopic hematuria and proteinuria, a n d  p rog ress  to  o vert 
ren a l failu re by the  ages of 20 to  50 years. Fem ale carriers 
o f X -linked A lp o rt synd rom e or carriers of e ithe r gen d er of 
the  au to so m al fo rm s u su a lly  p re sen t w ith  pe rsis ten t 
a sym ptom atic  h em a tu ria  a n d  follow  a ben ign  n o n p ro g res 
sive clinical course. H ete ro zy g o u s m u ta tio n s  in  the genes 
encod ing  the a3  an d  a4  chains of type  IV co llagen are 
fo u n d  in  40% of p a tien ts  w ith  th in  b asem en t m em brane  
d isease.

Rapidly Progressive G lom erulonephritis

RPG N  is characterized by the presence o f crescents (cres
centic GN) and in  m ost cases appears to be im m u n olog i
cally  m ediated. It is a clinical synd rom e a n d  n o t a  specific 
etiologic fo rm  of G N . R PG N  is charac terized  by ra p id  loss 
o f rena l function , labo ra to ry  find ings typical o f the nephritic  
syndrom e, a n d  o ften  severe o liguria . If un trea ted , it can 
rap id ly  lead  to  ren a l failu re w ith in  a p e rio d  of w eeks to 
m onths.

Pathogenesis

C rescentic G N  m ay  be caused  by a n u m b er of d ifferen t 
diseases, som e restric ted  to  the  k id n ey  a n d  o thers system ic. 
RPG N  m ay  be associated  w ith  a  n u m b er of d iseases, as 
follow s:
• Anti-GBM antibody-mediated crescentic GN (G oodpastu re  

disease) is charac terized  by linear deposits  o f IgG  and , 
in  m an y  cases, C3 in  the GBM. In  som e patien ts, the 
anti-GBM  an tibod ies  also  b in d  to  p u lm o n ary  alveo lar 
cap illary  b asem en t m em branes to  p ro d u ce  the clinical 
p ic tu re  of p u lm o n ary  h em o rrh ag es associa ted  w ith

http://ebooksmedicine.net

http://ebooksmedicine.net


Glomerular Diseases 563

ren a l failure. These p a tien ts  are sa id  to  have  Goodpasture 
syndrome. Anti-G BM  an tibod ies a re  p re sen t in  the serum  
a n d  are he lp fu l in  d iagnosis. It is im p o rta n t to  recognize 
anti-G BM  an tib o d y -m e d ia te d  crescentic G N , because 
affected  in d iv id u a ls  benefit from  p lasm apheresis , w h ich  
rem oves pa thogen ic  an tibod ies from  the  circulation.

• Immune complex-mediated crescentic GN m ay com plicate  
an y  of the im m u n e  com plex  n ep h ritid es , in c lu d in g  po st
streptococcal G N , system ic lu p u s  ery them atosus, IgA  
n ep h ro p a th y , a n d  H enoch-Schönlein  p u rp u ra . In  o ther 
cases, im m u n e  com plexes are d em o n stra ted  b u t the 
u n d e rly in g  cause is u n d e te rm in ed . This type  of RPG N  
frequen tly  show s cellu lar p ro life ra tion  a n d  influx of leu 
kocytes w ith in  the  g lom eru lar tuft, in  ad d itio n  to  cres
cen t fo rm ation . A  consisten t f ind ing  is the  characteristic  
g ran u la r p a tte rn  of s ta in ing  of the GBM a n d /o r  m esan 
g iu m  for im m u n o g lo b u lin  a n d /o r  com plem en t on  
im m unofluorescence stud ies. This d iso rd er u sua lly  
does n o t re sp o n d  to  p lasm apheresis .

• Pauci-immune type crescentic GN is defined  by  the  lack of 
anti-GBM  an tibod ies o r significant im m u n e  com plex 
deposition . A n ti-n eu tro p h il cy top lasm ic an tibod ies 
(AN CA ) typ ically  a re  fo u n d  in  the  serum , w hich , as 
d iscussed  in  C h ap te r 10, h av e  a p a thogen ic  ro le  in  som e 
vascu litides. In  som e instances, therefore, crescentic G N  
is a com ponen t o f a system ic vascu litis such  as m icro 
scopic po lyang iitis  or g ranu lom atosis  w ith  polyangiitis. 
In  m an y  cases, how ever, p auc i-im m une  crescentic G N  
is lim ited  to  the k idney .

^  M O R P H O L O G Y

The light microscopic changes are similar although not identical 

in various forms of crescentic glomerulonephritis. The glomeruli 

show cellular proliferation outside the capillary loops, sometimes 

in association with segmental capillary necrosis, breaks in GBM, 

and deposition of fibrin in Bowman’s space. These distinctive 

proliferative lesions outside the capillary loops are called cres

cents owing to  their shape as they fill Bowman’s space. Cres

cents are formed both by proliferation of epithelial cells and by 

migration of monocytes/macrophages into Bowman’s space (Fig. 

14.11). Smaller numbers of other types of leukocytes also may 

be present. In addition to  crescents, cellular proliferation also is 

seen within the capillary loops and/or in the mesangial areas in 

cases with immune complex-mediated pathogenesis, such as 

postinfectious G N , lupus nephritis, or IgA nephropathy. In con

trast, in cases with anti-GBM antibody-mediated or pauci- 

immune crescentic G N , there is no endocapillary hypercellularity. 

Immunofluorescence studies reveal the characteristic strong 

lin e a r sta in ing  with IgG and C3 along the GBM in anti-GBM 

antibody-mediated disease, a g ra n u la r p a tte rn  of glomerular 

staining in immune complex-mediated G N , while in pauci-immune 

G N  the stains are negative. Electron microscopy shows electron- 

dense immune complex deposits within the glomeruli in immune 

complex-mediated G N , but not in biopsies from those with 

anti-GBM and pauci-immune crescentic G N . Electron microscopy 

may show distinct ru p tu res  in th e  G B M , signifying severe 

glomerular injury that is characteristic of this form of G N . The 

crescents eventually obliterate Bowman’s space and compress 

the glomeruli. In time, crescents may undergo scarring, and glo

merulosclerosis develops.

C lin ica l Features

The onse t of R PG N  is m u ch  like th a t o f the n ep h ritic  syn 
d rom e, except th a t the oliguria and azotemia are  m ore p ro 
n o unced . P ro te in u ria  som etim es ap p ro ach in g  the n eph ro tic  
ran g e  m ay  occur. Som e affected in d iv id u a ls  becom e anu ric  
a n d  req u ire  long-te rm  dialysis o r tran sp lan ta tio n . The 
p rognosis is rou g h ly  p red ic ted  by  the  fraction  of involved  
glom eru li, as p a tien ts  in  w h o m  crescents a re  p re sen t in  less 
th a n  80% of the g lom eru li have  a m ore  favorab le  p rognosis 
th an  those in  w h o m  the percen tage  of crescents is h igher. 
P lasm a exchange m ay  be of benefit in  those  w ith  anti-GBM  
an tib o d y  G N  a n d  in  som e cases of A N C A -rela ted  pauci- 
im m u n e  crescentic GN.

^ S U M M A R Y

G L O M E R U L A R  DISEASES

Diseases T h a t  P re s e n t M o s tly  W i t h  N e p h ro t ic  

S y n d ro m e

• M i n i m a l - c h a n g e  d i s e a s e  is the most frequent cause of nephrotic 

syndrome in children. It is manifested by proteinuria and efface

ment of glomerular foot processes without antibody 

deposits.

• F o c a l  s e g m e n t a l  g l o m e r u l o s c le r o s i s  (FSGS) may be primary or 

secondary (e.g., as a consequence of previous glomerulone

phritis, hypertension, or infection such as HIV). Glomeruli 

show focal and segmental obliteration of capillary lumina and 

loss of foot processes.

• M e m b r a n o u s  n e p h r o p a t h y  is caused by an autoimmune response, 

most often directed against the PLA2R on podocytes. It is 

characterized by granular subepithelial deposits of antibodies 

with GBM “spike” formation, thickening and loss of foot pro

cesses but little or no inflammation.

• M e m b r a n o p r o l i f e r a t i v e  g l o m e r u l o n e p h r i t i s  t y p e  1 is an immune 

complex-mediated disease with immune deposits in the sub

endothelial location.

Fig. 14.11 Crescentic glomerulonephritis (silver stain). Arrows indicate 
areas of necrosis and crescent formation. The segmental distribution in this 
case is typical of ANCA (anti-neutrophil cytoplasmic antibody)-associated 
crescentic glomerulonephritis.
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• D e n s e  d e p o s i t  d i s e a s e  and C 3  g l o m e r u l o n e p h r i t i s  are caused by 

unregulated activation of the alternative complement pathway. 

Immunofluorescence is positive for C3 in both conditions.

G lo m e ru lo n e p h r it is  T h a t  P resen ts  W i t h  

N e p h r it ic  S y n d ro m e

• A c u t e  p o s t i n f e c t i o u s  g l o m e r u l o n e p h r i t i s  typically occurs after 

streptococcal infection in children and young adults but may 

occur following infection with many other organisms. It is 

caused by deposition of immune complexes, mainly in the 

subepithelial spaces, with abundant neutrophils and prolifera

tion of glomerular cells.

D iseases T h a t  P re s e n t M o s tly  W i t h  

A s y m p to m a tic  H e m a tu r ia

• I g A  n e p h r o p a t h y ,  characterized by mesangial deposits of IgA- 

containing immune complexes, is the most common form of 

glomerulonephritis worldwide. Recurrent asymptomatic hema

turia is the most common clinical presentation. It commonly 

affects children and young adults and has a variable course.

• H e r e d i t a r y  n e p h r i t i s  ( A l p o r t  s y n d r o m e )  is caused by mutations in 

genes encoding GBM collagen. It manifests as hematuria and 

slowly progressing proteinuria and declining renal function. 

Thin basement membrane disease is also caused by mutations 

encoding the GBM collagen, however, unlike Alport syndrome, 

this is usually a benign nonprogressive disorder.

R ap id ly  P rogress ive  G lo m e ru lo n e p h r it is

• RPGN is a clinical entity with features of the nephritic syn

drome and rapid loss of renal function.

• It is commonly associated with severe glomerular injury with 

necrosis and GBM breaks and subsequent proliferation of 

parietal epithelium (crescents).

• RPGN may be mediated by autoantibodies to the GBM (anti- 

GBM antibody disease), by immune complex deposition, or it 

can be pauci-immune often associated with anti-neutrophil 

cytoplasmic antibodies (pauci-immune G N ).

DISEASES AFFECTING TUBULES A N D  
INTERSTITIUM

M ost form s of tu b u la r in jury  also  involve the in te rstitium , 
so the tw o  are d iscussed  together. P resen ted  u n d e r  th is 
h e a d in g  are d iseases charac terized  by  (1 ) in flam m atory  
inv o lv em en t o f the tubu les  an d  in te rs titiu m  (tubulointersti
tial nephritis) an d  (2 ) ischem ic o r toxic tu b u la r in jury , 
lead in g  to  acute tubular injury an d  the clinical synd rom e of 
acute kidney injury.

Tubulointerstitial Nephritis
T u b u lo in te rs t it ia l  n e p h r it is  ( T IN )  re fe rs  to  a  g ro u p  o f  

in f la m m a to ry  k id n e y  d iseases th a t  p r im a r i ly  in v o lv e  th e  

in te r s t it iu m  a n d  tu b u le s . The g lom eru li m ay  be sp ared  
a ltoge ther o r affected  on ly  late  in  the course. In  cases 
of TIN caused  by bacterial infection, the rena l pelv is is 
p ro m in en tly  invo lved  — hence the m ore descrip tive  te rm  
pyelonephritis (from  pyelo, "pelv is"). The te rm  interstitial 
nephritis generally  is reserved  for cases of TIN  th a t are

nonbacteria l in  orig in . These inc lude  tu b u la r in ju ry  resu lt
in g  from  drugs, m etabolic  d iso rd ers  such  as hypokale 
m ia, irrad ia tion , v ira l infections, a n d  im m u n e  reactions. 
O n  the  basis of clinical fea tu res a n d  the charac ter o f the 
in flam m ato ry  exudate , TIN  can  be d iv id ed  in to  acu te  an d  
chronic categories. D iscussed  nex t is acu te  p y e lo n ep h ri
tis fo llow ed by considera tion  of o ther fo rm s of in te rstitia l 
neph ritis .

A cute Pyelonephritis

A c u te  p y e lo n e p h r it is , a  c o m m o n  s u p p u ra tiv e  in f la m m a 

t io n  o f  th e  k id n e y  a n d  th e  re n a l p e lv is , is  caused  b y  

b a c te r ia l in fe c tio n . It is a n  im p o rta n t m an ifesta tion  of 
u rin a ry  trac t in fection  (UTI), w h ich  can  invo lve the low er 
(cystitis, p rosta titis , u re th ritis) o r u p p e r  (pyelonephritis) 
u rin a ry  tract, o r both . A s w e  w ill see, the g rea t m ajority  of 
cases o f pye lo n ep h ritis  are associa ted  w ith  infections of the 
low er u rin a ry  tract, w h ich  are  very  com m on. F ortunate ly , 
m o st infections of the  low er u rin a ry  trac t rem ain  localized 
an d  d o  n o t sp read  to the  k idney.

Pathogenesis

T h e  p r in c ip a l cau sa tive  o rg an ism s  in  acute  p y e lo n e p h r i

t is  are en te ric  g ra m -n e g a tiv e  b a c ill i .  Escherichia coli is by 
far the m ost com m on. O ther im p o rta n t o rgan ism s are  
Proteus, Klebsiella, Enterobacter, a n d  Pseudomonas; these 
u sua lly  are  associa ted  w ith  recu rren t infections, especially  
in  in d iv id u a ls  w h o  u n d e rg o  u rin a ry  trac t m an ip u la tio n s  o r 
h av e  congen ita l o r acq u ired  anom alies o f the low er u rin a ry  
trac t (see later). Staphylococci an d  Streptococcus faecalis also 
m ay  cause pyeloneph ritis , b u t they  are u n co m m o n  p a th o 
gens in  th is setting.

Bacteria can  reach  the  k idneys from  the  low er u rin a ry  
tract (ascend ing  infection) or th ro u g h  the b loodstream  
(hem atogenous infection) (Fig. 14.12). A s c e n d in g  in fe c tio n  

f r o m  th e  lo w e r  u r in a r y  tra c t is  th e  m o s t im p o r ta n t  a n d  

f re q u e n t  ro u te  b y  w h ic h  b a c te ria  re a c h  th e  k id n e y . A dhe 
sion of bacteria  to  m ucosal surfaces is fo llow ed by coloni
za tion  of the d ista l u re th ra  (and  the in tro itu s  in  fem ales). 
G enetically  d e te rm in ed  p ro p ertie s  o f bo th  the  u ro th e liu m  
an d  the  bacterial p a th o g en s m ay  facilitate ad h esio n  to  the 
u ro the lia l lin ing  by  bacterial fim briae (p ro te ins th a t a ttach  
to recep to rs o n  the  surface of u ro the lia l cells), conferring  
suscep tib ility  to  infection. The o rgan ism s th en  reach  the 
b ladder, by  expansive  g ro w th  of the colonies a n d  by 
m ov ing  ag a in st the  flow  of u rine . This m ay  occur d u rin g  
u re th ra l in stru m en ta tio n , in c lu d in g  cathe teriza tion  an d  
cystoscopy.

In  the absence of in stru m en ta tio n , UTI m ost com m only  
affects fem ales. Because of the close p rox im ity  of the  fem ale 
u re th ra  to  the  rectum , co lon ization  by  en teric  bacteria  
can  occur m ore read ily  in  fem ales. F u rtherm ore , the 
sh o rt u re th ra  a n d  tra u m a  to  the  u re th ra  d u rin g  sexual 
in te rcourse  facilitate the en try  of bacteria  in to  the u rin a ry  
b ladder. N orm ally , b la d d e r u rin e  is sterile, because of 
the an ti-m icrobial p ro p e rtie s  o f the b la d d e r m ucosa  an d  
the flu sh ing  m echan ism  associa ted  w ith  p eriod ic  vo id in g  
of u rine . W ith  ou tflow  ob stru c tio n  o r b la d d e r dysfunc
tion, how ever, the  n a tu ra l defense m echan ism s of the 
b lad d e r are  overw helm ed , se tting  the  stage for UTI. In 
the p resence of stasis, bacteria  in tro d u ced  in to  the  b lad d e r 
can  m u ltip ly  u n d is tu rb e d , w ith o u t being  flu shed  o u t o r
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HEMATOGENOUS INFECTION
Common agents: 
Staphylococcus 
E. coli

Bacteremia-

Foci of
pyelonephritis

Aorta Intrarenal
reflux

Vesicoureteral
reflux

Deranged 
vesicoureteral 
junction

Bacteria enter bladder

Bacterial colonization

ASCENDING INFECTION
Common agents:

E. coli
Proteus
Enterobacter

Fig. 14.12 Pathways of renal infection. Hematogenous infection results from 
bacteremic spread. More common is ascending infection, which results from 
a combination of urinary bladder infection, vesicoureteral reflux, and intra
renal reflux.

d estro y ed  by the b lad d e r w all. A ccordingly , UTI is p a rticu 
larly  freq u en t a m o n g  p a tien ts  w ith  u rin a ry  trac t obstruc 
tion, as m ay  occur w ith  ben ign  p rosta tic  h y p erp lasia  and  
u te rin e  p ro lapse . F rom  the con tam in a ted  b la d d e r u rine , 
the bacteria  ascend  a long  the u re te rs  to  infect the  renal 
pe lv is a n d  parenchym a. The frequency  of UTI also  is 
increased  in  d iabe tes because of the increased  suscep ti
bility  to  infection  an d  neu rogen ic  b lad d e r dysfunction , 
w h ich  p red isp o se  to  u rin e  stasis. Increased  incidence of 
UTI d u r in g  p reg n an cy  is a ttr ib u ted  to  u rin e  stasis d u e  
to p ressu re  o n  the b lad d e r an d  u re te rs  from  the g row ing  
u teru s.

In c o m p e te n c e  o f  th e  v e s ic o u re te ra l o rific e , re s u ltin g  

in  v e s ic o u re te ra l re f lu x  (V U R ) ,  is  a n  im p o r ta n t  cause  

o f  a s c e n d in g  in fe c tio n . The reflux  a llow s bacteria  to 
ascend  the u re te r  in to  the pelv is. VUR is p re se n t in  20% 
to 40% of y o u n g  ch ild ren  w ith  UTI, u sua lly  as a conse
quence of a congenita l defect th a t resu lts  in  incom petence 
of the u re terovesica l valve. VUR also  can  be acqu ired  in  
in d iv id u a ls  w ith  a flaccid b la d d e r re su ltin g  from  sp inal 
co rd  in jury  o r w ith  b lad d e r d ysfunction  secondary  to 
d iabetes. VUR resu lts  in  resid u a l u rin e  after v o id in g  in  
the u rin a ry  tract, w h ich  favors bacteria l g row th . Fur
therm ore, VUR affords a read y  m echan ism  by  w h ich  the 
infected  b la d d e r u rin e  can  be p ro p e lled  u p  to  the  rena l 
pelv is an d  fu rth e r in to  the  ren a l pa renchym a th ro u g h

o p e n  d u c ts  a t the  tip s o f the  pap illae  (in tra rena l reflux). 
A d d itio n a l risk  factors for UTI inc lude  p reex isting  renal 
cond itions w ith  rena l scarring  an d  in trap aren ch y m al 
ob stru c tio n  a n d  also  im m u n o su p p ress iv e  th e rap y  an d  
im m unodeficiency .

A lth o u g h  hematogenous spread is far less com m on  than  
ascend ing  infection, acu te  pyelo n ep h ritis  m ay  re su lt from  
seed ing  of the k idneys by bacteria  in  the course  of septice
m ia o r infective endocard itis.

M O R P H O L O G Y

One or both kidneys may be involved. The affected kidney may 

be normal in size or enlarged. Characteristically, d isc re te , ye l

lowish, raised abscesses a re  grossly a p p a re n t on th e  

renal surface (Fig. 14.13). They may be widely scattered or 

limited to one region of the kidney, or they may coalesce to  form 

a single large area of suppuration.

The characteristic histologic feature of acute pyelonephritis 

is liquefactive necrosis and abscess formation within the renal 

parenchyma. In the early stages, pus formation (suppuration) is 

limited to the tubular lumina, but later abscesses rupture into 

the interstitial tissue. Large masses of intratubular neutrophils 

frequently extend within involved nephrons into the collecting 

ducts, giving rise to characteristic white blood cell casts in the 

urine. Typically, the glomeruli are not affected.

W hen obstruction is prominent, the pus does not drain 

and may fill the renal pelvis, calyces, and ureter, producing 

pyonephrosis.

A  second (rare) form of pyelonephritis is p ap illa ry  n ecro 

sis, which has three predisposing conditions: diabetes, urinary 

tract obstruction, and sickle cell anemia. This lesion is marked by 

ischemic and suppurative necrosis of the tips of the renal pyra

mids (renal papillae). The pathognomonic gross feature is sharply 

defined gray-white to  yellow necrosis of the apical two-thirds of

Fig. 14.13 Acute pyelonephritis. The cortical surface is studded with focal 
pale abscesses, more numerous in the upper pole and middle region of the 
kidney; the lower pole is relatively unaffected. Between the abscesses, there 
is dark congestion of the renal surface.
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the pyramids. One papilla or several or all papillae may be 

affected. Microscopically, the papillary tips show coagulative 

necrosis surrounded by a neutrophilic infiltrate.

Involvement of the prostate can give rise to acute or chronic 

prostatitis, particularly in older males with benign prostatic 

hyperplasia.

C lin ica l Features

A cute  p y e lo n ep h ritis  o ften  is associa ted  w ith  p red isp o s 
in g  conditions, as described  earlie r in  the  d iscussion  of 
p a thogenetic  m echanism s. A fter the first year of life (an age 
by w h ich  congenital anom alies in  m ales com m only  becom e 
evident) an d  u p  to approxim ately  40 years of age, infections 
are  m uch  m ore frequen t in  fem ales. U p to  6% of p reg n an t 
w om en  develop bacteriu ria  som e tim e d u rin g  pregnancy, 
a n d  20% to 40% of these eventually  develop sym ptom atic  
u rin a ry  infection if n o t treated . W ith  increasing age, the 
incidence in  m ales rises as a resu lt of the developm ent 
o f prostatic  hyperp lasia , w h ich  causes u rinary  outflow  
obstruction.

The onset of uncom plicated  acute pyelonephritis usually  
is sudden , w ith  p a in  a t the costovertebral angle an d  sys
tem ic evidence of infection, such as chills, fever, nausea, 
m alaise, an d  localizing u rinary  tract signs of dysuria , fre
quency, an d  urgency. The u rine  ap p ears  tu rb id  d ue  to  the 
contained  p u s  (pyuria). The disease usually  is unilateral, and  
affected ind iv iduals thus do  n o t develop  renal failure. In 
cases in  w hich  p red isposing  factors are present, the disease 
m ay  becom e recu rren t or chronic an d  is m ore likely to  be 
bilateral. The developm ent of pap illa ry  necrosis is associ
a ted  w ith  a m u ch  poorer prognosis.

Chronic Pyelonephritis and  R eflux N ep h ro p a th y  

C h ro n ic  p y e lo n e p h r it is  is  a  c lin ic o p a th o lo g ic  e n t ity  in  

w h ic h  in te rs t it ia l  in f la m m a tio n  a n d  scarrin g  o f  th e  re n a l  

p a re n c h y m a  are  associated  w i th  g ro ss ly  v is ib le  scarrin g  

a n d  d e fo rm ity  o f  th e  p e lv ic a ly c e a l system  in  p a tie n ts  

w it h  a  h is to ry  o f  U T I .  C hronic pye lo n ep h ritis  is a n  im p o r
tan t cause of chronic k id n ey  disease. It can  be d iv id ed  in to  
tw o  form s: chronic obstruc tive  pyelo n ep h ritis  a n d  chronic 
re flux -assoc ia ted  pyelonephritis .

C h ro n ic  O b s tru c tiv e  Pyelonephritis

A s no ted , obstruc tion  p red isp o ses the  k id n ey  to  infection. 
R ecu rren t in fections su p erim p o sed  o n  diffuse o r localized 
obstruc tive  lesions lead  to  recu rren t b o u ts  of renal inflam 
m ation  a n d  scarring , w h ich  even tua lly  cause chronic 
pyeloneph ritis . The d isease can  be b ilateral, as w ith  con
gen ital anom alies of the u re th ra  (e.g., po ste rio r u re th ra l 
valves), o r un ila te ra l, such  as occurs w ith  calculi an d  u n i
la te ra l obstruc tive  lesions of the  u reter.

C h ro n ic  R e flu x -A ss o c ia te d  Pyelonephritis  

(R e flu x  N e p h ro p a th y )

C hronic re flux-assoc ia ted  pyelo n ep h ritis  is the m ost 
com m on cause of chronic pyeloneph ritis . It resu lts from  
su p erim p o sitio n  of a UTI on  congenita l vesicouretera l 
reflux  a n d  in tra ren a l reflux. B oth the reflux a n d  the a tten 
d a n t renal dam ag e  m ay  be u n ila te ra l o r b ilateral, the la tter 
p o ten tia lly  lead in g  to  chronic ren a l insufficiency.

M O R P H O L O G Y

One or both kidneys may be involved, either diffusely or in 

patches. Even when involvement is bilateral, the kidneys are 

not equally damaged and therefore are not equally contracted. 

This uneven scarring  is useful in differentiating chronic pyelo

nephritis from the more symmetrically contracted kidneys 

associated with vascular sclerosis (often referred to as b e n i g n  

n e p h r o s c l e r o s i s )  and chronic G N . The hallmark of chronic pyelo

nephritis is scarring  involving th e  pelvis o r  calyces, or both, 

leading to  papillary blunting and marked calyceal d e fo rm itie s  

(Fig. 14.14).

The microscopic changes are largely nonspecific, and similar 

alterations may be seen with other chronic tubulointerstitial 

disorders such as analgesic nephropathy. The parenchyma shows 

the following features:

• Uneven interstitial fibrosis and an inflammatory infiltrate of 

lymphocytes, plasma cells, and occasionally neutrophils

• Dilation or contraction of tubules, with atrophy of the epithe

lial lining. Many of the dilated tubules contain pink to  blue, 

glassy-appearing PAS-positive casts, known as c o l l o i d  c a s t s ,  that 

suggest the appearance of thyroid tissue— hence the descrip

tive term t h y r o i d i z a t i o n .  Often, neutrophils are seen within the 

tubules

• Chronic inflammatory cell infiltration and fibrosis involving the 

calyceal mucosa and wall

• Arteriolosclerosis may be caused by associated hypertension

• Glomerulosclerosis that usually develops as a secondary 

process caused by nephron loss (a maladaptation discussed 

earlier)

C lin ica l Features

M any p a tien ts  w ith  chronic p y e lo n ep h ritis  com e to  m edical 
a tten tio n  re la tively  la te  in  the course o f the  disease, because 
of the g rad u a l o n se t of rena l insufficiency or because signs 
of k idney  d isease are no ticed  on  ro u tin e  labo ra to ry  tests. 
In  o ther cases, the  rena l d isease is h e ra ld e d  by the develop 
m en t of h ypertension . The rad io log ic  im age is characteris
tic: affected k idneys a re  asym m etrically  contracted , w ith

Cortical scar

Cortical

Fig. 14.14 Typical coarse scars of chronic pyelonephritis associated with 
vesicoureteral reflux. The scars are usually located at the upper or lower 
poles of the kidney and are associated with underlying blunted calyces.
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som e degree  of b lu n tin g  an d  defo rm ity  of the calyceal 
system  (caliectasis). The presence or absence of significant 
b ac teriu ria  is n o t p articu larly  helpfu l, as its absence does 
n o t ru le  o u t chronic pyeloneph ritis . If the d isease is b ilat
e ra l a n d  p rogressive , tu b u la r d y sfunction  leads to  an  
inab ility  to  concen tra te  the u rin e  (hyposthenuria), m ani
fested  by p o ly u ria  a n d  nocturia .

A s n o ted  earlier, som e in d iv id u a ls  w ith  chronic pyelo 
n ep h ritis  o r reflux  n ep h ro p a th y  u ltim ate ly  develop  sec
o n d a ry  g lom erulosclerosis, associa ted  w ith  p ro te inu ria ; 
even tually , these in juries all con tribu te  to  p rog ressive  
chronic k id n ey  disease.

D rug-Induced  Tubulointerstitial N ephritis  

A c u te  d ru g - in d u c e d  T I N  occurs as a n  ad verse  re a c tio n  

to  a n y  one o f  a n  in c re a s in g  n u m b e r  o f  d ru gs . It is associ
a ted  m ost frequen tly  w ith  penicillins (m ethicillin , am picil
lin), o th e r antib io tics (rifam pin), d iu retics (furosem ide), 
p ro to n  p u m p  inh ib ito rs (om eprazole), n o n ste ro id a l an ti
in flam m atory  agents, a n d  n u m ero u s  o th e r d ru g s  (phen ind- 
ione, cim etid ine , im m u n e  checkpo in t inhibitors).

Pathogenesis

M any fea tu res of the d isease suggest a n  im m u n e  m echa
nism . C linical fea tu res consisten t w ith  a hypersensitiv ity  
reaction  include la ten t p e rio d  be tw een  d ru g  exposu re  an d  
d eve lopm en t of lesions, eo sinoph ilia  a n d  rash , the id iosyn 
cratic n a tu re  of the  d ru g  reaction  (i.e., the lack of dose 
dependence), a n d  the recurrence of the reaction  fo llow ing  
reexposu re  to the sam e d ru g  o r o thers o f sim ilar s truc tu re . 
S erum  IgE levels a re  increased  in  som e in d iv idua ls , sug 
gesting  im m ed ia te  (type I) hypersensitiv ity . In  o th e r cases, 
the  n a tu re  of the in flam m ato ry  in filtrate  a n d  the  presence 
of positive  sk in  tests to  d ru g s  suggest a T ce ll-m ed ia ted  
(type IV) h ypersensitiv ity  reaction.

The m ost likely sequence of p a thogen ic  events is tha t 
the d ru g s  act as h ap ten s that, d u rin g  secretion  by  tubules, 
covalen tly  b in d  to  som e cy top lasm ic o r ex tracellu lar com 
p o n en t of tu b u la r cells a n d  becom e im m unogen ic . The 
re su lta n t tubu lo in te rs titia l in jury  is th en  caused  by IgE- or 
T ce ll-m ed ia ted  im m u n e  reactions to  tu b u la r cells o r their 
b asem en t m em branes.

^  M O R P H O L O G Y

The abnormalities in acute drug-induced nephritis are in the 

interstitium, which shows pronounced edema and infiltration 

by mononuclear cells, principally lymphocytes and macrophages 

(Fig. 14.15). Eosinophils and neutrophils may be present, often 

in large numbers. W ith  some drugs (e.g., methicillin, thiazides, 

rifampin), T  cell mediated reaction may give rise to  intersti

tial nonnecrotizing granulomas with giant cells. The glomeruli 

are normal except in some cases caused by nonsteroidal anti

inflammatory agents, in which the hypersensitivity reaction also 

leads to  podocyte foot process effacement and the nephrotic 

syndrome.

C lin ica l Features

The d isease beg ins ab o u t 15 days after exposu re  to  the d ru g  
a n d  is charac terized  by fever, eosinophilia (w hich  m ay  be 
transien t), rash (in  ab o u t 25% of ind iv iduals), a n d  renal

Fig. 14.15 Drug-induced interstitial nephritis, with prominent eosinophilic 
and mononuclear infiltrate. ( C o u r te s y  o f  D r .  H .  R e n n k e ,  D e p a r t m e n t  o f  P a th o lo g y ,  

B r ig h a m  a n d  W o m e n ’s  H o s p i t a l ,  B o s to n ,  M a s s a c h u s e t t s . )

abnormalities. U rin ary  find ings inc lude  h em atu ria , m in im al 
o r no  p ro te in u ria , a n d  leukocy tu ria  (som etim es inc lud ing  
eosinophils). A  ris ing  se ru m  creatin ine  or acu te  k idney  
in ju ry  w ith  o ligu ria  develops in  ab o u t 50% of cases, p a r 
ticu larly  in  o lder pa tien ts. C linical recogn ition  of d rug- 
in d u ced  k idney  in ju ry  is im perative , because w ith d ra w a l 
of the o ffend ing  d ru g  is fo llow ed by  recovery , a lth o u g h  it 
m ay  take several m o n th s for rena l function  to  re tu rn  to 
norm al.

S U M M A R Y

T U B U L O IN T E R S T IT IA L  N E P H R IT IS

• T IN  consists of inflammatory disease primarily involving the 

renal tubules and interstitium.

• A c u t e  p y e l o n e p h r i t i s  is a bacterial infection caused either by 

ascending infection as a result of reflux, obstruction, or other 

abnormality of the urinary tract, or much less commonly by 

hematogenous spread of bacteria; it is characterized by abscess 

formation in the kidneys, sometimes with papillary necrosis.

• C h r o n ic  p y e l o n e p h r i t i s  usually is associated with urinary obstruc

tion or reflux; it results in scarring of the pelvicalyceal system 

and the interstium of the involved kidney and gradual progres

sion of chronic kidney disease.

• D r u g - i n d u c e d  i n t e r s t i t i a l  n e p h r i t i s  is an IgE- or T  cell-mediated 

immune reaction to  a drug; it is characterized by interstitial 

inflammation, often with abundant eosinophils, and edema.

Acute Tubular Injury/Necrosis

A c u te  tu b u la r  in ju r y  (A T I )  is  a  c lin ic o p a th o lo g ic  e n t ity  

c h a ra c te rize d  b y  d am a g e  to  tu b u la r  e p ith e lia l  ce lls  a n d  

a n  acute  d e c lin e  in  re n a l fu n c tio n , often  associa ted  w ith  
sh e d d in g  of g ran u la r casts a n d  tu b u la r cells in to  the 
u rine . C lin icians u se  the  te rm  acute tubular necrosis, b u t 
fran k  necrosis is ra re ly  observed  in  a k id n ey  biopsy , so 
p a tho log is ts  p refer the te rm  acute tubular injury. The con
ste lla tion  of changes, b ro ad ly  te rm ed  acute kidney injury, 
m anifests  clinically as decreased  GFR w ith  concu rren t
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eleva tion  of se ru m  creatin ine. ATI is the  m o st com m on 
cause  of acu te  k id n ey  in ju ry  a n d  m ay  p ro d u ce  o liguria  
(defined  as u rin e  o u tp u t o f <400 m L /d a y ).

T here are  tw o  fo rm s of ATI th a t d iffer in  the  u n d erly in g  
causes.
• Ischemic A T I  is m ost o ften  the re su lt of a p e rio d  of in ad 

eq u a te  b lood  flow  to all or som e p erip h e ra l o rgans such  
as the k idney , som etim es in  the se tting  o f m ark ed  hy p o 
tension  a n d  shock. This can  be caused  by a varie ty  of 
conditions, in c lu d in g  severe traum a, b lood  loss, acu te 
p ancrea titis  a n d  septicem ia. Ischem ia to  tubu les  m ay  
also  re su lt from  re d u ced  in tra ren a l b lood  flow, as in  
m icroscopic po lyangiitis, m a lig n an t hypertension , an d  
th rom bo tic  m icroang iopath ies. M ism atched  b lood 
transfu sions a n d  o th e r hem oly tic  crises, as w ell as m yo
g lob inuria , a lso  p ro d u ce  a clinical p ic tu re  resem bling  
th a t o f ischem ic ATI.

• Nephrotoxic A T I  is caused  by a varie ty  o f poisons, inc lud 
in g  heavy  m etals (e.g., m ercury); o rganic so lven ts (e.g., 
carbon  tetrach loride); a n d  a m u ltitu d e  of d ru g s  such  as 
gen tam icin  a n d  o th er an tib io tics, an d  rad io g rap h ic  con
tras t agents.

Pathogenesis

P roxim al tu b u la r ep ithelia l cells are  p a rticu la rly  sensitive 
to  hypoxem ia  a n d  also  a re  v u lnerab le  to  toxins (Fig. 14.16). 
Several factors p red isp o se  these cells to  toxic a n d  ische
m ic in jury , in c lu d in g  e leva ted  in trace llu la r concen tra tions 
of v a rio u s m olecu les th a t are reso rbed  o r secreted  across 
the p rox im al tubu le , exposu re  to  h ig h  concen tra tions of 
lum inal so lu tes th a t are  concen tra ted  by  the reso rp tio n  
of w a te r  from  the g lom eru lar filtrate, a n d  a h ig h  ra te  
of oxygen  consum ption , w h ich  is req u ired  to  generate  
the ATP th a t is n eed ed  for tra n sp o rt a n d  reab so rp tio n  
functions.

Ischemia causes n u m ero u s  s tru c tu ra l a lte ra tions in  ep i
thelial cells. Loss of cell p o la rity  is a n  early  reversib le  
ev en t caused  by ischem ia. It leads to  the red is trib u tio n  of 
m em b ran e  p ro te in s  (e.g., Na+,K+-ATPase) from  the baso- 
la te ra l to  the lum inal surface of tu b u la r cells, re su ltin g  in  
decreased  so d iu m  reab so rp tio n  by p rox im al tubu les  an d
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hence increased  so d iu m  delivery  to d is ta l tubu les. The 
la tter, th ro u g h  a tu b u lo g lo m eru la r feedback  m echanism , 
con tribu tes to a fferen t a rte rio la r vasoconstric tion  a n d  a 
decrease in  GFR, fu rth e r w o rsen in g  the p e rfu sio n  (dis
cussed  below ). In jury  to  the  ep ithelia l cells causes detach 
m en t of the d am ag ed  cells from  the b asem en t m em branes, 
a n d  the ir sh ed d in g  in to  the u rine . If sufficient tu b u la r 
deb ris  b u ild s  up , it can  block the ou tflow  of u rin e  (obstruc
tion  by casts), increasing  in tra tu b u la r p ressu re  a n d  thereby  
exacerbating  the decline in  GFR. A dd itionally , flu id  from  
the  d am ag ed  tubu les  m ay  leak  back in to  the in te rstitium , 
resu ltin g  in  decreased  u rin e  o u tp u t, increased  in terstitia l 
p ressu re , a n d  collapse of the tubules. Ischem ic tu b u la r 
cells also  express chem okines, cytokines, a n d  adhesion  
m olecu les such  as P-selectin  th a t rec ru it leukocytes (in ter
stitia l in flam m ation) an d  can  p artic ipa te  in  tissue in jury . 
N ecro tic  tu b u la r cells also  m ay  elicit a n  in flam m atory  reac
tion  th a t con tribu tes to  the  tu b u la r in ju ry  a n d  functional 
derangem en ts.

T u b u la r in ju ry  is exacerbated  by  severe hem odynam ic  
a lte ra tions th a t cause red u ced  GFR. The m ajor one is intra
renal vasoconstriction, w h ich  resu lts  in  b o th  red u ced  glo
m eru la r p lasm a  flow  a n d  re d u ced  oxygen  delivery  to  the 
tubu les  in  the o u te r m ed u lla  (thick ascend ing  lim b and  
s tra ig h t segm en t o f the p rox im al tubule) (see Fig. 14.16). 
A lth o u g h  a n u m b er o f vasoconstric to r p a th w ay s  have  been 
im p lica ted  in  th is p h en o m en o n  (e.g., ren in -ang io tensin , 
th rom boxane  A2, sym pathe tic  nerve  activity), the cu rren t 
o p in io n  is th a t vasoconstric tion  is m ed ia ted  by  sub le thal 
endo the lia l in jury , lead in g  to  increased  release o f the e n d o 
thelial vasoconstric to r en d o th e lin  a n d  decreased  p ro d u c 
tion  of v asod ila to ry  n itric  oxide a n d  p rostag lan d in s. 
F inally, som e ev idence p o in ts  to a d irect effect of ischem ia 
o r toxins on  the g lom eru lus, causing  a red u ced  effective 
g lom eru lar filtra tion  surface.

The pa tch iness o f tu b u la r necrosis an d  m ain tenance  of 
the  in teg rity  o f the  basem en t m em brane  a long  m any  seg
m en ts  a llow  rep a ir o f the in ju red  foci a n d  recovery  of func
tion  if the p rec ip ita tin g  cause is rem oved . This rep a ir  is 
d e p e n d e n t on  the capacity  of reversib ly  in ju red  ep ithelia l 
cells to  p ro life ra te  a n d  differentiate .

Fig. M . I 6  Postulated sequence in ischemic or toxic tubular injury.
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^  M O R P H O L O G Y

Ischem ic A T I is characterized by lesions in the straight por

tions of the proximal tubule and the ascending thick limbs, but 

no segment of the proximal or distal tubules is spared. There is 

often a variety of tu b u la r  injuries, including attenuation of 

proximal tubular brush borders, blebbing and sloughing of brush 

borders, vacuolization of cells, and detachment of tubular cells 

from their underlying basement membranes with sloughing of 

cells into the urine (Fig. 14.17). A  striking additional finding is the 

presence of proteinaceous casts in the distal tubules and collect

ing ducts, which consist of Tamm-Horsfall protein (normally 

secreted by tubular epithelium) along with hemoglobin and other 

plasma proteins. W hen crush injuries have produced ATI, the 

casts also contain myoglobin. The interstitium usually shows gen

eralized edema along with a mild inflammatory infiltrate consist

ing of neutrophils, lymphocytes, and plasma cells. The histologic 

picture in n ep hro to x ic  A T I is basically similar, with some dif

ferences. O vert necrosis is usually more prominent in the proxi

mal tubule than in ischemic ATI, and the tubular basement 

membranes generally are spared.

If the patient survives, epithelial regeneration becomes appar

ent in the form of a low cuboidal epithelial covering and mitotic 

activity in the surviving tubular epithelial cells. In some cases, for 

reasons that are not entirely clear, acute kidney injury with 

underlying acute tubular injury as its cause may result in tubular 

atrophy and interstitial fibrosis rather than repair.

C lin ica l Features

The clinical course  of ischem ic ATI in itially  is d o m in a ted  
by  the inciting  m edical, su rg ical o r obstetric  event. A ffected 
p a tien ts  o ften  p re se n t w ith  m an ifesta tions of acu te  k idney  
in jury , in c lu d in g  o liguria  a n d  decreased  GFR. N o t all 
p a tien ts  have  o liguria; bo th  an u ric  an d  non-o ligouric  fo rm s 
are  seen. T he clinical p ic tu re  is o ften  d o m in a ted  by  electro
lyte abnorm alities, acidosis, a n d  the signs a n d  sym ptom s 
of u rem ia  a n d  flu id  overload . The p rognosis  varies d e p e n d 
in g  u p o n  the  severity  a n d  n a tu re  of the  u n d e rly in g  in ju ry

Fig. M . I 7  Acute tubular epithelial cell injury with blebbing at the luminal 
pole, detachment of tubular cells from their underlying basement mem
branes, and granular casts.

a n d  com orbid  conditions. In the absence of su p p o rtiv e  
trea tm en t o r dialysis, pa tien ts  m ay  die. W hen  the cause of 
acu te  k id n ey  in jury  is ATI, rep a ir a n d  tu b u la r regenera tion  
lead  to  g rad u a l clinical im provem en t. W ith  su p p o rtiv e  
care, p a tien ts  w h o  su rv ive  hav e  a good  chance of recover
in g  ren a l function , b u t a single severe ep isode  of ATI also 
m ay  re su lt in  chronic k id n ey  disease. In  those w ith  preex 
isting  chronic k id n ey  disease, com plete recovery  is less 
frequen t, an d  p rog ressio n  to  end -stage  ren a l d isease is 
u n fo rtu n a te ly  com m on.

®  S U M M A R Y

A C U T E  T U B U L A R  IN JU R Y

• ATI is the most common cause of acute kidney injury; its clini

cal manifestations are electrolyte abnormalities, acidosis, 

uremia, and signs of fluid overload, often with oliguria.

• ATI results from ischemic or toxic injury to renal tubules, and 

is associated with intrarenal vasoconstriction resulting in 

reduced GFR and diminished delivery of oxygen and nutrients 

to tubular epithelial cells.

• ATI is characterized morphologically by injury or necrosis of 

segments of the tubules (typically the proximal tubules), pro

teinaceous casts in distal tubules, and interstitial edema.

DISEASES INVOLVING BLOOD  
VESSELS

N early  all d iseases of the k id n ey  affect the  ren a l b lood 
vessels secondarily . System ic vascu lar d iseases, such  as 
v a rio u s fo rm s of vascu litis, also  invo lve rena l b lood  vessels, 
a n d  o ften  p ro d u ce  clinically im p o rta n t effects o n  renal 
function  (C hap ter 10). C onversely , the k id n ey  is in tim ately  
in vo lved  in  the pa thogenesis of bo th  essen tia l an d  second 
a ry  hypertension . This section  covers the rena l lesions 
associa ted  w ith  hypertension .

Nephrosclerosis
Nephrosclerosis refers to sclerosis o f sm all renal arteries 
and arterioles that is strongly associated w ith  hyperten
sion . The characteristic  m orpho log ic  a lte ra tions of the 
sm all a rterio les a re  called  hyaline arteriolosclerosis, w h ile  the 
a rte ries show  fibrous in tim al a n d  m ed ia l th icken ing  often  
re su ltin g  in  lum inal n arrow ing . The vascu la r changes 
cause ischem ia, w h ich  leads to  v a rio u s  com binations of 
in te rstitia l fibrosis, tu b u la r a tro p h y , a n d  focal g lobal glo
m erulosclerosis. Som e degree  of nephrosclerosis, albeit 
m ild , is p re sen t in  m an y  in d iv id u a ls  o lder th an  60 y ears  of 
age. The frequency  a n d  severity  o f the  lesions a re  increased  
a t any  age w h e n  h y p erten sio n  or d iabetes are  p resen t. Of 
note, m an y  ren a l d iseases cause hypertension , w h ich  in  
tu rn  is associa ted  w ith  nephrosclerosis. T hus, th is  renal 
lesion  o ften  is su p erim p o sed  o n  o th e r p rim ary  k idney  
diseases.

Pathogenesis

The arte ria l lesions associated  w ith  h y p erten sio n  are  the 
resu lt m ain ly  of endo the lia l d y sfunction  a n d  p la te le t
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activa tion  (C hap ter 10). Tw o processes pa rtic ipa te  in  the
a rte ria l lesions of nephrosclerosis:
• M edial a n d  in tim al th ickening, as a response  to  hem o

dynam ic  changes, aging, genetic defects, o r som e com 
b in a tio n  of these

• H yalin iza tion  of arte rio lar w alls, caused  by extravasa
tion  of p lasm a p ro te in s th ro u g h  in ju red  endo th e liu m  
a n d  by increased  deposition  of basem ent m em brane 
m atrix

M O R P H O L O G Y

Grossly, the kidneys are s y m m e tr ic a lly  a tro p h ic . Typically the 
renal surface shows diffuse, fine granularity that resembles grain 
leather. Microscopically, the most prominent change is hyaline 
thickening of the walls of the arterioles, known as hyaline a r te 

r i osclerosis. This appears as a homogeneous, pink hyaline 
thickening, at the expense of the vessel lumina, with loss of under
lying cellular detail (Fig. l4.l8).The narrowing of the lumen results 
in markedly decreased blood flow through the affected vessels, 
with consequent ischemia and renal atrophy. In advanced cases 
of arterionephrosclerosis, the glomerular tufts may become scle
rosed. Diffuse tubular atrophy and interstitial fibrosis are present, 
but inflammatory infiltrates are absent or scant.The larger blood 
vessels (interlobar and arcuate arteries) show intimal thickening 
with replication of internal elastic lamina along with fibrous 
thickening of the media (fib ro e las tic  hyperp lasia).
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C lin ica l Features

This rena l lesion  a lone  rare ly  causes dam age  severe en o u g h  
to p ro d u ce  rena l failure, except in  in d iv id u a ls  from  som e, 
possib ly  genetically  susceptib le , g roups, such  as A frican 
A m ericans, in  w h o m  it m ay  lead  to  u rem ia  a n d  death . 
H ow ever, a ll p a tien ts  u sua lly  show  som e functional 
im p a irm en t, such  as loss of concen tra ting  ab ility  o r a vari
ab ly  d im in ish ed  GFR. A  m ild  degree  of p ro te in u ria  is a 
freq u en t finding.

Fig. 14.18 Benign nephrosclerosis. High-power view of two arterioles with 
hyaline deposition, marked thickening of the walls, and a narrowed lumen. 
( C o u r te s y  o f  D r .  M .A .  V e n k a ta c h a la m ,  D e p a r t m e n t  o f  P a th o lo g y ,  U n iv e r s i t y  o f  T e x a s  

H e a l t h  S c ie n c e s  C e n te r ,  S a n  A n to n io ,  T e x a s .)

Malignant Hypertension

M alignant hypertension, defined  as b lood  p re ssu re  u sua lly  
g rea te r th an  200/120  m m  H g, is far less com m on  in  the 
U n ited  S tates th a n  essen tia l h y p e rten s io n  a n d  occurs in  
on ly  ab o u t 5% of hyperten siv e  in d iv iduals . It m ay  arise 
d e  novo  (i.e., w ith o u t p reex isting  hypertension), o r it m ay  
a p p e a r su d d en ly  in  a n  in d iv id u a l w h o  h a d  m ild  h y p er
tension. The prevalence  of m alig n an t h y p erten sio n  is 
h igher in  develop ing  countries. It m ay  p re sen t w ith  severe 
acu te  k idney  in jury  a n d  ren a l failure. R enal changes are  
confined  to  the  vascu la tu re  a n d  m ay  inc lude  th rom botic  
m icroang iopathy .

Pathogenesis

The rena l changes a re  re la ted  to  h y p erten sio n  a n d  the reac
tions to  it.
• In ju ry  re su ltin g  from  lo n g -stan d in g  h y p erten sio n  causes 

increased  perm eab ility  o f the  vessels to fib rinogen  an d  
o ther p lasm a  p ro te ins, endo the lia l in jury , a n d  p la te le t 
deposition . This leads to  the  ap p earan ce  of fibrinoid 
necrosis o f arterio les a n d  sm all a rteries a n d  in travascu la r 
th rom bosis

• M itogenic factors from  p la te le ts  (e.g., p la te le t-derived  
g ro w th  factor) a n d  p lasm a  cause in tim al h y p erp lasia  of 
vessels, re su ltin g  in  hyperplastic arteriosclerosis. Because 
of the lum inal n arrow ing , the  k idneys becom e m arked ly  
ischem ic, w h ich  leads to  fu rth e r e leva tion  of b lood  p res 
su re  v ia  the ren in -ang io tensin  system .

M O R P H O L O G Y

The kidney may be normal in size or shrunken, depending on the 
duration and severity of the hypertensive disease. Small, p in 

p o in t p etech ia l h em orrh ages  may appear on the cortical 
surface from rupture of arterioles or glomerular capillaries, giving 
the kidney a peculiar, fle a -b itte n  app earance .

The microscopic changes reflect the pathogenetic events dis
cussed earlier. Damage to the small vessels is manifested as 
fib rin o id  necrosis of the arterioles (Fig. I4.I9A). The vessel 
walls show a homogeneous, granular eosinophilic appearance 
masking underlying detail. In the interlobular arteries and larger 
arterioles, proliferation of intimal cells after acute injury pro
duces an onion-skin appearance (see Fig. I4.I9B). This name is 
derived from the concentric arrangement of cells whose origin 
is believed to be intimal smooth muscle, although this issue has 
not been finally settled.This lesion, called hyperp lastic  a r te r io -  

losclerosis, causes marked narrowing of arterioles and small 
arteries, to the point of total obliteration. Necrosis also may 
involve glomeruli, with microthrombi within the glomeruli as well 
as necrotic arterioles. Similar lesions are seen in individuals with 
acute thrombotic microangiopathies (discussed later), and in 
patients with scleroderma in renal crisis.

C lin ica l Features

The full-blown syndrome o f malignant hypertension is character
ized by papilledema, encephalopathy, cardiovascular abnormali
ties, and renal failure. M ost often, the  early  sym ptom s are  
re la ted  to  increased intracranial pressure a n d  inc lude  h ead 
ache, nausea , vom iting , an d  v isua l im pairm en t, p a rticu 
larly  the d ev e lo p m en t o f scotom as, o r "sp o ts"  before the
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Fig. 14.19 Malignant hypertension. (A) Fibrinoid necrosis of afferent arteriole (periodic acid—Schiff stain). (B) Hyperplastic arteriolosclerosis (onion-skin 
lesion). ( C o u r te s y  o f  D r .  H .  R e n n k e ,  D e p a r t m e n t  o f  P a th o lo g y ,  B r ig h a m  a n d  W o m e n ’s  H o s p i t a l ,  B o s to n ,  M a s s a c h u s e t t s . )

eyes. A t the onse t of rap id ly  m o u n tin g  b lood  p ressu re , 
there  is m ark ed  p ro te in u ria  a n d  m icroscopic, o r som etim es 
m acroscopic, h em a tu ria  b u t no  significant a lte ra tion  in  
ren a l function . Soon, how ever, acute kidney injury develops. 
The sy n d ro m e rep resen ts  a true  m ed ical em ergency  th a t 
req u ires  p ro m p t a n d  aggressive  an ti-hypertensive  th e rap y  
before irreversib le  rena l lesions develop . A b o u t 50% of 
p a tien ts  su rv ive  a t least 5 years; 90% of d ea th s  a re  caused  
by  u rem ia , a n d  the  o ther 1 0 % are caused  by cerebral hem 
o rrh ag e  o r card iac  failure.

Thrombotic Microangiopathies

A s d iscussed  in  C h ap te r 10, the  te rm  thrombotic microangi
opathy (TMA) refers to  lesions seen  in  v a rio u s clinical 
sy n d ro m es charac terized  by m icrovascu lar th rom bosis 
accom pan ied  by microangiopathic hemolytic anemia, thrombo
cytopenia, and , in  certa in  instances, renal failure. The p rim ary  
fo rm s of TM A include those  w ith  a  k n o w n  etio logy, w h ile  
the secondary  form s develop  in  the b ack g ro u n d  of o ther 
d iseases or cond itions w ith o u t w ell-defined  etiology. 
C o m m on  p rim ary  form s of TM A inc lude  Shiga toxin
mediated hemolytic uremic syndrome (HUS); atypical HUS, 
also  called com plem en t-m ed ia ted  TM A because excessive 
com plem en t ac tiva tion  is a n  im p o rta n t p a thogen ic  m echa
nism ; thrombotic thrombocytopenic purpura (TTP); a n d  som e 
of the drug-mediated TMAs. M alignan t h y p erten sio n  an d  
scleroderm a-associated  TM A rep resen t exam ples of the 
secondary  form s.

Pathogenesis

T h e  m a jo r  p a th o g e n e tic  fac to rs  in  th e  th ro m b o tic  m ic ro 

a n g io p a th ie s  are e n d o th e lia l c e ll in ju r y  a n d  p la te le t  ac ti

v a t io n  a n d  a g g re g a tio n . They can  be caused  by  d iverse  
insu lts, in c lu d in g  ex terna l toxins, d rugs, au toan tibod ies, 
an d  in h erited  m u ta tions, w h ich  can  lead  to  excessive sm all 
vessel th rom bosis in  the cap illaries a n d  arterio les in  various 
organs. V ascular com prom ise  resu lts  in  ischem ic in jury  
an d  o rg an  dysfunction . The classic labo ra to ry  m an ifesta 
tions of th rom botic  m ic roang iopathy  are th rom bocy tope 
n ia  caused  by excessive p la te le t consum ption , an d  
m icroang iopath ic  hem oly tic  anem ia  d ue  to  m echanical 
in ju ry  (shearing) of red  cells as they  p ass  th ro u g h  vascu lar

channels n a rro w ed  by th rom bi. In  the p rim ary  form s of 
th rom bo tic  m icroang iopath ies, the  e tio logy is w ell-defined  
(Table 14.4), w h ile  the secondary  form s are  associa ted  w ith  
v a rio u s u n d e rly in g  cond itions a n d  d iseases, such  as m alig 
n a n t h ypertension , sc leroderm a, p regnancy , chem other
apy , an ti-p h o sp h o lip id  an tibod ies, a n d  tra n sp lan t rejection, 
w ith  less w ell-defined  e tio logy an d  pa thogenesis. O nly  the 
th ree  m ajor fo rm s of p rim ary  th rom botic  m icroang iopa 
th ies are  sufficiently  co m m on  to m erit d iscusson.
• Shiga toxin-mediated HUS. A s m an y  as 75% of cases 

fo llow  in testina l in fection  w ith  Shiga to x in -p ro d u c in g  
E. coli, such  as occurs fo llow ing  ingestion  of contam i
n a te d  g ro u n d  m ea t (e.g., in  ham burgers) a n d  infections 
w ith  Shigella dysenteriae type  I. The p a thogenesis is 
re la ted  to  the effects of Shiga toxin. The basis for th ro m 
b u s fo rm ation  in  sm all vessels, p a rticu la rly  in  the 
k idney , is com plex, b u t m ost s tud ies  suggest endo the lia l 
dam ag e  has a cen tra l role. R enal g lom eru lar endo the lia l 
cells a re  v u ln erab le  because they  express the m em brane  
recep to r for Shiga toxin. A t low  doses, the  toxin  acti
v a tes endo the lia l cells, lead in g  to  leukocyte  adhesion ,

Table 14.4 Etiologic Classification of the  M ajor Forms of 
P rim ary  T hrom bo tic  M icroangiopathy

Form s E tio logy

Shiga toxin-mediated 
HUS

Acquired Shiga toxin-producing E.

c o l i  S h ig e l la  d y s e n te r ia e  

serotype 1

Atypical HUS 
(complement- 
mediated TMA)

Inherited Complement
dysregulation due to 
genetic abnormalities 
(relatively common) 

Acquired Acquired complement 
dysregulation due to 
autoantibodies (rare)

TTP Inherited Genetic ADAMTSI3 
deficiency (rare)

Acquired ADAMTSI3 deficiency 
due to autoantibodies 
(relatively common)

ADAMTS/3, von Willebrand factor cleaving protease; H U S , hemolytic uremic 
syndrome; T M A , thrombotic microangiopathy; TTP, thrombotic thrombocytopenic 
purpura.
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increased  en d o th e lin  p ro d u c tio n  a n d  decreased  n itric  
oxide p ro d u c tio n  (bo th  favoring  vasoconstriction), as 
w ell as o ther changes th a t m ay  p ro m o te  p la te le t ad h e 
sion a n d  activation . A t h ig h  doses, the toxin  causes 
endo the lia l cell death . A ll of these a lte ra tions m ay  con
tribu te  to  the  fo rm ation  of th rom bi, w h ich  ten d  to  be 
m ost p ro m in e n t in  g lom eru lar capillaries, a fferen t a rte 
rioles, a n d  in te rlo b u la r arteries.

• Atypical HUS is caused  by acqu ired  o r h e red ita ry  abno r
m alities of factors th a t d a m p e n  activa tion  of com ple
m en t by  the  a lte rna tive  p a th w ay . T heir absence leads to 
excessive ac tiva tion  of com plem ent, w ith  ensu in g  
m icrovascu lar in jury  a n d  m icrovascu lar throm bosis. 
The C5-9 m em brane  a ttack  com plex  ap p ea rs  to  have  a 
cen tra l role, as a th e rap eu tic  an tib o d y  th a t inh ib its  th is 
com plex tu rn s  off p la te le t co n su m p tio n  an d  im proves 
ren a l function . In teresting ly , abnorm alities of the a lte r
na tive  p a th w a y  of com plem en t ac tiva tion  also  m ay  lead  
to  C3 g lo m eru loneph ritis  a n d  dense  d ep o sit disease, as 
d iscussed  earlier.

• TTP is caused  by acqu ired  or in h erited  deficiencies in  
ADAM TS13 (a d is in teg rin  an d  m eta llop ro tease  w ith  
th rom bospond in -like  m otifs), a p lasm a  p ro tease  th a t 
cleaves v o n  W illeb rand  factor (vW F) m u ltim ers  in to  
sm aller sizes. A cqu ired  defects in  ADAM TS13 are 
caused  by inh ib ito ry  au to an tib o d ies  d irected  aga in st 
ADAM TS13, w h ile  in h erited  deficiencies stem  from  
m u ta tio n s  in  the  ADAM TS13 gene. D eficiencies of 
ADAM TS13 re su lt in  the  fo rm ation  of abno rm ally  large 
vW F m u ltim ers  th a t activate  p la te le ts  spon taneously , 
lead in g  to  p la te le t ag g regation  a n d  th rom bosis in  m u l
tip le o rgans, in c lu d in g  the k idney.

^  M O R P H O L O G Y

The morphologic lesions are very similar in all forms of TM A  

regardless of the etiology. Thrombi are seen in glomerular capil

laries and also the arterioles and sometimes the larger arteries 

in more severe cases. Additional glomerular changes resulting 

from endothelial injury include widening of the subendothelial 

space, duplication or splitting of GBMs, and lysis of mesangial 

cells. Cortical necrosis also may occur in severe cases. If TM A  

persists, scarring of glomeruli may develop. Except for varying 

amounts of fibrinogen in the glomeruli and arterioles, immuno

fluorescence studies are typically negative.
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The clinical course varies accord ing  to the e tio logy a n d  the 
severity  of the  m orpho log ic  changes. M ore severe vascu lar 
changes are  typically  associated  w ith  a less favorab le 
outcom e.

Shiga tox in -assoc ia ted  H U S is charac terized  by the 
su d d e n  onset, u su a lly  a fter a  gastro in testina l o r flulike p ro 
d ro m a l ep isode, of b leed ing  m an ifesta tions (especially 
hem atem esis a n d  m elena), severe o liguria , h em atu ria , 
m icroang iopath ic  hem oly tic  anem ia, an d  (in som e ind i
v iduals) p ro m in e n t neuro log ic  changes. This disease is one 
of the main causes of acute kidney injury in children. If the  acu te  
k id n ey  in jury  is m an ag ed  p ro p e rly  w ith  dialysis, m ost 
pa tien ts  recover in  a m a tte r of w eeks. The long-te rm

prognosis  (over 15-25 years), how ever, is n o t un ifo rm ly  
favorable, as ab o u t 25% of affected  ch ild ren  even tually  
develop  rena l insufficiency.

The onse t o f a typ ical HUS is u su a lly  su d d en , w ith o u t 
p ro d ro m al d iarrhea . The ou tcom e is significantly  po o re r 
th an  in  Shiga to x in -m ed ia ted  HUS. The case-fatality  ra tio  
is app rox im ate ly  20%, a n d  on ly  60% to 70% of pa tien ts  
recover rena l function . P lasm a exchange can  be u sed  to 
tem porarily  resto re  m issing  factors (in those w ith  inherited  
disease) o r rem ove pa thogen ic  an tibod ies. Since m ost com 
p lem en t factors a re  p ro d u c e d  in  the  liver, liver tran sp lan 
ta tion  can  be curative . M ore recently , an tib o d y  inh ib ito rs 
of the  m em brane  a ttack  com plex hav e  been  show n  to be 
effective in  red u c in g  th rom bosis a n d  im p ro v in g  rena l func
tion, a n d  are now  considered  to  be the first-line th e rap y  in  
"co m p lem en t-m ed ia ted "  form s of HUS.

The typ ical onse t of TTP is also  su d d en , w ith  a dom i
n a n t invo lv em en t o f the  cen tra l n e rv o u s  system , an d  the 
k idneys are  less com m only  in vo lved  th an  in  Shiga toxin  
an d  atyp ical HUS. W ith o u t therapy , TTP typically  fo llow s 
a rap id ly  fatal course, w ith  su rv iva l ra tes of app rox im ate ly  
10%. W ith  the ad v e n t o f p lasm a  exchange th e rap y  th a t 
rep laces ADAM TS 13, the p rognosis  has  im p ro v ed  d ra 
m atically . In  those p a tien ts  w h o  surv ive, res id u a l renal 
abnorm alities a re  rare.

^ S U M M A R Y

V A S C U L A R  DISEASES O F  T H E  K ID N E Y

• A r t e r i o n e p h r o s c l e r o s i s :  Progressive, chronic renal damage associ

ated with hypertension. Characteristic features are hyaline 

arteriolosclerosis and narrowing of vascular lumina with resul

tant cortical atrophy.

• M a l i g n a n t  h y p e r t e n s io n :  Acute kidney injury associated with 

severe elevation of blood pressure. Arteries and arterioles 

show fibrinoid necrosis and hyperplasia of smooth muscle cells; 

petechial hemorrhages appear on the cortical surface.

• T h r o m b o t i c  m i c r o a n g i o p a t h ie s :  Disorders characterized by fibrin 

thrombi in glomeruli and small vessels resulting in acute kidney 

injury. Typical HUS is usually caused by endothelial injury 

by an E . c o l i  toxin; TTP is often caused by abnormalities in von 

Willebrand factor leading to excessive thrombosis, with plate

let consumption. The most common cause of atypical HUS is 

complement-mediated endothelial injury due to complement 

dysregulation.

C H R O N IC  KIDNEY DISEASE

C h ro n ic  k id n e y  d isease is a  b ro a d  te r m  th a t  describes  th e  

f in a l  c o m m o n  p a th w a y  o f  p ro g res s iv e  n e p h ro n  loss  

re s u lt in g  f r o m  a n y  ty p e  o f  k id n e y  d isease. A ltera tions in  
the  function  of rem ain in g  in tac t n ep h ro n s  a re  u ltim ately  
m alad ap tiv e  a n d  cause fu rth e r scarring . This even tua lly  
resu lts  in  an  end -stage  k id n ey  w ith  sclerosed g lom eruli, 
tubu les, in te rs titiu m  a n d  vessels, reg ard less  of the ana 
tom ic site o f the o rig inal in jury . U nless the  d iso rd e r is 
trea ted  w ith  d ia lysis o r tran sp lan ta tio n , d e a th  from  urem ia, 
electro ly te d istu rbances, o r o th e r com plications of en d 
stage rena l d isease results.
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Pathogenesis

A s progressive renal dam age destroys m ore a n d  m ore n eph 
rons, ad ap tive  m echanism s are in ita ted  tha t try  to  m ain ta in  
renal function. A m ong such  adap tive  m echanism s, glom er
u la r hyperfiltra tion  tends to com pensate for decreased glo
m eru la r filtration  rate  resu lting  from  the loss of nephrons. 
A n  increase in  the rate  o f excretion of solutes p e r n eph ron  
v ia  increased p lasm a concentrations (for creatinine), 
decreased tu b u la r reabsorp tion  (for sodium , phosphate , and  
calcium), or increased tubu lar secretion (for po tassium  and  
h yd rogen  ions) helps to m ain ta in  hom eostasis un til the late 
stages of chronic k idney  disease. The rate  of functional 
decline varies based  on  the orig inal disease; how ever, renal 
function  often  deteriorates p rogressively  even  w h en  the 
orig inal in su lt is controlled. U ncontrolled  hypertension , 
regard less of the  etiology, resu lts in  m ore rap id  renal func
tional decline.

M O R P H O L O G Y

Classically, the kidneys are s y m m e tr ic a lly  c o n tra c te d , and 

their surfaces are red-brown and diffusely g ra n u la r when the 

underlying disorder affects blood vessels or glomeruli. Kidneys 

damaged by chronic pyelonephritis are typically unevenly involved 

and have deep scars. Microscopically, the feature common to all 

cases is advanced scarring of the glomeruli, sometimes to  the 

point of complete sclerosis (Fig. 14.20). This o b lite ra tio n  o f th e  

g lo m e ru li is the end point of many diseases, and it is impos

sible to ascertain from such kidneys the nature of the initial 

lesion. There also is marked in te rs titia l fibrosis, associated 

with atrophy and dropout of many of the tubules in the cortex, 

and diminution and loss of portions of the peritubular capillary 

network. The small- and medium-sized arteries frequently are 

thick-walled, with narrowed lumina, secondary to hypertension. 

Lymphocytic (and, rarely, plasma cell) infiltrates are present in 

the fibrotic interstitial tissue. As damage to  all structures pro

gresses, it may become difficult to  ascertain whether the primary 

lesion was glomerular, vascular, tubular, or interstitial. Such 

markedly damaged kidneys have been designated end-stage  

kidneys.

C lin ica l Features

C hronic k idney  disease m ay  develop  insid iously  an d  be 
discovered late  in  its course, because it is often  asym ptom 
atic. Frequently , renal disease is first detected  by the discov
ery  of p ro te inuria , hypertension , o r azo tem ia on  rou tine  
m edical exam ination. D isease-specific find ings m ay  precede 
developm ent o f chronic k idney  disease. In  patien ts w ith  
g lom eru lar disease resu lting  in  nephro tic  syndrom e, as the 
g lom eruli u n d erg o  sclerotic changes an d  resu lt in  n eph ron  
loss, the avenue for p ro te in  loss is progressively  lessened, 
an d  the nephro tic  syndrom e th u s becom es less severe w ith  
advanced  disease. Som e degree of p ro te inuria , how ever, is 
p resen t in  a lm ost all cases. H ypertension  is very  com m on. 
A lthough  m icroscopic h em atu ria  is usually  presen t, grossly 
b loody  u rine  is in frequen t a t this late stage.

W ith o u t trea tm en t, the p rognosis  is poor; re len tless p ro 
g ression  to  u rem ia  a n d  dea th  is the ru le . The ra te  o f p ro 
g ression  is ex trem ely  variable.

Fig. 14.20 Chronic glomerulonephritis. A Masson trichrome preparation 
shows complete replacement of virtually all glomeruli by blue-staining col
lagen. ( C o u r te s y  o f  D r . M A  V e n k a ta c h a la m ,  D e p a r t m e n t  o f  P a th o lo g y , U n iv e r s i t y  

o f  T e x a s  H e a l t h  S c ie n c e s  C e n te r ,  S a n  A n to n io ,  T e x a s .)

CYSTIC DISEASES OF THE KIDNEY

C ystic d iseases of the  k idney  are a he terogeneous g roup  
com pris ing  hered ita ry , developm ental, an d  acqu ired  
d iso rders . They o ften  p re sen t d iagnostic  p rob lem s for clini
cians, rad io log ists, a n d  pa tho log ists  an d  can  occasionally  
be confused  w ith  m alig n an t tum ors. Som e form s, such  as 
a d u lt  po lycystic  d isease, constitu te  m ajor causes of chronic 
k idney  disease.

A n  e m e rg in g  th e m e  in  th e  p a th o p h y s io lo g y  o f  th e  

h e re d ita ry  cystic  d iseases is th a t  th e  u n d e r ly in g  d e fe c t is  

in  th e  c ilia -c e n tro s o m e  c o m p le x  o f  tu b u la r  e p ith e lia l  

ce lls . Such defects m ay  in terfere  w ith  flu id  ab so rp tio n  or 
cellu lar m a tu ra tio n , re su ltin g  in  cyst fo rm ation . A  brief 
overv iew  of sim ple cysts, the m ost com m on  form , is p re 
sen ted  next, fo llow ed by a m ore deta iled  d iscussion  of 
po lycystic  k id n ey  disease. R enal dysp lasia , the m ost 
com m on fo rm  of cystic ren a l d isease in  ch ildhood , is d is
cussed  u n d e r  congenita l a n d  d ev e lopm en ta l anom alies 
la te r in  the chapter.

Simple Cysts

Sim ple cysts are generally  in n o cu o u s lesions th a t occur as 
m u ltip le  o r single cystic spaces of variab le  size. C om m only , 
they  are 1 to  5 cm  in  d iam eter; translucent; lined  by a gray, 
g listen ing , sm oo th  m em brane; a n d  filled w ith  clear fluid. 
O n  m icroscopic exam ination , these m em b ran es a re  seen  to 
be com posed  of a  single layer of cubo ida l o r fla ttened  
cubo ida l ep ithe lium , w h ich  in  m an y  instances m ay  be com 
ple te ly  a troph ic . The cysts u sua lly  are  confined  to the 
cortex. Rarely, m assive  cysts as large  as 10 cm  in  d iam eter 
are  encoun tered .

S im ple cysts a re  a com m on  p o stm o rtem  find ing  th a t has 
no  clinical significance. The m ain  im portance  of cysts lies 
in  their d iffe ren tia tion  from  k idney  tum ors, w h e n  they are 
d iscovered  e ithe r inc iden ta lly  o r d u rin g  eva lu a tio n  of hem 
o rrhage  a n d  pain . R ad iograph ic  s tu d ies  show  th a t in  con
tras t w ith  ren a l tum ors, ren a l cysts have  sm ooth  contours, 
are  a lm ost a lw ays avascu lar, a n d  p ro d u ce  flu id  ra th e r th an  
solid  tissue signals o n  u ltraso n o g rap h y .
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Acquired cystic kidney disease occurs in  p a tien ts  w ith  
end-stage  rena l d isease w h o  have  u n d e rg o n e  d ia lysis for 
m any  years. M ultip le  cysts m ay  be p re sen t in  b o th  the 
cortex a n d  the  m ed u lla  a n d  m ay  bleed, causing  h em atu ria . 
The risk  for rena l neop lasm s, p articu larly  cystic ones, in  
th is se tting  is over 1 0 0  tim es g rea ter th an  in  the  general 
popu la tion .

Autosomal Dominant (Adult) Polycystic 
Kidney Disease
A d u lt  p o ly c y s tic  k id n e y  d isease is c h a ra c te rize d  b y  m u l

t ip le  e x p a n d in g  cysts a ffe c tin g  b o th  k id n e y s  th a t  u l t i 

m a te ly  d es tro y  th e  in te rv e n in g  p a re n c h y m a . It is seen in  
app rox im ate ly  1 in  500 to  1000 in d iv id u a ls  a n d  accounts 
for 10% of cases of chronic k id n ey  disease. This d isease is 
genetically  heterogeneous. It can  be caused  by inheritance  
of one of a t least tw o  au to so m al d o m in an t genes of very  
h igh  penetrance.

Pathogenesis

In  85% to 90% of fam ilies, PKD1, o n  the sh o rt a rm  of chro 
m osom e 16, is the defective gene. This gene encodes a  large 
(460-kDa) a n d  com plex cell m em b ran e-asso c ia ted  p ro te in  
called  polycystin-1. The polycystin-1  p ro te in  has  a large 
ex tracelluar d o m ain  a n d  m u ltip le  tran sm em b ran e  regions. 
The ex tracellu lar d om ains have reg ions th a t can  b in d  to 
ex tracellu lar m atrix . Polycystin-1 localizes to  the p rim ary  
c ilium  of tu b u la r cells (as do  n eph rocystin s  lin k ed  to  m ed 
u lla ry  cystic disease, d iscussed  later), g iv ing  rise to  the 
concep t of rena l cystic d iseases as a type  of ciliopathy. Cilia 
a re  hairlike  o rganelles th a t project in to  the  lu m in a  from  the 
ap ical surface of tu b u la r cells, w h e re  they  serve as m echa- 
n osenso rs o f flu id  flow . C u rren t ev idence suggests th a t 
po lycystin  m u ta tio n s  p ro d u ce  defects in  m echanosensing  
(Fig. 14.21). This, in  tu rn , a lte rs d o w n stream  signaling  
even ts invo lv ing  calcium  influx, lead in g  to  d y sregu la tion  
of cell po larity , p ro lifera tion , a n d  cell-cell a n d  ce ll-m atrix  
adhesion . The increase in  in trace llu la r calcium  is th o u g h t 
to stim ula te  p ro life ra tion  a n d  secretion  from  the  tu b u la r 
ep ithelia l cells, w h ich  together lead  to the  fo rm ation  of 
cysts, w h ich  p rog ressive ly  en large over tim e. M ediators in  
cyst flu id  de rived  from  the epithelial cells can  fu rth e r 
enhance flu id  secretion  an d  induce  in flam m ation. In  ad d i
tion, the calc ium -induced  signals alter the in teraction  of 
ep ithelial cells w ith  extracellu lar m atrix , an d  th is too is 
th o u g h t to  con tribu te  to  the cyst fo rm ation  a n d  in terstitia l 
fibrosis th a t are  characteristic o f p rogressive  polycystic 
k idney  disease. It is in te resting  to  no te  th a t w h ereas germ 
line m u ta tions of the PKD1 gene are p resen t in  all renal 
tu b u la r cells o f affected ind iv iduals, cysts develop  in  only  
som e tubules. This is m ost likely d u e  to loss o f bo th  alleles 
of PKD1. T hus, as w ith  tu m o r sup p resso r genes, a second 
"som atic  h it" is req u ired  for cyst developm ent.

The PKD2 gene, im plicated  in  10% to 15% of cases, 
resides o n  chrom osom e 4 a n d  encodes polycystin-2, a 
sm aller, 110-kDa p ro te in . Polycystin-2 is th o u g h t to  func
tion  as a calcium -perm eable m em brane channel, an d  is 
also  localized to  cilia. A lthough  struc tu ra lly  distinct, po ly 
cystins 1  an d  2  are  believed to  act together by form ing  
heterod im ers. Thus, m u ta tio n  in  either gene gives rise to 
essentially  the sam e pheno type , a lth o u g h  pa tien ts  w ith
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Fig. 14.21 Possible mechanisms of cyst formation in cystic kidney diseases 
(see text).

PKD2 m uta tions have  a slow er ra te  of disease p rogression  
com pared  to  patien ts w ith  PKD1 m utations.

M O R P H O L O G Y

In autosomal dominant adult polycystic kidney disease, the kidney 

may reach enormous size; weights of up to  4 kg for each kidney 

have been recorded. These very large kidneys are readily palpable 

abdominally as masses extending into the pelvis. On gross exami

nation, the kidney seems to  be composed solely of cysts of up 

to  3 or 4 cm in diameter with no intervening parenchyma. The 

cysts are filled with fluid, which may be clear, turbid, or hemor

rhagic (Fig. 14.22).

Cysts may arise at any level of the nephron, from tubules to  

collecting ducts, and therefore they have a variable, often atro

phic, lining. Occasionally, Bowman’s capsules are involved in the 

cyst formation, and in these cases glomerular tufts may be seen 

within the cystic space.The pressure of the expanding cysts leads 

to  ischemic atrophy of the intervening renal substance. Some 

normal parenchyma may be dispersed among the cysts. Evidence 

of superimposed hypertension or infection is common. Asymp

tomatic liver cysts also occur in one-third of patients.

C lin ica l Features

Polycystic k idney  d isease in  a d u lts  u sua lly  does not produce 
symptoms until the fourth decade of life, by w h ich  tim e the 
k id n ey s a re  qu ite  large. The m o st com m on p resen tin g  com 
p la in t is flank pain or a heavy , d rag g in g  sensation . A cute 
d is ten tion  of a cyst, e ithe r by  in tracystic  hem orrhage  or by 
obstruction , m ay  cause excrucia ting  pain . S om etim es a tten 
tion  is first d ra w n  to the  lesion o n  p a lp a tio n  of a n  abdom i
na l m ass. Intermittent gross hematuria com m only  occurs. 
The m ost im p o rtan t com plications, because of their delete 
r io u s effect o n  a lread y  m arg ina l rena l function , are  hyper
tension and urinary infection. H y p erten sio n  of variab le 
severity  develops in  ab o u t 75% of in d iv id u a ls  w ith  th is
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Fig. 14.22 Autosomal dominant adult polycystic kidney, viewed from the external surface (A) and bisected (B). The kidney is markedly enlarged (centimeter 
rule is shown for scale), with numerous dilated cysts.

d iso rder. Saccular an eu ry sm s of the  circle of W illis (C hap ter 
23) a re  p re sen t in  10% to 30% of p a tien ts  a n d  are  associated  
w ith  a h ig h  incidence of su barachno id  hem orrhage.

A lth o u g h  the d isease is u ltim ate ly  fatal, the ou tlook  is 
generally  m ore  favorab le  th a n  w ith  m ost chronic k idney  
d iseases. The cond ition  p rog resses very  slow ly. E nd-stage 
ren a l d isease occurs a t ab o u t 50 years of age, b u t there  is 
w id e  v aria tio n  in  the course, an d  nearly  n o rm al life spans 
a re  rep o rted . P atien ts in  w h o m  the d isease p rog resses to 
ren a l failu re a re  trea ted  by  rena l tran sp lan ta tio n . D eath  
u sua lly  resu lts  from  u rem ia  o r h yp erten siv e  com plications.

Autosomal Recessive (Childhood) Polycystic 
Kidney Disease

The ch ildhood  fo rm  of po lycystic  k id n ey  d isease  is a ra re  
au to som al recessive d iso rd e r th a t is genetically  d istinc t 
from  a d u lt po lycystic  k id n ey  disease. It occurs in  app rox i
m ately  1 in  20,000 live b irths. P erinatal, neonata l, infantile, 
a n d  juven ile  subcategories h av e  been  defined , d ep en d in g  
on  age a t p resen ta tio n  an d  the presence of associated  
hepatic  lesions. A ll types re su lt from  m u ta tio n s in  the 
PKHD1 gene, cod ing  for a  p u ta tiv e  m em brane  recep to r 
p ro te in  called  fibrocystin. F ibrocystin  is fo u n d  in  cilia in  
tu b u la r ep ithelia l cells, b u t its func tion  rem ains u n k n o w n .

^  M O R P H O L O G Y

In autosomal recessive polycystic kidney disease, num erous  

sm all cysts in the cortex and medulla give the kidney a sponge

like appearance. Dilated, elongated channels at right angles to the 

cortical surface completely replace the medulla and cortex. The 

cysts have a uniform lining of cuboidal cells, reflecting their origin 

from the collecting tubules. The disease is invariably bilateral. In 

almost all cases, findings include multiple epithelium-lined liver  

cysts and proliferation of portal bile ducts.

C lin ica l Features

P erina ta l an d  n eonata l fo rm s are  m ost com m on; serious 
m an ifesta tions u su a lly  are p re sen t a t b irth , a n d  y o u n g  
in fan ts m ay  d ie qu ick ly  from  hepatic  o r rena l failure. 
P a tien ts  w h o  su rv ive infancy develop  liver cirrhosis (con
gen ita l hepatic  fibrosis).

Medullary Diseases With Cysts

T here are tw o  m ajor types of cystic d isease affecting  the 
m edu lla : medullary sponge kidney, a re la tively  com m on  an d  
u sua lly  in nocuous condition , occasionally  associa ted  w ith  
nephro lith iasis , w h ich  w ill n o t be d iscussed  fu rther, an d  
nephronophthisis-medullary cystic disease complex, w h ich  is 
a lm ost a lw ays associated  w ith  rena l dysfunction .

N ep h ro n o p h th is is -m e d u lla ry  cystic d isease com plex is 
an  u n d e ra p p re c ia ted  cause of chronic k id n ey  d isease th a t 
u su a lly  beg ins in  ch ildhood . F our v a rian ts  are  recognized  
on  the basis of the tim ing  of onset: infantile , juvenile , an d  
ado lescen t n ep h ro n o p h th is is , a n d  m ed u lla ry  cystic 
d isease d eve lop ing  la te r in  a d u lt life. T he juven ile  fo rm  is 
the  m ost com m on. A pprox im ate ly  15% to 20% of ch ild ren  
w ith  juven ile  n ep h ro n o p h th is is  have  ex trarena l m anifes
tations, w h ich  m ost o ften  ap p e a r as re tina l abnorm alities, 
in c lu d in g  re tin itis  p igm en tosa , a n d  ev en  early -onset 
b lindness  in  the m ost severe form . O ther abnorm alities 
fo u n d  in  som e in d iv id u a ls  inc lude  ocu lom oto r aprax ia, 
m en ta l re ta rd a tio n , cerebellar m alfo rm ations, a n d  liver 
fibrosis. In  aggregate , the  va rio u s fo rm s of neph ro - 
n o p h th is is  a re  now  th o u g h t to be the m ost com m on 
genetic cause of end -stage  rena l d isease in  ch ild ren  an d  
y o u n g  adu lts .

A t least n ine  gene loci (N H P1 to N H P9) have  been  iden 
tified for the au to som al recessive form s of the neph ro - 
n o p h th is is  com plex. T he m ajority  o f these genes encode 
p ro te in s  th a t a re  com ponen ts of ep ithelia l cilia, as is the
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case w ith  o ther types of po lycystic  disease. T w o au to som al 
fo rm s cause d isease in  adu lts; these are far less com m on.
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M O R P H O L O G Y

Pathologic features of medullary cystic disease include sm all 

c o n tra c te d  kidneys. Numerous small cysts lined by flattened 

or cuboidal epithelium are present, typically at the corticomedul- 

lary junction. O ther pathologic changes are nonspecific, but most 

notably include a chronic tubulointerstitial nephritis with tubular 

atrophy and thickened tubular basement membranes and pro

gressive interstitial fibrosis.

C lin ica l Features

The in itial m an ifesta tions a re  u su a lly  p o ly u ria  a n d  po ly 
d ipsia , a consequence of d im in ish ed  tu b u la r function . P ro 
g ression  to  end -stage  ren a l d isease ensues over a  5- to 
10-year period . The d isease is difficult to  d iagnose  because 
there  a re  no  serologic m arkers, a n d  the cysts m ay  be too 
sm all to be seen  w ith  rad io log ic  im aging . A d d in g  to  th is 
difficulty , cysts m ay  n o t be a p p a re n t o n  rena l b iopsy  if 
the  co rticom edu lla ry  ju n c tio n  is n o t w ell sam pled . A 
positive  fam ily  h isto ry  a n d  u n ex p la in ed  chronic renal 
failu re in  y o u n g  p a tien ts  sh o u ld  lead  to susp ic ion  of 
neph ro n o p h th is is .

I S U M M A R Y

C Y S T IC  DISEASES

• A d u l t  p o l y c y s t i c  k i d n e y  d i s e a s e  is a disease of autosomal domi

nant inheritance caused by mutations in the genes encoding 

polycystin-1 or polycystin-2. It accounts for about 10% of cases 

of ESRD; the kidneys may be very large and contain many cysts.

• A u t o s o m a l  r e c e s s iv e  ( c h i l d h o o d )  p o l y c y s t i c  k i d n e y  d i s e a s e  is caused 

by mutations in the gene encoding fibrocystin. It is less common 

than the adult form and strongly associated with liver abnor

malities; the kidneys contain numerous small cysts.

• N e p h r o n o p h t h i s i s - m e d u l l a r y  c y s t i c  d i s e a s e  c o m p l e x  is being 

increasingly recognized as a cause of chronic kidney disease in 

children and young adults. O f autosomal recessive inheritance, 

it is associated with mutations in several genes that encode 

epithelial cell proteins called n e p h r o c y s t i n s  that may be involved 

in ciliary function; the kidneys are contracted and contain 

multiple small cysts.

URINARY O U T FL O W  OBSTRUCTION

Renal Stones (Urolithiasis)
Urolithiasis is calculus fo rm ation  a t any  level in  the  u rin a ry  
co llecting  system , b u t m ost o ften  calculi arise  in  the k idney . 
S ym ptom atic  u ro lith iasis  is m ore  com m on  in  m en  th a n  in  
w om en . The stones occur frequently ; it is estim ated  th a t by 
70 y ears  o f age, 11% of m en  a n d  5.6% of w o m en  in  the 
U n ited  S tates w ill have  d ev eloped  a sym ptom atic  k idney  
stone. A  fam ilial tendency  to w ard  stone fo rm ation  has long  
been  recognized .

Table 14.5 Prevalence of Various Types of Renal Stones

S to n e D is tr ib u tio n  (%)

Calcium oxalate and/or calcium phosphate 
Idiopathic hypercalciuria (50%) 
Hypercalcemia and hypercalciuria (10%) 
Hyperoxaluria (5%)

Enteric (4.5%)
Primary (0.5%)

Hyperuricosuria (20%)
No known metabolic abnormality (15% to 

2 0 %)

80

Struvite (Mg, NH 3 , PO4 ) 
Renal infection

1 0

Uric acid
Associated with hyperuricemia 
Associated with hyperuricosuria 
Idiopathic (50% of uric acid stones)

6-7

Cystine 1 - 2

Others or unknown ± 1 - 2

Pathogenesis

T here a re  th ree  m ajor types of rena l stones:
• A b o u t 80% are  com posed  of e ither calcium  oxalate  o r 

calcium  oxalate  m ixed  w ith  calcium  p hospha te .
• A b o u t 10% are com posed  of m ag n esiu m  a m m o n iu m  

phosphate .
• A pprox im ate ly  6 % to 9% are  e ither u ric  acid  o r cystine 

stones.

In  all cases, a n  o rgan ic  m atrix  of m u co p ro te in  is 
p re sen t th a t m akes u p  ab o u t 2.5% of the  stone by w eight.

The cause of stone fo rm ation  is o ften  obscure, p a rticu 
larly  in  the case of ca lc ium -contain ing  stones. P robably  
invo lved  is a confluence of p red isp o sin g  conditions, inc lud 
ing  the concen tra tion  of the  solu te, changes in  u rin e  pH , 
an d  bacterial infections. The most important cause is increased 
urinary concentration of the stone's constituents, so th a t it 
exceeds their so lub ility  in  u rin e  (supersa tu ra tion ). As 
sh o w n  in  Table 14.5, 50% of p a tien ts  w h o  develop  calcium 
stones have  hypercalc iu ria  th a t is n o t associa ted  w ith  
hypercalcem ia. M ost p a tien ts  in  th is  g ro u p  absorb  calcium  
from  the g u t in  excessive am o u n ts  (absorp tive  hypercalci- 
uria) a n d  p ro m p tly  excrete it in  the  u rine , a n d  som e have 
a p rim ary  ren a l defect of calcium  reab so rp tio n  (renal 
hypercalciuria).

The causes of the  o ther types of rena l stones are be tte r 
u n d ers to o d . Magnesium ammonium phosphate (struvite) 
stones alm ost a lw ays occur in  in d iv id u a ls  w ith  a persis 
ten tly  alkaline u rin e  re su ltin g  from  UTIs. In  particu lar, 
infections w ith  u rea -sp littin g  bacteria, such  as Proteus vul
garis an d  staphylococci, p red isp o se  in d iv id u a ls  to  u ro li
thiasis. M oreover, bacteria  m ay  serve as pa rticu la te  n id i for 
the fo rm ation  of any  k in d  of stone. In  av itam inosis A, des
q u am ated  cells from  the m etap lastic  ep ith e liu m  of the col
lecting  system  act as n idi.

G ou t a n d  d iseases invo lv ing  ra p id  cell tu rnover, such  
as leukem ias, lead  to h ig h  u ric  acid  levels in  the  u rin e  an d  
the possib ility  o f uric acid stones. A b o u t one half of ind i
v id u a ls  w ith  u ric  acid  stones, how ever, have n e ither h yper
u ricem ia n o r increased  u rin e  u ra te  b u t d em o n stra te  an  
unex p la in ed  tendency  to excrete a persis ten tly  acidic u rin e
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(w ith  a p H  < 5.5). This low  p H  favors u ric  acid  stone 
fo rm ation , in  con trast w ith  the h ig h  p H  th a t favors form a
tion  of stones con ta in ing  calcium  p h o sp h a te . Cystine stones 
are  a lm ost invariab ly  associa ted  w ith  a genetically  de ter
m in ed  defect in  the ren a l tra n sp o rt of certa in  am ino  acids, 
in c lu d in g  cystine. Like u ric  acid  stones, cystine stones are  
m ore likely to  fo rm  w h e n  the u rin e  is re la tively  acidic.

M O R P H O L O G Y

Stones are unilateral in about 80% of patients. Common sites of 
formation are the renal pelvis and calyces and the bladder. Often, 
many stones are found in one kidney. They tend to be small 
(average diameter, 2-3 mm) and may be smooth or jagged. Occa
sionally, progressive accretion of salts leads to  the development 
of branching structures known as staghorn  calcu li, which 
create a cast of the renal pelvis and calyceal system. These 
massive stones usually are composed of magnesium ammonium 
phosphate.

C lin ica l Features

Stones m ay  be p re sen t w ith o u t p ro d u c in g  sym ptom s or 
significan t rena l dam age. This is p a rticu la rly  tru e  w ith  
large  stones lod g ed  in  the ren a l pelv is. Sm aller stones m ay 
p ass  in to  the u re ter, w h e re  they  m ay  lodge a n d  p ro d u ce  
in tense  pain , k n o w n  as renal or ureteral colic, characterized  
by  paroxysm s of flank  p a in  ra d ia tin g  to w ard  the  groin. 
O ften  a t th is tim e there  is gross hematuria. The clinical sig
nificance of stones lies in  the ir capacity  to  o b stru c t u rin e  
flow  or to p ro d u ce  sufficient trau m a  to cause u lcera tion  
a n d  b leed ing . In  e ithe r case, they  predispose the sufferer to 
bacterial infection. In  m ost cases, the d iagnosis is read ily  
m ade  radiologically .

Hydronephrosis * •

Hydronephrosis refers to  d ila tion  of the  ren a l pelv is an d  
calyces, w ith  accom pany ing  a tro p h y  of the parenchym a, 
caused  by  o bstruc tion  to  the ou tflow  of u rine . The obstruc 
tion  m ay  be su d d e n  o r insid ious, a n d  it m ay  occur a t any 
level o f the  u rin a ry  tract, from  the  u re th ra  to  the renal 
pelv is. The m ost com m on  causes are  categorized  as follow s:
• Congenital, such  as a tresia  o f the  u re th ra , valve  form a

tions in  e ithe r the u re te r  o r u re th ra , a n  ab erran t rena l 
a rte ry  com pressing  the u re ter, ren a l p to sis  w ith  torsion, 
o r k ink ing  of the u re te r

• Acquired
• Foreign bodies, such  as calculi o r s loughed  necrotic 

pap illae
• Proliferative lesions, such  as ben ign  p rosta tic  h y p er

p lasia , carcinom a of the p rosta te , b lad d e r tum ors 
(pap illom a a n d  carcinom a), con tiguous m alig n an t 
d isease (re troperitonea l lym phom a, a n d  carcinom a 
of the cervix o r u te rus)

• Inflammatory lesions, such  as p rosta titis , u re teritis, 
u re th ritis , a n d  re tro p erito n ea l fibrosis

• Neurogenic, such  as p ara ly sis  o f the b lad d e r fo llow ing  
sp inal co rd  dam age

• Normal pregnancy, in  w h ich  h y d ro n ep h ro sis  is m ild  
an d  reversib le

B ilateral h y d ro n ep h ro sis  occurs on ly  w h e n  the obstruc 
tion  is below  the  level of the  u re ters. If b lockage is a t the 
u re te rs  o r above, the lesion  is un ila tera l. S om etim es 
ob stru c tio n  is com plete, a llow ing  no  u rin e  to  pass; u sua lly  
it is on ly  partia l.

Pathogenesis

E ven w ith  com plete obstruction , g lom eru lar filtra tion  p er
sists for som e tim e, a n d  the filtrate  subsequen tly  d iffuses 
back in to  the ren a l in te rs titiu m  a n d  periren a l spaces, from  
w h ere  it u ltim ate ly  re tu rn s  to  the lym phatic  a n d  venous 
system s. Because of the co n tinued  filtration , the affected 
calyces a n d  pelv is becom e d ila ted , o ften  m ark ed ly  so. The 
u n u su a lly  h ig h  p ressu re  th u s g enera ted  in  the ren a l pelvis, 
as w ell as th a t tran sm itted  back th ro u g h  the collecting 
ducts, causes com pression  of the  ren a l vascu la tu re . Both 
arte ria l insufficiency a n d  ven o u s stasis resu lt, a lth o u g h  the 
la tte r p robab ly  is m ore  im p o rtan t. The m ost severe effects 
a re  seen  in  the pap illae , because they  are  subjected  to  the 
g rea test increases in  p ressu re . A ccordingly , the in itial func
tional d is tu rbances are largely  tu b u la r, m an ifested  p rim ar
ily by  im p a ired  concen tra ting  ability . O nly  la te r does 
g lom eru lar filtra tion  beg in  to  d im in ish . E xperim en tal 
s tud ies  ind icate  th a t serious irreversib le  dam ag e  occurs in  
a b o u t 3 w eeks w ith  com plete  obstruction , a n d  in  3 m o n th s 
w ith  incom plete  obstruction . In  a d d itio n  to  functional 
changes, the ob stru c tio n  also  triggers a n  in te rstitia l inflam 
m ato ry  reaction , lead in g  even tua lly  to  in te rstitia l fibrosis.

M O R P H O L O G Y

Bilateral hydronephrosis (or unilateral hydronephrosis when the 
other kidney is already damaged or absent) leads to  renal failure, 
and the onset of uremia tends to abort the natural course of 
the lesion. With subtotal or intermittent obstruction, the kidney 
may be massively enlarged (lengths in the range of 2 0  cm), and 
the organ may consist almost entirely of the greatly distended 
pelvicalyceal system. The renal parenchyma itself is compressed 
and atrophied, with obliteration of the papillae and flattening of 
the pyramids (Fig. 14.23). On the other hand, when obstruction 
is sudden and complete, glomerular filtration is compromised 
relatively early, and as a consequence, renal function may cease 
while dilation is still comparatively slight. Depending on the level 
of the obstruction, one or both ureters also may be dilated 
(h y d ro u re te r) .

On microscopic examination, the early lesions show tubular 
dilation, followed by atrophy and fibrous replacement of the 
tubular epithelium with relative sparing of the glomeruli. Eventu
ally, in severe cases the glomeruli also become atrophic and 
disappear, converting the entire kidney into a thin shell of fibrous 
tissue. With sudden and complete obstruction, there may be 
coagulative necrosis of the renal papillae, similar to the changes 
of papillary necrosis. In uncomplicated cases, the accompanying 
inflammatory reaction is minimal. Superimposed pyelonephritis, 
however, is common.

C lin ica l Features

Bilateral com plete  ob stru c tio n  p ro d u ces anu ria . W hen  
the ob stru c tio n  is d ista l to  the  b lad d er, the d o m in an t 
sy m p to m s are those of b lad d e r d isten tion . Paradoxically , 
incom plete  b ila tera l obstruc tion  causes p o ly u ria  ra th e r
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Fig. 14.23 Hydronephrosis of the kidney, with marked dilation of the pelvis 
and calyces and thinning of renal parenchyma.

th a n  o ligu ria  as a re su lt of defects in  tu b u la r concen tra ting  
m echanism s, a n d  th is m ay  obscure  the tru e  n a tu re  of the 
lesion. Unilateral h y d ro n ep h ro sis  m ay  rem ain  com pletely  
silen t for long  p e rio d s  un less  the  o th e r k id n ey  also  is dys
functional. O ften  the en larged  k id n ey  is d iscovered  on  
ro u tin e  physical exam ination . Som etim es the u n d erly in g  
cause of the  h y d ro n ep h ro sis , such  as rena l calculi or an  
ob stru c tin g  tum or, p ro d u ces  sym ptom s th a t uncover the 
h y d ro n ep h ro sis . R em oval o f obstruc tion  u sua lly  pe rm its  
fu ll re tu rn  of function  w ith in  a few  w eeks; how ever, w ith  
tim e the  changes becom e irreversib le .

C O NG ENITAL A N D  
DEVELOPMENTAL ANOMALIES

C ongen ita l an d  d eve lopm en ta l abnorm alities of the  k idney  
an d  u rin a ry  trac t rep resen t the  m ost com m on  cause of en d 
stage rena l d isease in  in d iv id u a ls  y o u n g e r th a n  2 1  y ears of 
age a n d  accoun t for 40% to 50% of p ed ia tric  ren a l failu re 
w o rld w id e . The abno rm alities can  affect the k id n ey  (e.g., 
dysp lasia , agenesis, a n d  hypop lasia), collecting  system  
(e.g., d u p lica ted  collecting system , h y d ro n ep h ro sis , an d  
m egaure ter), b lad d e r (e.g., ure terocele  a n d  vesicouretera l 
reflux), o r u re th ra  (e.g., po ste rio r u re th ra l valves). They 
m ay  p re sen t as a n  iso la ted  fea tu re  o r as p a rt of a synd rom e 
in  associa tion  w ith  ex trarena l m an ifesta tions. M ost resu lt 
from  spo rad ic  d ev e lopm en ta l defects o f u n k n o w n  cause. 
O thers are caused  by  germ line  m u ta tio n s  in  genes th a t 
im pact the  d eve lopm en t of the  k id n ey  a n d  especially  the  
u re teric  b u d . The spec trum  of clinical p resen ta tio n s is 
b road  d e p e n d in g  o n  the n a tu re  an d  severity  of the  u n d e r
ly ing  abnorm alities. W e restric t the  d iscussion  to  a few  
form s affecting  the  k idney .
• M ulticystic dysplasia is the m o st com m on  fo rm  of 

ren a l cystic d isease in  ch ildhood . The te rm  dysplasia 
in  th is  context refers to  a d eve lopm en ta l ra th e r  th a n  a 
p reneop lastic  lesion. Because ren a l dysp lasia  is often

associated  w ith  obstruc tion  in  the  low er u rin a ry  tract, 
increased  h y d ro sta tic  p ressu re  in  the  d eve lop ing  k idney  
is th o u g h t to  p lay  a  ro le  in  its developm en t. The k idneys 
are  u sua lly  g rossly  d isto rted ; the  cysts ran g e  from  m icro 
scopic to  several cen tim eters in  d iam eter. The h isto logic 
ha llm arks are  d u c ts  a n d  tu b u les  lined  by ep ithelia l cells 
an d  su rro u n d e d  by cuffs o f cellu lar m esenchym e.

• Renal agenesis: B ilateral agenesis is incom patib le  w ith  
life a n d  u su a lly  is enco u n te red  in  stillborn  in fants. It is 
o ften  associa ted  w ith  o th e r congen ita l d iso rd e rs  (e.g., 
lim b defects, hypop lastic  lungs). U n ila tera l agenesis is 
unco m m o n  a n d  com patib le  w ith  n o rm al life if no  o ther 
abnorm alities exist.

• Hypoplasia m ay  occur b ilaterally , re su ltin g  in  renal 
failu re in  early  ch ildhood , b u t is m ore  com m only  
enco u n te red  as a u n ila te ra l defect. The hypop lastic  
k idney  show s no  scars a n d  has a  red u ced  n u m b er of 
rena l lobes a n d  p y ram id s, u su a lly  six o r few er.

NEOPLASMS

M any ty p es of ben ign  a n d  m alig n an t neop lasm s occur in  
the  u rin a ry  tract. In  general, ben ig n  n eop lasm s such  as 
sm all cortical pap illa ry  ad en o m as (<0.5 cm  in  d iam eter), 
w h ich  are  fo u n d  in  u p  to  40% of a d u lts  in  au topsies, have 
lim ited  clinical significance. The m ost com m on m alig n an t 
neop lasm  of the  k id n ey  is ren a l cell carcinom a, fo llow ed 
in  frequency  by  n ep h ro b lasto m a (W ilm s tum or) a n d  by 
p rim ary  neop lasm s of the  calyces a n d  pelvis. O ther types 
of ren a l cancer a re  ra re  a n d  are  n o t d iscussed  here. N eo 
p lasm s of the  low er u rin a ry  trac t are ab o u t tw ice as 
com m on as ren a l cell carcinom as. They are  d iscussed  in  
C h ap te r 18.

Neoplasms of the Kidney

O ncocytom a

O n c o c y to m a , a  b e n ig n  n e o p la s m  th a t  arises f r o m  th e  

in te rc a la te d  ce lls  o f  c o lle c tin g  ducts, rep re s e n ts  a b o u t  

10%  o f  re n a l n e o p la s m s . These neop lasm s are associated  
w ith  genetic  ch a n g e s—loss of chrom osom es 1 a n d  Y —th a t 
d is tin g u ish  th em  from  o th e r rena l neop lasm s. O ncocy
tom as are  charac terized  by  a p le th o ra  of m itochondria , 
p ro v id in g  the basis for their tan  color a n d  their finely 
g ran u la r eosinophilic  cy top lasm , seen  h istologically . A 
cen tra l stellate scar, w h ich  is an o th er fea tu re  of oncocy
tom as, p ro v id es  a characteristic  ap p earan ce  o n  im ag ing  
stud ies.

R enal Cell C arcinom a

R enal cell carc inom as are de rived  from  the  ren a l tu b u la r 
ep ithe lium , a n d  hence they  are  located  p red o m in an tly  in  
the  cortex. These neop lasm s rep resen t 80% to  85% of all 
p r im ary  m alig n an t neop lasm s of the k id n ey  an d  2% to 3% 
of all cancers in  adu lts . These d a ta  tran sla te  in to  ab o u t 
65,000 cases p e r  y ear in  the  U n ited  States; 40% of pa tien ts  
die o f the  disease. C arcinom as of the  k id n ey  are  m ost 
com m on from  the  sixth to  seven th  decades, a n d  m e n  are  
affected ab o u t tw ice as com m only  as w om en . The risk  
for develop ing  these  neop lasm s is h ig h er in  sm okers,
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hyp erten siv e  or obese pa tien ts, a n d  those  w h o  have  h ad  
occupational exposu re  to  cadm ium . The risk  for develop 
ing  ren a l cell cancer is increased  30-fold in  in d iv id u a ls  w ith  
acqu ired  po lycystic  d isease as a com plication  of chronic 
dialysis. The ro le of genetic  factors in  the causa tion  o f these 
cancers is d iscussed  later.

R enal cell cancers are classified o n  the  basis o f m or
pho logy  a n d  g ro w th  p a tte rn s . H ow ever, recen t advances 
in  the u n d e rs ta n d in g  of the genetic basis o f ren a l carcino
m as have  led  to  a new  classification th a t takes in to  accoun t 
the m olecu lar o rig ins of these tum ors. The th ree  m ost 
com m on form s, d iscussed  next, are  clear cell carcinom a, 
p ap illa ry  rena l cell carcinom a, a n d  ch rom ophobe  renal 
carcinom a.

b u t un like  these neop lasm s, pap illa ry  rena l cancers are n o t 
associa ted  w ith  abnorm alities o f ch rom osom e 3. The c u lp rit 
in  m ost cases of h e red ita ry  pap illa ry  rena l cell cancers is 
the  M E T  p ro to-oncogene, located  on  ch rom osom e 7q. The 
M E T  gene encodes a ty rosine  k inase  recep to r for hepato- 
cyte g ro w th  factor. The increased  dosage  of the  M E T  gene 
d u e  to  d up lica tions of ch rom osom e 7 seem s to  sp u r abno r
m al g ro w th  in  the p rox im al tu b u la r ep ithelia l cell p recu r
sors of p ap illa ry  carcinom as. In  fam ilial cases, genetic 
analysis show s ac tiva ting  m u ta tio n s of M E T  in  the  germ  
line, a long  w ith  increased  gene dosage in  the cancers. Acti
va tin g  m u ta tio n s of the M E T  gene also  are fo u n d  in  a 
subse t o f p a tien ts  w ith  sporad ic  fo rm s of pap illa ry  renal 
cell carcinom a.

C le a r  C e ll C arc in om as

C lear cell carcinom as are  the  m ost com m on  type, account
in g  for 65% of rena l cell cancers. H isto logically , they  are 
com posed  of cells w ith  clear cy top lasm . A lth o u g h  m ost are  
sporad ic, they  also  occur in  fam ilial fo rm s or in  association  
w ith  v o n  H ip p e l-L in d au  (VHL) disease. It is the  s tu d y  of 
VHL d isease th a t has p ro v id e d  m olecu lar in sigh ts in to  the 
causa tion  o f clear cell carcinom as. VHL d isease is inherited  
as a n  au to som al d o m in an t tra it a n d  is charac terized  by 
p red isp o sitio n  to  a va rie ty  of neop lasm s, b u t p a rticu larly  
to hem ang iob lastom as of the cerebellum  an d  re tina . H u n 
d red s  of b ila tera l ren a l cysts a n d  b ilateral, o ften  m ultip le , 
c lear cell carcinom as develop  in  40% to 60% of affected 
in d iv idua ls . Those w ith  VHL d isease in h e rit a germ line  
m u ta tio n  of the  VHL  gene on  ch rom osom al b an d  3p25 and  
lose the second  allele by  som atic m u ta tion . The VHL  gene 
a lso  is invo lved  in  the m ajority  o f spo rad ic  clear cell carci
nom as. C ytogenetic  abnorm alities g iv ing  rise to  loss o f a 
segm ent on  ch rom osom e 3p th a t harb o rs  the VHL  gene are  
o ften  seen  in  sporad ic  ren a l cell cancers. The second, non- 
dele ted  allele is inac tiva ted  by a som atic m u ta tio n  or 
h y p erm eth y la tio n  in  60% of sporad ic  cases. T hus, loss o r 
inac tiva tion  o f b o th  copies of the  VHL  gene seem s to  be the 
com m on u n d e rly in g  m o lecu lar ab no rm ality  in  b o th  spo 
rad ic  a n d  fam ilial fo rm s of clear cell carcinom as. The VHL 
p ro te in  causes the d eg rad a tio n  of hypox ia-induced  factors 
(HIFs), a n d  in  the absence of VHL, H IFs are  stabilized . 
H IFs are tran sc rip tio n  factors th a t con tribu te  to  carcino
genesis by  s tim u la tin g  the  expression  of v ascu lar en d o th e 
lial g ro w th  factor (VEGF), an  im p o rta n t angiogenic  factor, 
as w ell as a n u m b er of o ther genes th a t d rive  tu m o r cell 
g ro w th  (C hap ter 6 ). A n  u n co m m o n  fam ilial fo rm  of clear 
cell carc inom a u n re la ted  to  VHL d isease also  is associated  
w ith  cytogenetic  abnorm alities invo lv ing  the sh o rt a rm  of 
chrom osom e 3 (3p). In  ad d itio n , recen t deep  sequencing  of 
clear cell carcinom a genom es has revea led  freq u en t loss- 
o f-function  m u ta tio n s  in  genes th a t encode p ro te in s  th a t 
regu la te  h istone m ethy la tion , suggesting  th a t changes in  
the  "ep ig en o m e" have  a cen tra l role in  the  genesis of th is 
sub type  of ren a l carcinom a.

Papillary  Renal C e ll C arc in om as

P ap illa ry  rena l cell carc inom as accoun t for 10% to 15% of 
all rena l cancers a n d  are  defined  in  p a r t  by  the ir pap illa ry  
g ro w th  p a tte rn . These neop lasm s are frequen tly  m ultifocal 
an d  b ila tera l a n d  ap p e a r as early -stage tum ors. Like clear 
cell carcinom as, they  occur in  fam ilial a n d  sporad ic  form s,

C h ro m o p h o b e  Renal C arc in om as

C hro m o p h o b e  ren a l carcinom as are  the  least com m on 
form , rep re sen tin g  5% of all rena l cell carcinom as. They 
arise from  in terca la ted  cells of collecting ducts. T heir nam e 
derives from  the observa tion  th a t the tu m o r cells sta in  
m ore  dark ly  (i.e., they  are  less clear) th a n  cells in  clear cell 
carcinom as. These neop lasm s are  u n iq u e  in  hav ing  m u lti
p le  losses o f en tire  chrom osom es lead in g  to  ex trem e hypo- 
p lo idy . Because of m u ltip le  losses, the  "critical h it"  has n o t 
been  de te rm in ed . In  general, ch rom ophobe  rena l cancers 
have a favorab le  p rognosis.

M O R P H O L O G Y

C le a r  cell cancers (the most common form of renal carcino

mas) usually are solitary and large when symptomatic (spherical 

masses 3 to 15 cm in diameter), but high-resolution radiographic 

techniques for investigation of unrelated problems sometimes 

detect smaller lesions incidentally. They may arise anywhere 

in the cortex. The cut surface of clear cell renal cell carcino

mas is ye llow  to  o rang e  to  g ra y -w h ite , w ith  p ro m in e n t  

areas o f cystic so ften ing  o r  o f h e m o rrh a g e , either fresh 

or old (Fig. 14.24). The margins of the tum or are well defined. 

However, at times small processes project into the surround

ing parenchyma and small satellite nodules are found, providing 

clear evidence of the aggressiveness of these lesions. As the 

tum or enlarges, it may fungate through the walls of the col

lecting system, extending through the calyces and pelvis as far 

as the ureter. Even more frequently, the tu m o r  invades th e  

renal vein and grows as a solid column within this vessel, 

sometimes extending in serpentine fashion as far as the inferior 

vena cava and even into the right side of the heart. Occasionally, 

direct invasion into the perinephric fat and adrenal gland may 

be seen.

Depending on the amounts of lipid and glycogen present, th e  

neoplastic  cells o f c le a r cell renal cell ca rc in o m a  m ay  

a p p e a r a lm o s t vacuo lated  o r  m ay be solid . The classic 

vacuolated (lipid-laden) cells or clear cells are demarcated only 

by their cell membranes. The nuclei are usually small and round 

(Fig. 14.25). A t the other extreme are granular cells, resembling 

the tubular epithelium, which have small, round, regular nuclei 

enclosed within granular pink cytoplasm. Some neoplasms are 

highly anaplastic, with numerous mitotic figures and markedly 

enlarged, hyperchromatic, pleomorphic nuclei. Between the 

extremes of clear cells and solid, granular cells, all intergradations 

may be found. The cellular arrangement, too, varies widely. The
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Fig. 14.24 Renal cell carcinoma: Representative cross-section showing yel
lowish, spherical neoplasm in one pole of the kidney. Note the tumor in the 
dilated, thrombosed renal vein.

cells may form abortive tubules or may cluster in cords or dis

organized masses. The stroma is usually scant but highly 

vascularized.

P ap illa ry  renal cell carc inom as exhibit various degrees 

of papilla formation with fibrovascular cores. They tend to be 

bilateral and multiple. They also may show gross evidence of 

necrosis, hemorrhage, and cystic degeneration, but they are less 

vibrantly orange-yellow because of their lower lipid content. 

The cells may have a clear or, more commonly, pink cyto

plasm. C h ro m o p h o b e -ty p e  renal cell ca rc in o m a  tends 

to  be grossly tan-brown. The cells usually have clear, floccu- 

lent cytoplasm with very prominent, distinct cell membranes. 

The nuclei are surrounded by halos of clear cytoplasm. Ultra

structurally, large numbers of characteristic macrovesicles 

are seen.

C lin ica l Features

Renal cell carcinom as have several pecu liar clinical charac
teristics th a t create especially difficult an d  challenging diag 
nostic problem s. The signs an d  sym ptom s vary, b u t the most 
frequent presenting manifestation is hematuria, occurring in more 
than 50% of cases. M acroscopic h em atu ria  tends to be in ter
m itten t an d  fleeting, superim posed  o n  a steady  m icroscopic 
hem aturia . Less com m only, the tu m o r m ay  declare itself 
sim ply  by v irtue  of its size, w h en  it has g row n  large enough  
to  p roduce  flank p a in  an d  a palpable mass. Because of the 
w id esp read  u se  o f im aging  stud ies for un re la ted  conditions, 
even  sm aller tum ors are detected . E xtrarenal effects are fever 
a n d  polycythemia, w hich, because they are nonspecific, m ay 
be m isin terp re ted  for som e tim e before their association 
w ith  the renal tum or is apprecia ted . Polycythem ia affects 5% 
to 1 0 % of affected ind iv iduals an d  resu lts from  p roduction  
of e ry th ropo ietin  by  the cancer cells. U ncom m only, these 
tum ors p roduce  o ther horm one-like substances, resu lting  in  
hypercalcem ia, hypertension , C ushing  syndrom e, or fem i
n ization  o r m asculinization. These, as no ted  in  C hap ter 6 , 
are  paraneoplastic syndromes. In  som e patien ts, the p rim ary  
tum or rem ains silent an d  is d iscovered only after m etastases 
p roduce  sym ptom s. The com m on locations for m etastases 
are the lungs an d  the bones. It m u st be ap p aren t that renal 
cell carcinom a m anifests in  m any  w ays, som e quite  devious, 
but the triad of painless hematuria, a palpable abdominal mass, 
and dull flank pain is characteristic.

f t  S U M M A R Y

R E N A L  C E LL  C A R C IN O M A

Renal cell carcinomas account for 2% to 3% of all cancers in

adults and are classified into three main types:

• C l e a r  c e l l  c a r c i n o m a s  are the most common and are associated 

with homozygous loss or inactivation of the VHL tum or sup

pressor protein; tumors frequently invade the renal vein.

• P a p i l l a r y  r e n a l  c e l l  c a r c i n o m a s  frequently are associated with 

increased expression and activating mutations of the M E T  

oncogene; they tend to  be bilateral and multiple and show 

variable papilla formation.

• C h r o m o p h o b e  r e n a l  c e l l  c a r c i n o m a s  are less common; neoplastic 

cells are not as clear as in the other renal cell carcinomas.

Fig. 14.25 The clear cell pattern of renal cell carcinoma.

W ilm s  Tum or

A lth o u g h  W ilm s tu m o r is ra re  in  adu lts , it is the  th ird  m ost 
com m on  solid  (non-hem atologic) cancer in  ch ild ren  
y o u n g e r th a n  10 years of age. These neop lasm s con tain  a 
varie ty  of cell a n d  tissue com ponen ts, all d e riv ed  from  
m esoderm . W ilm s tum or, like re tinob lastom a, m ay  arise 
sporad ically  or be fam ilial, w ith  the  suscep tib ility  to 
tum origenesis  in h erited  as a n  au to so m al d o m in an t trait. 
This n eo p lasm  is d iscussed  in  g rea ter deta il in  C h ap te r 7 
a long  w ith  o ther tu m o rs of ch ildhood .
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The gastro in testina l tract is a ho llow  tube  consisting  of the 
esophagus, stom ach, sm all in testine , colon, rectum , an d  
anus. Each reg ion  has un ique , com plem entary , an d  h igh ly  
in teg ra ted  functions th a t toge ther serve to  regu la te  the 
in take, p rocessing , a n d  ab so rp tio n  of ingested  n u trien ts  
an d  the d isposa l o f w aste  p ro d u c ts . The in testines also  are  
the p rin c ip a l site a t w h ich  the im m u n e  system  in terfaces 
w ith  a d iverse  a rray  of an tigens p re sen t in  food  a n d  g u t 
m icrobes. T hus, it is n o t su rp ris in g  th a t the  sm all in testine

a n d  co lon  frequen tly  a re  in vo lved  by in fectious a n d  inflam 
m ato ry  processes. F inally, the  colon is the m ost com m on 
site o f gastro in testina l neop lasia  in  W estern  p o p u la tions. 
In  th is chap ter, w e  d iscuss the d iseases th a t affect each 
section  of the  g astro in testina l tract. D iso rders th a t typically  
invo lve m ore th a n  one segm ent, such  as C ro h n  disease, are 
considered  w ith  the  m ost frequen tly  in vo lved  reg ion . W e 
beg in  o u r d iscussion  w ith  d iseases of the o ral cavity , since 
th a t is w h ere  the jo u rn ey  of food  begins.

Oral Cavity

Pathologic cond itions of the o ral cavity  can  be b road ly  
d iv id ed  in to  d iseases affecting  teeth  their su p p o rt struc
tu res, o ra l m ucosa, salivary  g lands, a n d  jaw s. D iscussed  
nex t a re  the m ore com m on  cond itions affecting  these sites.

O don togen ic  cysts a n d  tu m o rs (ben ign  a n d  m alignant), 
w h ich  are d e riv ed  from  the  ep ithelia l a n d /o r  m esenchy 
m al tissues associated  w ith  too th  developm en t, are  also 
d iscussed  briefly.
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DISEASES OF TEETH A N D  
SUPPORTING STRUCTURES

Caries

D e n ta l caries resu lts  f ro m  fo ca l d e m in e ra liz a t io n  o f to o th  

structure  (e n a m e l a n d  d e n tin ) caused b y  acids g en era ted  

d u r in g  th e  fe rm e n ta tio n  o f  sugars b y  b acteria . W orldw ide, 
caries is the m ain  cause of too th  loss before 35 years of age. 
The prevalence of caries u sed  to be very  h ig h  in  developed  
countries w here  there is ready  access to  p rocessed and  
refined foods contain ing  large am oun ts  of carbohydrates. 
H ow ever, the rate  of caries has d ro p p ed  m arked ly  in  coun
tries such as the U nited  States, w here  oral hygiene has 
im proved  an d  fluoridation  of the d rink ing  w ate r is w ide 
spread. F luoride is incorporated  in to  the crystalline struc
tu re  of enam el, form ing  fluoroapatite, w h ich  is resistan t to 
deg radation  by bacterial acids. In  contrast, w ith  the global
ization  of the w o rld 's  econom y, processed foods are being 
increasingly consum ed  in  develop ing  nations; as a result, 
the rate  of caries is increasing in these regions of the w orld .

Gingivitis

In f la m m a tio n  in v o lv in g  th e  squ am o us m ucosa, or g in g iv a , 

a n d  associated  soft tissues th a t s u rro u n d  te e th  is d e fin e d

as gingivitis. Poor oral hygiene, w h ich  facilitates b u ild u p  of 
den ta l p laque  an d  calculus betw een  an d  on  the surfaces of 
teeth, is the m ost frequen t cause of gingivitis. D ental p laque  
is a sticky biofilm  com posed  of bacteria, salivary proteins, 
a n d  desquam ated  epithelial cells. A s it accum ulates, p laque  
becom es m ineralized  to  form  calculus, or tartar. In chronic 
gingivitis, this is accom panied by  gingival ery them a, edem a, 
a n d  bleeding. G ingivitis m ay  occur a t any  age b u t is m ost 
p revalen t an d  severe in  adolescence, w here  it is p resen t in 
40% to 60% of ind iv iduals, after w h ich  the incidence tapers 
off. Fortunately , gingivitis can be reversed, p rim arily  by 
regu lar b ru sh ing  an d  flossing of teeth  w h ich  reduces accu
m ulation  of p laque  an d  calculus.

Periodontitis

P e rio d o n tit is  is  a n  in f la m m a to ry  process th a t affects  the  

s u p p o rtin g  structures o f  th e  tee th  (p e rio d o n ta l lig a m e n ts ), 

a lv e o la r b on e, a n d  cem e n tu m . W ith progression, periodon 
titis m ay result in destruction  of periodontal ligam ent and  
alveolar bone an d  eventual tooth  loss. Periodontitis is associ
ated  w ith  poor oral hygiene that affects the com position of 
gingival bacteria. Facultative G ram -positive organism s are 
found  at healthy sites, w hile  anaerobic an d  m icroaerophilic 
G ram -negative bacteria colonize p laque w ith in  areas of 
active periodontitis. A lthough  about 300 bacterial species 
reside w ith in  the oral cavity, periodontitis is m ost closely 
associated w ith  Aggregatibacter (Actinobacillus) actinomycetem- 
comitans, Porphyromonas gingivalis, an d  Prevotella intermedia.

Ä S U M M A R Y

DISEASES O F  T E E T H  A N D  S U P P O R T IN G  

S T R U C T U R E S

• Caries is the most common cause of tooth loss in individuals 

younger than 35 years of age. The primary cause is destruction

of tooth structure by acid end products of sugar fermentation 

by bacteria.

• Gingivitis is a common and reversible inflammation of the 

mucosa surrounding the teeth. It is associated with buildup of 

dental plaque and calculus.

• Periodontitis is a chronic inflammatory condition that can lead 

to the destruction of the supporting structures of the teeth 

with eventual loss of dentition. It is associated with poor oral 

hygiene and altered oral microbiota.

ORAL INFLAMMATORY LESIONS

Aphthous Ulcers (Canker Sores)

These com m on  superficial m ucosal u lcerations affect u p  to 
40% of the p o p u la tio n . They are m ore freq u en t in  the  first 
2  decades of life, ex trem ely  pain fu l, a n d  often  recur. 
A lth o u g h  the  cause of ap h th o u s  u lcers is u n k n o w n , they 
ten d  to be fam ilal a n d  m ay  be associa ted  w ith  celiac d isease, 
in flam m ato ry  bow el d isease, a n d  Behçet d isease. U lcers 
can  be so litary  o r m ultip le ; typically , they  are shallow , w ith  
a  hyperem ic  base covered  by a th in  exuda te  a n d  rim m ed  
by  a n a rro w  zone o f e ry them a (Fig. 15.1). In  m o st cases they 
reso lve spon tan eo u sly  in  7 to  10 days b u t can  recur.

Herpes Simplex Virus Infections
H e rp e s  s im p le x  v iru s  causes a  s e lf - l im ite d  p r im a r y  in fe c 

t io n  th a t  can  b e  re a c tiv a te d  w h e n  th e re  is a  c o m p ro m is e  

in  h o s t res is tan ce . M ost orofacial herpe tic  infections are  
caused  by  h erp es  sim plex  v iru s  type  1 (HSV-1), w ith  the 
re m a in d e r being  caused  by  HSV-2 (gen ital herpes). W ith  
chang ing  sexual p ractices, o ra l HSV-2 is becom ing  increas
ing ly  com m on. P rim ary  in fections typ ically  occur in  chil
d ren  be tw een  2 an d  4 y ears  o f age an d  are  often  
asym ptom atic . H ow ever, in  10% to 20% of cases the 
p rim ary  infection  m an ifests as acu te  herpe tic  g ing ivosto 
m atitis, w ith  a b ru p t onse t of vesicles a n d  u lcerations 
th ro u g h o u t the  o ral cavity . M ost a d u lts  h a rb o r la ten t 
HSV-1, a n d  the v iru s  can  be reactivated , re su ltin g  in  a

Fig. 15.1 Aphthous ulcer. Single ulceration with an erythematous halo sur
rounding a yellowish fibrinopurulent membrane.
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so-called "co ld  sore" or re c u rren t herpe tic  stom atitis. 
Factors associa ted  w ith  HSV reac tiva tion  inc lude  traum a, 
allergies, exposu re  to  u ltrav io le t ligh t an d  ex trem es of tem 
p era tu re , u p p e r-re sp ira to ry  trac t infections, p regnancy , 
m en stru a tio n , a n d  im m u n o su p p ressio n . R ecurren t lesions, 
w h ich  occur a t the site o f p rim ary  inocu la tion  o r in  ad jacen t 
m ucosa  in n e rv a ted  by  the  sam e ganglion , typically  ap p ea r 
as g ro u p s  of sm all (1- to  3-m m ) vesicles. The lips (herpes 
labialis), nasal orifices, buccal m ucosa, g ingiva, a n d  h a rd  
pa la te  are the  m o st com m on  locations. A lth o u g h  lesions 
typically  reso lve w ith in  7 to  10 days, they  can  persis t in  
im m u n o co m p ro m ised  patien ts, w h o  m ay  req u ire  system ic 
an ti-v ira l therapy . M orphologically , the  lesions resem ble 
those  seen  in  esophageal h e rp es  (see Fig. 15.8 la te r in  the 
chap ter) a n d  gen ital h e rp es  (C hap ter 19). The in fected  cells 
becom e ba llooned  a n d  have large  eosinophilic  in tran u c lea r 
inclusions. A djacent cells com m only  fuse to fo rm  large 
m u ltin u c lea ted  po lykaryons.

Oral Candidiasis (Thrush)

C a n d id ia s is  is  th e  m o s t c o m m o n  fu n g a l in fe c tio n  o f  th e  

o ra l c a v ity . Candida albicans is a no rm al co m p o n en t o f the 
o ra l flora a n d  on ly  p ro d u ces d isease u n d e r  u n u su a l cir
cum stances. P red isp o sin g  factors inc lude  the follow ing:
• Im m u n o su p p ress io n
• The specific stra in  of C. albicans
• The com position  of the o ral m icrobial flora

(m icrobiota)

B road -spec trum  antib io tics th a t a lte r the n o rm al m icro 
b io ta can  p ro m o te  o ral cand id iasis . The th ree  m ajor clinical 
form s of o ra l cand id iasis  are p seu d o m em b ran o u s, ery 
them atous, a n d  hyperp lastic . The p seu d o m em b ran o u s  
fo rm  is m ost com m on a n d  is k n o w n  as thrush. This cond i
tion  is charac terized  by a superficial, curd like , g ray  to 
w h ite  in flam m atory  m em brane  com posed  of m a tted  o rgan 
ism s en m esh ed  in  a f ib rin o su p p u ra tiv e  exu d a te  th a t can  be 
read ily  scraped  off to  reveal a n  u n d e rly in g  e ry them atous 
base. In  m ild ly  im m u n o su p p ressed  o r deb ilita ted  in d iv id 
uals, such  as diabetics, the  infection  u sua lly  rem ains su p e r
ficial, b u t it m ay  sp read  to  deep  sites in  associa tion  w ith  
m ore severe  im m u n o su p p ressio n , th a t m ay  be seen  in  
o rg an  o r hem atopo ietic  s tem  cell tra n sp lan t recip ien ts, an d  
in  pa tien ts  w ith  neu tro p en ia , ch em o therapy -induced  
im m u n o su p p ressio n , o r AIDS.

^ S U M M A R Y

O R A L  IN F L A M M A T O R Y  L E S IO N S

• Aphthous ulcers are painful superficial ulcers of unknown 

etiology that may in some cases be associated with systemic 

diseases.

• Herpes simplex virus causes a self-limited infection that pre

sents with vesicles (cold sores, fever blisters) that rupture and 

heal, without scarring, and often leave latent virus in nerve 

ganglia. Reactivation can occur.

• Oral candidiasis may occur when the oral microbiota is altered 

(e.g., after antibiotic use). Invasive disease may occur in immu- 

nosuppressed individuals.

Fig . I 5 . 2  Fibrous proliferations. (A) Fibroma. Smooth pink exophytic nodule 
on the buccal mucosa. (B) Pyogenic granuloma. Erythematous hemorrhagic 
exophytic mass arising from the gingival mucosa.

PROLIFERATIVE A N D  NEOPLASTIC 
LESIONS OF THE ORAL CAVITY

Fibrous Proliferative Lesions

Fibromas a re  subm ucosa l n o d u la r  fib rous tissue m asses th a t 
a re  fo rm ed  w h e n  chronic irr ita tio n  resu lts  in  reactive con
nective tissue h y p erp lasia  (Fig. 15.2A). They occur m ost 
o ften  o n  the  buccal m ucosa  a long  the b ite  line. T rea tm en t 
is com plete surg ical excision a n d  rem oval o f the source of 
irrita tion .

Pyogenic granuloma (Fig. 15.2B) is a n  in flam m atory  lesion 
typically  fo u n d  o n  the g ing iva of ch ild ren , y o u n g  adu lts , 
a n d  p re g n a n t w o m en  (p regnancy  tum or). These lesions are  
rich ly  vascu lar an d  typically  u lcerated , w h ich  gives them  a 
re d  to  p u rp le  color. In  som e cases, g ro w th  can  be ra p id  an d  
ra ise  fear of a m alig n an t neop lasm . H ow ever, h isto logic 
exam ination  dem onstra tes  a p ro life ra tion  of im m atu re  
vessels sim ilar to  th a t seen  in  g ran u la tio n  tissue. Pyogenic 
g ran u lo m as m ay  regress, m a tu re  in to  dense  fib rous m asses, 
o r develop  in to  a  p e rip h e ra l ossify ing  fibrom a. C om plete 
su rg ical excision is defin itive treatm en t.

Leukoplakia and Erythroplakia
L e u k o p la k ia  is d e fin e d  b y  th e  W o r ld  H e a lth  O rg a n iz a 

t io n  as " a  w h ite  p a tc h  or p la q u e  th a t  c a n n o t b e  scraped
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o f f  a n d  c a n n o t be  c h a ra c te rize d  c lin ic a l ly  or p a th o lo g i

c a lly  as a n y  o th e r d isease ." This desc rip tion  is reserved  for 
lesions th a t arise in  the o ral cavity  in  the  absence of any  
k n o w n  cause (Fig. 15.3A). A ccordingly , w h ite  patches 
caused  by obv ious irr ita tio n  or en tities such  as lichen 
p la n u s  an d  cand id iasis  are n o t considered  leukop lak ia . 
A pprox im ate ly  3% of the w o rld 's  p o p u la tio n  h as leukopla- 
kic lesions, of w h ich  5% to 25% are  d syp lastic  a n d  a t risk  
for p ro g ressio n  to  sq u am o u s cell carcinom a. T hus, un til 
p ro v ed  o therw ise  by  m eans of h isto logic eva lua tion , all 
leukop lak ias m u st be considered  precancerous. A  re la ted  
b u t less com m on  en tity , erythroplakia, is a red , velvety , 
som etim es e ro d ed  lesion th a t is flat o r sligh tly  dep ressed  
re la tive  to  the  su rro u n d in g  m ucosa. E ry th rop lak ia  is asso 
ciated  w ith  a  m u ch  grea ter risk  for m alig n an t transfo rm a
tion  th a n  leukop lak ia . W hile  leukop lak ia  a n d  ery th ro p lak ia  
m ay  be seen  in  a d u lts  a t any  age, they  typically  affect ind i
v id u a ls  be tw een  40 an d  70 years of age, w ith  a 2:1 m ale 
p redom inance . A lth o u g h  the  e tio logy is m ultifactorial, 
tobacco u se  (cigarettes, p ipes, cigars, a n d  chew ing  tobacco) 
is the  m ost com m on  risk  factor for leukop lak ia  an d  
ery th rop lak ia .

M O R P H O L O G Y

On histologic examination leukoplakia and erythroplakia show a 

spectrum of epithelial changes ranging from hyperkeratosis over

lying a thickened, acanthotic but orderly mucosal epithelium to  

lesions with markedly dysplastic changes sometimes merging into 

carcinoma in situ (Fig. I5.3B). The most severe dysplastic changes 

are associated with erythroplakia, and more than 50% of these 

cases undergo malignant transformation. W ith  increasing dyspla

sia and anaplasia, a subjacent inflammatory cell infiltrate of lym

phocytes and macrophages is often present.
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Squamous Cell Carcinoma

A p p r o x im a te ly  95%  o f  cancers o f  th e  o ra l c a v ity  a re  squa

m o u s  c e ll ca rc ino m as , w i th  th e  re m a in d e r  la rg e ly  consist

in g  o f  ad en o c a rc in o m a s  o f  s a liv a ry  g la n d s . S quam ous cell 
carcinom a, a n  aggressive  ep ithelia l m alignancy , is the sixth 
m o st com m on neop lasm  in  the w o rld  today . D esp ite  
n u m ero u s  advances in  trea tm en t, the overall long -te rm  
su rv ival ra te  has  rem ain ed  less th a n  50% for the p a s t 50 
years. This d ism al ou tlook  is d u e  to several factors, in  large 
p a r t because oral cancer o ften  is d iag n o sed  a t a n  ad vanced  
stage.

M ultip le  p rim ary  tu m o rs m ay  be p re sen t a t in itia l d iag 
nosis b u t m ore  o ften  are  de tec ted  la ter, a t a n  estim ated  ra te  
o f 3% to 7% p e r year; p a tien ts  w h o  su rv ive  5 years after 
d iagnosis of the  in itial tu m o r hav e  u p  to  a 35% chance of 
develop ing  a t least one n ew  p rim ary  tu m o r w ith in  th a t 
in terval. The d ev e lo p m en t of these secondary  tu m o rs can 
be p a rticu la rly  d ev asta tin g  for in d iv id u a ls  w hose  initial 
lesions w ere  sm all. Therefore, surveillance a n d  early  detec
tion  of new  p rem a lig n an t lesions a re  critical for the long 
te rm  su rv ival of p a tien ts  w ith  oral sq u am o u s cell 
carcinom a.

The e levated  risk  for d ev e lo p m en t of ad d itio n a l p rim ary  
tu m o rs in  these p a tien ts  has  led  to  the concep t o f "field  
cancerization ." This hyp o th esis  suggests th a t m u ltip le

Fig. 15.3 Leukoplakia. (A) Gross appearance of leukoplakia is highly variable. 
In this example, the lesion is smooth with well-demarcated borders and 
minimal elevation. (B) Histologic appearance of leukoplakia showing dysplasia, 
characterized by nuclear and cellular pleomorphism and loss of normal 
maturation.

p rim ary  tu m o rs develop  in d ep en d en tly  as a  re su lt o f years 
of chronic m ucosal exposu re  to  carcinogens such  as alcohol 
o r tobacco (described  next).

Pathogenesis

S q u a m o u s  cancers o f  th e  o ro p h a ry n x  arise  th ro u g h  tw o  

d is tin c t p a th o g e n ic  p a th w a y s , o ne  in v o lv in g  expo sure  to  

carc ino g en s , a n d  th e  o th e r re la te d  to  in fe c tio n  w ith  h ig h  

r is k  v a r ia n ts  o f  h u m a n  p a p il lo m a  v iru s  (H P V ) .  C arcino
gen exposu re  m ain ly  stem s from  chronic alcohol and  
tobacco (bo th  sm oked  a n d  chew ed) use. In  Ind ia  an d  
S ou theast A sia, chew ing  of betel q u id  a n d  p a a n  are  im p o r
ta n t p red isp o sin g  factors. Betel q u id  is a "w itch 's  b rew " 
con ta in ing  araca n u t, slaked  lim e, a n d  tobacco, all w ra p p e d  
in  betel n u t  leaf. It is likely th a t these tu m o rs arise by  a 
p a th w a y  sim ilar to  th a t charac terized  for tobacco u se -  
associa ted  tu m o rs in  the  W est. D eep  sequencing  of these 
cancers has  revea led  freq u en t m u ta tio n s  th a t b ear a m olec
u la r s ig n a tu re  consisten t w ith  exposu re  to  carcinogens in  
tobacco. These m u ta tio n s  frequen tly  invo lve TP53 an d
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genes th a t regu la te  cell p ro lifera tion , such  as RAS. The 
H P V -rela ted  tu m o rs ten d  to occur in  the tonsillar c ryp ts  o r 
the  base  of the tongue  a n d  h arb o r oncogenic "h igh -risk" 
sub types, p a rticu la rly  HPV-16. These tu m o rs carry  far 
few er m u ta tio n s  th a n  those associa ted  w ith  tobacco expo
su re  a n d  often  overexpress p16, a cy c lin -dependen t k inase 
inhibitor.

It is conservatively  p red ic ted  th a t the incidence of HPV- 
associa ted  o ro p h ary n g ea l sq u am o u s cell carc inom a w ill 
su rp ass  th a t of cervical cancer by  2 0 2 0 , in  p a r t  because the 
ana tom ic  sites o f o r ig in - to n s i l la r  crypts, base of tongue, 
a n d  o r o p h a r y n x - a r e  n o t read ily  accessible o r am enab le  to 
cytologic screen ing  (unlike the  cervix). The p rognosis  for 
pa tien ts  w ith  H PV -positive tu m o rs is be tte r th an  for those 
w ith  H P V -negative tum ors. The H P V  vaccine, w h ich  is 
p ro tective  ag a in st cervical cancer, offers h ope  to  lim it the 
increasing  frequency  of H PV -associated  o ro p h ary n g ea l 
sq u am o u s cell carcinom a.

The incidence of o ra l cav ity  sq u am o u s cell carcinom a 
(particu larly  in  the  tongue) has been  on  the rise  in  in d iv id 
u a ls  y o u n g e r th a n  40 years o f age w h o  have  no  k n o w n  risk  
factors. The pa thogenesis in  th is g ro u p  of pa tien ts, w h o  are 
nonsm okers a n d  are  n o t infected  w ith  H PV , is u n k n o w n

M O R P H O L O G Y

Squamous cell carcinoma may arise anywhere in the oral cavity. 

However, the most common locations are the ventral surface of 

the tongue, floor of the mouth, lower lip, soft palate, and gingiva 

(Fig. I5.4A). In early stages, these cancers may appear as raised, 

firm, pearly plaques or as irregular, roughened, or verrucous 

mucosal thickenings. Either pattern may be superimposed on a 

background of leukoplakia or erythroplakia. As these lesions 

enlarge, they typically form ulcerated and protruding masses that 

have irregular and indurated or rolled borders. Histopathologic 

analysis has shown that squamous cell carcinoma develops from 

dysplastic precursor lesions. Histologic patterns range from well- 

differentiated keratinizing neoplasms (Fig. I5.4B) to anaplastic, 

sometimes sarcomatoid tumors. However, the degree of histo

logic differentiation, as determined by the relative degree of 

keratinization, does not necessarily correlate with biologic 

behavior. Typically, oral squamous cell carcinoma infiltrates locally 

before it metastasizes. The cervical lymph nodes are the most 

common sites of regional metastasis; frequent sites of distant 

metastases include the mediastinal lymph nodes, lungs, and liver.

Ä S U M M A R Y

L E S IO N S  O F  T H E  O R A L  C A V IT Y

• Fibromas and pyogenic granulomas are common reactive 

lesions of the oral mucosa.

• Leukoplakia and eryhtroplakia are mucosal plaques that may 

undergo malignant transformation.

• The risk for malignant transformation is greater in erythropla

kia (relative to leukoplakia).

• A  majority of oral cavity cancers are squamous cell 

carcinomas.

• Oral squamous cell carcinomas are classically linked to tobacco 

and alcohol use, but the incidence of HPV-associated lesions 

is rising.

Fig. I 5 . 4  Oral squamous cell carcinoma. (A) Gross appearance demonstrat
ing ulceration and induration of the oral mucosa. (B) Histologic appearance 
demonstrating numerous nests and islands of malignant keratinocytes invad
ing the underlying connective tissue stroma.

DISEASES OF SALIVARY GLANDS

T here a re  th ree  m ajor sa livary  g lands — paro tid , subm an 
d ibu lar, a n d  su b lin g u a l—as w ell as inn u m erab le  m inor 
sa livary  g lan d s d is tr ib u ted  th ro u g h o u t the o ral m ucosa. 
In flam m ato ry  or neop lastic  d isease m ay  develop  w ith in  
an y  of these.

Xerostomia

Xerostomia is defined  as a d ry  m o u th  re su ltin g  from  a 
decrease in  the p ro d u c tio n  of saliva. Its incidence varies 
am o n g  p o p u la tio n s  b u t has  been  rep o rte d  in  m ore than  
20% of in d iv id u a ls  o lder th an  70 years of age. It is a m ajor 
fea tu re  of the au to im m u n e  d iso rd er Sjögren syndrom e, in  
w h ich  it u sua lly  is accom pan ied  by  d ry  eyes (C hap ter 5). 
A  lack of salivary  secretions is a lso  a m ajor com plication  
of rad ia tio n  therapy . H ow ever, xerostom ia is m ost fre
q u en tly  observed  as a side effect o f m an y  com m on  classes 
o f m ed ica tions in c lu d in g  anti-cholinergic, a n ti-d e p re ssa n t/ 
an ti-psychotic , d iuretic , an ti-hypertensive , sedative , m uscle 
relaxant, analgesic, a n d  an ti-h istam in ic  agents. The oral
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cavity  m ay  reveal on ly  d ry  m ucosa  a n d /o r  a tro p h y  of the 
p ap illae  of the  tongue, w ith  fissu ring  an d  u lcerations, or, 
in  S jögren syndrom e, concom itan t in flam m atory  en large
m en t of the salivary  g lands. C om plications of xerostom ia 
include increased  ra tes of den ta l caries a n d  cand id iasis , as 
w ell as d ifficulty  in  sw allow ing  an d  speaking .

Sialadenitis

Inflam m ation o f the salivary g lands, referred to as sial
adenitis, m ay be in d u ced  by trauma, viral or bacterial 
in fection , or autoim m une d isease. The m ost com m on 
fo rm  of v ira l s ia laden itis  is mumps, w h ich  m ay  p ro d u ce  
en largem en t o f all salivary  g lands b u t p red o m in an tly  
involves the  p a ro tid s . M u m p s p ro d u ces  in te rstitia l inflam 
m ation  m ark ed  by a m o nonuclear in flam m ato ry  in filtrate. 
W hile m u m p s  in  ch ild ren  is m ost o ften  a self-lim ited 
ben ign  cond ition , in  a d u lts  it c an  cause  pancrea titis  o r 
orchitis; the la tte r som etim es causes sterility .

The mucocele is the m ost com m on  in flam m atory  lesion 
of the  sa livay g lands a n d  resu lts  from  either blockage or 
ru p tu re  of a sa livary  g land  duct, w ith  consequen t leakage 
of saliva in to  the  su rro u n d in g  connective  tissue strom a. 
M ucocele occurs m ost o ften  in  todd lers, y o u n g  adu lts , an d  
o lder adu lts , a n d  typically  m anifests as a flu c tu an t sw elling  
of the low er lip  th a t m ay  change in  size, p articu larly  in  
association  w ith  m eals (Fig. 15.5A). H isto logic exam ination  
dem onstra tes  a cystlike space lined  by g ran u la tio n  tissue 
or fib rous connective  tissue th a t is filled w ith  m u c in  an d  
in flam m atory  cells, p articu larly  m acrophages (Fig. 15.5B). 
C om plete  excision of the cyst a n d  the  m in o r salivary  g land  
constitu tes  defin itive trea tm en t.

Bacterial sialadenitis is a com m on  infection  th a t m ost 
o ften  involves the m ajor salivary  g lands, p a rticu la rly  the 
su b m an d ib u la r g lands. The m o st freq u en t p a th o g en s are  
Staphylococcus aureus a n d  Streptococcus viridans. D uct 
obstruc tion  by  stones (sialolithiasis) is a co m m on  an teced 
en t to  infection; it m ay  also  be in d u ced  by  im p ac ted  food 
debris  o r by  ed em a con seq u en t to  in jury . D eh y d ra tio n  an d  
decreased  secretory  function  can  also  p red isp o se  to  bacte
rial invasion . System ic d eh y d ra tio n , w ith  decreased  sali
vary  secretions, m ay  p red isp o se  to  su p p u ra tiv e  bacterial 
paro titis  in  o lder a d u lt p a tien ts  fo llow ing  m ajor thoracic o r 
abdom ina l surgery . Such ob stru c tio n  a n d  bacterial inva
sion lead  to nonspecific in flam m ation  of the  affected g lands 
th a t m ay  be largely  in te rstitia l or, w h e n  in d u ced  by stap h y 
lococci o r o ther pyogens, m ay  be associa ted  w ith  su p p u ra 
tive necrosis a n d  abscess form ation .

A u to im m u n e  sialadenitis, be tte r k n o w n  as Sjögren syn 
d rom e, is d iscussed  in  C h ap te r 5.

Neoplasms
D espite  their re la tively  sim ple m orpho logy , the  salivary  
g lan d s give rise to  a t least 30 h isto logically  d istinc t tum ors 
(Table 15.1). A  sm all n u m b er of these neop lasm s account 
for m ore  th a n  90% of tum ors. O verall, salivary  g land  
tum ors a re  re la tively  unco m m o n  a n d  rep re sen t less than  
2% of all h u m a n  tum ors. A pprox im ate ly  65% to 80% arise 
w ith in  the  p a ro tid , 1 0 % in  the  su b m an d ib u la r g land , and  
the rem a in d e r in  the m in o r salivary  g lands, in c lu d in g  the 
sub lingual g lands. A pprox im ate ly  15% to 30% of tum ors
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Fig. I 5 . 5  Mucocele. (A) Fluctuant fluid-filled lesion on the lower lip subse
quent to trauma. (B) Cystlike cavity ( r ig h t )  filled with mucinous material and 
lined by organizing granulation tissue. The normal gland acini are seen on the 
left.

in  the p a ro tid  g lan d s are m alignan t. By con trast, ap p ro x i
m ately  40% of su b m an d ib u la r, 50% of m in o r sa livary  g land , 
a n d  70% to 90% of sub lingual tum ors are cancerous. Thus, 
the likelihood  th a t a salivary  g land  tu m o r is m alig n an t is 
inversely  p ro p o rtio n a l, rough ly , to  the  size of the g land.

Salivary g land  tu m o rs u sua lly  occur in  adu lts , w ith  
a sligh t fem ale p redom inance , b u t ab o u t 5% occur in

Table 15.1 Histopathologic Classification and Prevalence of 
the  Most C om m on Benign and M alignant Salivary Gland  
Tum ors

Benign M alig nan t

Pleomorphic adenoma (50%) Mucoepidermoid carcinoma (15%)

Warthin tumor (5%) Acinic cell carcinoma (6 %)

Oncocytoma (2%) Adenocarcinoma NOS (6 %)

Cystadenoma (2%) Adenoid cystic carcinoma (4%)

Basal cell adenoma (2%) Malignant mixed tumor (3%)

N O S , Not otherwise specified.
Data from Ellis GL, Auclair PL, Gnepp DR: S u rg ica l p a th o lo g y  o f  th e  s a liv a ry  g lands , 

Vol 2 5 :  M a jo r  p ro b le m s  in  p a tho logy . Philadelphia, 1991, Saunders.
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ch ild ren  y o u n g e r th a n  16 years of age. W hatever the h isto 
logic p a tte rn , p a ro tid  g lan d  n eop lasm s p ro d u ce  sw elling  
in  fro n t o f a n d  below  the  ear. B enign tu m o rs m ay  be 
p re se n t for m o n th s  to several y ea rs  before com ing  to  clini
cal a tten tion , w h ile  cancers m ore  often  com e to a tten tion  
p ro m p tly , p robab ly  because of the ir m ore  ra p id  g row th . 
H ow ever, there  a re  no  reliable criteria  to  d ifferen tiate  
ben ig n  from  m alig n an t lesions o n  clinical g rounds, an d  
h istopatho log ic  eva lu a tio n  is essential.

Pleom orphic A den o m a

P le o m o rp h ic  ad e n o m a s  are  b e n ig n  tu m o rs  th a t  consist o f  

a  m ix tu re  o f  d u c ta l (e p ith e lia l)  a n d  m y o e p ith e lia l  ce lls , 

so th e y  e x h ib it  b o th  e p ith e lia l  a n d  m e s e n c h y m a l d if fe r 

e n t ia tio n . E pithelial e lem en ts a re  d isp ersed  th ro u g h o u t the 
m atrix , w h ich  m ay  con ta in  variab le  m ix tu res o f m yxoid , 
hyaline, ch o n d ro id  (cartilaginous), a n d  even  osseous tissue. 
In  som e p leom orph ic  adenom as, the  ep ithelia l e lem en ts 
p redom ina te ; in  o thers, they  are p re sen t on ly  in  w ide ly  
d isp ersed  foci. This h isto logic d iversity  has  g iven  rise to 
the  a lte rna tive , a lbeit less p referred , nam e mixed tumor.

P leom orph ic  ad en o m as rep re sen t ab o u t 60% of tum ors 
in  the p a ro tid , are less com m on  in  the su b m an d ib u la r 
g lands, a n d  are  re la tively  ra re  in  the m in o r sa livary  g lands. 
They p re sen t as slow -grow ing , pain less, m obile d iscrete  
m asses. They recu r if incom plete ly  excised. R ecurrence 
ra tes ap p ro ach  25% after sim ple enuclea tion  of the  tum or, 
b u t are on ly  4% after w id e r  resection . In  b o th  settings, 
recurrence stem s from  a fa ilu re  to  recognize m in u te  exten 
sions of tu m o r in to  su rro u n d in g  soft tissues.

C arcinom a arising  in  a  p leom orph ic  ad en o m a is re ferred  
to variously  as a carcinoma ex pleomorphic adenoma o r malig
nant mixed tumor. The incidence of m alig n an t transfo rm a
tion  increases w ith  tim e from  2 % of tu m o rs p re sen t for less 
th an  5 years to  a lm ost 10% for those  p re sen t for m ore  than  
15 years. The cancer u sua lly  takes the  fo rm  of a n  aden o 
carcinom a o r u n d iffe ren tia ted  carcinom a. U nfortunate ly , 
these are  am o n g  the m ost aggressive  m alig n an t neop lasm s 
of salivary  g lands, w ith  m orta lity  ra tes of 30% to 50% a t 5 
years.

M O R P H O L O G Y

Pleomorphic adenomas typically manifest as rounded, well- 

demarcated masses rarely exceeding 6 cm in the greatest dimen

sion. Although they are encapsulated, in some locations 

(particularly the palate), the capsule is not fully developed, and 

expansile growth produces protrusions into the surrounding 

tissues. The cut surface is gray-white and typically contains 

myxoid and blue translucent chondroid (cartilage-like) areas. The 

most striking histologic feature is their characteristic heteroge

neity. Epithelial elements resembling ductal or myoepithelial cells 

are arranged in ducts, acini, irregular tubules, strands, or even 

sheets. These typically are dispersed within a mesenchyme-like 

background of loose myxoid tissue containing islands of chon- 

droid and, rarely, foci of bone (Fig. 15.6). Sometimes the epithelial 

cells form well-developed ducts lined by cuboidal to columnar 

cells with an underlying layer of deeply chromatic, small myoepi

thelial cells. In other instances there may be strands or sheets 

of myoepithelial cells. Islands of well-differentiated squamous 

epithelium also may be present. In most cases, no epithelial

Fig. 15.6 Pleomorphic adenoma. (A) Low-power view showing a well- 
demarcated tumor with adjacent, deeply staining, normal salivary gland 
parenchyma. (B) High-power view showing epithelial cells as well as myoepi
thelial cells within chondroid matrix material.

dysplasia or mitotic activity is evident. No difference in biologic 

behavior has been observed between the tumors composed 

largely of epithelial elements and those composed largely of 

mesenchymal elements.

M u co ep id erm o id  C arc inom a

M u c o e p id e r m o id  ca rc ino m as  are co m p o sed  o f  v a r ia b le  

m ix tu re s  o f  s q u am o u s  ce lls , m u c u s -s e cre tin g  ce lls , a n d  

in te rm e d ia te  ce lls . These neop lasm s rep re sen t ab o u t 15% 
of all salivary  g lan d  tum ors, a n d  w h ile  they  occur m ain ly  
(60%-70%) in  the p a ro tid s , they  accoun t for a large 
fraction  of sa livary  g land  neop lasm s in  the o th e r g lands, 
p a rticu la rly  the  m ino r sa livary  g lands. O verall, m ucoep i
derm o id  carcinom a is the m ost com m on fo rm  of p rim ary  
m alig n an t tu m o r of the sa livary  g lands.

^  M O R P H O L O G Y

Mucoepidermoid carcinomas can grow as large as 8 cm in diam

eter and, although they are apparently circumscribed, they lack 

well-defined capsules and often are infiltrative. The cut surface is 

pale gray to  white and frequently demonstrates small, mucinous 

cysts. On histologic examination, these tumors contain cords, 

sheets, or cysts lined by squamous, mucous, or intermediate cells. 

The latter is a hybrid cell type with both squamous features and 

mucus-filled vacuoles, which are most easily detected with mucin 

stains. Cytologically, tum or cells may be benign-appearing or 

highly anaplastic and unmistakably malignant.

C linical course  an d  p rognosis  d e p e n d  on  histologic 
g rade. L ow -grade tu m o rs m ay  in v ad e  locally an d  recu r in  
a b o u t 15% of cases b u t m etastasize  on ly  ra re ly  a n d  afford  
a  5-year su rv iva l ra te  of over 90%. By contrast, h igh -g rade  
neop lasm s and , to  a lesser extent, in te rm ed ia te -g rad e  
tu m o rs a re  invasive  a n d  difficult to  excise. As a resu lt, they 
recu r in  25% to 30% of cases, a n d  ab o u t 30% m etastasize  
to  d is tan t sites. The 5-year su rv iva l ra te  is on ly  50%.

A  S U M M A R Y

DISEASES O F  S A L IV A R Y  G L A N D S

• Sialadenitis (inflammation of the salivary glands) can be caused 

by trauma, infection (such as mumps), or an autoimmune 

reaction.
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• Pleomorphic adenoma is a slow-growing neoplasm composed 

of a heterogeneous mixture of epithelial and mesenchymal 

cells. It is typically benign.

• Mucoepidermoid carcinoma is a malignant neoplasm of vari

able biologic aggressiveness that is composed of a mixture of 

squamous and mucous cells.

O D O N T O G E N IC  CYSTS A N D  
TUMORS

Odontogenic cysts u su a lly  are de rived  from  rem n an ts  of 
odon togen ic  ep ith e liu m  p resen t w ith in  the jaw s. In  con
tra s t to  the rest o f the  skeleton, ep ithe lium -lined  cysts are  
q u ite  com m on  in  the jaw s. These cysts a re  subclassified  as 
e ithe r in flam m atory  o r developm ental. O nly  the  m ost 
com m on lesions a re  considered  here, s ta rtin g  w ith  devel
o p m en ta l cysts.

The dentigerous cyst orig ina tes a ro u n d  the  c row n  of an  
u n e ru p te d  to o th  a n d  is th o u g h t to  be the re su lt of degen 
e ra tio n  of the d en ta l follicle (p rim ord ia l tissue th a t m akes 
the  enam el surface of teeth). They a re  lined  by a thin, stra ti
fied sq u am o u s ep ith e liu m  th a t typically  is associa ted  w ith  
a  dense  chronic in flam m atory  in filtrate  in  the u n d erly in g  
connective tissue. C om plete  rem oval is curative.

Odontogenic keratocysts can  occur a t an y  age b u t a re  m ost 
freq u en t in  in d iv id u a ls  be tw een  10 a n d  40 years of age, 
have a m ale p redom inance , a n d  typically  are  located  
w ith in  the  p o ste rio r m and ib le . D ifferen tia tion  of the od o n 
togenic keratocyst from  o ther odon togen ic  cysts is im p o r
tan t because it is locally aggressive  an d  has a h igh  
recurrence ra te . O n  h isto logic exam ination , the  cyst lin ing  
consists o f a th in  layer of p a rak era tin ized  o r o rthokera- 
tin ized  stra tified  sq u am o u s ep ith e liu m  w ith  a  p ro m in en t 
basal cell layer a n d  a co rru g a ted  lum inal ep ithelia l surface. 
T rea tm en t requ ires aggressive  a n d  com plete rem oval; 
recurrence ra tes o f u p  to  60% are  associa ted  w ith  inade 
q u a te  resection.

In  co n trast w ith  the d eve lopm en ta l cysts ju s t described, 
the periapical cyst has a n  in flam m atory  etio logy. These 
ex trem ely  com m on lesions occur a t the too th  apex  as a 
resu lt of lo n g -stan d in g  pu lp itis , w h ich  m ay  be caused  by 
ad v an ced  caries o r traum a. N ecrosis o f the p u lp a l tissue, 
w h ich  can  traverse  the len g th  of the ro o t a n d  exit the apex 
of the  too th  in to  the su rro u n d in g  alveo lar bone, can  lead  
to a  periap ica l abscess. O ver tim e, g ran u la tio n  tissue (w ith  
or w ith o u t a n  ep ithelia l lin ing) m ay  develop . Periapical 
in flam m atory  lesions p e rsis t as a re su lt of bacterial infection  
or necrotic tissue in  the area . Successful trea tm en t, there 
fore, necessitates the  com plete  rem oval of the o ffending  
m ateria l fo llow ed  by resto ra tio n  o r ex traction  of the tooth.

Odontogenic tumors are a com plex  g ro u p  of lesions w ith  
d iverse  h isto logic ap p earan ces an d  clinical behaviors. 
Som e are  true  neop lasm s, e ithe r ben ign  o r m alignan t, 
w h ile  o thers are th o u g h t to  be ham artom as. O don togen ic  
tu m o rs are  d e riv ed  from  odon togen ic  ep ithe lium , ectom es- 
enchym e, o r bo th . The tw o  m ost com m on  an d  clinically 
significant tu m o rs a re  am elob lastom a a n d  odon tom a.

Ameloblastomas arise from  odon togen ic  ep ithe lium . They 
are  typically  cystic, slow -grow ing  and , desp ite  being  
locally invasive, have  a n  in d o len t course. The cysts are  
lined  by p a lisad in g  co lu m n ar ep ith e liu m  th a t overlies a 
loose strom a w ith  stellate  cells. O don tom a, the m ost 
com m on type of odon togen ic  tum or, arises from  ep ithe 
lium  b u t show s extensive dep o sitio n  of enam el a n d  den tin . 
O d o n to m as are  cu red  by local excision.

®  S U M M A R Y

O D O N T O G E N IC  C Y S T S  A N D  T U M O R S

• The jaws are a common site of epithelium-lined cysts derived 

from odontogenic remnants.

• The odontogenic keratocyst is locally aggressive, with a high 

recurrence rate.

• The periapical cyst is a reactive, inflammatory lesion associated 

with caries or dental trauma.

• The most common odontogenic tumors are ameloblastoma 

and odontoma.

Esophagus

The esophagus develops from  the cranial po rtion  of the 
foregut. It is a hollow, highly distensible m uscular tube that 
extends from  the epiglottis to the gastroesophageal junction, 
located ju st above the d iaphragm . A cquired diseases of the 
esophagus ru n  the gam ut from  lethal cancers to the persistent 
"h eartbu rn" of gastroesophageal reflux tha t m ay  be chronic 
and  incapacitating or m erely an  occasional annoyance.

OBSTRUCTIVE A N D  VASCULAR 
DISEASES

Mechanical Obstruction

A tresia, fistulas, an d  duplications m ay  occur in  any 
p a r t o f the gastro in testinal tract. W hen  they involve the

esophagus, they are  d iscovered shortly  after birth , usually  
because of regurg ita tion  d u rin g  feeding. P ro m p t surgical 
repa ir is requ ired . Absence, o r agenesis, of the esophagus 
is extrem ely rare. A tresia, in  w hich  a thin, noncanalized 
cord  replaces a segm ent o f esophagus, is m ore com m on. 
It occurs m ost frequently  a t o r near the tracheal bifurca
tion  an d  usually  is associated w ith  a  fistula connecting  the 
u p p e r o r low er esophageal pouches to  a b ronchus or the 
trachea. This abnorm al connection  can  resu lt in  aspiration , 
suffocation, pneum onia , o r severe flu id  an d  electrolyte 
im balances.

E sophageal stenosis m ay  be congenital o r m ore  com 
m only  acquired . W hen acquired  the n arrow ing  generally  is 
caused  by fibrous th ickening of the subm ucosa an d  a trophy  
of the m uscularis p ropria . Stenosis d ue  to  in flam m ation  and  
scarring  m ay  be caused  by chronic gastroesophageal reflux,
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irrad iation , ingestion  of caustic agents, o r o ther form s of 
severe injury. Stenosis-associated dysphag ia  usually  is p ro 
gressive; difficulty ea ting  solids typically occurs long  before 
prob lem s w ith  liquids.

Functional Obstruction
Efficient delivery  o f food  a n d  flu ids to  the  s tom ach  requ ires 
co o rd in a ted  w aves of perista ltic  contractions. Esophageal 
dysmotility in terferes w ith  th is p rocess a n d  can  take several 
form s, all of w h ich  are charac terized  by d iscoo rd ina ted  
con trac tion  or sp asm  of the m uscu laris. Because it increases 
esophageal w all stress, sp asm  also  can  cause sm all d iver
ticula to  form . E sophageal dysm otility  can  be separa ted  
in to  several fo rm s d e p e n d in g  o n  the  charac ter o f the con
tractile abnorm alities.

A c h a la s ia  is c h a racte rized  b y  th e  t r ia d  o f  in c o m p le te  

lo w e r  esophageal sp h in c te r (LE S) re la x a tio n , increased  

L E S  to n e , a n d  esophageal aperis ta ls is . Prim ary  achalasia is 
caused  by  failure of d ista l esophageal inh ibitory  neurons 
a n d  is, by definition, id iopathic. D egenerative changes in  
neu ra l innervation , e ither intrinsic to  the esophagus or 
w ith in  the extraesophageal vagus nerve or the dorsal m oto r 
nucleus of the vagus, m ay  lead  to secondary  achalasia. This 
occurs in  C hagas disease, in  w h ich  Trypanosoma cruzi infec
tion causes destruction  of the m yenteric  plexus, failure of 
LES relaxation, an d  esophageal d ilatation. D uodenal, 
colonic, an d  ureteric m yenteric  plexuses also can  be affected 
in  C hagas disease. A chalasia-like disease m ay  be caused  by 
diabetic au tonom ic neuropathy , infiltrative d iso rders such 
as m alignancy, am yloidosis, o r sarcoidosis, an d  lesions of 
dorsal m otor nuclei, w h ich  m ay  be p ro d u ced  by polio  or 
surgical ablation.

Ectopia
Ectopic tissues (developm en ta l rests) a re  com m on in  the 
gastro in testina l tract. The m ost frequen t site o f ectopic 
gastric m ucosa  is the u p p e r  th ird  of the esophagus, w h ere  
it is re ferred  to  as a n  inlet patch. A lth o u g h  the  presence 
of such  tissue generally  is asym ptom atic , acid re leased  
by gastric m ucosa  w ith in  the  e so p h ag u s can  resu lt in  
dysphag ia , esophagitis, B arrett esophagus, or, rarely , 
adenocarcinom a. Gastric heterotopia, sm all pa tches of 
ectopic gastric  m ucosa  in  the sm all bow el, p a rticu larly  
w ith in  a M eckel d iverticu lum , o r colon, m ay  p re sen t 
w ith  occu lt b lood  loss d u e  to  local in jury  caused  by acid 
secretion.

Esophageal Varices

In stead  of re tu rn in g  d irectly  to  the  heart, ven o u s b lood 
from  the  gastro in testina l tract is de livered  to  the liver via 
the p o rta l vein  before reach ing  the in ferio r vena  cava. 
This circu la to ry  p a tte rn  is responsib le  for the first-pass 
effect, in  w h ich  d ru g s  a n d  o ther m ateria ls  ab so rbed  in  
the in testines are p rocessed  by  the liver before en te rin g  
the  system ic circulation . D iseases  th a t  im p e d e  p o rta l 

b lo o d  f lo w  cause p o r ta l h y p e rte n s io n , w h ic h  can  le a d  

to  th e  d e v e lo p m e n t o f  e so p h ag ea l va ric e s , a n  im p o r 

ta n t  cause o f  m a ss ive  a n d  fre q u e n t ly  l ife - th r e a te n in g  

b le e d in g .

Pathogenesis

O ne of the few  sites w h ere  the  sp lanchnic  a n d  system ic 
ven o u s circu lations can  com m unicate  is the  esophagus. 
P orta l h y p erten sio n  induces d ev e lo p m en t of collateral 
channels th a t a llow  p o rta l b lood  to  sh u n t in to  the caval 
system . H ow ever, these collateral veins en large the subep i
thelial a n d  subm ucosal ven o u s plexi w ith in  the d ista l 
e sophagus. These vessels, te rm ed  varices, develop  in  50% of 
c irrhotic  patien ts, m ost com m only  in  associa tion  w ith  alco
holic liver disease. W orldw ide , hepatic  sch istosom iasis is 
the  second  m o st com m on  cause of varices. A  m ore  deta iled  
consid era tio n  of p o rta l h y p e rten s io n  is g iven  in  C h ap te r 16.

M O R P H O L O G Y

Varices can be detected by angiography, but are most commonly 

detected during endoscopy (Fig. I5 .7A  and B) and appear as 

tortuous dilated veins within the submucosa of the distal esopha

gus and proximal stomach (see Fig. I5.7C and D ). The overlying 

mucosa can be intact or ulcerated and necrotic, particularly if 

rupture has occurred.

C lin ica l Features

V arices often  are  asym ptom atic , b u t their ru p tu re  can  lead  
to  m assive  hem atem esis an d  death . V ariceal ru p tu re  there 
fore constitu tes a  m ed ical em ergency. D esp ite  in te rven tion , 
as m any  as ha lf o f the  p a tien ts  die from  the  first b leed ing  
ep isode, e ithe r as a d irec t consequence of hem o rrh ag e  or 
d u e  to  hepatic  com a triggered  by the p ro te in  load  th a t 
resu lts  from  in tra lu m in a l b leed in g  as w ell as hypovo lem ic 
shock. A m ong  those w h o  surv ive, ad d itio n a l ep isodes of 
hem orrhage , each po ten tia lly  fatal, occur in  as m an y  as 
2 0 % of cases.

ESOPHAGITIS

Esophageal Lacerations, Mucosal Injury, 
and Infections
The m o st com m on  esophageal lacerations are  Mallory- 
Weiss tears, w h ich  are often  in d u ced  by  severe re tch ing  or 
vom iting . N orm ally , a reflex re laxation  of the  g astroesoph 
ageal m u scu la tu re  p recedes the an ti-perista ltic  contractile  
w av e  associa ted  w ith  vom iting . This re laxation  m ay  fail 
d u rin g  p ro lo n g ed  vom iting , w ith  the  resu lt tha t reflux ing  
gastric con ten ts cause the  esophageal w all to stre tch  and  
tear. P a tien ts u su a lly  p re sen t w ith  hem atem esis.

The rou g h ly  linear lacerations of M allory-W eiss syn
d rom e are lo n g itud ina lly  o rien ted  a n d  u sually  cross the 
gastroesophageal junc tion  (Fig. 15.8A). These superficial 
tears generally  heal quickly  w ith o u t surg ical in te rven tion . 
By contrast, severe, tran sm u ra l esophageal tears (Boerhaave 
syndrome) re su lt in  m ed iastin itis , a re  catastrophic , an d  
requ ire  p ro m p t surg ical in te rven tion .

C hem ical and  Infectious Esophagitis

The stra tified  sq u am o u s m ucosa  of the e so p h ag u s m ay  be 
d am ag ed  by  a varie ty  of irr itan ts  in c lu d in g  alcohol, cor
rosive acids o r alkalis, excessively h o t flu ids, a n d  heavy
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Fig. 15.7 Esophageal varices. (A) Angiogram showing several tortuous esophageal varices. (B) Although the angiogram is striking, endoscopy is more com
monly used to identify varices. (C) Collapsed varices are present in this postmortem specimen corresponding to the angiogram in (A). The polypoid areas 
are sites of variceal hemorrhage that were ligated with bands. (D) Dilated varices beneath intact squamous mucosa.

sm oking. M edicinal pills, m ost com m only  doxycycline an d  
b isphosphona tes , m ay  ad h ere  to  the esophageal lin ing  an d  
d isso lve in  the e so p h ag u s ra th e r th a n  p assin g  im m ediate ly  
in to  the stom ach, re su ltin g  in  p ill-induced  esophagitis. 
E sophag itis  d u e  to  chem ical in ju ry  generally  causes only  
self-lim ited  pain , p articu larly  o d y n o p h ag ia  (pain  w ith  
sw allow ing). H em orrhage , stric tu re , o r p e rfo ra tion  m ay  
occur in  severe cases. Ia trogenic  esophageal in jury  m ay  be 
caused  by  cytotoxic chem otherapy , rad ia tio n  therapy , o r 
g raft-versus-host disease. The m orpho log ic  changes are 
nonspecific, consisting  of u lcera tion  a n d  acu te  in flam m a
tion. Irrad ia tio n  causes b lood  vessel dam age  a d d in g  an  
e lem en t of ischem ic injury.

Infectious esophag itis  m ay  occur in  o therw ise  healthy  
in d iv id u a ls  b u t is m o st freq u en t in  those w h o  are debili
ta ted  o r im m u n o su p p ressed . In  these patien ts, esophageal 
in fection  by h erp es  sim plex  v iruses, cy tom egalov irus 
(CMV), o r fungal o rgan ism s is com m on. A m o n g  fungi, 
C an d id a  is the m ost com m on  p a thogen , a lth o u g h  m ucor
m ycosis a n d  asperg illosis m ay  also  occur. The esop h ag u s 
m ay  also  be in vo lved  in  d esq u am ativ e  sk in  d iseases such  
as bu llous p e m p h ig o id  a n d  ep iderm o lysis  bu llosa  and , 
rarely , C ro h n  disease.

Infection by fungi o r bacteria can be p rim ary  or com plicate 
a p reex isting  u lcer. N onpa thogen ic  o ral bacteria  frequen tly  
a re  fo u n d  in  u lcer beds, w hile p a thogen ic  organ ism s, w hich
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Fig. I 5 . 8  Traumatic and viral esophagitis. (A) Endoscopic view of a longitudinally-oriented Mallory-Weiss tear. These superficial lacerations can range from 
millimeters to several centimeters in length. (B) Postmortem specimen with multiple herpetic ulcers in the distal esophagus. (C) Multinucleate squamous cells 
containing herpesvirus nuclear inclusions. (D) Cytomegalovirus-infected endothelial cells with nuclear and cytoplasmic inclusions. (E n d o s c o p ic  im a g e  c o u r te s y  

o f  D r .  I r a  H a n a n ,  T h e  U n iv e r s i t y  o f  C h ic a g o ,  C h ic a g o ,  I l l in o is . )

accoun t for a b o u t 1 0 % of in fectious esophag itis  cases, m ay 
in v ad e  the lam ina  p ro p ria  a n d  cause necrosis o f overly ing  
m ucosa. C and id iasis  in  its m ost ad v an ced  fo rm  is charac
te rized  by ad h eren t, g ray -w hite  p seu d o m em b ran es  com 
p o sed  of densely  m a tted  fungal h y p h ae  an d  in flam m atory  
cells covering  the esophageal m ucosa.

The endoscop ic  app earan ce  o ften  p ro v id es a clue to  the 
id en tity  of the  in fectious ag en t in  v ira l esophag itis. H erp es
v iru ses  typically  cause p u n c h e d -o u t u lcers (Fig. 15.8B), an d  
h is topatho log ic  analysis  dem onstra tes  nuclear v ira l inclu 
sions w ith in  a r im  of d eg en era tin g  ep ithelia l cells a t  the

u lcer edge  (Fig. 15.8C). By con trast, CM V  causes shallow er 
u lcerations. B iopsy of these lesions show  the characteristic  
nuclear a n d  cy top lasm ic inclusions w ith in  cap illary  endo 
th e liu m  a n d  strom al cells (Fig. 15.8D). Im m unohistochem i
cal sta in ing  for v ira l an tig en s can  be a  u sefu l ancillary  
d iagnostic  tool.

Reflux Esophagitis
R e flu x  o f  gastric  con ten ts  in to  th e  lo w e r  esop hag us  is 

th e  m o st f re q u e n t  cause o f  e s o p h a g itis  a n d  th e  m o st
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c o m m o n  g a s tro in te s tin a l a i lm e n t  w i th  w h ic h  p a tie n ts  

p re s e n t in  th e  o u t p a t ie n t  s e ttin g  in  th e  U n ite d  States.

The associated  clinical cond ition  is te rm ed  gastroesophageal 
reflux disease (GERD). The stra tified  sq u am o u s ep ith e liu m  
of the e so p h ag u s is resis tan t to  ab rasion  from  foods b u t 
is sensitive to  acid. The subm ucosal g lan d s of the  p roxi
m al a n d  d ista l e so p h ag u s con tribu te  to  m ucosal p ro tec 
tion  by  secreting  m u c in  a n d  b icarbonate. M ore im p o rtan t, 
h ig h  low er esophageal sph inc ter tone pro tec ts  aga in st 
reflux  of acidic gastric conten ts, w h ich  are  u n d e r  positive  
pressu re .

Pathogenesis

R e flu x  o f  g astric  ju ic e s  is  c e n tra l to  th e  d e v e lo p m e n t o f  

m u c o s a l in ju r y  in  G E R D . In  severe cases, d u o d en a l bile 
reflux  m ay  exacerbate the dam age. C ond itions th a t decrease 
low er esophageal sph inc ter tone or increase abdom ina l 
p re ssu re  con tribu te  to  GERD a n d  inc lude  a lcohol and  
tobacco use, obesity , cen tra l n e rv o u s system  dep ressan ts, 
p regnancy , h ia ta l he rn ia  (d iscussed  later), delayed  gastric 
em pty ing , an d  increased  gastric  vo lum e. In  m an y  cases, no  
defin itive cause is identified .

M O R P H O L O G Y

Simple hyperemia, evident to  the endoscopist as redness, may be 

the only alteration. In mild GERD the mucosal histology is often 

unremarkable. W ith  more significant disease, eosinophils are 

recruited into the squamous mucosa, followed by neutrophils, 

which usually are associated with more severe injury (Fig. I5 .9A). 

Basal zone hyperplasia exceeding 20% of the total epithelial 

thickness and elongation of lamina propria papillae, such that they 

extend into the upper third of the epithelium, also may be 

present.

Clinical Features

GERD is m ost com m on  in  those over 40 years of age b u t 
also  occurs in  in fan ts a n d  ch ild ren . The m ost frequen tly  
rep o rted  sym ptom s are  h eartb u rn , dysphag ia , and , less 
often, noticeable reg u rg ita tio n  of sou r-tasting  gastric con
tents. R arely, chronic GERD is p u n c tu a te d  by  a ttacks of 
severe chest p a in  th a t m ay  be m istaken  for h e a rt d isease. 
T rea tm en t w ith  p ro to n  p u m p  inh ib ito rs reduces gastric 
ac id ity  a n d  typically  p ro v id es sym ptom atic  relief. W hile 
the severity  of sym ptom s is n o t closely re la ted  to  the  degree 
of h isto logic dam age, the  la tte r ten d s to increase w ith  
d isease d u ra tio n . C om plications of reflux  esophag itis  
include esophageal u lceration , hem atem esis, m elena, stric
tu re  developm en t, an d  B arrett e sophagus, a p recu rso r 
lesion  to  esophageal carcinom a.

Hiatal hernia is charac terized  by sep ara tio n  of the d ia 
ph rag m atic  c ru ra  a n d  p ro tru s io n  of the s tom ach  in to  the 
tho rax  th ro u g h  the  re su ltin g  gap. C ongen ita l h ia ta l hern ias 
are  recogn ized  in  in fan ts an d  ch ild ren , b u t m an y  are 
acq u ired  in  la te r life. H ia ta l h e rn ia  is sym ptom atic  in  few er 
th a n  1 0 % of adu lts; sym ptom s w h e n  p re se n t resem ble 
GERD since h ia ta l he rn ia  can  cause LES incom petence.

Eosinophilic Esophagitis

Eosinophilic esophagitis is a  chronic im m unologically  m edi
a ted  d iso rder th a t is being  increasingly recognized. Sym p
tom s include food im paction  an d  dysphag ia  in  adu lts  and  
feeding in to lerance or GERD-like sym ptom s in  children. 
The card inal histologic feature is epithelial infiltration  by 
large num bers of eosinophils, particu larly  superficially (Fig. 
15.9B) an d  a t sites far from  the gastroesophageal junction. 
Their abundance  can  help  to  differentiate eosinophilic 
esophagitis from  GERD, C rohn  disease, an d  o ther causes of 
esophagitis. Endoscopically ev iden t rings in  the u p p e r and
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Fig. 15.9 Esophagitis. (A) Reflux esophagitis with scattered intraepithelial eosinophils. (B) Eosinophilic esophagitis with numerous intraepithelial eosinophils. 
(C) Endoscopy reveals circumferential rings in the proximal esophagus of this patient with eosinophilic esophagitis. ( E n d o s c o p ic  im a g e  c o u r te s y  o f  D r .  f r a  H a n a n ,  

T h e  U n iv e r s i t y  o f  C h ic a g o ,  C h ic a g o ,  I l l in o is . )
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m id  portions o f the esophagus (Fig. 15.9C), m ay  also help  to 
d istingu ish  eosinophilic esophagitis from  GERD. Patients 
w ith  eosinophilic esophagitis are typically refractory  to 
h igh-dose p ro to n  p u m p  inh ib ito r treatm ent. Most patients are 
atopic, and many have atopic dermatitis, allergic rhinitis, asthma, 
or modest peripheral eosinophilia. T reatm ents include d ietary  
restrictions to  p reven t exposure to  food allergens, such as 
cow  m ilk  an d  soy p roducts, an d  topical o r system ic 
corticosteroids.

Barrett Esophagus
B a rre tt  esophagus is a  c o m p lic a tio n  o f  c h ro n ic  G E R D  th a t  

is  c h a ra c te rize d  b y  in te s tin a l m e ta p la s ia  w i th in  th e  

eso p h a g e a l s q u am o u s  m u c o s a . The incidence of B arrett 
esop h ag u s is rising; it is es tim ated  to occur in  as m any  as 
10% of in d iv id u a ls  w ith  sym ptom atic  GERD. W hite  m ales 
are  affected m o st o ften  a n d  typically  p re sen t be tw een  40 
an d  60 y ears  o f age. The g rea test concern  in  B arrett e sopha 
gus is th a t it confers an increased risk for development of esopha
geal adenocarcinoma. M olecular s tu d ies  sug g est th a t B arrett 
ep ith e liu m  m ay  be m ore  sim ilar genetically  to  adenocarci
n o m a than  to  n o rm al esophageal ep ithe lium , consisten t 
w ith  the v iew  th a t B arrett esop h ag u s is a d irec t p recu rso r 
o f cancer. In  k eep ing  w ith  this, ep ithelia l dysplasia, consid 
e red  to be a p re invasive  lesion, develops in  0 .2 % to 1 % of 
in d iv id u a ls  w ith  B arrett e so p h ag u s each year; its incidence 
increases w ith  d u ra tio n  of sym ptom s an d  increasing  
p a tien t age. A lth o u g h  the v ast m ajority  o f esophageal ad e 
nocarcinom as are  associa ted  w ith  B arrett e sophagus, it 
sh o u ld  be n o ted  th a t m o s t in d iv id u a ls  w ith  B arrett e sopha 
gus do  n o t develop  esophageal cancer.

^  M O R P H O L O G Y

Barrett esophagus is recognized endoscopically as tongues or 

patches of red, velvety mucosa extending upward from the gas

troesophageal junction (Fig. I 5 . I 0A). This metaplastic mucosa 

alternates with residual smooth, pale squamous (esophageal) 

mucosa proximally and interfaces with light-brown columnar 

(gastric) mucosa distally (Fig. I5. I0B and C). High-resolution 

endoscopes have increased the sensitivity of Barrett esophagus 

detection.

Most experts require both endoscopic evidence of abnormal 

mucosa above the gastroesophageal junction and histologically 

documented gastric or intestinal metaplasia for diagnosis of 

Barrett esophagus. The defining feature of intestinal metaplasia, 

and a feature of Barrett esophagus, is the presence of goblet cells, 

which have distinct mucous vacuoles that stain pale blue by H&E 

and impart the shape of a wine goblet to  the remaining cytoplasm 

(Fig. I 5 . I 0C). Dysplasia is classified as low-grade or high-grade 

on the basis of morphologic criteria. Intramucosal carcinoma is 

characterized by invasion of neoplastic epithelial cells into the 

lamina propria.

C lin ica l Features

D iagnosis o f B arrett e so p h ag u s is u sua lly  p ro m p te d  by 
GERD sym ptom s a n d  requ ires  endoscopy  a n d  biopsy . The 
best course of m an ag em en t is a m a tte r o f debate, b u t m ost 
clin icians recom m end  period ic  surveillance endoscopy  
w ith  b iopsy  to  screen for dysp lasia . D ysp lasia  is often  
trea ted  a n d  m ore ad v an ced  lesions, in c lu d in g  h igh -g rade  
dysp lasia  a n d  in tram ucosa l carcinom a, a lw ays requ ire

A

Fig. I M °  Barrett esophagus. (A) Narrow band imaging of Barrett esophagus during endoscopy. Note the tan islands of ectopic metaplasia within bluish 
squamous mucosa. (B) Gross image of Barrett esophagus (compare to Fig. I5.7C). Only a few areas of pale squamous mucosa remain within the predominantly 
metaplastic, reddish mucosa of the distal esophagus. (C) Histologic appearance of the gastroesophageal junction in Barrett esophagus. Note the transition 
between esophageal squamous mucosa ( lo w e r  r ig h t )  and metaplastic mucosa containing goblet cells ( u p p e r ) .  (E n d o s c o p ic  im a g e  c o u r te s y  o f  D r .  I r a  H a n a n ,  T h e  

U n iv e r s i t y  o f  C h ic a g o ,  C h ic a g o ,  I l l in o is . )
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th e rap eu tic  in te rven tion . A vailable m odalities include su r
gical resection  (esophagectomy); n ew er app ro ach es inc lude  
p h o to d y n am ic  th erapy , rad io frequency  ablation , an d  
endoscop ic  m ucosectom y.

ESOPHAGEAL TUMORS

T w o m orpho log ic  v a rian ts  accoun t for a m ajority  of esoph 
ageal cancers: adenocarc inom a a n d  sq u am o u s cell carci
nom a. W orldw ide , sq u am o u s cell carc inom a is m ore  
com m on, b u t adenocarc inom a is on  the rise. O ther ra re  
tum ors a re  n o t d iscussed  here.

Adenocarcinoma

E s o p h a g e a l a d e n o c a rc in o m a  ty p ic a lly  arises in  a  b ac k 

g ro u n d  o f  B a rre tt  esop hag us  a n d  lo n g -s ta n d in g  G E R D .
R isk for d ev e lo p m en t of adenocarc inom a is g rea ter in  
pa tien ts  w ith  d o cu m en ted  dysp lasia  a n d  in  those  w h o  use  
tobacco, are  obese, o r w h o  have  h a d  p rev io u s rad ia tio n  
th erapy . In  the U n ited  States, esophageal adenocarc inom a 
occurs m ost frequen tly  in  w h ites  a n d  show s a strong  
g en d e r bias, being  seven  tim es m ore com m on  in  m en  than  
in  w om en . H ow ever, the  incidence varies by  a factor of 
60-fold w o rld w id e , w ith  ra tes  being  h ig h est in  W estern  
countries, in c lu d in g  the U n ited  States, the U n ited  K ingdom , 
C anada , A ustra lia , a n d  the  N e therlands, an d  low est in  
K orea, T hailand , Japan , a n d  E cuador. In  coun tries w h ere  
esophageal adenocarc inom a is m ore  com m on, the inci
dence has increased  m ark ed ly  since 1970, m ore  rap id ly  
th an  for a lm ost any  o ther cancer. A s a resu lt, esophageal 
adenocarcinom a, w h ich  rep re sen ted  less th a n  5% of esoph 
ageal cancers before 1970, n o w  accounts for half o f all 
esophageal cancers in  som e W estern  countries, inc lud ing  
the U n ited  States.

Pathogenesis

M o le c u la r  s tu d ies  suggest th a t  th e  p ro g res s io n  o f  B a rre tt  

esop hag us  to  a d e n o c a rc in o m a  occurs o ver a n  e x te n d e d  

p e r io d  th ro u g h  th e  s te p w is e  a c q u is it io n  o f  g en e tic  a n d  

e p ig e n e tic  changes. This m o d e l is su p p o rte d  by the obser
v a tio n  th a t ep ithelia l clones iden tified  in  nondysp lastic  
B arre tt m etap lasia  p e rsis t a n d  accum ulate  m u ta tio n s 
d u rin g  p rog ressio n  to  dysp lasia  a n d  invasive  carcinom a. 
C hrom osom al abnorm alities a n d  TP53 m u ta tio n  are often  
p resen t in  the early  stages of esophageal adenocarcinom a. 
A d d itio n a l genetic  changes an d  in flam m ation  are  th o u g h t 
to con tribu te  to  tu m o r p rogression .

M O R P H O L O G Y

Esophageal adenocarcinoma usually occurs in the distal third of 

the esophagus and may invade the adjacent gastric cardia (Fig. 

I 5 . I I A ). W hile early lesions may appear as flat or raised patches 

in otherwise intact mucosa, later tumors may form large exo

phytic masses, infiltrate diffusely, or ulcerate and invade deeply. 

On microscopic examination, Barrett esophagus frequently is 

present adjacent to  the tumor. Tumors typically produce mucin 

and form glands (Fig. I 5 . I I B ).

Fig. 15.11 Esophageal adenocarcinoma. (A) Adenocarcinoma usually occurs 
distally and, as in this case, often involves the gastric cardia. (B) Esophageal 
adenocarcinoma growing as back-to-back glands.

C lin ica l Features

P atien ts  m ost com m only  p re sen t w ith  p a in  o r d ifficulty  in  
sw allow ing , p rog ressive  w e ig h t loss, chest pa in , o r vom it
ing. By the  tim e signs a n d  sym ptom s ap p ear, the tu m o r 
u su a lly  has  in v ad ed  subm ucosa l lym phatic  vessels. A s a 
re su lt o f the ad v an ced  stage a t d iagnosis, the overall 5-year 
su rv iv a l ra te  is less th a n  25%. By contrast, 5-year su rv ival 
ap p ro x im ates  80% in  the few  p a tien ts  w ith  adenocarci
nom a lim ited  to  the m ucosa  or subm ucosa.

Squamous Cell Carcinoma
In  the  U n ited  States, esophageal sq u am o u s cell carcinom a 
typically  occurs in  a d u lts  o lder th an  45 years o f age an d  
affects m ales fo u r tim es m ore frequen tly  th a n  fem ales. 
R isk factors inc lude  alcohol a n d  tobacco use, poverty , 
caustic  esophageal in jury , achalasia, P lum m er-V inson  
syndrom e, freq u en t co n su m p tio n  of very  h o t beverages, 
an d  p rev io u s rad ia tio n  th e rap y  to  the  m ed iastinum . It 
is nearly  six tim es m ore com m on  in  A frican  A m ericans 
th a n  in  w h ite s—a strik ing  risk  d isp arity  th a t canno t be 
accoun ted  for by  d ifferences in  ra tes of alcohol a n d  tobacco 
use. The incidence of esophageal sq u am o u s cell carcinom a 
can  vary  by m ore th an  1 0 0 -fold be tw een  a n d  w ith in  coun 
tries, be ing  m ore com m on in  ru ra l a n d  u n d e rd ev e lo p ed  
areas. The coun tries w ith  h ighest incidences a re  Iran , 
cen tra l C hina, H o n g  K ong, A rgen tina , Brazil, an d  South  
Africa.

Pathogenesis

A  m a jo r ity  o f  e so p h ag ea l s q u am o u s  c e ll carc ino m as  

in  E u ro p e  a n d  th e  U n ite d  States are a t leas t p a r t ia l ly
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re la te d  to  th e  use o f  a lc o h o l a n d  tobacco , th e  e ffec ts  o f  

w h ic h  s y n e rg ize  to  increase  r is k . H ow ever, esophageal 
sq u am o u s cell carc inom a also  is com m on  in  som e reg ions 
w h ere  alcohol a n d  tobacco u se  are unco m m o n  d u e  to  reli
g ious o r societal no rm s. In  these areas, n u tritio n a l defi
ciencies, as w ell as exposu re  to  polycyclic hydrocarbons, 
n itrosam ines, a n d  o th e r m u tagen ic  com pounds, such  as 
those  fo u n d  in  fungu s-co n tam in a ted  foods, are suspected  
to  be the  risk  factors. H PV  infection  also  has been  im pli
ca ted  in  esophageal sq u am o u s cell carc inom a in  h igh-risk  
b u t n o t in  low -risk  regions. The m o lecu lar p a thogenesis of 
esophageal sq u am o u s cell carc inom a rem ains incom pletely  
defined.

Most squamous cell carcinomas are moderately to  well- 

differentiated (Fig. I5. I2B). Regardless of the histology symp

tomatic tumors have often invaded the esophageal wall at 

time of diagnosis. The rich submucosal lymphatic network 

promotes circumferential and longitudinal spread, and intra

mural tum or nodules may be present several centimeters 

away from the main mass. The sites of lymph node metas- 

tases vary with tum or location: Cancers in the upper third 

of the esophagus favor cervical lymph nodes; those in the 

middle third favor mediastinal, paratracheal, and tracheobron

chial nodes; and those in the lower third spread to gastric and 

celiac nodes.

^  M O R P H O L O G Y

In contrast to the distal location of most adenocarcinomas, half 

of squamous cell carcinomas occur in the middle third of the 

esophagus (Fig. I 5 . I 2A). Squamous cell carcinoma begins as an 

in situ lesion in the form of squam ous dysplasia. Early lesions 

appear as small, gray-white plaquelike thickenings. O ver months 

to  years, they grow into tum or masses that may be polypoid and 

protrude into and obstruct the lumen. O ther tumors are either 

ulcerated or diffusely infiltrative lesions that spread within the 

esophageal wall, where they can cause thickening, rigidity, and 

luminal narrowing. These cancers may invade surrounding struc

tures including the respiratory tree, causing pneumonia; the 

aorta, causing catastrophic exsanguination; or the mediastinum 

and pericardium.

Fig. 15.12 Esophageal squamous cell carcinoma. (A) Squamous cell carci
noma most frequently is found in the mid-esophagus, where it commonly 
causes strictures. (B) Squamous cell carcinoma composed of nests of malig
nant cells that partially recapitulate the stratified organization of squamous 
epithelium.

C lin ica l Features

C linical m an ifesta tions of sq u am o u s cell carc inom a of the 
esop h ag u s beg in  insid iously  a n d  inc lude  dysphag ia , o d y 
n o p h ag ia  (pa in  o n  sw allow ing), a n d  obstruction . A s w ith  
o ther fo rm s o f esophageal obstruction , p a tien ts  m ay  u n w it
ting ly  ad ju s t to  the p rogressively  increasing  o bstruc tion  by 
a lte rin g  their d ie t from  so lid  to  liq u id  foods. E xtrem e 
w e ig h t loss a n d  deb ilita tion  m ay  occur as consequences of 
bo th  im p a ired  n u tritio n  a n d  tum or-assoc ia ted  cachexia. As 
w ith  adenocarcinom a, hem o rrh ag e  a n d  sepsis m ay  accom 
p a n y  tu m o r u lceration . O ccasionally , sq u am o u s cell carci
nom as of the u p p e r  an d  m id  e so p h ag u s p re sen t w ith  
sym ptom s caused  by  asp ira tio n  of food v ia a tracheoesoph 
ageal fistula.

Increased  u se  of endoscopic  screen ing  has led  to 
earlier d iagnosis of esophageal sq u am o u s cell carcinom a. 
E arly  de tec tion  is critical, because 5-year su rv iva l ra tes 
a re  75% for p a tien ts  w ith  superficial esophageal carci
nom a b u t m u ch  low er for p a tien ts  w ith  m ore ad vanced  
tum ors. The overall 5-year su rv iv a l ra te  rem ains a 
d ism al 9%.

®  S U M M A R Y

DISEASES O F  T H E  E S O P H A G U S

• E s o p h a g e a l  o b s t r u c t i o n  may occur as a result of mechanical or 

functional anomalies. Mechanical causes include developmental 

defects, fibrotic strictures, and tumors.

• A c h a la s i a ,  characterized by incomplete LES relaxation, increased 

LES tone, and esophageal aperistalsis, is a common form of 

functional esophageal obstruction.

• E s o p h a g i t i s  can result from chemical or infectious mucosal 

injury. Infections are most frequent in immunocompromised 

individuals.

• The most common cause of esophagitis is g a s t r o e s o p h a g e a l  

r e f l u x  d i s e a s e  ( G E R D ) ,  which must be differentiated from e o s in o 

p h i l i c  e s o p h a g i t i s .

• B a r r e t t  e s o p h a g u s ,  which may develop in patients with chronic 

GERD, is associated with increased risk for development of 

esophageal adenocarcinoma.

• E s o p h a g e a l  s q u a m o u s  c e l l  c a r c i n o m a  is associated with alcohol 

and tobacco use, poverty, caustic esophageal injury, achalasia, 

tylosis, and Plummer-Vinson syndrome.
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Stomach

D iso rders of the s tom ach  are  a  freq u en t cause of clinical 
disease, w ith  in flam m atory  a n d  neop lastic  lesions being  
p articu la rly  com m on. In  the  U n ited  States, sym ptom s 
re la ted  to  gastric  ac id ity  accoun t for nearly  one th ird  of all 
h ea lth  care sp en d in g  o n  gastro in testina l disease. In  ad d i
tion, desp ite  a decreasing  incidence in  certa in  locales, 
in c lu d in g  the  U n ited  States, gastric  cancer rem ains a 
lead in g  cause of d e a th  w orldw ide .

The s tom ach  is d iv id ed  in to  fo u r m ajor ana tom ic  regions: 
the cardia, fu n d u s , body , an d  an tru m . The card ia  is lined  
m ain ly  by  m ucin -secreting  foveolar cells th a t fo rm  shallow  
g lands. The an tra l g lan d s are sim ilar b u t also  con tain  endo 
crine cells, such  as G cells, th a t release g astrin  to  stim ulate  
lu m in a l acid  secretion  by parietal cells w ith in  the gastric 
fu n d u s  an d  body . The w ell-developed  g lan d s of the  body  
an d  fu n d u s  also  con ta in  chief cells th a t p ro d u ce  an d  secrete 
d igestive  enzym es such  as pepsin .

GASTROPATHY A N D  ACUTE  
GASTRITIS

G astritis  resu lts  from  m ucosal in jury . W hen  n eu tro p h ils  
a re  p resen t, the  lesion  is re ferred  to  as acute gastritis. W hen  
cell in jury  a n d  reg en era tio n  are  p re se n t b u t in flam m atory  
cells a re  ra re  o r absen t, the  te rm  gastropathy is app lied . 
A gents th a t cause g astro p a th y  inc lude  n o n ste ro id a l an ti
in flam m atory  d rugs, alcohol, bile, a n d  s tress-induced

in jury . A cute  m ucosal e rosion  or hem orrhage , such  as 
C u rlin g  u lcers o r lesions fo llow ing  d is ru p tio n  of gastric 
b lood  flow, for exam ple, in  p o rta l h ypertension , can  also 
cause g astro p a th y  th a t typically  p rog resses to  gastritis. The 
te rm  hypertrophic gastropathy is ap p lied  to  a specific g roup  
of d iseases exem plified  by M énétrie r d isease an d  Z ollinger- 
E llison synd rom e (d iscussed  later).

B oth g astro p a th y  a n d  acu te  gastritis m ay  be asy m p to m 
atic  o r cause variab le  degrees of ep igastric  pain , nausea, 
a n d  vom iting . In  m ore severe cases, there  m ay  be m ucosal 
erosion , u lceration , hem orrhage, hem atem esis, m elena, or, 
rare ly , m assive  b lood  loss.

Pathogenesis

The gastric  lu m e n  is s trong ly  acidic, w ith  a p H  close to 
1  — m ore th a n  1  m illion  tim es m ore acidic th a n  the blood. 
This h a rsh  en v iro n m en t con tribu tes to  d igestion  b u t also  
has the p o ten tia l to  dam age the  m ucosa. M ultip le  m echa
n ism s have  evo lved  to  p ro tec t the gastric  m ucosa  (Fig. 
15.13). M ucin  secreted  by surface foveolar cells fo rm s a th in  
layer of m ucus th a t p rev en ts  large  food partic les from  
directly  touch ing  the  ep ithe lium . The m u cu s  layer also  
p ro m o tes  fo rm ation  of a n  "u n s tirre d "  layer of flu id  over 
the  ep ith e liu m  th a t p ro tec ts  the  m ucosa; it has  a n eu tra l p H  
as a  resu lt of secretion  of b icarbonate  ions by surface ep i
thelial cells. Finally, the rich  b lood  su p p ly  of the gastric 
m ucosa  efficiently buffers a n d  rem oves p ro to n s th a t back
diffuse in to  the lam ina  p ro p ria . G astropathy , acu te

NORMAL INJURY ULCER
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Fig. 15.13 Mechanisms of gastric injury and protection. This diagram illustrates the progression from mild forms of injury to ulceration that may occur with 
acute or chronic gastritis. Ulcers include layers of necrotic debris ( N ) ,  inflammation ( I ) , and granulation tissue (G ) ; scarring (S ), which develops over time, is 
present only in chronic lesions.
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gastritis, a n d  chronic gastritis can  occur after d is ru p tio n  of 
an y  of these p ro tective  m echanism s. The m a in  causes 
include:
• N o n ste ro id a l an ti-in flam m atory  d ru g s  (NSAIDs) inh ib it 

cyclooxygenase (C O X )-dependent syn thesis o f p ro sta 
g lan d in s E2 an d  I2, w h ich  s tim u la te  nearly  all of the 
above defense m echan ism s inc lud ing  m u cu s  a n d  bicar
bona te  secretion, m ucosal b lood  flow , a n d  ep ithelia l 
restitu tion . A lth o u g h  COX-1 p lays a la rger ro le  than  
COX-2, bo th  isoenzym es con tribu te  to  m ucosal p ro tec 
tion. T hus, w h ile  the risk  for d ev e lo p m en t of NSAID- 
in d u ced  gastric  in jury  is g rea test w ith  nonselective 
inh ib ito rs, such  as asp irin , ibupro fen , a n d  naproxen , 
selective COX-2 inhib ition , for exam ple, by celecoxib, 
can  also  re su lt in  g as tro p a th y  o r gastritis.

• The gastric  in ju ry  th a t occurs in  u rem ic  p a tien ts  an d  
those  in fected  w ith  u rease-secreting  H. pylori m ay  be 
d u e  to  inh ib ition  of gastric  b icarbonate  tran sp o rte rs  by 
a m m o n iu m  ions.

• R educed  m ucin  a n d  b icarbonate  secretion  hav e  been 
suggested  as factors th a t exp la in  the increased  suscep 
tibility  o f o lder a d u lts  to gastritis.

• H ypoxem ia  a n d  decreased  oxygen  delivery  m ay  accoun t 
for a n  increased  incidence of g as tro p a th y  an d  acu te  gas
tritis a t h ig h  a ltitudes.

• Ingestion  of h a rsh  chem icals, p articu larly  acids o r bases, 
e ither acciden ta lly  or in  a su ic ide  a ttem p t, leads to 
severe gastric  m ucosal dam age  as a re su lt of d irect 
in jury  to  ep ithelia l a n d  strom al cells. D irect cellu lar 
dam age also  con tribu tes to  gastritis  in d u ced  by  exces
sive alcohol consum ption , N SA ID  use, an d  rad ia tio n  
therapy . A gen ts th a t in h ib it D N A  syn thesis or the 
m ito tic  a p p a ra tu s , in c lu d in g  those u sed  in  cancer che
m o therapy , m ay  cause genera lized  m ucosal dam age 
d u e  to  insufficient ep ithelia l renew al.

M O R P H O L O G Y

Histologically, gastropathy and mild acute gastritis may be difficult 

to  recognize, since the lamina propria shows only moderate 

edema and slight vascular congestion. The surface epithelium is 

intact, but hyperplasia of foveolar mucus cells is typically present. 

Neutrophils, lymphocytes, and plasma cells are not prominent.

The presence of neutrophils above the basement membrane 

in contact with epithelial cells is abnormal in all parts of the 

gastrointestinal tract and signifies active inflammation, or, at this 

site, gastritis (rather than gastropathy). The term a c t i v e  i n f l a m m a 

t i o n  is preferred over acute inflammation throughout the luminal 

gastrointestinal tract, since active inflammation may be present 

in both acute and chronic disease states. W ith  more severe 

mucosal damage, erosions and hemorrhage develop. Hemorrhage 

may manifest as dark punctae in an otherwise hyperemic mucosa. 

Concurrent presence of erosion and hemorrhage is termed 

a c u te  erosive h em o rrh a g ic  gastritis .

Stress-Related Mucosal Disease

Stress-related  gastric  in jury  occurs in  p a tien ts  w ith  severe 
traum a, extensive bu rns, in trac ran ia l disease, m ajor 
surgery , serious m ed ical disease, a n d  o ther fo rm s of severe 
physio log ic  stress. M ore th a n  75% of critically ill pa tien ts

develop  endoscopically  v isib le gastric  lesions d u rin g  the 
first 3 days of the ir illness. In  som e cases, the  associated  
u lcers a re  g iven  specific n am es based  o n  location  a n d  clini
cal associations. E xam ples are  as follows:
• Stress ulcers affecting  critically  ill p a tien ts  w ith  shock, 

sepsis, o r severe traum a.
• Curling ulcers occur in  the  p rox im al d u o d e n u m  a n d  are 

associated  w ith  severe b u rn s  o r traum a.
• Cushing ulcers arise  in  the stom ach, d u o d en u m , or 

esop h ag u s of those w ith  in tracran ia l d isease a n d  have a 
h igh  incidence of perfo ration .

Pathogenesis

The pa thogenesis  o f s tress-re la ted  gastric  m ucosal in jury  
is m ost o ften  d u e  to  local ischem ia. This m ay  be caused  
by system ic h y p o ten sio n  o r re d u ced  b lood  flow  resu lt
ing  from  stress-induced  sp lanchn ic  vasoconstriction . 
U p reg u la tio n  a n d  increased  release of the  vasoconstric tor 
endo the lin - 1  also  con tribu tes to  ischem ic gastric  m ucosal 
in jury , w h ile  increased  COX-2 exp ression  ap p ea rs  to  be 
pro tective. C ush ing  u lcers a re  th o u g h t to  be caused  by 
direct s tim u la tio n  of vagal nucle i resu lting  acid  hyperse 
cretion. System ic acidosis m ay  also  con tribu te  to  m ucosal 
in jury  by low ering  the in trace llu la r p H  of m ucosal cells.

M O R P H O L O G Y

Stress-related gastric mucosal injury ranges from shallow ero

sions caused by superficial epithelial damage to deeper lesions 

that penetrate the depth of the mucosa.Acute ulcers are rounded 

and typically less than 1 cm in diameter.The ulcer base frequently 

is stained brown to black by acid-digested extravasated red cells. 

Unlike peptic ulcers, which arise in the setting of chronic injury, 

acute stress ulcers are found anywhere in the stomach and are 

often multiple. They are sharply demarcated, with essentially 

normal adjacent mucosa, although there may be suffusion of 

blood into the mucosa and submucosa and some inflammatory 

reaction. The scarring and thickening of blood vessels that char

acterize chronic peptic ulcers are absent. Healing with complete 

reepithelialization occurs days or weeks after the injurious 

factors are removed.

C lin ica l Features

M ost critically ill p a tien ts  a d m itted  to  hosp ita l in tensive  
care u n its  have h isto logic ev idence of gastric  m ucosal 
dam age. U lcers are  associa ted  w ith  nausea, vom iting , 
m elena, a n d  co ffee-ground  hem atem esis. B leeding from  
superficial gastric  e rosions o r u lcers th a t m ay  req u ire  trans
fu sion  develop  in  1% to 4% of these  patien ts. O ther 
com plications, in c lu d in g  perfo ration , a lso  m ay  occur. P ro 
phy lax is w ith  p ro to n  p u m p  inh ib ito rs m ay  b lu n t the 
im pact of stress u lceration , b u t the  m ost im p o rta n t de ter
m in an t o f ou tcom e is the severity  of the  u n d erly in g  
condition .

C H R O N IC  GASTRITIS

The m ost com m on cause o f chronic gastritis is  in fection  
w ith  the b acillus Helicobacter pylori. Autoimmune
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gastritis, typ ically  associated  w ith  gastric  a tro p h y , rep re 
sen ts less th a n  1 0 % of cases of chronic gastritis b u t is the 
m o st com m on  cause in  p a tien ts  w ith o u t H. pylori infection. 
C hronic  NSAID use  is a th ird  im p o rta n t cause of gastritis 
in  som e p o p u la tions, as d iscussed  later. Less com m on 
causes inc lude  rad ia tio n  in jury  a n d  chronic bile reflux.

The signs an d  sym ptom s associa ted  w ith  chronic gastri
tis typically  a re  less severe b u t m ore  p e rs is ten t th a n  those 
of acu te  gastritis. N au sea  a n d  u p p e r-ab d o m in a l d iscom fort 
m ay  occur, som etim es w ith  vom iting , b u t hem atem esis is 
uncom m on.

H e l ic o b a c te r  p y lo r i Gastritis

T h e  d is c o v ery  o f  th e  asso c ia tio n  o f  H. pylori w it h  p e p tic  

u lc e r d isease re v o lu t io n iz e d  th e  u n d e rs ta n d in g  o f  ch ro n ic  

g a s trit is . These sp ira l-sh ap ed  o r cu rv ed  bacilli are  p re sen t 
in  gastric b iopsy  specim ens from  a lm ost all p a tien ts  w ith  
d u o d e n a l u lcers a n d  a m ajority  o f those w ith  gastric  u lcers 
o r chronic gastritis. A cute H. pylori infection  is subclinical 
in  m ost cases; ra ther, it is the chronic gastritis th a t u lti
m ate ly  b rings the afflicted p e rso n  to  m ed ical a tten tion . H. 
pylori in fection  m ost o ften  p resen ts  as a n  antral gastritis with 
increased acid production. The increased  acid  p ro d u c tio n  
m ay  give rise to  pep tic  u lcer d isease of the d u o d e n u m  or 
stom ach.

W hile in  m ost cases H. pylori gastritis is lim ited  to  the 
an tru m , in  som e in d iv id u a ls  it p rog resses to  involve the 
gastric bo d y  a n d  fu n d u s, re su ltin g  in  red u ced  parie ta l cell 
m ass a n d  acid  secretion. R educed  acid  o u tp u t resu lts  in  
h ypergastrinem ia , as in  au to im m u n e  a troph ic  gastritis. In 
add ition , ex tension  of the gastritis to the gastric bo d y  an d  
fu n d u s  resu lts  in  in testina l m etap lasia  a n d  increased  risk  
of gastric  cancer.

E p idem io logy

In  the U n ited  States, H. pylori in fection  is associa ted  w ith  
poverty , h o u seh o ld  c row ding , lim ited  education , residence 
in  a reas w ith  p o o r san ita tion , a n d  b irth  o u ts ide  of the 
U n ited  States. Infection  is typ ically  acqu ired  in  ch ildhood  
an d  m ay  th en  p ersis t for life. Im p ro v ed  san ita tion  in  m an y  
areas likely explains w h y  H. pylori infection  ra tes am ong  
y o u n g e r in d iv id u a ls  today  are  m ark ed ly  low er th a n  they 
w ere  in  sim ilarly  ag ed  in d iv id u a ls  30 y ears  ago. In  the 
U n ited  States, the prevalence  of H. pylori in fection  is also 
h ig h er in  A frican  A m ericans a n d  M exican A m ericans. 
W orldw ide , co lon ization  ra tes vary  from  less th a n  10% to 
m ore  th an  80% as a function  of age, geography , a n d  social 
factors.

Pathogenesis

H. pylori organ ism s have  a d a p te d  to  the ecologic n iche 
p ro v id e d  by gastric  m ucus. A lth o u g h  H. pylori m ay  invade  
the gastric m ucosa, the  con trib u tio n  of invasion  to  d isease 
p a thogenesis  is n o t know n . F our fea tu res  are linked  to  H. 
pylori virulence:
• Flagella, w h ich  allow  the bacteria  to  be m otile  in  v iscous 

m u cu s
• Urease, w h ich  genera tes am m on ia  from  en d o g en o u s 

u rea , thereby  e leva ting  local gastric  p H  a ro u n d  the 
o rgan ism s a n d  p ro tec tin g  the bacteria  from  the acidic 
p H  of the stom ach

• Adhesins, w h ich  enhance bacterial adherence  to  surface 
foveolar cells

• Toxins, such  as th a t encoded  by  cy to toxin-associated  
gene A  (CagA), th a t m ay  be in vo lved  in  u lcer or cancer 
d ev e lo p m en t

These factors allow  H. pylori to  create a n  im balance 
be tw een  g a s tro d u o d en a l m ucosal defenses a n d  dam ag ing  
forces th a t overcom e those  defenses.

M O R P H O L O G Y

Gastric biopsy specimens generally demonstrate H .  p y l o r i  in 

infected individuals (Fig. I 5 . I 4A). The organism is concentrated 

within mucus overlying epithelial cells in the surface and neck 

regions. The inflammatory reaction includes a variable number 

of neutrophils within the lamina propria, including some that 

cross the basement membrane to assume an intraepithelial loca

tion (Fig. I5 . I4B) and accumulate in the lumen of gastric pits to  

create pit abscesses. The superficial lamina propria includes large 

numbers of plasma cells, often in clusters or sheets, as well as 

increased numbers of lymphocytes and macrophages. W hen  

intense, inflammatory infiltrates may create thickened rugal folds, 

mimicking infiltrative lesions. Lymphoid aggregates, some with 

germinal centers, are frequently present (Fig. I 5 . I 4C) and repre

sent an induced form of m ucosa-associated lym pho id  tissue  

(MALT) that has the potential to  transform into lymphoma. 

In tes tin a l m etap las ia , characterized by the presence of goblet 

cells and columnar absorptive cells (Fig. I 5 . I 4 D ), also may be 

present and is associated with increased risk of gastric adeno

carcinoma. H . p y l o r i  shows tropism for gastric foveolar epithelium 

and generally is not found in areas of intestinal metaplasia, acid- 

producing mucosa of the gastric body, or duodenal epithelium. 

Antral biopsies are therefore preferred for evaluation of H .  p y l o r i  

gastritis.

C lin ica l Features

In  a d d itio n  to  h isto logic iden tification  of the organ ism , 
several d iagnostic  tests have  been  d ev eloped  in c lu d in g  a 
n on invasive  serologic test for an ti-H . pylori an tibod ies, a 
stool test for the o rganism , a n d  the u rea  b rea th  test, based  
o n  the genera tion  of am m on ia  by bacterial u rease . G astric 
b iopsy  specim ens also  can  be an a ly zed  by the ra p id  urease  
test, bacteria l cu ltu re , o r po lym erase  cha in  reaction  (PCR) 
assay  for bacteria l D N A . Effective trea tm en ts  include com 
b ina tions of antib io tics a n d  p ro to n  p u m p  inh ib ito rs. 
P atien ts w ith  H. pylori gastritis u su a lly  im p ro v e  after trea t
m en t, a lth o u g h  re lapses can  fo llow  incom plete  erad ica tion  
o r reinfection.

Autoimmune Gastritis * •
Autoimmune gastritis accoun ts for less th an  10% of cases of 
chronic gastritis. In  con trast H. pylori-associated  gastritis, 
au to im m u n e  gastritis typically  spares the a n tru m  an d  
in d u ces m ark ed  hypergastrinemia (Table 15.2). A u to im m u n e  
gastritis is charac terized  by  the  follow ing:
• A n tibod ies to  p a rie ta l cells a n d  in trinsic  factor th a t can 

be de tec ted  in  serum  a n d  gastric  secretions
• R educed  serum  p ep sin o g en  I levels
• A n tra l endocrine  cell hy p erp lasia
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Fig. 15.14 Chronic gastritis. (A) Spiral-shaped H e l ic o b a c te r  p y lo r i bacilli are 
highlighted in this Warthin-Starry silver stain. Organisms are abundant within 
surface mucus. (B) Intraepithelial and lamina propria neutrophils are promi
nent. (C) Lymphoid aggregates with germinal centers and abundant subepi
thelial plasma cells within the superficial lamina propria are characteristic of 
H .  p y lo r i gastritis. (D) Intestinal metaplasia, recognizable as the presence of 
goblet cells admixed with gastric foveolar epithelium, can develop and is a 
risk factor for development of gastric adenocarcinoma.

• V itam in  B1 2  deficiency lead in g  to  p ern ic ious anem ia  an d  
neuro log ic  changes

• Im p a ired  gastric acid  secretion  (achlorhydria) 

Pathogenesis

A utoim m une gastritis is  associated  w ith  im m une-m edi- 
ated lo ss  o f parietal cells and su b seq u en t reductions in  
acid  and intrinsic factor secretion. D eficient acid  secretion

stim u la tes gastrin  release, re su ltin g  in  h y p erg astrin em ia  
a n d  h y p erp lasia  o f an tra l g as trin -p ro d u c in g  G  cells. Lack 
of in trinsic  factor d isab les ileal v itam in  B12 absorp tion , 
lead in g  to  B1 2  deficiency a n d  a p a rticu la r fo rm  of m egalo 
b lastic  anem ia  called  pern ic ious anem ia  (C hap ter 12). 
R educed  se ru m  concen tra tion  o f p ep sin o g en  I reflects chief 
cell loss. A lth o u g h  H. pylori can  cause h y poch lo rhyd ria , it 
is n o t associa ted  w ith  ach lo rh y d ria  o r pern ic ious anem ia, 
because the  pa rie ta l a n d  chief cell dam age  is n o t as severe 
as in  au to im m u n e  gastritis.

M O R P H O L O G Y

Autoimmune gastritis is characterized by diffuse d am age o f th e  

oxyn tic  (acid-producing) m ucosa within the body and fundus. 

Damage to  the antrum and cardia typically is absent or mild.With 

diffuse a trophy, the oxyntic mucosa of the body and fundus 

appears markedly thinned, and rugal folds are lost. Neutrophils 

may be present, but the inflammatory infiltrate more commonly 

is composed of lymphocytes, macrophages, and plasma cells; in 

contrast with H .  p y l o r i  g astritis , the inflammatory reaction 

most often is deep and centered on the gastric glands. P arie ta l 

and ch ie f cell loss can be extensive, and in tes tina l m e ta p la 

sia may develop.

Clinical Features

A ntibod ies to  pa rie ta l cells a n d  in trinsic  factor are  p re sen t 
early  in  the d isease, b u t B1 2  deficiency a n d  pern ic ious 
anem ia  develop  in  o n ly  a m ino rity  of patien ts. The m ed ian  
age a t d iagnosis is 60 years, a n d  there  is a sligh t fem ale 
p red om inance . A u to im m u n e  gastritis o ften  is associated  
w ith  o th er au to im m u n e  d iseases b u t is n o t linked  to  spe
cific h u m a n  leukocyte an tig en  (HLA) alleles.

COM PLICATIONS OF C H R O N IC  
GASTRITIS

There a re  th ree  im p o rta n t com plications of chronic gastri
tis: Pep tic  u lcer disease, m ucosal a tro p h y  a n d  in testina l 
m etap lasia , a n d  dysp lasia . Each of these is d iscussed  
shortly .

Peptic Ulcer Disease

Peptic ulcer d isease (PUD) m ost o ften  is associated  w ith  
H. pylori in fection  or N S A ID  use. The im balances of

Table 15.2 Characteristics o f H e l i c o b a c t e r  pylori-Associated and A u to im m u n e  Gastritis

F e a tu re H .  p ylo ri-A ssociated A u to im m u n e

Location Antrum Body

Inflammatory infiltrate Neutrophils, subepithelial plasma cells Lymphocytes, macrophages

Acid production Increased to slightly decreased Decreased

Gastrin Normal to markedly increased Markedly increased

Other lesions Hyperplastic/inflammatory polyps Neuroendocrine hyperplasia

Serology Antibodies to H .  p y lo r i Antibodies to parietal cells (H+,K+-ATPase, intrinsic factor)

Sequelae Peptic ulcer, adenocarcinoma, lymphoma Atrophy, pernicious anemia, adenocarcinoma, carcinoid tumor

Associations Low socioeconomic status, poverty, residence 
in rural areas

Autoimmune disease; thyroiditis, diabetes mellitus, Graves disease
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m u c o s a l d efenses  a n d  d a m a g in g  forces  th a t  cause ch ro n ic  

g as trit is  (see F ig . 15 .13) are  also  re s p o n s ib le  fo r  P U D . In
the  U n ited  States, N SA ID  use  is becom ing  the  m o st com m on 
cause  of gastric u lcers as H. pylori infection  ra tes are falling 
a n d  low -dose asp irin  use  in  the ag in g  p o p u la tio n  
is increasing. PU D  m ay  occur in  any  p o rtio n  of the gastro 
in testina l trac t exposed  to  acidic gastric ju ices b u t is m ost 
com m on  in  the gastric a n tru m  a n d  first p o rtio n  of the d u o 
den u m . Peptic  (acid-induced) in jury  m ay  occur in  the 
e so p h ag u s as a re su lt o f acid  reflux  (GERD) or acid  secre
tion  by ectopic gastric m ucosa. Pep tic  in jury  in  the sm all 
in testine  m ay  also  be associa ted  w ith  gastric  he tero top ia , 
in c lu d in g  th a t w ith in  a M eckel d iverticu lum .

E p idem io logy

PU D  is com m on  a n d  is a  freq u en t cause of physic ian  
v isits w o rld w id e . It leads to  trea tm en t o f over 3 m illion  
in d iv id u a ls , 190,000 hosp ita lizations, a n d  5000 d ea th s  in  
the  U n ited  S tates each year. The lifetim e risk  for develop 
in g  a n  u lcer is app rox im ate ly  10% for m ales a n d  4% for 
fem ales.

Pathogenesis

H. pylori infection  an d  N SA ID  u se  are  the p rim ary  u n d e rly 
in g  causes of PU D . M ore th a n  70% of PU D  cases are  associ
a ted  w ith  H. pylori infection  a n d  in  these in d iv id u a ls  PU D  
generally  develops o n  a back g ro u n d  of chronic gastritis. 
Because on ly  5% to 10% of H. pylori-infected  in d iv id u a ls  
develop  u lcers, it is p robab le  th a t ho st factors as w ell as 
v a ria tio n  am o n g  H. pylori stra ins a lso  con tribu te  to  the 
pathogenesis.

G a s tr ic  a c id  is fu n d a m e n ta l to  th e  p a th o g en e s is  o f  

P U D . H y p e r a c id ity  m a y  b e  caused  b y  H. pylori in fe c tio n ,  

p a r ie ta l c e ll h y p e rp la s ia , a n d  excessive secretory  

responses. In s u ff ic ie n t  in h ib i t io n  o f  s t im u la to ry  m ech a 

n is m s  such  as g a s tr in  re lease  m a y  also  c o n tr ib u te . For 
exam ple, Zollinger-Ellison syndrome, charac terized  by m u l
tip le pep tic  u lcerations in  the stom ach, d u o d en u m , an d  
even  je junum , is caused  by u ncon tro lled  release of gastrin  
by a tu m o r a n d  the re su ltin g  m assive  acid p roduc tion .
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C ofactors in  p ep tic  u lcerogenesis include chronic NSAID 
use, as no ted ; cigarette  sm oking, w h ich  im pa irs  m ucosal 
b lood  flow  a n d  healing; an d  h igh -dose  corticosteroids, 
w h ich  su p p ress  p ro s tag lan d in  syn thesis a n d  im p a ir 
healing . P ep tic  u lcers a re  m ore freq u en t in  in d iv id u a ls  
w ith  alcoholic cirrhosis, chronic obstruc tive  p u lm o n ary  
d isease, chronic ren a l failure, a n d  h y p erp a ra th y ro id ism . In 
the  la tte r tw o  conditions, hypercalcem ia stim u la tes gastrin  
p ro d u c tio n  a n d  thereby  increases acid  secretion.

M O R P H O L O G Y

Peptic ulcers are four times more common in the proximal 

duodenum than in the stomach. Duodenal ulcers usually occur 

within a few centimeters of the pyloric valve and involve the 

anterior duodenal wall. Gastric peptic ulcers are predominantly 

located near the interface of the body and antrum.

Peptic ulcers are solitary in more than 80% of patients. 

Lesions less than 0.3 cm in diameter tend to be shallow, whereas 

those over 0.6 cm are likely to  be deeper. The classic peptic ulcer 

is a round to  oval, sharply  p un ch ed -o u t d efec t (Fig. I 5 . I5A  

and B). The base of peptic ulcers is smooth and clean as a result 

of peptic digestion of exudate and on histologic examination is 

composed of richly vascular granulation tissue (Fig. I 5 . I 5 C ). 

Ongoing bleeding within the ulcer base may cause life-threatening 

hemorrhage. P erfo ra tio n  is a complication that demands emer

gent surgical intervention.

C lin ical Features

Peptic  u lcers a re  chronic, recu rrin g  lesions th a t occur m ost 
o ften  in  m id d le -ag ed  to  o lder a d u lts  w ith o u t obv ious p re 
c ip ita ting  conditions, o ther th an  chronic gastritis. A  m ajor
ity  o f p ep tic  u lcers com e to  clinical a tten tio n  after p a tien t 
com plain ts o f epigastric burning or aching pain, a lth o u g h  a 
significant fraction  m an ifest w ith  com plications such  as 
iron deficiency anemia, frank hemorrhage, o r perforation. The 
p a in  ten d s to  occur 1 to  3 h o u rs  after m eals d u rin g  the day, 
is w o rse  at n igh t, a n d  is re lieved  by alkali o r food. N ausea,

Fig. 15.15 Peptic ulcer disease. (A) Endoscopic view of typical antral ulcer associated with NSAID use. (B) Gross view of a similar ulcer that was resected 
due to gastric perforation, presenting as free air under the diaphragm. Note the clean edges. (C) The necrotic ulcer base is composed of granulation tissue 
overlaid by degraded blood. ( E n d o s c o p ic  im a g e  c o u r te s y  o f  D r .  f r a  H a n a n ,  T h e  U n iv e r s i t y  o f  C h ic a g o ,  C h ic a g o ,  I l l in o is . )
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vom iting , b loating , a n d  belch ing  m ay  be p resen t. H ealing  
m ay  occur w ith  o r w ith o u t therapy , b u t the  tendency  to 
develop  su b seq u en t u lcers rem ains.

PU D  causes m u ch  m ore m o rb id ity  th a n  m orta lity . A 
varie ty  of surg ical app ro ach es w ere  fo rm erly  u sed  to  trea t 
PU D , b u t cu rren t therap ies a re  a im ed  a t H. pylori erad ica 
tion  w ith  antib io tics a n d  n eu tra liza tio n  of gastric  acid, 
u su a lly  th ro u g h  use  of p ro to n  p u m p  inh ib ito rs. These 
efforts have  m ark ed ly  red u ced  the need  for surg ical m an 
agem ent, w h ich  is reserved  p rim arily  for trea tm en t of 
u lcers w ith  uncon tro llab le  b leed ing  o r perfo ration .

Mucosal Atrophy and Intestinal Metaplasia

L ong-stand ing  chronic gastritis m ay  be associa ted  w ith  
in testina l m etap lasia , recogn ized  by the p resence of goblet 
cells. This is s trong ly  associa ted  w ith  increased  risk  for 
d ev e lo p m en t o f gastric adenocarcinom a. In  ad d itio n , the 
ach lo rhyd ria  of gastric m ucosal a tro p h y , w h ich  is com 
m on ly  associa ted  w ith  in testina l m etap lasia , pe rm its  over
g ro w th  of bacteria  th a t p ro d u ce  carcinogenic n itrosam ines. 
In testina l m etap lasia  caused  by chronic H. pylori gastritis 
m ay  reg ress after e rad ica tion  of the organism .

Dysplasia

C hronic  gastritis exposes the ep ith e liu m  to in flam m ation- 
re la ted  free rad ical dam age an d  p ro lifera tive  stim uli. O ver 
tim e, th is  can  lead  to  the  accum ula tion  of genetic  a ltera 
tions th a t re su lt in  carcinom a. P reinvasive  in  situ  lesions 
can  be recogn ized  h isto logically  as dysp lasia , w h ich  is 
m ark ed  by  v aria tions in  ep ithelia l size, shape, a n d  orien ta 
tion  a long  w ith  coarse ch ro m atin  tex ture, hyperchrom asia , 
an d  nuclear en largem ent. These overlap  w ith  a n d  are  
som etim es difficult to  d is tin g u ish  from  in jury-associated  
regenera tive  changes.

Ä S U M M A R Y

A C U T E  A N D  C H R O N IC  G A S T R IT IS

• Gastritis is a mucosal inflammatory process. W hen inflamma

tory cells are absent or rare, the term  g a s t r o p a t h y  can be 

applied.

• The spectrum of acute gastritis ranges from asymptomatic 

disease to mild epigastric pain, nausea, and vomiting. Causative 

factors include any agent or disease that interferes with gastric 

mucosal protection. Acute gastritis can progress to  gastric 

ulceration.

• The most common cause of chronic gastritis is H .  p y l o r i  infec

tion; most remaining cases are caused by NSAIDs, alcohol, or 

a u t o i m m u n e  g a s t r i t i s .

• H .  p y l o r i  gastritis typically affects the antrum and is associated 

with increased gastric acid production.

• H .  p y l o r i  gastritis induces mucosa-associated lymphoid tissue 

(MALT) that can give rise to  B-cell lymphomas (MALTomas).

• A u t o i m m u n e  g a s t r i t i s  causes atrophy of the gastric body oxyntic 

glands, which results in decreased gastric acid production, 

antral G-cell hyperplasia, achlorhydria, and vitamin Bi2 defi

ciency. Anti-parietal cell and anti-intrinsic factor antibodies 

are typically present.

• I n t e s t i n a l  m e t a p l a s i a  develops in both forms of chronic gastritis 

and is a risk factor for development of gastric dysplasia and 

adenocarcinoma.

• Peptic ulcer disease can be caused by H .  p y l o r i  chronic gastritis 

and the resultant hyperchlorhydria or NSAID use. Ulcers can 

develop in the stomach or duodenum and usually heal after 

suppression of gastric acid production, discontinuation of 

NSAID use, or, if present, H .  p y l o r i  eradication.

GASTRIC POLYPS 
A N D  TUMORS

Gastric Polyps

Polyps are n o d u les  o r m asses th a t pro ject above the level of 
the  su rro u n d in g  m ucosa. They are iden tified  in  u p  to  5% 
of u p p e r  gastro in testina l trac t endoscopies. P o lyps m ay 
develop  as a re su lt of ep ithelia l o r strom al cell hyperp lasia , 
in flam m ation , ectopia, o r neoplasia . A lth o u g h  m any  differ
en t types of p o ly p s can  occur in  the stom ach, on ly  h y p er
p lastic  an d  in flam m atory  po lyps, fund ic  g lan d  po lyps, an d  
ad en o m as are  considered  here.

In fla m m a to ry  and  H yperp lastic  Polyps

U p to 75% of all gastric po lyps are  inflammatory or hyperplas
tic polyps. In  the stom ach, inflam m atory  an d  hyperp lastic  
po lyps rep resen t opposite  ends of the m orphologic spec
tru m  of a single entity; the d istinction  is based solely on  the 
degree of inflam m ation. They m ost com m only  affect indi
v iduals be tw een  50 an d  60 years o f age, usually  arising  in  a 
background  of chronic gastritis tha t initiates the in jury  and  
reactive hyperp lasia  th a t cause po lyp  grow th. If associated 
w ith  H. pylori gastritis, po lyps m ay  regress after bacterial 
eradication.

The frequency  w ith  w h ich  dysp lasia , a  p recancerous in  
s itu  lesion, develops in  these p o ly p s corre la tes w ith  size; 
there  is a significant increase in  risk  w ith  po lyps la rger th an  
1.5 cm.

Fundic G land Polyps

Fundic gland polyps occur sporad ically  a n d  in  in d iv id u a ls  
w ith  fam ilial ad en o m ato u s  po lyposis (FAP) P o lyps associ
a ted  w ith  FAP (bu t n o t sporad ic) m ay  show  dysp lasia , b u t 
they a lm ost never p rog ress  to  becom e m alignan t. The inci
dence of spo rad ic  lesions has increased  m ark ed ly  as a 
resu lt o f the w id esp read  use  of p ro to n  p u m p  inh ib ito rs. 
This likely resu lts  from  increased  gastrin  secretion, in  
response  to red u ced  acid ity , a n d  g lan d u la r h y perp lasia  
d riv en  by gastrin . F und ic  g lan d  p o ly p s a re  nearly  a lw ays 
asym ptom atic , a n d  are u sua lly  an  inc iden ta l find ing . These 
w ell-c ircum scribed  p o ly p s occur in  the  gastric  bo d y  and  
fu n d u s, o ften  are  m u ltip le , an d  are  com posed  of cystically 
d ila ted , irreg u la r g lands lined  by  fla ttened  parie ta l and  
chief cells.

G astric A den o m a

G astric  ad en o m as rep re sen t u p  to  10% of all gastric  po lyps. 
Their incidence increases w ith  age a n d  varies am o n g  
d ifferen t p o p u la tio n s  in  para lle l w ith  th a t o f gastric
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adenocarcinom a. P a tien ts u su a lly  a re  be tw een  50 a n d  60 
y ears  of age, a n d  m ales are affected th ree  tim es m ore often  
th a n  fem ales. A den o m as a lm ost a lw ays occur o n  a back
g ro u n d  of chronic gastritis w ith  a tro p h y  a n d  in testina l 
m etap lasia . A ll gastro in testina l ad en o m as exhib it ep ithelia l 
dysp lasia , w h ich  can  be classified as low - or h igh-g rade. 
The risk  for d ev e lo p m en t o f adenocarc inom a in  gastric 
ad en o m as is re la ted  to the  size of the lesion a n d  is p a rticu 
larly  e leva ted  w ith  lesions g rea ter th an  2  cm  in  d iam eter. 
O verall, the m alig n an t p o ten tia l of gastric  ad en o m as is far 
g rea te r th a n  th a t of their colonic co un terparts . C arcinom a 
m ay  be p re sen t in  u p  to  30% of gastric adenom as.

Gastric Adenocarcinoma

A d e n o c a rc in o m a  is th e  m o s t c o m m o n  m a lig n a n c y  o f  th e  

s to m ach , c o m p r is in g  m o re  th a n  90%  o f  a l l  g as tric  cancers .
E arly  sym ptom s resem ble  those o f chronic gastritis, inc lud 
ing  dyspepsia , dysphag ia , a n d  nausea. As a resu lt, the 
cancer is o ften  d iag n o sed  a t  ad v an ced  stages w h e n  clinical 
m an ifesta tions such  as  w e ig h t loss, anorex ia, a lte red  bow el 
habits, anem ia, a n d  h em o rrh ag e  trigger d iagnostic  
evaluation .

E p idem io logy

G a s tr ic  cancer ra tes  v a ry  m a r k e d ly  w i t h  g eo g ra p h y . The
incidence is u p  to  20 tim es h igher in  Japan, Chile, C osta 
Rica, a n d  E astern  E u rope  th an  in  N o rth  A m erica, n o rth e rn  
E urope, Africa, a n d  S ou theast Asia. M ass endoscopic 
screen ing  p ro g ram s hav e  been  successful in  reg ions o f h igh  
incidence, such  as  Japan, w h ere  35% of new ly  detected  
cases are  early gastric cancer (i.e., tu m o rs lim ited  to  the 
m ucosa  a n d  subm ucosa). U nfortunate ly , m ass screening 
p ro g ram s are  n o t cost-effective in  reg ions in  w h ich  the 
incidence is low , a n d  less th a n  2 0 % of cases a re  de tected  a t 
a n  early  stage in  N o rth  A m erica a n d  n o rth e rn  E urope.

G astric  cancer is m ore  com m on  in  low er socioeconom ic 
g ro u p s  a n d  in  in d iv id u a ls  w ith  multifocal mucosal atrophy 
and intestinal metaplasia. PU D  does n o t im p a rt a n  increased  
risk  for d ev e lo p m en t o f gastric  cancer, b u t p a tien ts  w h o  
have  h a d  p a rtia l gastrectom ies for PU D  hav e  a slightly  
h igher risk  for d eve lop ing  cancer in  the res id u a l gastric 
s tu m p  as a re su lt o f h y poch lo rhyd ria , bile reflux, and  
chronic gastritis.

In  the U n ited  States, gastric cancer rates have dropped by 
more than 85% during the 20th century. Sim ilar declines have  
been  rep o rte d  in  m any  o th e r W estern  countries, reflecting  
the im portance  of en v iro n m en ta l a n d  d ie ta ry  factors. 
D esp ite  th is decrease in  overall gastric  adenocarcinom a 
incidence, cancer of the gastric cardia is on the rise. This trend  
p robab ly  is re la ted  to  increased  ra tes of B arrett esop h ag u s 
a n d  m ay  reflect the  g ro w in g  prevalence of obesity  an d  
chronic GERD.

Pathogenesis

G astric cancers a re  genetically  he terogeneous, b u t certa in  
m olecu lar a lte ra tio n s a re  com m on. W e w ill consider these 
first to  be fo llow ed by the role of H. pylori-induced chronic 
in flam m ation  a n d  the  associa tion  of a subse t o f gastric 
cancers w ith  EBV infection.
• Mutations. W hile the m ajority  o f gastric  cancers are n o t 

hered ita ry , m u ta tio n s  iden tified  in  fam ilial gastric
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cancer have  p ro v id e d  im p o rta n t in sigh ts in to  the m ech
an ism s of carcinogenesis in  sporad ic  cases. G erm  line 
m u ta tio n s  in  CDH1, w h ich  encodes E -cadherin , a p ro te in  
th a t con tribu tes to  ep ithelia l in tercellu lar adhesion , are  
associa ted  w ith  fam ilial gastric  cancers, u sua lly  of the 
d iffuse type. By com parison , m u ta tio n s  in  CDH1 are  
p re se n t in  a b o u t 50% of sporad ic  d iffuse gastric tum ors, 
w h ile  E -cadherin  exp ression  is drastically  decreased  in  
the  rest, o ften  by m eth y la tio n  of the CDH1 prom oter. 
Thus, the loss of E-cadherin function seems to be a key step 
in the development of diffuse gastric cancer.

In  con trast to  CDH1, p a tien ts  w ith  FAP w h o  have  
g erm  line m u ta tio n s  in  adenomatous polyposis coli (APC) 
genes have  a n  increased  risk  for d ev e lo p m en t of 
in testina l-type  gastric  cancer. S porad ic in testinal-type 
gastric  cancer is associa ted  w ith  several genetic ab n o r
m alities in c lu d in g  acqu ired  m u ta tio n s  of P-catenin, a 
p ro te in  th a t b in d s to  b o th  E -cadherin  a n d  A PC  pro te in ; 
m icrosatellite  instability ; a n d  h y p erm eth y la tio n  of genes 
in c lu d in g  TGFPRII, BAX, IGFRII, a n d  p16/INK4a. TP53 
m u ta tio n s  a re  p re sen t in  a  m ajority  o f sporad ic  gastric 
cancers of b o th  h isto logic types.

• H. pylori. C hronic  gastritis, m ost com m only  d u e  to  H. 
pylori infection, p rom otes  the  d ev e lo p m en t a n d  p rog res 
sion of cancers th a t m ay  be in d u ced  by d iverse  genetic 
a lte ra tions (C hap ter 6 ). As is the case w ith  m an y  form s 
of chronic in flam m ation , H. pylori-induced chronic gas
tritis is associa ted  w ith  increased  p ro d u c tio n  of p ro in 
flam m atory  p ro te ins, such  as in terleukin-1p  (IL-1P) and  
tu m o r necrosis factor (TNF). It is therefore  n o t su rp ris 
ing  th a t p o ly m o rp h ism s of genes th a t encode such  
factors a n d  enhance p ro d u c tio n  of these cy tokines 
confer increased  risk  for d ev e lo p m en t of chronic 
gastritis-associated  gastric  cancer in  those w ith  coexist
ing  H. pylori infection.

• Epstein-Barr virus (EBV). W hile H. pylori is m ost com 
m on ly  associa ted  w ith  gastric cancer, app rox im ate ly  
1 0 % of gastric adenocarc inom as a re  associa ted  w ith  
E pstein-B arr v iru s  (EBV) infection. A lth o u g h  the  p recise 
ro le  of EBV in  the d ev e lo p m en t of gastric  adenocarc ino 
m as rem ains to  be defined, it is no tab le  th a t EBV epi- 
som es in  these tu m o rs frequen tly  a re  clonal, suggesting  
th a t in fection  p reced ed  neop lastic  transfo rm ation . 
F u rther, TP53 m u ta tio n s a re  unco m m o n  in  EBV-positive 
gastric  tum ors, suggesting  th a t the m o lecu lar p a th o g en 
esis of these  cancers is d istinct from  th a t o f o th e r gastric 
adenocarcinom as. M orphologically , EBV-positive 
tu m o rs ten d  to  occur in  the p rox im al s tom ach  a n d  m ost 
com m only  have  a d iffuse m orp h o lo g y  w ith  a m ark ed  
lym phocy tic  infiltrate.

M O R P H O L O G Y

Gastric adenocarcinomas are classified according to  their loca

tion in the stomach as well as gross and histologic morphol

ogy. The L auren  classification that separates gastric cancers 

into in tes tina l and diffuse types correlates with distinct pat

terns of molecular alterations, as discussed earlier. Intestinal

type cancers tend to be bulky (Fig. I5 .I6 A ) and are composed 

of glandular structures similar to  esophageal and colonic
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adenocarcinoma. Intestinal-type adenocarcinomas typically grow  

along broad cohesive fronts to  form either an exophytic mass 

or an ulcerated tumor. The neoplastic cells often contain apical 

mucin vacuoles, and abundant mucin may be present in gland 

lumina.

Diffuse gastric cancers display an infiltrative growth pattern 

(Fig. I5 .I6B ) and are composed of discohesive cells with large 

mucin vacuoles that expand the cytoplasm and push the nucleus 

to  the periphery, creating a s ignet ring  cell morphology 

(Fig. I5 .I6 C ). These cells permeate the mucosa and stomach 

wall individually or in small clusters. A  mass may be difficult to  

appreciate in diffuse gastric cancer, but these infiltrative tumors 

often evoke a desm op lastic  reaction that stiffens the gastric 

wall and may cause diffuse rugal flattening and a rigid, thickened 

wall that imparts a “ leather bottle” appearance termed l i n i t i s  

p l a s t i c a .

C lin ica l Features

In testina l-type  gastric  cancer p red o m in a tes  in  h igh-risk  
a reas  a n d  develops from  p recu rso r lesions such  as dys
p lasia  a n d  adenom as. The m ean  age a t p re sen ta tio n  is 55 
years, a n d  the m ale-to-fem ale ra tio  is 2:1. By contrast, the

Rg. 15.16 Gastric adenocarcinoma. (A) Intestinal-type adenocarcinoma 
consisting of an elevated mass with heaped-up borders and central ulcer
ation. Compare with the peptic ulcer in Fig. I5 .I5A  (B) Linitis plastica. The 
gastric wall is markedly thickened, and rugal folds are partially lost. (C) Signet 
ring cells with large cytoplasmic mucin vacuoles and peripherally displaced, 
crescent-shaped nuclei.

incidence of diffuse gastric cancer is re la tively  u n ifo rm  
across countries, there  are no  iden tified  p recu rso r 
lesions, an d  the d isease occurs a t sim ilar frequencies in  
m ales a n d  fem ales. O f note, the decrease in gastric cancer 
incidence applies only to the intestinal type, w h ich  is m ost 
closely associa ted  w ith  a troph ic  gastritis a n d  in testina l 
m etap lasia . As a resu lt, the  incidences of in testina l an d  
diffuse types of gastric cancers a re  n o w  sim ilar in  som e 
regions.

The depth of invasion and the extent of nodal and distant 
metastasis at the time of diagnosis remain the most powerful 
prognostic indicators for gastric cancer. Local invasion  in to  
the d u o d en u m , pancreas, a n d  re tro p e rito n eu m  is also 
characteristic . W hen  possib le, surg ical resection  rem ains 
the p re fe rred  trea tm en t for gastric adenocarcinom a. A fter 
surg ical resection , the 5-year su rv iva l ra te  for early  gastric 
cancer can  exceed 90%, even  if ly m p h  n ode  m etasta- 
ses a re  p resen t. By contrast, the  5-year su rv iv a l ra te  for 
ad v an ced  gastric  cancer rem ains below  2 0 %, in  large  p a r t 
because c u rren t chem otherapy  reg im ens are  have lim ited  
im pact. This is chang ing  slow ly w ith  in d iv id u a lized  thera 
p ies. For exam ple, p a tien ts  w hose  tu m o rs over-express 
the  ep id erm al g ro w th  factor recep to r HER2 benefit from  
agen ts  th a t inh ib it HER2 signaling . N evertheless, m ost 
gastric cancers are d iscovered  a t ad v an ced  stage in  the 
U n ited  States, a n d  the overall 5-year su rv iva l ra te  is less 
th a n  30%.

Lymphoma
A lth o u g h  ex tranodal ly m p h o m as can  arise in  v irtua lly  any 
tissue, they  do  so m ost com m only  in  the  gastro in testina l 
tract, p articu larly  the  stom ach. In  a llogeneic hem atopo ietic  
stem  cell a n d  o rg an  tra n sp lan t recip ients, the bow el also  is 
the  m o st freq u en t site for Epstein-B arr v iru s-p o sitiv e  B cell 
lym phopro life ra tions. N early  5% of all gastric m alignan 
cies are p rim ary  lym phom as, the m ost com m on  of w h ich  
are  in d o len t ex tranodal m arg in a l zone B-cell lym phom as. 
In  the  gut, these tu m o rs o ften  are re ferred  to  as lym p h o m as 
of MALT, or MALTomas. This en tity  a n d  the  second  m ost 
com m on p rim ary  ly m p h o m a of the gu t, d iffuse large  B cell 
lym phom a, are d iscussed  in  C h ap te r 12.

Neuroendocrine (Carcinoid) Tumor

N euro en d o crin e  tum ors, also  re ferred  to as carcinoid tumors, 
arise  from  n eu roendocrine  o rgans (e.g., the endocrine  p an 
creas) a n d  neu roendocrine -d iffe ren tia ted  gastro in testina l 
ep ithe lia  (e.g., G  cells). A  m ajority  o f these tu m o rs are  
fo u n d  in  the gastro in testina l tract, an d  m ore th a n  40% 
occur in  the  sm all in testine . The tracheobronch ial tree an d  
lungs are  the nex t m ost com m only  invo lved  sites. G astric 
n eu roendocrine  tu m o rs m ay  be associated  w ith  endocrine  
cell hyperp lasia , chronic a troph ic  gastritis, an d  Z ollinger- 
E llison syndrom e. These tu m o rs w ere  called "carc ino id" 
because they  are  slow er g ro w in g  th a n  carcinom as. The 
m ost c u rren t W H O  classification describes these as low - or 
in te rm ed ia te -g rad e  n eu ro en d o crin e  tum ors. H igh -g rade  
n eu roendocrine  tum ors, te rm ed  neuroendocrine carcinoma, 
resem ble sm all cell carc inom a of the lu n g  (C hap ter 13) and , 
in  the  gastro in testina l tract, a re  m ost com m on  in  the 
je junum .
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Fig. I 5. l 7 Gastrointestinal carcinoid tumor (neuroendocrine tumor). (A) 
Carcinoid tumors often form a submucosal nodule composed of tumor cells 
embedded in dense fibrous tissue. (B) High magnification shows the bland 
cytology that typifies neuroendocrine tumors. The chromatin texture, with 
fine and coarse clumps, frequently assumes a “salt-and-pepper” pattern. 
Despite their innocuous appearance, tumors can be aggressive.

^  M O R P H O L O G Y

Neuroendocrine tumors are intramural or submucosal masses 

that create small polypoid lesions (Fig. I5 .I7 A ). The tumors are 

yellow or tan in appearance and elicit an intense desmoplastic 

reaction that may cause kinking of the bowel and obstruction. 

On histologic examination, neuroendocrine tumors are com

posed of islands, trabeculae, strands, glands, or sheets of uniform 

cells with scant, pink granular cytoplasm and a round-to-oval 

stippled nucleus (Fig. I5 .I7B ). * •

C lin ica l Features

The peak  incidence of neu ro en d o crin e  tu m o rs is in  the 
six th  decade, b u t they  m ay  ap p e a r a t any  age. S ym ptom s 
are  d e te rm in ed  by the h o rm ones p ro d u ced . For exam ple, 
the  carcinoid syndrome is caused  by  vasoactive substances 
secreted  by the tu m o r th a t cause cu tan eo u s flushing, sw eat
ing, b ronchospasm , colicky ab d o m in a l pain , d ia rrhea , an d  
rig h t-s id ed  card iac v a lv u la r fibrosis. W hen  tu m o rs a re  con
fined  to  the in testine , the  vasoactive  substances re leased  
are  m etabo lized  to  inactive form s by the  liv e r—a "first
p ass"  effect sim ilar to  th a t seen  w ith  o ral d ru g s. Thus, 
carc ino id  synd rom e occurs in  less th an  1 0 % of p a tien ts  an d  
is strongly associated with metastatic disease.

The m ost im p o rta n t p rognostic  factor for gastro in testina l 
n eu ro en d o crin e  tu m o rs is location:
• Foregut neuroendocrine (carcinoid) tumors fo u n d  w ith in  

the stom ach, d u o d e n u m  p rox im al to the  ligam en t of 
Treitz, a n d  esophagus, ra re ly  m etastasize  an d  are  gener
ally  cu red  by resection . R are d u o d en a l gastrin -p ro d u c in g  
n eu ro en d o crin e  tum ors, a lso  te rm ed  gastrinomas, m ay 
p resen t w ith  sym ptom s re la ted  to  increased  acid  p ro 
duction , in c lu d in g  p a in  a n d /o r  b leed ing  from  gastro 
d u o d e n a l u lcers, refracto ry  gastroesophageal reflux, 
an d  d ia rrh ea  d u e  to inac tivation  of pancreatic  enzym es 
by  excessive gastric  acid.

• Midgut neuroendocrine (carcinoid) tumors arise  in  the 
je ju n u m  a n d  ileum , are o ften  m u ltip le  a n d  ten d  to be 
aggressive. In  these tum ors, d e p th  of local invasion , 
size, an d  the p resence of necrosis a n d  m itoses are  associ
a ted  w ith  p o o r outcom e.

• Hindgut neuroendocrine (carcinoid) tu m o rs arising  in  
the  ap p en d ix  a n d  co lorectum  are  typically  d iscovered  
inciden ta lly . Those in  the ap p en d ix  occur a t any  age 
an d  are a lm ost un ifo rm ly  p u rsu e  a ben ig n  course. 
R ectal tu m o rs ten d  to  p ro d u ce  p o ly p ep tid e  ho r
m ones a n d  m ay  m an ifest w ith  ab d o m in a l p a in  and  
w e ig h t loss. Because they  are  u sua lly  d iscovered  w h e n  
sm all, m etastasis  o f rectal n eu roendocrine  tu m o rs is 
uncom m on.

Gastrointestinal Stromal Tumor
G a s tro in te s t in a l s tro m a l tu m o r (G IS T )  is  th e  m o st 

c o m m o n  m e s e n c h y m a l tu m o r o f  th e  a b d o m e n , a n d  m o re  

th a n  h a l f  o f  these tu m o rs  occur in  th e  s tom ach . A w id e  
varie ty  of o ther m esenchym al neop lasm s m ay  arise in  the 
stom ach. M any are  n am ed  accord ing  to  the cell type  they 
m o st resem ble; for exam ple, sm oo th  m uscle  tu m o rs are  
called  leiomyomas o r leiomyosarcomas, nerve  shea th  tum ors 
a re  te rm ed  schwannomas, a n d  those resem bling  g lom us 
bod ies in  the na il beds a n d  a t o ther sites a re  te rm ed  glomus 
tumors. These tu m o rs a re  all ra re  a n d  are  n o t d iscussed  
here.

Pathogenesis

T h e  m o s t c o m m o n  g en e tic  chan ge  u n d e r ly in g  th e  p a th o 

g enesis  o f  G IS T s  is g a in -o f - fu n c t io n  m u ta tio n s  o f  th e  

g en e  e n c o d in g  th e  ty ro s in e  k in a s e  K IT ,  th e  re c e p to r fo r  

s te m  c e ll fac to r. These are p re sen t in  75% to 85% of all 
GISTs. A n  ad d itio n a l 8 % of GISTs have  m u ta tio n s  th a t 
activate  a re la ted  ty rosine  k inase, p la te le t-d e riv ed  g ro w th  
factor recep to r A  (PDGFRA). The te rm  stromal reflects h is
torical confusion  ab o u t the o rig in  of th is tum or, w h ich  is 
n o w  recogn ized  to  arise  from  the  in te rstitia l cells o f Cajal, 
o r pacem aker cells, of the  gastro in testina l m uscu laris  
p ro p ria . For u n k n o w n  reasons, GISTs bearing  PDGFRA 
m u ta tio n s  a re  ov e rrep resen ted  in  the stom ach. KIT an d  
PDGFRA gene m u ta tio n s  a re  m u tu a lly  exclusive, reflect
ing  the ir activ ities w ith in  the sam e signal tran sd u c tio n  
p a th w ay . G erm  line m u ta tio n s  in  these  sam e genes are  
p re sen t in  ra re  fam ilial GISTs, in  w h ich  p a tien ts  develop  
m u ltip le  GISTs a n d  m ay  also  have d iffuse hy p erp lasia  of 
Cajal cells.

B oth spo rad ic  a n d  g erm  line m u ta tio n s  re su lt in  consti
tu tive ly  active KIT or PDGFRA recep to r ty rosine  k inases 
an d  p ro d u ce  in trace llu la r signals th a t p ro m o te  tu m o r cell 
p ro life ra tion  an d  su rv iva l (C hap ter 6 ). In  GISTs w ith o u t 
KIT o r PDGFRA m utations, genes encod ing  com ponen ts 
o f the  m itochondria l succinate deh y d ro g en ase  (SDH) 
com plex are m o st com m only  affected. These m u ta tio n s 
resu lt in  loss o f SD H  function  an d  confer increased  risk  
for bo th  GIST an d  paragang liom a. O ne m u ta n t allele is 
o ften  inherited , w ith  the second  copy  of the gene being  
e ither m u ta te d  o r o therw ise  lost in  the tum or. The loss 
of SDH causes a n u m b er of m etabolic  changes, inc lud ing  
increased  p ro d u c tio n  o f reactive oxygen  species, ac tivation  
of hypoxia  in d u ced  factor (HIF), an d  increased  d ependency
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o n  glycolysis for ATP p roduc tion , b u t h o w  these a ltera 
tions lead  to transfo rm ation  is uncerta in .

M O R P H O L O G Y

Primary gastric GISTs usually form a solitary, well-circumscribed, 

fleshy, submucosal mass. Metastases may form multiple small 

serosal nodules or fewer large nodules in the liver; spread 

outside of the abdomen is uncommon. GISTs can be composed 

of thin, elongated spindle cells or plumper ep ith e lio id  cells. 

The most useful diagnostic marker is KIT, which is immunohis- 

tochemically detectable in 95% of these tumors.

C lin ica l Features

The p eak  incidence of gastric  GIST is a ro u n d  60 years o f age, 
w ith  less th a n  1 0 % occu rring  in  in d iv id u a ls  y o u n g e r than  
40 y ears  of age. O verall, GISTs are  slightly  m ore  com m on 
in  m ales. Sm all GISTs m ay  com e to clinical a tten tio n  inci
den ta lly  d u rin g  w o rk -u p  o f o th e r G I sym ptom s, w h ich  are  
com m on. L arger GISTs m ay  p re sen t w ith  sym ptom s re la ted  
to m ass effects o r m ucosal u lceration , such  as in testinal 
ob stru c tio n  o r gastro in testina l b leed ing . C om plete  su rg i
cal resection  is the p rim ary  trea tm en t for localized  gastric 
GIST. The p rognosis  corre la tes w ith  tu m o r size, m ito tic  
index , a n d  location, with gastric GISTs being somewhat less 
aggressive than those arising in the small intestine. R ecurrence 
o r m etastasis  is ra re  for gastric  GISTs less th a n  5 cm  in  d iam 
e ter b u t com m on for m ito tically  active tu m o rs la rger than  
10 cm. T um ors th a t a re  unresectab le  o r  m etasta tic  o ften  
resp o n d , som etim es for years, to ty rosine  k inase  inh ib ito rs 
th a t a re  active ag a in st KIT a n d  PDGFRA, such  as im atin ib . 
U nfo rtunate ly , as in  chronic m yelo id  leukem ia  (C hap ter 12), 
resistance to im atin ib  even tua lly  arises d u e  to o u tg ro w th  of 
subclones w ith  ad d itio n a l m u ta tio n s  in  KIT o r PDGFRA. 
In  som e instances, these tu m o rs re sp o n d  to o th er ty ro 
sine k inase  inh ib ito rs th a t re ta in  activ ity  ag a in st KIT an d  
PDGFRA.

Ä S U M M A R Y

G A S T R IC  PO LYPS A N D  T U M O R S

• I n f l a m m a t o r y  a n d  h y p e r p l a s t i c  g a s t r i c  p o l y p s  are reactive lesions 

associated with chronic gastritis. Risk for development of dys

plasia increases with polyp size.

• G a s t r i c  a d e n o m a s  develop in a background of chronic gastritis 

and are particularly associated with intestinal metaplasia and 

mucosal (glandular) atrophy. Adenocarcinoma frequently arises 

in gastric adenomas, which therefore require complete exci

sion and surveillance to detect recurrence.

• G a s t r i c  a d e n o c a r c in o m a s  are classified according to location and 

gross and histologic morphology. Those with an intestinal his

tologic pattern tend to  form bulky tumors and may be ulcer

ated, whereas those composed of mucus-filled signet ring cells 

typically display a diffuse infiltrative growth pattern that may 

thicken the gastric wall (linitis plastica) without forming a 

discrete mass.

• H .  p y l o r i  infection is the most common etiologic agent for 

gastric adenocarcinoma, but other associations, including 

chronic atrophic gastritis and EBV infection, suggest several 

possible pathways of neoplastic transformation.

• P r i m a r y  g a s t r i c  l y m p h o m a s  most often are derived from the 

mucosa-associated lymphoid tissue whose development is 

induced by chronic gastritis.

• Low- or intermediate-grade n e u r o e n d o c r i n e  ( c a r c i n o i d )  t u m o r s  

arise from the diffuse components of the endocrine system 

and are most common in the gastrointestinal tract, particularly 

the small intestine. Tumors of the small intestine tend to  be 

most aggressive, while those of the appendix are almost always 

benign.

• G a s t r o i n t e s t i n a l  s t r o m a l  t u m o r  ( G I S T ) ,  the most common mes

enchymal tum or of the abdomen, occurs most often in the 

stomach. GISTs arise from benign pacemaker cells, also known 

as the i n t e r s t i t i a l  c e l ls  o f  C a ja l .  A  majority of tumors have acti

vating mutations in either the c-KIT or the PDGFRA tyrosine 

kinases and respond to kinase inhibitors.

Small and Large Intestines

The sm all in testine an d  colon are the sites o f a w ide  variety  
of diseases, m any  of w h ich  affect n u trien t an d  w ate r trans
port. P e rtu rba tion  of these processes m ay  cause m alabsorp 
tion an d  d iarrhea. The in testines are also the principal site 
w here  the im m une system  interfaces w ith  a diverse a rray  of 
an tigens p resen t in  food a n d  g u t m icrobes. Recent advances 
have  defined the  com position  an d  diversity  of the g u t m icro- 
biom e, w hich  is largely unculturab le, u sing  m olecular 
approaches. O ne com m on trend  is the association of reduced  
m icrobial d iversity  in  disease. The g u t m icrobiom e is also 
exquisitely  sensitive to diet, w h ich  m ay  partly  explain  the 
association betw een  food allergy an d  o ther d ie t-induced  dis
eases a n d  altered  com position  of the m icrobiom e. Thus, it is 
not su rp rising  tha t the sm all in testine an d  colon frequently  
are  involved by infectious an d  inflam m atory  processes. The

colon is the m ost com m on site of gastro in testinal neoplasia  
in  W estern  populations.

INTESTINAL O BSTRUCTION

O bstruc tion  of the gastro in testina l trac t m ay  occur a t any 
level, b u t the  sm all in testine  is m ost o ften  invo lved  because 
of its re la tively  n a rro w  lum en . C ollectively, hernias, intesti
nal adhesions, intussusception, a n d  volvulus accoun t for 80% 
of m echanical obstruc tions (Fig. 15.18), w h ile  tu m o rs an d  
in farc tion  accoun t for m o st o f the rem ainder. The clinical 
m an ifesta tions of in testina l obstruc tion  inc lude  abdom ina l 
p a in  a n d  d isten tion , vom iting , a n d  constipation . Surgical 
in te rv en tio n  is u su a lly  req u ired  in  cases invo lv ing
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Herniation Adhesions

Fig. I M 8 Intestinal obstruction. The four major mechanical causes of intes
tinal obstruction are (1) herniation of a segment in the umbilical or inguinal 
regions, (2) adhesion between loops of intestine, (3) volvulus, and (4) 
intussusception.

m echanical ob stru c tio n  or severe infarction . V o lvu lus an d  
adhesions be tw een  bow el loops a re  w ell illu s tra ted  in  Fig. 
15.18. Brief com m ents a re  m ad e  nex t ab o u t the o ther causes 
of obstruction .

Intussusception

Intussusception  occurs w h en  a segm ent o f the in testine, 
constricted b y  a w ave o f peristalsis, te lescop es into the  
im m ediately  distal segm en t . O nce trap p ed , the invag i
n a te d  segm en t is p ro p e lled  by  perista lsis  a n d  p u lls  the 
m esen tery  along. U n trea ted  in tu ssu scep tio n  m ay  p rog ress  
to  in testina l obstruction , com pression  of m esen teric  vessels, 
a n d  infarction . Intussusception is the most common cause of 
intestinal obstruction in children younger than 2 years of age. 
T here u su a lly  is no  u n d e rly in g  ana tom ic  defect a n d  the 
child  is o therw ise  healthy . O ther cases a re  associa ted  w ith  
v ira l in fection  a n d  ro tav iru s  vaccines a n d  m ay  be re la ted  
to  reactive h y p erp lasia  o f Peyer patches, w h ich  can  act as 
the  lead in g  edge  of the in tu ssuscep tion . C o n trast enem as 
are  d iagnostically  u sefu l a n d  also  a re  effective in  correcting  
id iopath ic  in tu ssu scep tio n  in  in fan ts a n d  y o u n g  ch ild ren . 
H ow ever, surg ical in te rv en tio n  is necessary  w h e n  an  in tra 
lum inal m ass or tu m o r serves as the in itia ting  po in t of 
traction, as is typical in  o ld e r ch ild ren  a n d  in  adu lts .

Hirschsprung Disease

Hirschsprung disease occurs in  approxim ately 1 o f 5000 
liv e  births and stem s from  a congenital defect in  colonic  
innervation. It m ay  be iso la ted  o r occur in  com bination  w ith

o th e r d eve lopm en ta l abnorm alities. It is m ore  com m on  in 
m ales b u t ten d s to  be m ore severe in  fem ales. S iblings are  
a t increased  risk  for d ev e lo p m en t o f H irsch sp ru n g  disease.

P a tien ts  typically  p resen t as neonates w ith  failu re to 
p ass  m econ ium  in  the im m ed ia te  p o stn a ta l p e rio d  fol
lo w ed  by obstruc tive  constipation . The m ajor th rea ts  to  life 
a re  enterocolitis, flu id  a n d  e lectro ly te d istu rbances, perfo 
ra tion , an d  periton itis. Surgical resection  o f the aganglion ic 
segm ent w ith  anastom osis of the  n o rm al colon to  the 
rec tum  is effective, a lth o u g h  it m ay  take y ears  for pa tien ts  
to  a tta in  no rm al bow el function  an d  continence.

Pathogenesis

The en teric  n eu ro n a l p lexus develops from  n e u ra l crest 
cells tha t m ig ra te  in to  the bow el w all d u rin g  em bryogen 
esis. H irsch sp ru n g  disease, also  k n o w n  as congenital agan- 
glionic megacolon, resu lts  w h e n  the n o rm al m ig ra tio n  of 
n eu ra l crest cells from  cecum  to rec tum  is d is ru p ted . This 
p ro d u ces a d ista l in testina l segm ent tha t lacks bo th  the 
M eissner subm ucosal p lexus a n d  the  A u erbach  m yen teric  
p lexus ("aganglionosis"), a n d  th u s  fails to  develop  coord i
n a te d  perista ltic  contractions. M utations in  the receptor 
tyrosine k inase RET account for a m ajority o f fam ilia l 
cases a n d  app rox im ate ly  15% of sporad ic  cases. M uta tions 
in  o ther genes, in c lu d in g  d isease-m odify ing  genes, as w ell 
as en v iro n m en ta l factors m u st also  be involved .

^  M O R P H O L O G Y

Hirschsprung disease always affects the rectum, but the length 

of the additional involved segments varies. Most cases are limited 

to  the rectum and sigmoid colon, but severe disease can involve 

the entire colon. The aganglionic region may have a grossly 

normal or contracted appearance, while the normally innervated 

proximal colon may undergo progressive dilation as a result of 

functional distal obstruction (Fig. 15.19). Diagnosis is made by 

demonstrating the absence of ganglion cells in the affected 

segment.

Fig. 15.19 Hirschsprung disease. (A) Preoperative barium enema study 
showing constricted rectum ( b o t to m )  and dilated sigmoid colon. Ganglion 
cells were absent in the rectum, but present in the sigmoid colon. (B) Cor
responding intraoperative appearance of the dilated sigmoid colon. ( C o u r te s y  

o f  D r .  A l iy a  H u s a in ,  T h e  U n iv e r s i t y  o f  C h ic a g o ,  C h ic a g o ,  I l l in o is . )
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Abdominal Hernia

A ny w eakness  o r defect in  the w all o f the p e ritonea l cavity  
m ay  p e rm it p ro tru s io n  of a serosa-lined  p o u ch  of perito 
n e u m  called  a hernia sac. A cquired  hern ias  m ost com m only  
occur an terio rly , th ro u g h  the ingu ina l a n d  fem oral canals 
o r um bilicus, o r a t sites o f surg ical scars. These are of 
concern  because of v isceral p ro tru s io n  (external herniation). 
This is p a rticu la rly  tru e  of in g u in a l hern ias, w h ich  ten d  to 
h av e  n a rro w  orifices a n d  large  sacs. Sm all bow el loops 
hern ia te  m o st often, b u t p o rtio n s of o m en tu m  o r large 
bow el also  p ro tru d e , a n d  any  of these m ay  becom e 
en tra p p e d . P ressu re  a t the  neck  of the p o u ch  m ay  im p a ir 
venous d rainage, lead in g  to  stasis a n d  edem a. These 
changes increase the  bu lk  of the he rn ia ted  loop, lead in g  to 
p e rm a n e n t en trap m en t, o r incarceration, a n d  over tim e, 
a rte ria l a n d  v enous com prom ise, o r strangulation, can  resu lt 
in  infarction .

f t  S U M M A R Y

IN T E S T IN A L  O B S T R U C T IO N

• I n t u s s u s c e p t i o n  is the most common cause of intestinal obstruc

tion in children younger than 2 years of age and can usually be 

treated by barium enema or air enema.

• H i r s c h s p r u n g  d i s e a s e  is the result of defective neural crest cell 

migration from cecum to rectum. It gives rise to functional 

obstruction.

• A b d o m i n a l  h e r n i a t i o n  may occur through any weakness or 

defect in the wall of the peritoneal cavity, including inguinal and 

femoral canals, umbilicus, and sites of surgical scarring.

VASCULAR DISORDERS OF BOWEL

The la rgest p o rtio n  of the  gastro in testina l trac t is su p p lied  
by the celiac, su p erio r m esenteric , a n d  in ferio r m esen teric  
arteries. A s they  ap p ro ach  the  in testina l w all, the superio r 
an d  in ferio r m esen teric  a rteries fan  o u t to  form  the  m esen 
teric arcades. In terconnections be tw een  arcades, as w ell as 
co llateral supp lies  from  the p rox im al celiac a n d  d ista l 
p u d e n d a l a n d  iliac c ircu la tions m ake  it possib le  for the 
sm all in testine  a n d  colon to  to lerate  slow ly  p rog ressive  loss 
o f the b lood  su p p ly  from  one artery . By contrast, acu te  
com prom ise  of any  m ajor vessel can  lead  to  in farc tion  of 
several m ete rs  o f in testine.

Ischemic Bowel Disease

Is c h e m ic  d am a g e  to  th e  b o w e l can  ra n g e  f r o m  m u co sa l 

in fa rc t io n , e x te n d in g  no  d ee p e r th a n  th e  m u s c u la ris  

m ucosa; to  m u ra l in fa rc t io n  o f  m u co sa  a n d  subm ucosa; 

to  tra n s m u ra l in fa rc t io n  in v o lv in g  a l l  th re e  la y ers  o f  th e  

w a l l .  W hile m ucosal or m u ra l in farc tions o ften  a re  second 
ary  to  acu te  or chronic hypoperfu sion , tran sm u ra l infarc
tion  is generally  caused  by acu te  vascu lar obstruction . 
Im p o rtan t causes of acu te  arte ria l obstruc tion  inc lude  
severe atherosclerosis (w hich  is o ften  p ro m in en t a t the 
o rig in  of m esenteric  vessels), aortic  aneu rysm , hyperco- 
agu lab le  states, o ra l con tracep tive  use, a n d  em boliza tion  of

card iac  vegeta tions o r aortic  a therom as. In testinal hy p o 
p e rfu s io n  can  also  be associa ted  w ith  card iac  failure, shock, 
d eh y d ra tio n , o r vasoconstric tive  d rugs. System ic vasculiti- 
des  also  m ay  dam age  in testina l arteries. W hile m esenteric  
ven o u s th rom bosis can  lead  to  ischem ic disease, it is 
uncom m on . O ther causes inc lude  invasive  neop lasm s, cir
rhosis, p o rta l hypertension , traum a, o r ab d o m in a l m asses 
th a t com press the  p o rta l d ra inage.

Pathogenesis

T h e  s e v e rity  o f  v a s cu la r c o m p ro m is e , t im e  fra m e  d u r in g  

w h ic h  i t  d e v e lo p s , a n d  vessels  a ffe c te d  are th e  m a jo r  

v a ria b le s  th a t  d e te rm in e  s e v e rity  o f  is c h e m ic  b o w e l  

disease. In testinal responses to  ischem ia occur in  tw o 
phases. The in itial hypoxic in jury  occurs a t the o n se t of 
vascu lar com prom ise  and , a lth o u g h  som e dam age  occurs, 
in testina l ep ithelia l cells are  re la tively  resis tan t to  tran 
sien t hypoxia. The second  phase , rep erfu sio n  in jury , is 
in itia ted  by  resto ra tio n  of the  b lood  su p p ly  a n d  associ
a ted  w ith  the g rea test dam age. W hile  the  u n d e rly in g  
m echan ism s of rep erfu sio n  in jury  are incom plete ly  u n d e r
stood, they  invo lve free rad ica l p ro d u c tio n , n eu tro p h il 
in filtration , a n d  in flam m atory  m ed ia to rs  such  as com ple
m en t an d  cytokines. Tw o aspects of in testina l vascu lar 
an a to m y  also  con trib u te  to  the d is trib u tio n  of ischem ic 
dam age:
• Watershed zones refers to  in testina l segm ents a t the end  

of the ir respective  arte ria l su p p lies  th a t are p a rticu 
larly  suscep tib le  to  ischem ia. These zones include the 
splenic flexure, w h ere  the  su p erio r an d  in ferio r m es
enteric  arte ria l c ircu la tions te rm inate , and , to a  lesser 
extent, the sigm oid  co lon  an d  rec tu m  w h ere  in ferio r 
m esenteric , p u d e n d a l, a n d  iliac arte ria l c ircu la tions 
end . G enera lized  h y p o ten sio n  o r hypoxem ia  can  there 
fore cause  localized  in jury  a t these sites, a n d  ischem ic 
d isease sh o u ld  be co n sid ered  in  the d ifferen tia l d iagno 
sis for focal colitis of the splenic flexure o r rectosigm oid  
colon.

• Patterns of intestinal microvessls. In testinal cap illaries ru n  
a longside  the  g lands, from  c ry p t to  surface, before 
m ak in g  a h a irp in  tu rn  a t the surface to  em p ty  in to  the 
postcap illa ry  venules. This con figu ra tion  leaves the 
surface ep ith e liu m  p articu larly  vu lnerab le  to  ischem ic 
in jury . Thus, surface ep ithelia l a tro p h y , o r even  necrosis 
an d  ep ithelia l s loughing , w ith  no rm al o r hyperp ro lif
e ra tive  c ryp ts constitu tes a  m orpho log ic  sig n a tu re  of 
ischem ic in testina l d isease.

M O R P H O L O G Y

Despite the increased susceptibility of watershed zones, m ucosal 

and m u ra l in fa rc tion  may involve any level of the gut from 

stomach to  anus. Involvement is frequently segmental and patchy, 

and the mucosa is hemorrhagic and often ulcerated. The bowel 

wall is thickened by edema that may involve the mucosa or 

extend into the submucosa and muscularis propria. W ith  severe 

disease, pathologic changes include extensive mucosal and sub

mucosal hemorrhage and necrosis, but serosal hemorrhage and 

serositis generally are absent. Damage is more pronounced in 

acute arterial thrombosis and tra n s m u ra l in fa rc tion . Blood- 

tinged mucus or blood accumulates within the lumen.

http://ebooksmedicine.net

http://ebooksmedicine.net


610 C H A P T E R  15 Oral Cavities and Gastrointestinal Tract

Coagulative necrosis of the muscularis propria occurs within 1 

to  4 days and may be associated with purulent serositis and 

perforation.

Microscopic examination of ischemic intestine demonstrates 

a tro p h y  o r  sloughing o f surface e p ith e liu m  (Fig. I5.20A). 

By contrast, crypts may be hyperproliferative. Inflammatory infil

trates are initially absent in acute ischemia, but neutrophils are 

recruited within hours of reperfusion. Chronic ischemia is 

accompanied by fibrous scarring of the lamina propria (Fig 

I5.20B) and, uncommonly, stricture formation. In acute phases 

of ischemic damage, bacterial superinfection and enterotoxin 

release may induce pseudomembrane formation that can resem

ble C l o s t r i d i u m  d i f f i c i l e - a s s o c i a t e d  pseudomembranous colitis 

(discussed later).

C lin ica l Features

Ischem ic bow el d isease ten d s to  occur in  o lder a d u lts  w ith  
coexisting  card iac  o r vascu lar disease. A cute tran sm u ra l 
in farc tion  typically  m an ifests w ith  su d d en , severe abdom i
nal p a in  a n d  tenderness, som etim es accom pan ied  by 
nausea, vom iting , b loody  d iarrhea , o r grossly  m elanotic  
stool. This p re sen ta tio n  m ay  p ro g ress  to  shock a n d  vascu 
la r collapse w ith in  h o u rs  as a re su lt o f b lood  loss. P eristaltic  
so u n d s d im in ish  o r d isappear, a n d  m u scu la r sp asm  creates 
b oard like  rig id ity  of the  ab d o m in a l w all. Because these 
physical signs overlap  w ith  those o f o th e r ab d o m in a l em er
gencies, in c lu d in g  acu te  append ic itis , p e rfo ra ted  ulcer, and  
acu te  cholecystitis, the d iagnosis of in testina l in farction  
m ay  be de layed  o r m issed , w ith  d isastro u s consequences. 
As the m ucosal ba rrie r b reaks dow n , bacteria  en ter the 
c ircu la tion  a n d  sepsis can  develop; the  m orta lity  ra te  in  
these cases m ay  exceed 50%.

The overall p ro g ressio n  of ischem ic en teritis  d e p en d s  on  
the  u n d e rly in g  cause a n d  severity  of injury:
• Mucosal and mural infarctions by them selves m ay  n o t be 

fatal. H ow ever, these m ay  p ro g ress  to  m ore extensive, 
tran sm u ra l in farc tion  if the  vascu lar su p p ly  is n o t 
resto red  by correction  of the in su lt or, in  chronic d isease, 
by d ev e lo p m en t of ad eq u a te  collateral supplies.

• Chronic ischemia m ay  m asq u e rad e  as in flam m atory  
bow el disease, w ith  ep isodes of b loody  d ia rrh ea  in te r
spersed  w ith  p e rio d s  of healing .

Fig. 15.20 Ischemia. (A) Characteristic attenuated and partially detached 
villous epithelium in acute jejunal ischemia. Note the hyperchromatic nuclei 
of proliferating crypt cells. (B) Chronic colonic ischemia with atrophic surface 
epithelium and fibrotic lamina propria.

• Cytomegalovirus (CMV) infection causes ischem ic gastro 
in testina l d isease as a consequence of the v ira l tro p ism  
for a n d  infection  of endo the lia l cells. CM V  infection  
can  be a com plication  of im m u n o su p p ress iv e  the rap y  
(C hap ter 9).

• Radiation enterocolitis occurs w h e n  the gastro in testina l 
trac t is irrad ia ted . In  ad d itio n  to  ep ithelia l dam age, 
rad ia tio n -in d u ced  vascu lar in jury  m ay  be significant 
an d  p ro d u ce  changes th a t are  sim ilar to  ischem ic d isease.

• Necrotizing enterocolitis is an  id iopath ic  d iso rd er o f the 
sm all a n d  large in testines th a t can  re su lt in  tran sm u ra l 
necrosis. I t is the m ost com m on  acq u ired  gastro in testina l 
em ergency  of neonates, p articu larly  those w h o  are p re 
m a tu re  o r of low  b irth  w eigh t. Its occurrence is often  
associated  w ith  in itia tion  of o ra l feed ing  (C hap ter 7). 
A lth o u g h  p a thogenesis of necro tiz ing  en terocolitis is 
n o t defined, ischem ic in jury  is th o u g h t to  contribu te .

• Angiodysplasia, charac terized  by  m alfo rm ed  subm ucosal 
an d  m ucosal b lood  vessels, occurs m ost o ften  in  the 
cecum  o r rig h t colon, a n d  u su a lly  p resen ts  after the 
six th  decade  of life. A lth o u g h  it affects less th a n  1% of 
the  a d u lt pop u la tio n , angiodysplasia accounts for 20% of 
major episodes of lower intestinal bleeding.

Hemorrhoids

H em o rrh o id s  are  d ila ted  an a l a n d  p erian a l collateral 
vessels th a t connect the  p o rta l a n d  caval ven o u s system s 
to relieve e leva ted  ven o u s p ressu re  w ith in  the h em o rrh o id  
p lexus. Thus, a lth o u g h  h em o rrh o id s are less serious than  
esophageal varices, the  pa thogenesis  o f these lesions is 
sim ilar. T hey are  com m on, affecting  ab o u t 5% of the  general 
pop u la tio n . C o m m on  p red isp o sin g  factors include consti
p a tio n  a n d  associa ted  stra in ing , w h ich  increase in traab 
d om inal a n d  v en o u s p ressu res, ven o u s stasis o f p regnancy , 
an d  p o rta l hypertension .

C olla tera l vessels w ith in  the in ferio r h em o rrh o id a l 
p lexus a re  located  below  the anorecta l line an d  are  te rm ed  
e x te rn a l h e m o rrh o id s , w hile  those th a t re su lt from  d ila tion  
of the  su p erio r h em o rrh o id a l p lexus w ith in  the  d ista l rec tum  
are  re ferred  to  as in te rn a l h e m o rrh o id s . O n h isto logic 
exam ination , h em o rrh o id s consist o f th in -w alled , d ila ted , 
subm ucosa l vessels b en ea th  an a l o r rectal m ucosa. These 
vessels are  subject to  traum a, w h ich  leads to  rectal b leed ing . 
In  ad d itio n , they  can  becom e th ro m b o sed  a n d  inflam ed.

H e m o rrh o id s  o ften  m an ifest w ith  p a in  a n d  rectal b leed 
ing, p a rticu la rly  b rig h t re d  b lood  seen on  to ilet tissue. 
H em o rrh o id s  also  m ay  develop  as a  re su lt o f p o rta l h y p er
tension, w h ere  the  im plications are m ore o m inous. H em o r
rh o id a l b leed ing  generally  is n o t a m ed ical em ergency; 
trea tm en t op tions inc lude  sc lero therapy , ru b b e r b an d  liga
tion, a n d  in fra red  coagulation . In  severe cases, hem or
rh o id s  m ay  be rem oved  surgically  by hemorrhoidectomy.

f t  S U M M A R Y

V A S C U L A R  D IS O R D E R S  O F  B O W E L

• Intestinal ischemia can occur as a result of either a r t e r i a l  o r  

v e n o u s  o b s t r u c t i o n .

• Ischemic bowel disease resulting from hypoperfusion is most 

common at the splenic flexure, sigmoid colon, and rectum;
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these are w a t e r s h e d  z o n e s  where two arterial circulations 

terminate.

• Systemic vasculitides and infectious diseases (e.g., CM V infec

tion) can cause vascular disease that is not confined to  the 

gastrointestinal tract.

• Angiodysplasia is a common cause of lower gastrointestinal 

bleeding in older adults.

• Hemorrhoids are collateral vessels that form in response to  

venous hypertension. * •

DIARRHEAL DISEASE

D iarrhea is defined  as an increase in  stool m ass, fre
quency, or flu id ity , typ ica lly  to am ounts greater than  
200 grams per day. In  severe cases, stool vo lum e can  
exceed 14 L p e r  d ay  and , w ith o u t flu id  resuscita tion , resu lt 
in  d eath . W orldw ide , d ia rrh ea l d iseases accoun t for g reater 
th a n  700,000 d ea th s  of ch ild ren  u n d e r  5 years o f age, 
m ak in g  th em  the  second  lead in g  cause of d e a th  in  th is  age 
g roup . Painful, b loody, sm all-vo lum e d ia rrh ea  is k n o w n  as 
dysentery. D iarrhea  is a com m on sy m p to m  of m an y  in tes
tina l d iseases, in c lu d in g  those d u e  to  infection, in flam m a
tion, ischem ia, m alabsorp tion , a n d  n u tritio n a l deficiency. 
It can  be classified in to  fo u r m ajor categories:
• Secretory diarrhea is charac terized  by iso tonic stool and  

persists  d u rin g  fasting.
• Osmotic diarrhea, such  as th a t occu rring  w ith  lactase defi

ciency, is d u e  to  osm otic  forces exerted  by  unab so rb ed  
lu m in a l so lu tes. The d ia rrh ea l flu id  is a t least 50 m O sm  
m ore concen tra ted  th a n  p lasm a, a n d  the cond ition  
aba tes w ith  fasting.

• Malabsorptive diarrhea caused  by  in ad eq u a te  n u trie n t 
ab so rp tio n  is associa ted  w ith  stea to rrh ea  a n d  is re lieved  
by fasting.

• Exudative diarrhea is d u e  to  in flam m atory  d isease an d  
charac terized  by  p u ru len t, b loody  stools th a t con tinue  
d u rin g  fasting.

W e beg in  o u r d iscussion  w ith  m alabso rp tive  d iarrhea . 
O ther d iso rd ers  associa ted  w ith  secretory  a n d  exudative  
types of d ia rrh ea  (e.g., cho lera  an d  in flam m atory  bow el 
d isease, respectively) a re  a d d ressed  in  separa te  sections.

Malabsorptive Diarrhea
M alabsorption m anifests m ost com m only as chronic 
diarrhea and is  characterized by defective absorption of 
fats, fat- and w ater-soluble v itam ins, proteins, carbohy
drates, electrolytes, m inerals, and water. C hronic  m alab 
so rp tio n  causes w e ig h t loss, anorexia, abdom ina l d isten tion , 
bo rborygm i, an d  m uscle  w asting . A  ha llm ark  of m alab 
so rp tion  is steatorrhea, charac terized  by  excessive fecal fat 
a n d  bu lky , fro thy, greasy, yellow , o r clay-colored stools. 
The chronic malabsorptive disorders most commonly encoun
tered in Western countries are pancreatic insufficiency, celiac 
disease, and Crohn disease. E nv ironm en ta l en teric  dysfunc
tion, o r en v iro n m en ta l en teropathy , w h ich  has a  m alab- 
so rp tive  com ponen t, is pe rvasive  in  som e com m unities 
w ith in  d eve lop ing  countries.

M alabso rp tion  resu lts  from  d is tu rbance  in  a t least one 
of the fo u r phases of n u tr ie n t absorp tion :
• Intraluminal digestion, in  w h ich  p ro te in s, carbohydra tes, 

a n d  fats a re  b roken  d o w n  in to  absorbab le  form s
• Terminal digestion, w h ich  invo lves the hyd ro ly sis  of car

b o h y d ra tes  a n d  p ep tid es  by  d isaccharidases a n d  p ep ti
dases, respectively , in  the  b ru sh  b o rd e r o f the 
sm all-in testinal m ucosa

• Transepithelial transport, in  w h ich  n u trien ts , fluid, a n d  
electro ly tes a re  tran sp o rted  across a n d  processed  w ith in  
the sm all-in testinal ep ith e liu m

• Lymphatic transport of abso rbed  lip id s

In  m an y  m alabso rp tive  d iso rders, a  defect in  one of 
these p rocesses p redom ina tes , b u t m ore  th a n  one u sua lly  
con tribu tes (Table 15.3). A s a resu lt, m alabso rp tion  
synd rom es resem ble each  o th e r m ore  th a n  they  differ. 
Signs a n d  sym ptom s include d ia rrh ea  (from  n u trie n t

Table 15.3 Defects in M alabsorptive and D iarrheal Disease

Disease
In tra lu m in a l
D igestion

T erm in a l
D igestion

Transep ith e lia l
T ran sp o rt

L ym ph atic
T ra n s p o rt

Celiac disease + +

Tropical sprue + +

Chronic pancreatitis +

Cystic fibrosis +

Primary bile acid malabsorption + +

Carcinoid syndrome +

Autoimmune enteropathy + +

Disaccharidase deficiency +

Mycobacterial infection, Whipple disease +

Abetalipoproteinemia +

Viral gastroenteritis + +

Bacterial gastroenteritis + +

Parasitic gastroenteritis + +

Inflammatory bowel disease + + +

+, Indicates that the process can be abnormal in the disease indicated. Other processes are not typically affected.
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m alab so rp tio n  an d  excessive in testina l secretion), flatus, 
ab d o m in a l pain , a n d  w e ig h t loss. In ad eq u a te  ab so rp tio n  of 
v itam ins a n d  m in era ls  can  re su lt in  anem ia  a n d  m ucositis 
d u e  to  py ridox ine , folate, o r v itam in  B1 2  deficiency; b leed 
ing  d u e  to  v itam in  K deficiency; osteopen ia  a n d  te tany  du e  
to calcium , m agnesium , or v itam in  D  deficiency; o r n eu 
ro p a th y  d u e  to v itam in  A  or B1 2  deficiency. A  varie ty  of 
endocrine  a n d  sk in  d istu rbances m ay  also  occur. M ycobac
terial infection, w h ich  can  be lead  to  ly m phatic  tra n sp o rt 
defects, is d iscussed  w ith  in fectious causes of d ia rrh ea  in  
the  nex t section.

Cystic Fibrosis

C ystic fibrosis is d iscussed  in  g rea ter deta il e lsew here  
(C hap ter 7). O nly  the m alab so rp tio n  associated  w ith  cystic 
fibrosis is considered  here. O w in g  to  m u ta tio n s of the ep i
thelial cystic fibrosis tran sm em b ran e  conductance reg u la 
to r (CFTR), in d iv id u a ls  w ith  cystic fibrosis hav e  defects in  
in testina l a n d  pancreatic  d u c ta l io n  tran sp o rt. This abno r
m ality  in terferes w ith  b icarbonate, sod ium , an d  w a te r 
secretion, u ltim ate ly  re su ltin g  in  in ad eq u a te  lum inal 
h y d ra tion . The v iscous lu m in a l con ten ts m ay  re su lt in  
m econ ium  ileus, w h ich  is p re se n t in  u p  to  1 0 % of n ew borns 
w ith  cystic fibrosis. In  the p ancreas the ducts a re  p lu g g ed  
by th ick  m ucus. This leads to  obstruction , low -grade  
chronic au to d ig estio n  of the  pancreas, a n d  ev en tu a l exo
crine pancreatic insufficiency in more than 80% of patients. The 
resu lt is fa ilu re  of the  in tra lu m in a l phase  of n u trie n t 
absorp tion , w h ich  can  be effectively trea ted  in  m ost pa tien ts  
w ith  o ral enzym e supp lem en ta tion .

Celiac D isease

Celiac disease, also k n ow n  as celiac sprue or gluten
sensitive enteropathy, is  an im m une-m ediated  enteropa
thy triggered by the in gestion  o f gluten-contain ing
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cereals, such  as w heat, rye, or barley, in  genetica lly  pre
d isp osed  in d iv id u a ls . In  coun tries w hose  p o p u la tio n s  
consist p red o m in an tly  of w h ites  o f E u ropean  ancestry , 
celiac d isease is a com m on  d iso rder, w ith  a n  estim ated  
prevalence  of 0.5% to 1%. The p rim ary  trea tm en t for celiac 
d isease  is a  gluten-free diet, w h ich  resu lts  in  sym ptom atic  
im p ro v em en t for m o st patien ts.

Pathogenesis

Celiac disease is an intestinal im m une reaction to gluten, 
the major storage protein of w heat and sim ilar grains.
G lu ten  is d igested  by lum inal an d  b ru sh  bo rd er enzym es 
in to  am ino  acids an d  pep tides, includ ing  a 33-am ino  acid 
g liad in  p ep tid e  tha t is resistan t to deg radation  by gastric, 
pancreatic, an d  sm all-intestinal p ro teases (Fig. 15.21). 
G liad in  is d eam idated  by tissue transg lu tam inase  an d  is 
then  able to  in teract w ith  HLA-DQ2 or HLA -D Q 8  on  
an tigen-presen ting  cells an d  be p resen ted  to  CD4+ T cells. 
These T cells in  lam ina p rop ria  p ro d u ce  cytokines th a t likely 
contribu te to  the tissue dam age an d  characteristic m ucosal 
h istopathology. A n an tibody  response follows: This includes 
p roduc tion  of an tibodies against tissue transg lu tam inase, 
deam idated  g liadin, and , p e rh ap s as a  resu lt o f cross-reactive 
epitopes, an ti-endom ysial antibodies, w h ich  can be d iagnos
tically useful. They m ay  also be u sed  to  m onito r disease, as 
titers typically fall after 3 to  6  m on ths of gluten-free diet. 
H ow ever, w h e th er these an tibodies contribu te to  celiac 
disease pathogenesis o r are m erely  m arkers of im m une acti
vation  rem ains controversial. In  ad d itio n  to CD4+ cells, 
there is a n  accum ulation  of CD 8 + cells th a t are n o t specific 
for g liad in  b u t m ay  p lay  an  ancillary role in  causing  tissue 
dam age. It is th o u g h t th a t d eam idated  g liad in  pep tides 
induce epithelial cells to  p ro d u ce  the cytokine IL-15, w hich  
in  tu rn  triggers activation  an d  pro liferation  of CD 8 + in traep 
ithelial lym phocytes tha t becom e cytotoxic an d  kill

Loss of 
villi

Fig. I 5.2 I The morphologic alterations that may be present in celiac disease, including varying degrees of villous atrophy, increased numbers of intraepithelial 
lymphocytes (lELs), and epithelial proliferation with crypt elongation ( le f t ) .  A model for the pathogenesis of celiac disease ( r ig h t ) .  Note that both innate and 
adaptive immune mechanisms are involved in the tissue responses to gliadin. CD4 T cells (producing IFNy) are shown in lamina propria and CD8 T cells, 
expressing NKG2D receptor, in between epithelial cells.
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enterocytes tha t have been  induced  by various stressors to 
express surface MIC-A. This m olecule is recognized by the 
NKG2D receptor on  activated  CD 8 + T cells. The dam age 
caused  by  these im m u n e  m echanism s m ay  increase the 
m ovem ent of g liad in  pep tides across the ep ithelium , w hich  
are then  deam idated  by tissue transg lu tam inase, th u s per
p e tua ting  the cycle of disease.

W hile nearly  all in d iv id u a ls  ea t g ra in  a n d  are  exposed  
to g lu ten  a n d  gliad in , m ost do  n o t develop  celiac d isease. 
Thus, host factors d e term ine  w h e th e r  d isease develops. 
A m ong  these, H LA  p ro te in s  seem  to be critical, since 
a lm ost all in d iv id u a ls  w ith  celiac d isease carry  the class II 
HLA -D Q 2 or H LA -D Q 8  alleles. T here is also  a n  association  
of celiac d isease w ith  o th e r im m u n e  d iseases in c lu d in g  
type 1 d iabetes, thy ro id itis , a n d  Sjögren syndrom e.

M O R P H O L O G Y

Biopsy specimens from the second portion of the duodenum or 

proximal jejunum, which are exposed to the highest concentra

tions of dietary gluten, are generally diagnostic in celiac disease. 

The histopathology is characterized by increased numbers of T  

lymphocytes, with in trae p ith e lia l lym phocytosis , c ryp t  

hyperp lasia, and villous a tro p h y  (Fig. 15.22). This loss of 

mucosal and brush-border surface area due to villous atrophy 

probably accounts for the malabsorption. In addition, increased 

rates of epithelial turnover, reflected in increased crypt mitotic 

activity, may limit the ability of absorptive enterocytes to fully 

differentiate and express proteins necessary for terminal diges

tion and transepithelial transport. O ther histologic features of 

celiac disease can include increased numbers of plasma cells, mast 

cells, and eosinophils, especially within the upper part of the 

lamina propria. It should be noted that intraepithelial lymphocy

tosis and villous atrophy can be present in other disorders, includ

ing viral enteritis. The combination of histologic and serologic 

findings is, therefore, most specific for diagnosis of celiac disease.

C lin ica l Features

P ed ia tric  celiac disease, w h ich  affects m ale  a n d  fem ale 
ch ild ren  equally , m ay  m an ifest w ith  classic symptoms, typ i
cally be tw een  6  a n d  24 m o n th s of age (after in tro d u c tio n  
of g lu ten  to  the diet) w ith  irritab ility , ab d o m in a l d isten 
tion, anorexia, d ia rrhea , failu re to  thrive, w e ig h t loss, o r 
m uscle  w asting . C h ild ren  w ith  nonclassic symptoms ten d  to 
p re sen t a t o lder ages w ith  com pla in ts o f abdom ina l pain , 
nausea , vom iting , b loating , o r constipation . A  characteris
tic p ru ritic , b listering  sk in  lesion, dermatitis herpetiformis, is 
also  p re sen t in  as m an y  as 1 0 % of patien ts, a n d  the  inci
dence of lymphocytic gastritis a n d  lymphocytic colitis is 
increased  as w ell.

In  adu lts , celiac d isease m anifests m o st com m only  
be tw een  30 a n d  60 years of age. H ow ever, m an y  cases 
escape clinical a tten tio n  for ex ten d ed  perio d s because of 
a typ ical p resen ta tions. Som e p a tien ts  have  silen t celiac 
disease, defined  as positive  serology a n d  villous a tro p h y  
w ith o u t sym ptom s, o r la ten t celiac d isease, in  w h ich  posi
tive serology is accom pan ied  n e ith e r by  v illous a tro p h y  
no r sym ptom s. S ym ptom atic  a d u lt celiac d isease is o ften  
associated  w ith  anem ia  (due  to  iro n  deficiency and , less 
com m only , B1 2  a n d  folate deficiency), d ia rrhea , b loating , 
a n d  fatigue.

A

Fig. 15.22 Celiac disease. (A) Advanced cases of celiac disease show com
plete loss of villi, or total villous atrophy. Note the dense plasma cell infil
trates in the lamina propria. (B) Infiltration of the surface epithelium by T 
lymphocytes, which can be recognized by their densely stained nuclei (labeled 
T). Compare with elongated, pale-staining epithelial nuclei (labeled E).

N oninvasive  serologic tests a re  generally  perfo rm ed  
before b iopsy. The m ost sensitive tests a re  the  p resence of 
IgA  an tibod ies  to  tissue tran sg lu tam in ase  or IgA  o r IgG 
an tibod ies to d eam id a ted  g liad in . A n ti-endom ysia l an ti
bod ies a re  h igh ly  specific b u t less sensitive th a n  o ther 
an tibodies.

P a tien ts  w ith  celiac d isease exh ib it a h ig h er th a n  n o rm al 
ra te  o f m alignancy . The m o st com m on  celiac d isease - 
associated  cancer is enteropathy-associated T cell lymphoma, 
an  aggressive  tu m o r of in traep ithe lia l T  lym phocytes. 
Small-intestinal adenocarcinoma also  is m ore  freq u en t in  
in d iv id u a ls  w ith  celiac d isease. T hus, w h e n  sym ptom s 
such  as ab d o m in a l pain , d ia rrhea , a n d  w e ig h t loss develop  
desp ite  a strict g lu ten-free  d iet, cancer o r refractory sprue, 
in  w h ich  the response  to  a g lu ten-free  d ie t is lost, m u s t be 
considered . It is, how ever, im p o rta n t to  recognize th a t 
failu re to  ad h e re  to a g lu ten-free  d ie t is the m ost com m on 
cause of recu rren t sym ptom s, a n d  th a t m ost in d iv id u a ls  
w ith  celiac d isease do  w ell w ith  d ie ta ry  restric tions a n d  die 
of u n re la ted  causes.

E nvironm ental E nteric  Dysfunction

T h e  te r m  environmental enteric dysfunction, or environ
mental enteropathy, re fe rs  to  a  s y n d ro m e  o f  s tu n te d  

g ro w th  a n d  im p a ire d  in te s tin a l fu n c t io n  th a t  is  c o m m o n  

in  d e v e lo p in g  c o u n trie s , in c lu d in g  m an y  p a rts  o f sub 
S aharan  Africa, such  as Zam bia; aborig ina l p o p u la tio n s  
w ith in  n o rth e rn  A ustra lia ; an d  som e g ro u p s  w ith in  South  
A m erica a n d  A sia, such  as resid en ts  of im p o v erish ed  com 
m un ities w ith in  Brazil, G uatem ala , Ind ia , a n d  P akistan . 
The im p ac t of en v iro n m en ta l en teric  dysfunction , w h ich  
w as p rev iously  g ro u p ed  u n d e r  head in g s of tropical enter
opathy or tropical sprue, canno t be oversta ted , as it is esti
m a ted  to  affect over 150 m illion  ch ild ren  w o rld w id e . 
A lth o u g h  m aln u tritio n  m o st likely con tribu tes to  the 
p a thogenesis of th is d iso rder, ne ithe r su p p lem en ta ry  
feed ing  n o r v itam in  a n d  m inera l su p p lem en ta tio n  are able 
to  fu lly  reverse  the  syndrom e. R epeated  b o u ts  o f d ia rrh ea  
su ffered  w ith in  the  first 2 o r 3 years of life are  m o st closely 
linked  to  en v iro n m en ta l en teropathy , b u t no  single
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in fectious ag en t has  been  estab lished  as causal in  these 
d ia rrh ea l ep isodes. In testinal b iopsy  specim ens have  been 
exam ined  in  on ly  a  sm all n u m b er of cases, a n d  the rep o rted  
h is topatho logy  h as som e overlap  w ith  severe celiac d isease 
as w ell as in fectious enteritis.

Lactase (D isaccharidase) D eficiency

Lactase d e fic ie n c y  g ives  ris e  to  o sm o tic  d ia r rh e a  because, 

in  its  absence, o s m o tic a lly  a c tiv e  lactose re m a in s  in  th e  

lu m e n . The disaccharidases, in c lu d in g  lactase, are located  
in  the ap ical b ru sh  b o rd er m em brane  of v illous absorp tive  
ep ithe lia l cells. Because the defect is biochem ical, b iopsies 
a re  generally  un rem arkab le . Lactase deficiency is o f tw o 
ty p es:
• Congenital lactase deficiency is a n  au to som al recessive d is

o rd e r caused  by  m u ta tio n s in  the  gene encod ing  lactase. 
The d isease is ra re  a n d  m an ifests as explosive d ia rrh ea  
w ith  w atery , fro thy  stools a n d  abdom ina l d isten tion  
after m ilk  ingestion . S ym ptom s abate  w h e n  exposu re  to 
m ilk  a n d  m ilk  p ro d u c ts  is te rm inated .

• Acquired lactase deficiency is caused  by d o w n reg u la tio n  
of lactase gene expression  a n d  is p a rticu la rly  com m on 
am o n g  N ative  A m ericans, A frican A m ericans, and  
C hinese p o pu la tions. D o w n reg u la tio n  of lactase occurs 
in  the g u t after ch ildhood , p e rh a p s  reflecting  the  fact 
that, before fa rm ing  of d a iry  anim als, lactase w as  u nnec 
essary  after ch ild ren  s to p p ed  d rin k in g  m o th e r 's  m ilk. 
O nset o f acq u ired  lactase deficiency is som etim es associ
a ted  w ith  en teric  v ira l or bacterial infections.

A beta lipopro te inem ia

A b e ta lip o p r o te in e m ia  is  a n  a u to s o m a l recessive  d isease  

c h a ra c te rize d  b y  a n  in a b i l i ty  to  secrete t r ig ly c e r id e -r ic h  

l ip o p ro te in s . A lth o u g h  rare, it is a n  exam ple of a trans
ep ithe lia l tra n sp o rt defect lead in g  to  m alabso rp tion . M u ta 
tion  in  the  microsomal triglyceride transfer protein ren d e rs  
en terocytes u nab le  to expo rt lip o p ro te in s  a n d  free fatty  
acids. A s a resu lt, m onog lycerides a n d  trig lycerides accu
m u la te  w ith in  the ep ithelia l cells. A beta lipop ro te inem ia  
m an ifests in  infancy, a n d  the clinical p ic tu re  is d o m in a ted  
by  fa ilu re  to  thrive, d ia rrhea , an d  s teato rrhea. F ailure to 
absorb  essen tial fa tty  acids leads to  deficiencies o f fat- 
so luble v itam ins, a n d  lip id  defects in  p lasm a  m em branes 
o ften  p ro d u ce  acan thocytic  re d  b lood  cells (sp u r cells) in  
p e rip h e ra l b lood  sm ears.

M icroscopic Colitis

Microscopic colitis encom passes tw o  entities, collagenous 
colitis a n d  lymphocytic colitis. B oth of these id iopath ic  d is
eases m an ifest w ith  chronic, nonb loody , w a te ry  d ia rrh ea  
w ith o u t w e ig h t loss. F ind ings o n  rad io log ic  a n d  endoscopic 
s tu d ies  typically  are norm al. C o llagenous colitis, w h ich  
occurs p rim arily  in  m id d le -ag ed  a n d  o ld er w om en , is char
ac terized  by  the  p resence of a  dense  subep ithelia l collagen 
layer, increased  n u m b ers  o f in traep ithe lia l lym phocytes, 
a n d  a m ixed  in flam m ato ry  in filtrate  w ith in  the  lam ina 
p ro p ria . L ym phocytic  colitis is histologically  sim ilar, b u t 
the  subep ithelia l collagen layer is o f n o rm al th ickness an d  
the  increase in  in traep ithelia l, p red o m in an tly  T  ly m p h o 
cytes, m ay  be g reater. L ym phocytic  colitis is associated  w ith  
celiac d isease  an d  au to im m u n e  d iseases, in c lu d in g  th y ro id 
itis, arth ritis , a n d  au to im m u n e  or lym phocy tic  gastritis.
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G raft-Versus-H ost D isease

G raft-versus-host disease occurs after allogeneic hem ato 
poietic  stem  cell transp lan ta tion . The sm all bow el a n d  colon 
are  invo lved  in  m ost cases. A lthough  g raft-versus-host 
disease is caused  by  d o n o r T ce ll-m ed ia ted  dam age to the 
rec ip ien t's  ep ithelial cells, the lym phocytic  infiltrate  in  the 
lam ina p ro p ria  is typically  sparse, suggesting  th a t cytokines 
secreted  by T cells m ay  be the m ajor m ed ia to rs o f tissue 
in jury . E pithelial apoptosis, particu larly  of c ryp t cells, is the 
m ost com m on histologic finding. In testinal graft-versus- 
host disease often  m anifests a s  w a te ry  d iarrhea.

ÜB S U M M A R Y

M A L A B S O R P T IV E  D IA R R H E A

• Diarrhea can be characterized as s e c r e t o r y ,  o s m o t i c ,  m a l a b s o r p -  

t i v e ,  or e x u d a t i v e .

• The malabsorption associated with cystic fibrosis is the result 

of p a n c r e a t i c  i n s u f f i c i e n c y  (i.e., inadequate pancreatic digestive 

enzymes) and d e f i c i e n t  l u m i n a l  b r e a k d o w n  of nutrients.

• C e l ia c  d i s e a s e  is an immune-mediated enteropathy triggered by 

the ingestion of gluten-containing grains. The malabsorptive 

diarrhea in celiac disease is due to lo s s  o f  b r u s h  b o r d e r  s u r f a c e  

a r e a  and, possibly, deficient enterocyte maturation.

• L a c t a s e  d e f i c i e n c y  causes an o s m o t i c  d i a r r h e a  owing to the inabil

ity to  break down or absorb lactose.

• A b e t a l i p o p r o t e i n e m i a  is characterized by an inability to  secrete 

triglyceride-rich lipoproteins due to  an inherited transepithelial 

transport defect.

• The two forms of microscopic colitis, c o l la g e n o u s  c o l i t i s  and 

l y m p h o c y t i c  c o l i t i s ,  both cause chronic watery diarrhea. The 

intestines are grossly normal, and the diseases are identified 

by their histologic features.

Infectious Enterocolitis

T h is  g lo b a l p ro b le m  is  re s p o n s ib le  fo r  m o re  th a n  1 

m il l io n  d eaths  a n n u a lly  a n d  g re a te r th a n  10%  o f  a l l  

d ea th s  in  p a tie n ts  y o u n g e r th a n  5 years  o f  age w o r ld 

w id e . E nterocolitis p resen ts  w ith  a b ro ad  ran g e  of signs 
a n d  sym ptom s, in c lu d in g  d iarrhea , ab d o m in a l pain , 
u rgency , pe riana l d iscom fort, incontinence, a n d  hem or
rhage. Bacterial infections, such  as en tero tox igenic  Esche
richia coli, are  frequen tly  responsib le , b u t the m ost 
com m on p a th o g en s va ry  w ith  age, n u tritio n , an d  ho st 
im m u n e  sta tus, as w ell as en v iro n m en t (Table 15.4). For 
exam ple, ep idem ics of cholera are  com m on  in  a reas w ith  
p o o r san ita tion , as a  re su lt o f in ad eq u a te  pub lic  h ea lth  
m easures, o r as a consequence of n a tu ra l d isaste r (e.g., 
the H a itian  ea rth q u ak e  of 2010) o r w ar. P ed ia tric  infec
tious d iarrhea , w h ich  m ay  re su lt in  severe d eh y d ra tio n  
an d  m etabolic  acidosis, is com m only  caused  by enteric  
v iruses. A  su m m ary  of the ep idem io logy  a n d  clinical fea
tu res  o f selected  causes of bacterial en terocolitis is p re 
sen ted  in  Table 15.4. R epresen ta tive  bacterial, v iral, an d  
parasitic  en teroco litides a re  d iscussed  next.

C holera

Vibrio cholerae o rgan ism s are  com m a-shaped , g ram 
negative  bacteria  th a t cause cholera, a d isease th a t has

http://ebooksmedicine.net

http://ebooksmedicine.net


h
ttp

://eb
o

o
ksm

ed
icin

e.n
et

Table 15.4 Features of Bacterial Enterocolitides

In fec tion  Type G eography R eservo ir Transm ission E p id em io lo gy
A ffe c ted  
G l S ites S ym p to m s C o m p lic a tio n s

Cholera India, Africa Shellfish Fecal-oral, water Sporadic, endemic, 
epidemic

Small intestine Severe watery 
diarrhea

Dehydration, electrolyte 
imbalances

Campylobacter spp. Developed countries Chickens, sheep, pigs. Poultry, milk, Sporadic; children, Colon Watery or bloody Arthritis, Guillain-Barré
cattle other foods travelers diarrhea syndrome

Shigellosis Worldwide, endemic Humans Fecal-oral, food. Children, migrant Left colon, Bloody diarrhea Reactive arthritis, urethritis,
in developing water workers, travelers, ileum conjunctivitis, hemolytic-
countries nursing homes uremic syndrome

Salmonellosis Worldwide Poultry, farm animals. Meat, poultry, eggs. Children, older adults Colon, small Watery or bloody Sepsis, abscess
reptiles milk intestine diarrhea

Enteric (typhoid) fever India, Mexico, Humans Fecal-oral, water Children, adolescents. Small intestine Bloody diarrhea, Chronic infection, carrier state.
Philippines travelers fever encephalopathy, myocarditis,

intestinal perforation

Yersinia spp. Northern and Pigs, cows, puppies, cats Pork, milk, water Clustered cases Ileum, Abdominal pain, fever, Reactive arthritis, erythema
central Europe appendix, diarrhea nodosum

right colon

Escherichia coli
Enterotoxigenic Developing Unknown Food or fecal-oral Infants, adolescents. Small intestine Severe watery Dehydration, electrolyte

(ETEC) countries travelers diarrhea imbalances
Enteropathogenic Worldwide Humans Fecal-oral Infants Small intestine Watery diarrhea Dehydration, electrolyte

(EPEC) imbalances
Enterohemorrhagic Worldwide Widespread, includes Beef, milk, produce Sporadic and epidemic Colon Bloody diarrhea Hemolytic-uremic syndrome

(EH EC) cattle
Entero invasive Developing Unknown Cheese, other Young children Colon Bloody diarrhea Unknown

(El EC) countries foods, water
Entero aggregative Worldwide Unknown Unknown Children, adults. Colon Nonbloody diarrhea, Poorly defined

(EAEC) travelers afebrile

Pseudomembranous Worldwide Humans, hospitals Antibiotics allow Immunosuppressed, Colon Watery diarrhea, Relapse, toxic megacolon
colitis (C. difficile) emergence antibiotic-treated fever

Whipple disease Rural > urban Unknown Unknown Rare Small intestine Malabsorption Arthritis, CNS disease

Mycobacterial infection Worldwide Unknown Unknown Immunosuppressed, Small intestine Malabsorption Pneumonia, infection at other
endemic sites

CNS, Central nervous system; Gl, gastrointestinal.
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been  endem ic  in  the G anges Valley of Ind ia  a n d  Bangla
d esh  for all o f reco rd ed  histo ry . V. cholerae is tran sm itted  
p rim arily  by  con tam ina ted  d rin k in g  w ater. H ow ever, it 
can  also  be p re se n t in  food a n d  causes ra re  cases of 
seafood-associated  disease. There is a  m ark ed  seasonal 
v a ria tio n  in  m o st locales d u e  to  ra p id  g ro w th  of Vibrio 
bacteria  a t w a rm  tem pera tu res . The on ly  an im al reser
vo irs  a re  shellfish a n d  p lank ton .

Pathogenesis

Vibrio o rg an ism s  are  n o n in v a s iv e  b u t  cause d isease b y  

p ro d u c in g  a  to x in  th a t  in te rfe re s  w i th  th e  a b s o rp tiv e  

fu n c t io n  o f  en tero cytes . Flagellar p ro te ins, w h ich  are  
invo lved  in  m otility  a n d  a ttachm ent, are  necessary  for 
efficient bacterial colonization , a n d  a secreted  m eta llop ro 
teinase th a t also  has h em ag g lu tin in  activ ity  is im p o rtan t 
for bacteria l de tach m en t a n d  sh ed d in g  in  the stool. 
H ow ever, it is the preformed enterotoxin, cholera toxin, 
w h ich  causes disease. The toxin, w h ich  is com posed  of 
five B su b u n its  th a t d irec t endocy tosis a n d  a single active 
A  subun it, is de livered  to  the  endop lasm ic  re ticu lu m  by 
retrograde transport. A frag m en t of the A  su b u n it is trans
p o rted  fro m  the endop lasm ic  re ticu lu m  lu m en  in to  the 
cytosol, w h ere  it in te rac ts  w ith  cytosolic A D P ribosy la tion  
factors to  ribosy la te  a n d  activate  the G  p ro te in  Gsa. This 
s tim ula tes adeny la te  cyclase, a n d  the re su ltin g  increases 
in  in trace llu la r cyclic adenosine  m o n o p h o sp h a te  (cAMP) 
o p en  the cystic fibrosis tran sm em b ran e  conductance reg 
u la to r (CFTR), w h ich  releases ch lo ride  ions in to  the 
lum en . This creates an  osm otic  g rad ien t th a t d raw s w a te r 
in to  the lum en , lead in g  to  m assive  secretory diarrhea. 
R em arkably , m ucosal b iopsy  specim ens show  only  
m in im al m orpho log ic  a ltera tions.

C lin ica l Features

M ost exposed  in d iv id u a ls  are  asym ptom atic  o r suffer only  
m ild  d iarrhea . Those w ith  severe d isease have a n  a b ru p t 
onse t o f w a te ry  d ia rrh ea  a n d  v o m iting  after a n  incubation  
p e rio d  of 1 to 5 days. The vo lum e of d ia rrh ea  m ay  reach  
1 L p e r  hou r, lead in g  to  d eh y d ra tio n , hypo tension , electro
ly te  im balances, m u scu la r c ram ping , an u ria , shock, loss of 
consciousness, a n d  death . M ost d ea th s  occur w ith in  the 
first 24 h o u rs  o f p resen ta tion . A lth o u g h  the m orta lity  ra te  
for severe cholera is 50% to 70% w ith o u t trea tm en t, flu id  
rep lacem en t can  save m ore th an  99% of patien ts.

C am pylobacter Enterocolitis

Campylobacter jejuni is  th e  m o s t c o m m o n  b a c te ria l 

e n te ric  p a th o g e n  in  d e v e lo p e d  c o u n trie s  a n d  is a n  im p o r 

ta n t  cause o f  t ra v e le r 's  d ia rrh e a . M ost infections are asso 
ciated  w ith  ingestion  of im p ro p e rly  cooked  chicken, b u t 
o u tb reaks also  can  be  caused  by  u n p a s te u riz e d  m ilk  or 
con tam ina ted  w ater.

Pathogenesis

The pa thogenesis  o f Campylobacter in fection  rem ains poo rly  
defined, b u t four m ajor v iru lence p ro p ertie s  contribu te: 
m otility , adherence, toxin  p ro d u c tio n , a n d  invasion . Fla
gella allow  Campylobacter to  be m otile. This facilitates 
adherence  a n d  co lonization , w h ich  are also  necessary  for 
m ucosal invasion . C yto tox ins th a t cause ep ithelia l dam age 
an d  a cholera tox in -like  en tero tox in  a re  also  re leased  by
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som e C. jejuni isolates. Dysentery o r b loody  d iarrhea , is 
generally  associated  w ith  invasion  a n d  on ly  occurs w ith  a 
sm all m ino rity  of Campylobacter strains. Enteric fever occurs 
w h e n  bacteria  p ro lifera te  w ith in  the lam ina  p ro p ria  and  
m esenteric  ly m p h  nodes.

Campylobacter in fection  can  resu lt in  reactive a rth ritis , 
p rim arily  in  p a tien ts  w ith  HLA-B27. O ther ex tra in testinal 
com plications, in c lu d in g  e ry them a n o d o su m  a n d  G uillain- 
B arré synd rom e (C hap ter 22), a flaccid para ly sis  caused  by 
au to im m u n e-in d u ced  in flam m ation  of p e rip h e ra l nerves, 
are  n o t H L A -linked. Fortunate ly , G uillain-B arré synd rom e 
develops in  0 .1 % or less o f in d iv id u a ls  infected  w ith  
Campylobacter.

^  M O R P H O L O G Y

C a m p y l o b a c t e r ,  S h i g e l l a ,  S a l m o n e l l a ,  and many other bacte

rial infections, including Y e r s i n i a  and E .  c o l i ,  all induce a similar 

microscopic picture, termed a c u t e  s e l f - l i m i t e d  c o l i t i s .  Specific 

diagnosis is primarily by stool culture. The histology of acute 

self-limited colitis includes prominent lamina propria and intraep

ithelial neutrophil infiltrates (Fig. I5 .23A); c ryp titis  (neutrophil 

infiltration of the crypts) and c ry p t abscesses (crypts with 

accumulations of luminal neutrophils) also may be present. The 

preservation of crypt architecture in most cases of acute self

limited colitis is helpful in distinguishing these infections from 

chronic inflammatory illnesses such as inflammatory bowel 

disease (Fig. I5.23B).

C lin ica l Features

Ingestion  of as few  as 500 C. jejuni organ ism s can  cause 
d isease  after a n  incuba tion  p e rio d  of u p  to  8  days. W atery  
d iarrhea , e ithe r acu te  or w ith  onse t after a n  in fluenza  like 
p ro d ro m e, is the  p rim ary  m anifesta tion , a n d  dysen tery  
develops in  15% to 50% of pa tien ts. P atien ts m ay  shed

Fig. 15.23 Bacterial enterocolitis. (A) C a m p y lo b a c t e r  je j u n i  infection pro
duces acute, self-limited colitis. Neutrophils can be seen within surface and 
crypt epithelium, and a crypt abscess is present ( lo w e r  r ig h t ) .  (B) Enteroinva- 
sive E s c h e r ic h ia  c o l i infection is similar to other acute, self-limited colitides. 
Note the maintenance of normal crypt architecture and spacing, despite 
abundant intraepithelial neutrophils.
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bacteria  for 1 m o n th  o r m ore  after clinical reso lu tion . The 
d isease  is self-lim ited, a n d  an tib io tic  th e rap y  generally  is 
n o t requ ired .

Shigellosis

Shigella are g ra m -n e g a tiv e  b a c il l i  th a t  are  u n e n c a p s u 

la te d , n o n m o tile , fa c u lta t iv e  anaero b es  re s p o n s ib le  fo r  

o ne  o f  th e  m o s t c o m m o n  causes o f  b lo o d y  d ia rrh e a . Shi- 
gellae are  h igh ly  transm issib le  by  the fecal-oral ro u te  or 
th ro u g h  ingestion  of con tam ina ted  w a te r  a n d  food; the 
infective dose is fewer than 100 organisms, a n d  each g ram  of 
stool contains as m an y  as 1 0 9  o rgan ism s d u r in g  acu te  
phases of the d isease.

In  the U n ited  States a n d  E urope, ch ild ren  in  d ay  care 
centers, m ig ran t w orkers, trave lers to  d eve lop ing  coun 
tries, an d  resid en ts  of n u rs in g  hom es are m ost com m only  
affected. M ost Shigella-associated infections a n d  d ea th s  
occur in  ch ild ren  y o u n g e r th a n  5 y ears  o f age; in  coun tries 
in  w h ich  Shigella is endem ic, it is responsib le  for app rox i
m ately  1 0 % of all cases o f p ed ia tric  d ia rrh ea l d isease an d  
as m an y  as 75% of d ia rrh ea l deaths.

Pathogenesis

Shigella o rg an is m s  are re s is ta n t to  th e  h a rs h  a c id ic  e n v i

ro n m e n t o f  th e  s to m ach , w h ic h  p a r t ia l ly  e x p la in s  th e  

v e ry  lo w  in fe c tiv e  dose. O nce in  the in testine , o rgan ism s 
are  taken  u p  by M  (m icrofold) ep ithelia l cells, w h ich  are 
specia lized  for sam p ling  a n d  u p tak e  of lu m in a l an tigens. 
A fter in trace llu la r p ro lifera tion , the  bacteria  escape in to  the 
lam ina p ro p ria . These bacteria  th en  infect sm all-in testinal 
and  colonic ep ithelia l cells th ro u g h  the  baso la te ra l m em 
branes, w h ich  express bacteria l recep tors. A lternatively , 
lum inal sh igellae can  d irec tly  m o d u la te  ep ithelia l tigh t 
junc tions to  expose baso la te ra l bacterial recep tors. The 
la tte r is p a rtly  m ed ia ted  by  v iru lence p ro te ins, som e of 
w h ich  are  d irectly  injected in to  the ho st cy top lasm  by  a 
type  III secretion  system . Som e Shigella dysenteriae sero
types also  release the Shiga toxin  Stx, w h ich  inh ib its  
eukaryo tic  p ro te in  syn thesis an d  causes ho st cell dea th .

M O R P H O L O G Y

S higella  infections a re  m o st p ro m in e n t in th e  le ft colon, 

b u t th e  ileu m  m ay also be involved, perhaps reflecting the 

abundance of M cells in the epithelium overlying Peyer patches. 

The histologic appearance in early cases is similar to that in other 

acute self-limited colitides. In more severe cases, the mucosa is 

hemorrhagic and ulcerated, and pseudomembranes may be 

present. Perhaps because of the tropism for M cells, aphthous- 

appearing ulcers similar to  those seen in Crohn disease also may 

occur. The potential for confusion with chronic inflammatory 

bowel disease is substantial, particularly if there is distortion of 

crypt architecture.

C lin ica l Features

Shigella causes s e lf - l im ite d  d isease c h a ra c te rize d  b y  

a b o u t 6 days o f  d ia rrh e a , fe v e r , a n d  a b d o m in a l p a in .

A fter a n  in cubation  p erio d  of 1 to 7 days, the in itia l w a te ry  
d ia rrh ea  p rog resses to  a dysen teric  p hase  in  approx im ate ly  
50% of patien ts, a n d  constitu tiona l sym ptom s can  persis t 
for as long  as 1 m on th . A  subacu te  p re sen ta tio n  also  can

d evelop  in  a  m ino rity  of adu lts . A ntib io tic  trea tm en t sho rt
ens the clinical course  an d  reduces the d u ra tio n  over w h ich  
o rgan ism s are shed in  the stool, b u t  an ti-d ia rrh ea l m ed ica 
tions are con tra ind ica ted  because they can  p ro lo n g  sym p
tom s by de lay in g  bacteria l clearance.

C om plications of Shigella infection  are  u n co m m o n  an d  
inc lude  reactive arthritis, a triad  of sterile a rth ritis , u re th ri
tis, a n d  conjunctiv itis th a t p referen tia lly  affects HLA-B27- 
positive  m en  be tw een  20 a n d  40 years of age. H em oly tic  
u rem ic  syndrom e, w h ich  typically  is associated  w ith  entero- 
hemorrhagic Escherichia coli (EHEC), also  m ay  occur after 
in fection  w ith  shigellae th a t secrete Shiga toxin.

Escherichia coli

Escherichia coli are g ram -negative  bacilli th a t colonize the 
hea lthy  gastro in testina l tract; m ost are  nonpathogen ic , b u t 
a  subse t cause h u m a n  disease. The la tte r are  classified 
accord ing  to  m orpho logy , m echan ism  of pathogenesis, and  
in  v itro  b ehav io r (see Table 15.4). H ere  w e  su m m arize  their 
p a thogen ic  m echanism s:
• Enterotoxigenic E. coli (ETEC) organisms are the p rinc ipa l 

cause  of trav e le r 's  d ia rrhea , a n d  are  sp read  by the fecal- 
o ra l rou te . They express a  heat-labile  tox in  (LT) th a t is 
sim ilar to  cholera toxin  and  a heat-stab le  toxin  (ST) th a t 
increases in trace llu la r cGM P w ith  effects sim ilar to  the 
cAM P elevations caused  by  LT.

• Enteropathogenic E. coli (EPEC) organisms are character
ized  by  the ir ab ility  to  p ro d u ce  a ttach in g  an d  effacing 
(A /E ) lesions in  w h ich  bacteria  a ttach  tigh tly  to  the 
en terocyte  apical m em branes an d  cause local loss (i.e., 
effacem ent) o f the  m icrovilli. The p ro te in s  necessary  for 
c reating  A /E  lesions a re  all encoded  by  a large  genom ic 
pa thogen ic ity  island , the  locus of en terocy te  effacem ent 
(LEE). This locus also  encodes a type  III secretion  system , 
sim ilar to  th a t in  Shigella, th a t injects bacteria l effector 
p ro te in s  in to  the ep ithelia l cell cy top lasm . EPEC can 
cause endem ic d ia rrh ea  as w ell as d ia rrh ea l o u tb reaks 
p articu larly  in  ch ild ren  y o u n g e r th an  2  y ears o f age.

• Enterohemorrhagic E. coli (EHEC) organisms are  catego
rized  as O157:H7 an d  non-O 157:H 7 sero types. O u t
b reaks of E. coli O157:H7 in  d ev eloped  coun tries have  
been  associated  w ith  the  co n su m p tio n  of in adequate ly  
cooked g ro u n d  beef, m ilk, an d  vegetables. B oth O157:H7 
and  non-O 157:H 7 sero types p ro d u ce  Shiga-like toxins 
an d  can  cause dysen tery . They can  also  trigger hem olytic- 
u rem ic synd rom e (C hap ter 14).

• Enteroinvasive E. coli (EIEC) organisms resem ble Shigella 
bacterio logically  b u t  d o  n o t p ro d u ce  toxins. They invade  
the g u t ep ithelia l cells and  p ro d u ce  a b loody  d iarrhea .

• Enteroaggregative E. coli (EAEC) organisms a ttach  to 
en terocytes by  adheren ce  fim briae. A lth o u g h  they 
p ro d u ce  LT an d  Shiga-like toxins, h isto logic d am ag e  is 
m inim al.

Salmonellosis

Salmonella species, w h ic h  are  m e m b e rs  o f  th e  E n tero b a c -  

te riaceae  fa m i ly  o f  g ra m -n e g a tiv e  b a c il l i ,  a re  d iv id e d  in to  

Salmonella typhi, th e  cau sa tive  a g e n t o f  ty p h o id  fe v e r  

a n d  n o n ty p h o id  Salmonella s tra in s  th a t  cause g as tro en 

te r it is . N o n ty p h o id  Salmonella in fection  u sually  is d u e  to 
Salmonella enteritidis; m ore th a n  1 m illion  cases occur each 
year in  the U nited  States, w h ich  re su lt in  2000 deaths; the
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prevalence  is g rea te r in  m an y  o th e r countries. Infection  is 
m o st com m on  in  y o u n g  ch ild ren  an d  o ld e r adu lts , w ith  a 
p eak  incidence in  su m m er a n d  fall. T ransm ission  u sua lly  
is th ro u g h  con tam ina ted  food, p a rticu la rly  ra w  o r u n d e r
cooked m eat, p o u ltry , eggs, a n d  m ilk.

Pathogenesis

V ery few  viable Salmonella organ ism s are necessary  to 
cause infection, a n d  the absence of gastric acid, as in  ind i
v id u a ls  w ith  a troph ic  gastritis o r those  o n  ac id -supp ressive  
th erapy , fu rth e r reduces the req u ired  inocu lum . Salm onel
lae possess virulence genes that encode a type III secretion 
system capab le  of transfe rring  bacterial p ro te in s  in to  M  
cells a n d  en terocytes. The tran sfe rred  p ro te in s  activate  h o st 
cell Rho G TPases, thereby  triggering  actin  rea rran g em en t 
an d  bacterial u p tak e  in to  ph ag o so m es w h ere  the  bacteria  
can  grow . Salm onellae a lso  secrete a m olecule th a t induces 
ep ithelia l release of a ch em oattrac tan t eicosanoid  th a t 
d raw s n eu tro p h ils  in to  the lu m en  a n d  p o ten tia te s  m ucosal 
dam age. Stool cu ltu res  a re  essen tial for d iagnosis.

Typhoid Fever

T yphoid  fever, also referred  to as enteric fever, is caused  by 
Salmonella typhi a n d  Salmonella paratyphi. It affects u p  to  30 
m illion  ind iv iduals w o rld w id e  each year. Infection by S. 
typhi is m ore com m on in  endem ic areas, w here  ch ild ren  and  
adolescents are m ost often  affected. By contrast, S. paratyphi 
predom inates in  travelers an d  those liv ing in  developed  
countries. H u m an s are the sole reservoir for S. typhi an d  S. 
paratyphi, an d  transm ission  occurs from  p erso n  to p e rso n  or 
v ia  con tam inated  food o r w ater. G allb ladder colonization 
m ay  be associated w ith  gallstones an d  a chronic carrier state. 
A cute infection is associated w ith  anorexia, abdom inal pain, 
bloating, nausea, vom iting , an d  bloody  d iarrhea  follow ed 
by  a sho rt asym ptom atic  phase  th a t gives w ay  to bacterem ia 
an d  fever w ith  flulike sym ptom s. It is d u rin g  this phase  tha t 
detection  of organism s by b lood cu ltu re  m ay  p ro m p t anti
biotic trea tm en t an d  p rev en t fu rth e r disease progression. 
C u ltu res are positive in  90% of cases d u rin g  the febrile phase 
W ithou t such  treatm ent, the febrile phase  is fo llow ed by u p  
to  2  w eeks of susta ined  h igh  fevers w ith  abdom inal tender
ness th a t m ay  m im ic appendicitis. Rose spots, sm all ery the
m atous m acu lopapu lar lesions, are  seen o n  the chest and  
abdom en. System ic d issem ination  m ay  cause extraintestinal 
complications includ ing  encephalopathy , m eningitis, sei
zures, endocarditis, m yocarditis, pneum onia , an d  cholecys
titis. Patients w ith  sickle cell disease are particu larly  
susceptible to  Salmonella osteom yelitis.

Like S. enteritidis, S. typhi a n d  S. paratyphi are  taken  u p  
by  M  cells an d  then  engu lfed  by m ononuclear cells in  the 
u n d erly in g  ly m p h o id  tissue. Thus, infection  causes Peyer 
patches in  the te rm inal ileum  to en large in to  p la teau  like 
elevations u p  to 8  cm  in  d iam eter. M ucosal shedd ing  
creates oval u lcers o rien ted  a long  the  long  axis of the 
ileum . H ow ever, un like  S. enteritidis, S. typhi an d  S. paraty
phi can  d issem inate  via lym phatic  a n d  b lood  vessels. This 
causes reactive h y perp lasia  of d ra in in g  ly m p h  nodes, in  
w h ich  bacteria-contain ing  p hagocy tes accum ulate. In  ad d i
tion, the  sp leen  is en larged  an d  soft w ith  pa le  re d  pu lp , 
ob litera ted  follicular m ark ings, a n d  p ro m in en t phagocyte  
hyperp lasia . R andom ly  scattered  sm all foci of parenchy 
m al necrosis w ith  m acrophage aggregates, te rm ed  typhoid
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nodules, can  be fo u n d  in  the  liver, bone m arrow , an d  lym ph  
nodes. D efinitive d iagnosis d ep en d s  o n  positive b lood 
cu ltu res. Serologic tests are of lim ited  u tility , especially 
in  endem ic areas un less rising  titers of an tibod ies can  be 
dem onstra ted .

P seudom em branous Colitis

P s e u d o m e m b ra n o u s  c o lit is , g e n e ra lly  caused  b y  C. d iffi
cile, also  is re fe rre d  to  as a n tib io tic -a sso c ia ted  co litis  or 

a n tib io tic -a sso c ia ted  diarrhea. W hile  antib io tic-associated  
d ia rrh ea  also  m ay  be caused  by  o th er o rgan ism s such  as 
Salmonella, C. perfringens type  A, o r Staphylococcus aureus, 
only  C. difficile causes p seu d o m em b ran o u s  colitis. It is 
likely th a t d is ru p tio n  of the no rm al colonic m icrobio ta  by 
antib io tics allow s C. difficile o verg row th . A lm ost any  an ti
biotic m ay  be responsible; the m ost im p o rta n t de term i
n an ts  of the  d isease are frequency  of u se  a n d  the effect on  
colonic m icrobiota. Toxins re leased  by C. difficile cause the 
ribosy la tion  of sm all G TPases, such  as Rho, a n d  lead  to 
d isru p tio n  of the  ep ithelia l cytoskeleton, tig h t junc tion  
barrie r loss, cy tok ine release, a n d  apoptosis.

M O R P H O L O G Y

Fully developed C .  d i f f i c i l e - a s s o c i a t e d  colitis is accompanied by 

formation of p seu d o m em b ran es  (Fig. I5.24A), made up of an 

adherent layer of inflammatory cells and debris at sites of colonic 

mucosal injury. The surface epithelium is denuded, and the super

ficial lamina propria contains a dense infiltrate of neutrophils and 

occasional fibrin thrombi within capillaries. Damaged crypts are 

distended by a mucopurulent exudate that “erupts” to  the 

surface in a fashion reminiscent of a volcano (Fig. I5.24B).

C lin ica l Features

In  ad d itio n  to  antib io tic  exposure , risk  factors for C. difficile- 
associated  colitis include ad v an ced  age, hosp ita lization ,

Fig. 15.24 C lo s t r id iu m  d i f f ic i le  colitis. (A) The colon is coated by tan pseu
domembranes composed of neutrophils, dead epithelial cells, and inflamma
tory debris (endoscopic view). (B) Typical pattern of neutrophils emanating 
from a crypt is reminiscent of a volcanic eruption.
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a n d  im m u n o su p p ressio n . The o rg an ism  is p a rticu larly  
p re v a len t in  hosp itals; as m an y  as 2 0 % of hosp ita lized  
a d u lts  are  co lon ized  w ith  C. difficile (a ra te  10 tim es h igher 
th a n  in  the general popu la tion ), b u t m ost co lon ized  pa tien ts  
a re  free of disease. In d iv id u a ls  w ith  C. difficile-associated 
colitis u sua lly  p re sen t w ith  w a te ry  d ia rrh ea  an d  abdom i
na l cram ping ; d eh y d ra tio n , fever, a n d  leukocytosis m ay 
be seen in  m ore severe cases. Fecal leukocytes a n d  occult 
b lood  m ay  be p resen t, b u t g rossly  b loody  d ia rrh ea  is rare. 
D iagnosis o f C. difficile-associated colitis u sua lly  is accom 
p lish ed  by detection  of C. difficile toxin, ra th e r th a n  cu ltu re , 
a n d  is su p p o rte d  by  the  characteristic  h is topatho log ic  
find ings. R egim ens of m etro n id azo le  or vancom ycin  are  
generally  effective trea tm en ts, b u t an tib io tic -resistan t a n d  
h y p e rv iru le n t C. difficile stra in s a re  increasing ly  com m on, 
a n d  the in fection  m ay  recu r in  a t-risk  patien ts. Recent 
rep o rts  suggest that, p a rticu la rly  in  p a tien ts  w ith  recur
re n t disease, fecal m icrobial tran sp lan ta tio n  m ay  resto re  a 
n o rm al m icrobio ta a n d  lead  to  la s ting  cure.

M yco b ac te ria l Infection

M ycobacterial species, in c lu d in g  M. tuberculosis, M. bovis, 
a n d  M. avium species can  invo lve the  gastro in testina l tract 
p rim arily  or be p a r t o f d issem inated  infection. G astro 
in testina l tubercu losis  is u n co m m o n  in  W estern  countries, 
except in  im m u n o su p p ressed  in d iv iduals . In  such  cases, 
M. avium infection  is m ost com m on. In  endem ic areas, 
in c lu d in g  Ind ia  an d  Pakistan , in testina l M. tuberculosis gen
erally  p resen ts  in  the  th ird  a n d  fo u rth  decades of life an d  
typically  afflicts those of low er socioeconom ic sta tus. In  
such  settings, p rim ary  in testina l in fection  is m ore  com m on 
th an  d issem in a ted  d isease. As the  incidence of C rohn  
d isease increases in  these areas, d iffe ren tia tion  be tw een  
M. tuberculosis a n d  C ro h n  d isease has becom e m ore 
difficult.

M. avium ten d s to  accum ula te  w ith in  the cy top lasm  an d  
d is ten d  lam ina p ro p ria  h istiocytes. In  som e cases, th is m ay 
resu lt in  a sheet-like expansion  of h istiocy tes th a t fill the 
lam ina p ro p ria  an d , in  the sm all in testine , com press lym - 
patic  vessels lead in g  to  m alabso rp tion . These cases can 
m im ic W hipp le  d isease clinically a n d  m orphologically . 
H ow ever, M. avium is positive  by  acid  fast stain , w h ile  
Tropheryma whippelii is not; b o th  o rgan ism s are labelled  by 
the p eriod ic  acid-Schiff (PAS) stain.

M. tuberculosis can  p re sen t w ith  g ran u lo m ato u s  d isease. 
In  con trast to C ro h n  disease, these g ranu lom as, w h ich  are  
generally  m ultip le , o ften  hav e  caseous necrosis, b u t th is 
can  be d ifficult to  d e term ine  on  b iopsies. Because the g ran 
u lom as can  be p re se n t in  all layers of the  bow el w all, tran s
m u ra l d isease w ith  fibrosis, perfo ra tion , a n d  stenoses, o r 
strictu res, can  be p resen t. P atien ts m ay  also  have  perito 
neal d issem ination  w ith  ascites.

Norovirus

Norovirus, p re v io u s ly  k n o w n  as Norwalk-like virus, 
causes a p p ro x im a te ly  h a l f  o f  a l l  g a s tro e n te rit is  o u tb re a k s  

w o r ld w id e  a n d  is a  c o m m o n  cause o f  spo rad ic  g as tro en 

te r it is  in  d e v e lo p e d  co u n trie s . Local o u tb reak s are u sua lly  
re la ted  to  con tam ina ted  food  or w ater, b u t person-to- 
p e rso n  transm ission  u n d erlie s  m o st spo rad ic  cases. Infec
tions sp read  easily  w ith in  schools, hosp ita ls, n u rs in g  
hom es an d , on  o ther dense ly  p o p u la te d  com m unities

in c lu d in g  cru ise  ships. A fter a  sh o rt incubation  period , 
affected in d iv id u a ls  develop  nausea, vom iting , w a te ry  
d iarrhea , a n d  ab d o m in a l pain . B iopsy m orp h o lo g y  is non 
specific. The d isease is self-lim ited.

Rotavirus

T h e  e n c a p su la te d  rotavirus in fe c ts  140 m i l l io n  in d iv id u 

a ls  a n d  causes 1 m i l l io n  d eaths  each y e a r, m a k in g  ro ta 

v iru s  th e  m o s t c o m m o n  cause o f  severe c h ild h o o d  

d ia rrh e a  a n d  d ia r rh e a -re la te d  d eaths  w o r ld w id e . C hil
d re n  be tw een  6  a n d  24 m o n th s of age are m o st vu lnerab le . 
P ro tection  in  the first 6  m o n th s of life is p robab ly  d u e  to 
the  p resence of an tibod ies  to  ro tav iru s  in  b reast m ilk, 
w h ile  p ro tec tion  beyond  2  y ears of age is d u e  to  im m un ity  
th a t develops after the first infection. O u tb reak s in  hosp i
tals a n d  d ay  care cen ters a re  com m on, an d  infection  
sp read s  easily; the estim ated  m in im al infective inocu lum  
is on ly  10 v ira l particles. Rotavirus selectively infects and 
destroys mature (absorptive) enterocytes in the small intestine, 
and the villus surface is repopulated by immature secretory 
cells. This change in  functional capacity  resu lts  in  loss of 
abso rp tive  function  a n d  n e t secretion  of w a te r  a n d  electro
lytes, co m p o u n d ed  by an  osm otic  d ia rrh ea  from  incom 
p le te ly  abso rbed  nu trien ts . Like norov iru s, ro tav iru s  
in fection  becom es sym ptom atic  after a sh o rt incubation  
p erio d  a n d  m an ifests as several days of v o m iting  and  
w a te ry  d iarrhea . Vaccines a re  now  available, a n d  their use  
is b eg inn ing  to  change the ep idem io logy  of ro tav iru s  
infection. U nfortunate ly , o ra l ro tav iru s  vaccines have  
been  less effective in  d eve lop ing  coun tries w h ere  they  are  
m ost needed .

Parasitic D isease

P arasitic  d isease a n d  p ro to zo a l infections affect over half 
o f the w o rld 's  p o p u la tio n  on  a chronic o r recu rren t basis. 
The sm all in testine  can  h arb o r as m an y  as 20 species of 
parasites, in c lu d in g  nem atodes, such  as the ro u n d w o rm s 
Ascaris a n d  Strongyloides; ho o k w o rm s a n d  p inw orm s; ces- 
todes, in c lu d in g  fla tw orm s a n d  tapew orm s; trem atodes 
(flukes); a n d  p ro tozoa.
• Ascaris lumbricoides. This n em ato d e  infects m ore  than  

1  b illion  in d iv id u a ls  w o rld w id e  as a re su lt of h u m an  
fecal-oral con tam ination . Ingested  eggs h a tch  in  the 
in testine, a n d  la rvae p en e tra te  the in testina l m ucosa. 
F rom  there, the la rvae m ig ra te  v ia  the sp lanchnic  cir
cu la tion  to  the liver, c reating  hepatic  abscesses, an d  
then  th ro u g h  the system ic c ircu la tion  to  the  lung , 
w h ere  they  can  cause Ascaris p n eum on itis . In  the la tter 
case, la rvae  m ig ra te  u p  the trachea, are sw allow ed, 
an d  arrive  aga in  in  the in testine  to m a tu re  in to  a d u lt 
w orm s. D iagnosis is m ad e  by de tec tion  of eggs in  
the stools.

• Strongyloides. The la rvae of Strongyloides live in  fecally 
con tam ina ted  g ro u n d  soil a n d  can  p en e tra te  u n b ro k en  
skin. They m ig ra te  th ro u g h  the lungs to  the trachea 
from  w h ere  they  are sw allow ed  a n d  th en  m a tu re  in to  
a d u lt w o rm s in  the in testines. U nlike o ther in testinal 
w orm s, w h ich  requ ire  a n  o v u m  o r la rva l stage o u ts ide  
the h u m an , the eggs of Strongyloides can  h a tch  w ith in  
the in testine  a n d  release larvae th a t p en e tra te  the 
m ucosa, c reating  a v icious cycle re ferred  to  as autoinfec
tion. H ence, Strongyloides in fection  can  p ersis t for life,
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a n d  im m u n o su p p ressed  in d iv id u a ls  can  develop  over
w h e lm in g  infections.

• Necator americanus a n d  Ancylostoma duodenale. These 
h ookw orm s infect 1  b illion  in d iv id u a ls  w o rld w id e  
an d  cause significant m orb id ity . Infection  is in itia ted  
by la rva l p en e tra tio n  th ro u g h  the  skin. A fter fu rth e r 
d ev e lo p m en t in  the lungs, the la rvae  m ig ra te  u p  the 
trachea a n d  are  sw allow ed. O nce in  the d u o d en u m , 
the larvae m a tu re  a n d  the  a d u lt  w o rm s a ttach  to  the 
m ucosa, suck blood , a n d  rep ro d u ce . H ookw orm s are a 
lead in g  cause of iron-deficiency anem ia  in  the  develop 
ing  w o rld . D etection  of eggs in  the  stools is u sed  for 
d iagnosis.

• Giardia lamblia. This flagellated  p ro tozoan , a lso  re ferred  
to  as Giardia duodenalis or Giardia intestinalis, is the most 
common pathogenic parasite in humans a n d  is sp read  by 
fecally con tam ina ted  w a te r o r food. Infection  m ay  occur 
after ingestion  of as few  as 1 0  cysts a n d  is characterized  
by acu te  or chronic m alabso rp tive  d iarrhea . Because 
cysts a re  resis tan t to  chlorine, Giardia organ ism s are  
endem ic in  u n filte red  pub lic  a n d  ru ra l w a te r  supplies. 
In  the acidic en v iro n m en t of the stom ach, excystation  
occurs a n d  trophozo ites are  re leased . Secretory IgA  an d  
m ucosal IL - 6  responses a re  im p o rta n t for clearance of 
Giardia infections, a n d  im m u n o su p p ressed , agam m a- 
g lobulinem ic, o r m aln o u rish ed  in d iv id u a ls  o ften  are  
severely  affected. Giardia evades im m u n e  clearance 
th ro u g h  con tin u o u s m odification  of the m ajor surface 
an tigen , v a rian t surface p ro te in , a n d  can  p ersis t for 
m o n th s or years w h ile  causing  in te rm itten t sym ptom s. 
Giardia infection  reduces expression  of b ru sh  bo rd er 
enzym es, in c lu d in g  lactase, a n d  causes m icrovillous 
dam age a n d  ap o p to sis  of sm all-in testinal ep ithelia l 
cells. Giardia trophozo ites  a re  non invasive  a n d  can  be 
iden tified  in  d u o d en a l b iopsy  specim ens by  the ir char
acteristic  p ear shape. The availab ility  of a  stool an tig en  
assay  for G iard ia  h as  sim plified  the  d iagnosis o f G iard ia  
infection.

• Entamoeba histolytica. This p ro to zo an  causes am ebiasis 
a n d  is sp read  by  fecal-oral transm ission . E. histolytica 
infects app rox im ate ly  500 m illion  peop le  in  coun tries 
such  as Ind ia , M exico, a n d  C olom bia, a n d  causes 40 
m illion  cases of dy sen te ry  a n d  liver abscess annually .

W hile am ebiasis affects the cecum  a n d  ascend ing  
colon m o st often, the s igm oid  colon, rectum , a n d  a p p e n 
dix can  a lso  be involved . D ysen tery  develops w h e n  the 
am ebae  a ttach  to  the colonic ep ithe lium , induce  a p o p 
tosis, invade  cryp ts, a n d  b u rro w  laterally  in to  the lam ina 
p ro p ria . This recru its  n eu troph ils , causes tissue dam age, 
a n d  creates a  flask -shaped  u lcer w ith  a n a rro w  neck  an d  
b ro ad  base. P arasites m ay  pen e tra te  sp lanchnic  vessels 
a n d  em bolize to  the  liver to  p ro d u ce  abscesses in  ab o u t 
40% of p a tien ts  w ith  am ebic dysen tery . A m ebic liver 
abscesses, w h ich  can  exceed 1 0  cm  in  d iam eter, have  a 
scan t in flam m atory  reaction  a t their m arg in s a n d  a 
shaggy  fib rin  lining. The abscesses p e rs is t a fte r the  acu te  
in testina l illness has  p assed  a n d  m ay  rare ly  reach  the 
lu n g  a n d  the h ea rt by  d irect extension. A m ebae m ay 
also  sp read  to  the k idneys a n d  b ra in  via the 
b loodstream .

In d iv id u a ls  w ith  am eb iasis m ay  p re se n t w ith  a b d o m 
inal pain , b loody  d iarrhea , o r w e ig h t loss. O ccasionally,
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acu te  necro tiz ing  colitis a n d  m egacolon  occur, a n d  bo th  
a re  associated  w ith  significant m orta lity .

f t  S U M M A R Y

IN F E C T IO U S  E N T E R O C O L IT IS

• V i b r i o  c h o l e r a e  secretes a preformed toxin that causes massive 

chloride secretion. W ater follows the resulting osmotic gradi

ent, leading to secretory diarrhea.

• C a m p y l o b a c t e r  j e j u n i  is the most common bacterial enteric 

pathogen in developed countries and also causes traveler’s 

diarrhea. Most isolates are noninvasive. S a lm o n e l l a  and S h ig e l la  

spp. are invasive and associated with exudative bloody diar

rhea (dysentery). S a lm o n e l l a  infection is a common cause of 

food poisoning. S . t y p h i  can cause systemic disease (typhoid 

fever).

• Pseudomembranous colitis is often triggered by antibiotic 

therapy that disrupts the normal microbiota and allows C .  d i f 

f i c i l e  to colonize and grow. The organism produces toxins that 

disrupt epithelial function. Fecal microbial transplantation is 

becoming more common as a therapeutic approach in individu

als with recurrent disease.

• R o t a v i r u s  is the most common cause of severe childhood diar

rhea and diarrheal mortality worldwide. The diarrhea is sec

ondary to loss of mature enterocytes, resulting in malabsorption 

as well as secretion.

• P a r a s i t i c  and p r o t o z o a l  infections affect over half of the world’s 

population on a chronic or recurrent basis.

INFLAMMATORY INTESTINAL  
DISEASE

Sigmoid Diverticulitis

In  general, d iverticu lar d isease refers to  acq u ired  p seu d o 
d iverticu lar o u tp o u ch in g s of the  colonic m ucosa a n d  sub 
m ucosa. Such colonic diverticula are  ra re  in  in d iv id u a ls  
y o u n g e r th a n  30 years of age, b u t the prevalence  ap p roaches 
50% in  W estern  a d u lt  p o p u la tio n s  o lder th a n  60 years of 
age. D iverticu la generally  a re  m u ltip le , a n d  the  cond ition  
is re ferred  to  as  diverticulosis. This d isease is m u ch  less 
com m on in  d eve lop ing  countries, p robab ly  because of 
d ie ta ry  differences.

Pathogenesis

C o lo n ic  d iv e r t ic u la  te n d  to  d e v e lo p  u n d e r  c o n d it io n s  o f  

e le v a te d  in t r a lu m in a l  p ressure  in  th e  s ig m o id  co lo n . This 
is facilita ted  by the  u n iq u e  s tru c tu re  of the  colonic m uscu- 
laris p ro p ria , w h e re  nerves, a rte ria l vasa  recta, a n d  their 
connective tissue shea th s pen e tra te  the in n er circu lar 
m uscle coat to  create d iscon tinu ities in  the m uscle  w all. In  
o ther p a rts  o f the in testine, these gaps a re  re inforced  by the 
ex ternal lo n g itu d in a l layer of the m uscu la ris  p ro p ria , b u t 
in  the  colon, th is m uscle  layer is d iscon tinuous, be ing  gath 
e red  in to  th ree  b an d s te rm ed  taeniae coli. H ig h  lum inal 
p ressu res  m ay  be g enera ted  by exaggera ted  perista ltic  con
tractions, w ith  spasm odic  sequestra tion  o f bow el segm ents 
th a t m ay  be exacerbated  by d ie ts  low  in  fiber, w h ich  reduce  
stool bulk.
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Anatomically, colonic diverticula are small, flasklike outpouchings, 

usually 0.5 to 1 cm in diameter, that occur in a regular distribu

tion in between the taeniae coli (Fig. I5.25A and B). They are 

most common in the sigmoid colon, but other regions of the 

colon may be affected. Colonic diverticula have a thin wall com

posed of a flattened or atrophic mucosa, compressed submucosa, 

and attenuated muscularis propria— often, this last component 

is totally absent (Fig. I5.25C and D ). Obstruction of diverticula 

with stasis of contents, leads to inflammatory changes, produc

ing d ive rtic u litis  and peridiverticulitis. Because the wall of the 

diverticulum is supported only by the muscularis mucosa and a 

thin layer of subserosal adipose tissue, inflammation, increased 

pressure, and mucosal ucleration within an obstructed diverticu

lum can readily result in p e rfo ra tio n . W ith  or without perfora

tion, recurrent diverticulitis may cause segmental colitis, fibrotic 

thickening in and around the colonic wall, or stricture formation.

C lin ica l Features

M ost in d iv id u a ls  w ith  d iverticu lar d isease rem ain  asy m p 
tom atic  th ro u g h o u t their lives. A b o u t 20% of those affected

Fig. 15.25 Sigmoid diverticular disease. (A) Endoscopic view of two sigmoid 
diverticulae. Compare to B. (B) Gross examination of a resected sigmoid 
colon shows regularly spaced stool-filled diverticulae. (C) Cross-section 
showing the outpouching of mucosa beneath the muscularis propria. (D) 
Low-power photomicrograph of a sigmoid diverticulum showing protrusion 
of the mucosa and submucosa through the muscularis propria. (E n d o s c o p ic  

im a g e  c o u r te s y  o f  D r .  I r a  H a n a n ,  T h e  U n iv e r s i t y  o f  C h ic a g o ,  C h ic a g o ,  I l l in o is . )

CROHN DISEASE ULCERATIVE COLITIS

Transmural inflammation
Ulcerations
Fissures

Fig. 15.26 Distribution of lesions in inflammatory bowel disease. The dis
tinction between Crohn disease and ulcerative colitis is based primarily on 
morphology.

Pseudopolyp

Ulcer

develop  com plain ts in c lu d in g  in te rm itten t c ram ping , con
tin u o u s  low er ab dom inal d iscom fort, constipation , an d  
d iarrhea . L o ng itud ina l s tud ies  have  sh o w n  th a t w h ile  
d iverticu la  can  reg ress early  in  their d ev e lo p m en t they 
often  becom e m ore n u m ero u s  an d  la rger over tim e. 
W h eth er a h igh-fiber d ie t p rev en ts  such  p rog ressio n  or 
p ro tec ts  ag a in st d iverticu litis  is unclear. E ven  w h e n  d iver
ticulitis occurs, it m o st o ften  reso lves spon tan eo u sly  or 
after an tib io tic  trea tm en t, an d  re la tively  few  pa tien ts  
req u ire  surg ical in terven tion .

Inflammatory Bowel Disease
In f la m m a to ry  b o w e l d isease ( IB D )  is a  ch ro n ic  c o n d it io n  

re s u lt in g  f r o m  c o m p le x  in te ra c tio n s  b e tw e e n  in te s tin a l  

m ic ro b io ta  a n d  h o s t im m u n ity  in  g e n e tic a lly  p re d is p o s e d  

in d iv id u a ls  re s u lt in g  a n  in a p p ro p r ia te  m u c o s a l im m u n e  

a c tiv a tio n . IBD encom passes tw o  entities, Crohn disease an d  
ulcerative colitis. The d is tinction  be tw een  u lcerative  colitis 
a n d  C ro h n  d isease is based , in  large  pa rt, on  the d is trib u 
tion  of affected  sites a n d  the m orpho log ic  exp ression  of 
d isease  a t those sites (Fig. 15.26; Table 15.5). Ulcerative 
colitis is limited to the colon and rectum and extends only into 
the mucosa and submucosa. By contrast, Crohn disease, also 
referred to as regional enteritis (because of frequent ileal involve
ment), may involve any area of the gastrointestinal tract and is 
frequently transmural.

E p idem io logy

Both C ro h n  d isease  and  u lcerative  colitis frequen tly  p re sen t 
d u r in g  adolescence o r in  y o u n g  adu lts , a lth o u g h  som e 
stu d ies  suggest a  second, sm aller peak  in  the incidence 
of bo th  d iseases after the  fifth  decade. In  W estern
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Table 15.5 Features o f Crohn Disease and U lcerative  Colitis

F e a tu re C ro h n  Disease U lc e ra tiv e  C o litis

M acroscopic

Bowel region affected Ileum ± colon Colon only

Rectal involvement Sometimes Always

Distribution Skip lesions Diffuse

Stricture Yes Rare

Bowel wall 
appearance

Thick Thin

Inflammation Transmural Limited to mucosa and 
submucosa

Pseudopolyps Moderate Marked

Ulcers Deep, knifelike Superficial, broad-based

Lymphoid reaction Marked Moderate

Fibrosis Marked Mild to none

Serositis Marked No

Granulomas Yes (-35%) No

Fistulas/sinuses Yes No

Clinical

Perianal fistula Yes (in colonic 
disease)

No

Fat/vitamin
malabsorption

Yes No

Malignant potential With colonic 
involvement

Yes

Recurrence after 
surgery

Common No

Toxic megacolon No Yes

NOTE: Not all features may be present in a single case.

genetic, a n d  clinical s tud ies  as w ell as d a ta  from  laborato ry  
m ode ls  o f IBD (Fig. 15.27).
• Genetics. R isk for d isease is increased  w h e n  there  is an  

affected  fam ily  m em ber, a n d  in  C rohn  disease, the  con
cordance ra te  for m onozygo tic  tw ins is app rox im ate ly  
50%. By contrast, concordance of m onozygo tic  tw ins for 
u lcerative  colitis is on ly  16%, suggesting  th a t genetic 
factors are  less d o m in an t in  th is fo rm  of IBD.
• M olecu lar linkage analyses of affected fam ilies have  

iden tified  N O D 2  (nucleo tide  o ligom eriza tion  b in d in g  
d o m ain  2) as a suscep tib ility  gene in  C ro h n  disease. 
N O D 2  encodes a  p ro te in  th a t b inds to  in trace llu la r 
bacteria l pep tid o g ly can s a n d  subsequen tly  activates 
N F -kB. Som e stud ies  suggest th a t the disease-associ
a ted  fo rm  of N O D -2 is ineffective a t d e fend ing  
ag a in st in testina l bacteria . The re su lt is th a t bacteria  
a re  ab le to  en te r th ro u g h  the ep ith e liu m  in to  the  w all 
o f the in testine, w h ere  they  trigger in flam m atory  
reactions. It shou ld , how ever, be recogn ized  th a t 
d isease develops in  less th a n  1 0 % of in d iv id u a ls  car
ry in g  specific NO D 2  p o lym orph ism s, a n d  these  p o ly 
m o rp h ism s are  u n co m m o n  in  A frican a n d  A sian  
p a tien ts  w ith  C ro h n  disease.

• The search  for IB D -associated genes u s in g  genom e
w id e  association  s tud ies  (GW AS) th a t assess single
n ucleo tide  p o ly m o rp h ism s (SNPs) as w ell as h igh  
th ro u g h p u t sequencing  a n d  o th e r app ro ach es have 
y ie ld ed  a rich  h a rv est o f over 2 0 0  genes associated  
w ith  IBD. A m o n g  these, NOD2, d iscussed  above, 
a n d  tw o  a u to p h a g y -re la te d  genes are o f p a rticu 
la r in terest. They are  ATG16L1  (au tophagy -re la ted  
16-like-1) a n d  IR G M  (im m un ity -re la ted  G TPase M)

in d u stria lized  nations, IBD is m ost com m on  a m o n g  w h ites  
an d , in  the  U n ited  States, occurs th ree  to  five tim es m ore 
o ften  am o n g  easte rn  E u ro p ean  (A shkenazi) Jews. This p re 
d ilection  is a t least p a rtly  d u e  to  genetic factors, as d is
cussed  below . The geograph ic  d is trib u tio n  of IBD is h ighly  
variab le, b u t it is m ost p rev a len t in  N o rth  A m erica, n o rth 
e rn  E urope, a n d  A ustra lia . The incidence of IBD w o rld 
w id e  is o n  the  rise  a n d  it is becom ing  m ore com m on  in  
reg ions in  w h ich  the  prevalence w as  h istorically  low . The 
hygiene hypothesis, first a p p lied  to  asthm a, says th a t ch ild 
hood  a n d  ev en  p ren a ta l exposu re  to env ironm en ta l 
m icrobes resets the  im m u n e  system  in  a w ay  th a t p rev en ts  
excessive reactions. E x trapo lated  to  IBD, it suggests th a t a 
red u ced  frequency  of en teric  in fections d u e  to  im p ro v ed  
hygiene has resu lted  in  in ad eq u a te  d ev e lo p m en t of regu la 
to ry  processes th a t lim it m ucosal im m u n e  responses early  
in  life. W hile a ttractive  a n d  com m only  s ta ted , firm  evi
dence is lack ing  a n d  hence the  increasing  incidence of IBD 
rem ains m ysterious.

Pathogenesis

A lth o u g h  precise causes a re  n o t y e t defined, m o st in v e s t i

g ato rs  b e lie v e  th a t  IB D  re s u lts  f r o m  th e  c o m b in e d  e ffects  

o f  a lte ra tio n s  in  h o s t in te ra c tio n s  w i t h  in te s tin a l m ic ro 

b io ta , in te s tin a l e p ith e lia l  d y s fu n c tio n , a b e rra n t m u co sa l 

im m u n e  resp on ses , a n d  a lte re d  c o m p o s itio n  o f  th e  g u t  

m ic ro b io m e . This v iew  is su p p o rte d  by ep idem iologic,

Barrier defects 
lead to influx 
of bacterial 
components

f  ■* Macrophage
n  / »  -> 4

* r • o /  \  TNF

Dendritic 
cell

IL-8

Neutrophil

Fig. 15.27 A model of pathogenesis of inflammatory bowel disease (IBD). 
Aspects of both Crohn disease and ulcerative colitis are shown.
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genes. B oth are  p a r t  o f the au to p h ag o so m e p a th w ay  
an d , like N O D -2, are  in vo lved  in  h o st cell responses 
to  in trace llu la r bacteria, su p p o rtin g  the h y p o th 
esis th a t in ad eq u a te  defense ag a in st lu m in a l bacte
ria  m ay  be im p o rta n t in  the p a thogenesis  of IBD. 
N one  of these genes is associated  w ith  u lcerative  
colitis.

• Mucosal im m une responses. A lth o u g h  the  m echan ism s by 
w h ich  m ucosal im m u n ity  con tribu tes to the  p a th o g en 
esis o f u lcerative  colitis an d  C ro h n  d isease are still being  
deciphered , im m u n o su p p ress iv e  a n d  im m u n o m o d u la 
to ry  agen ts rem ain  m ainstays of IBD therapy . P o lariza
tion  of he lp er T cells to  the TH1 type  is w ell recognized  
in  C ro h n  disease, a n d  som e d a ta  suggest th a t TH17 T 
cells also  con tribu te  to  d isease pathogenesis. C onsisten t 
w ith  this, certa in  p o ly m o rp h ism s of the IL-23 recep to r 
confer p ro tec tion  from  C ro h n  d isease a n d  u lcerative  
colitis (IL-23 is invo lved  in  the  d ev e lo p m en t a n d  m ain 
tenance of TH17 cells). H ow ever, agen ts th a t block IL-17 
or its recep to r have  p ro v id e d  no  benefit, w h ereas an  
an tibody  th a t inh ib its  b o th  TH1- an d  TH17-inducing 
cy tok ines is effective, suggesting  th a t the  tw o  T cell 
subse ts m ay  have  a synerg istic  ro le  in  the disease. Som e 
d a ta  suggest th a t m ucosal p ro d u c tio n  of the  TH2-derived  
cy tok ine IL-13 is increased  in  u lcerative  colitis, and , to 
a  lesser degree, C ro h n  disease.

D efects in  reg u la to ry  T cells, especially  the IL-10- 
p ro d u c in g  subset, are  believed  to  u n d e rlie  the  inflam 
m atio n  especially  in  C ro h n  disease. M u ta tions in  the 
IL-10 recep to r a re  associated  w ith  severe, early -onset 
colitis. T hus, som e com bination  of excessive im m une 
activa tion  by in testina l m icrobes a n d  defective im m u n e  
reg u la tio n  likely is responsib le  for the  chronic inflam 
m atio n  in  bo th  form s of IBD.

• Epithelial defects. A  varie ty  of ep ithelia l defects have 
been  described  in  C ro h n  disease, u lcerative  colitis, o r 
bo th . For exam ple, defects in  in testina l ep ithelia l tigh t 
ju n c tio n  b a rrie r function  occur in  p a tien ts  w ith  C rohn  
d isease  a n d  a subse t o f the ir hea lthy  first-degree  rela 
tives. This barrie r d y sfunction  cosegregates w ith  spe
cific d isease-associa ted  NO D 2  p o lym orph ism s, an d  
experim en ta l m odels d em o n stra te  th a t barrie r dysfunc
tion  can  activate  inna te  a n d  a d ap tiv e  m ucosal im m un ity  
a n d  sensitize subjects to  disease. In teresting ly , the 
P an e th  cell g ranu les, w h ich  con tain  an ti-m icrobial p ep 
tides th a t can  affect com position  of the lu m in a l m icro 
biota, a re  abno rm al in  p a tien ts  w ith  C rohn  disease 
ca rry in g  ATG16L1  m u ta tions, th u s  p ro v id in g  one p o ten 
tial m echan ism  in  w h ich  a defective feedback  loop 
be tw een  the ep ith e liu m  a n d  m icrobio ta  cou ld  contrib 
u te  to  d isease pathogenesis.

• Microbiota. The q u an tity  of m icrobial o rgan ism s in  the 
g astro in testina l lu m en  is enorm ous, am o u n tin g  to as 
m an y  as 1012 o rg a n ism s/m L  of fecal m ateria l in  the 
co lon  (50% of fecal m ass). T here is significant in te rin d i
v id u a l va ria tio n  in  the com position  of th is m icrobial 
po p u la tio n , w h ich  is m odified  by  d ie t an d  disease. 
M icrobial transfer s tud ies  a re  able to p ro m o te  o r reduce  
d isease  in  an im al m odels  o f IBD, a n d  clinical trials 
sug g est th a t p rob io tic  (or beneficial) bacteria  o r even  
fecal m icrobial tran sp lan ts  from  hea lthy  in d iv id u a ls  
m ay  benefit IBD patien ts.

O ne  m o d e l th a t un ifies the ro les of in testina l m icrobiota, 
ep ithelia l function , an d  m ucosal im m u n ity  suggests a  cycle 
by  w h ich  transep ithe lia l flux of lum inal bacterial com po
n en ts  activates in n a te  a n d  ad ap tiv e  im m u n e  responses. In 
a  genetically  suscep tib le  host, the su b seq u en t release of 
TN F an d  o ther im m u n e  signals d irects ep ithelia  to  increase 
tig h t ju n c tio n  perm eab ility , w h ich  fu rth e r increases the 
flux of lu m in a l m ateria l. These even ts m ay  estab lish  a self- 
am p lify ing  cycle in  w h ich  a s tim u lus at any  site m ay  be 
sufficient to  in itia te  IBD.

W ith  th is back g ro u n d  of p a thogenesis w e  w ill d iscuss 
nex t the m orpho log ic  an d  clinical fea tu res of each  of the 
tw o  form s of IBD.

Crohn Disease

M O R P H O L O G Y

Crohn disease, also known as r e g i o n a l  e n t e r i t i s ,  may occur in any 

area of the gastrointestinal tract but the most common sites 

involved at presentation are the te rm in a l ileu m , ileocecal 

va lve , and cecum . Disease is limited to the small intestine alone 

in about 40% of cases; the small intestine and the colon both are 

involved in 30% of patients; and the remainder of cases are 

characterized by colonic involvement only. Infrequently, Crohn 

disease may involve the esophagus or stomach. The presence of 

multiple, separate, sharply delineated areas of disease, resulting 

in skip lesions, is characteristic of Crohn disease and may help 

in differentiation from ulcerative colitis. Strictures are common 

(Fig. I5 .28A).

The earliest lesion, the aphthous ulcer, may progress, and 

multiple lesions often coalesce into elongated, serpentine ulcers 

oriented along the axis of the bowel. Edema and loss of normal 

mucosal folds are common. Sparing of interspersed mucosa 

results in a coarsely textured, cobblestone appearance in which 

diseased tissue is depressed below the level of normal mucosa 

(Fig. I5.28B). Fissures frequently develop between mucosal folds 

and may extend deeply to  become sites of perforation or fistula 

tracts. The intestinal wall is thickened as a consequence of trans

mural edema, inflammation, submucosal fibrosis, and hypertrophy 

of the muscularis propria, all of which contribute to  stricture 

formation. In cases with extensive transmural disease, mesenteric 

fat frequently extends around the serosal surface (c reep in g  fa t)  

(Fig. I5 .28C ).

The microscopic features of active Crohn disease include 

abundant neutrophils that infiltrate and damage crypt epithe

lium. Clusters of neutrophils within a crypt are referred to as 

a c ry p t abscess and often are associated with crypt destruc

tion. Ulceration is common in Crohn disease, and there may 

be an abrupt transition between ulcerated and normal mucosa. 

Repeated cycles of crypt destruction and regeneration lead to  

d is to rtio n  o f m ucosal a rc h ite c tu re ; the normally straight 

and parallel crypts take on bizarre branching shapes and unusual 

orientations to one another (Fig. I5.29A). Epithelial metaplasia, 

another consequence of chronic relapsing injury, often takes 

the form of gastric antral-appearing glands (pseudopyloric 

metaplasia). P aneth  cell m e tap las ia  may occur in the left 

colon, where Paneth cells are normally absent. These architec

tural and metaplastic changes may persist, even when active 

inflammation has resolved. Mucosal atrophy, with loss of crypts, 

may follow years of disease. N o ncaseating  g ranu lom as
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Fig. 15.28 Gross pathology of Crohn disease. (A) Small-intestinal stricture. (B) Linear mucosal ulcers and thickened intestinal wall. (C) Creeping fat.

(Fig. I5.29B), a hallmark of Crohn disease, are found in approxi

mately 35% of cases and may arise in areas of active disease 

or uninvolved regions in any layer of the intestinal wall (Fig 

I5 .29C ). Granulomas also may be found in mesenteric lymph 

nodes. Cutaneous granulomas form nodules that are referred 

to  (misleadingly) as m e ta s ta tic  C ro h n  disease. T h e  absence  

o f g ranu lom as does n o t p rec lud e  a  diagnosis o f C rohn  

disease.

Fig. 15.29 Microscopic pathology of Crohn disease. (A) Haphazard crypt 
organization results from repeated injury and regeneration. (B) Noncaseating 
granuloma. (C) Transmural Crohn disease with submucosal and serosal 
granulomas ( a r r o w s ) .

Clinical Features

The clinical m an ifesta tions of C ro h n  d isease are  extrem ely  
variab le. In  m o st patien ts, d isease beg ins w ith  in te rm itten t 
a ttacks of re la tively  m ild  d iarrhea , fever, a n d  abdom ina l 
pa in . A pprox im ate ly  20% of p a tien ts  p re sen t acu te ly  w ith  
r ig h t lo w e r-q u ad ran t p a in  an d  fever, w h ich  m ay  m im ic 
acu te  ap pend ic itis  o r bow el perfo ra tion . P atien ts w ith  
colonic invo lvem en t m ay  p re sen t w ith  b loody  d ia rrh ea  
an d  ab dom inal pain , crea ting  a d ifferen tia l d iagnosis w ith  
som e colonic infections. P eriods of d isease activ ity  typ i
cally are in te rru p te d  by asym ptom atic  in te rva ls th a t last 
for w eeks to  m an y  m onths. D isease reac tiva tion  can  be 
associated  w ith  a va rie ty  of ex ternal triggers, in c lu d in g  
physical o r em otional stress, specific d ie ta ry  item s, NSAID 
use, a n d  cigarette  sm oking.

Iron-deficiency anem ia  m ay  develop  in  in d iv id u a ls  w ith  
colonic d isease, w h ile  extensive sm all-bow el d isease m ay 
resu lt in  se ru m  p ro te in  loss a n d  hypoalbum inem ia , gener
a lized  n u tr ie n t m alabso rp tion , o r m a lab so rp tio n  of v itam in  
B1 2  a n d  bile salts. F ibrosing  stric tu res, p a rticu la rly  of the 
te rm inal ileum , a re  com m on  a n d  req u ire  su rg ical resection. 
D isease o ften  recu rs  a t the site o f anastom osis, an d  as m any  
as 40% of p a tien ts  req u ire  ad d itio n a l resections w ith in  10 
years. F istu las develop  be tw een  loops of bow el a n d  m ay  
also  involve the  u rin a ry  b ladder, vag ina , a n d  ab d o m in a l o r 
p e rian a l skin. Perfo rations a n d  p eritonea l abscesses can  
a lso  occur.

Extraintestinal manifestations of C ro h n  d isease inc lude  
uveitis, m ig ra to ry  po lyarth ritis , sacroiliitis, anky losing  
spondy litis , e ry th em a nod o su m , a n d  c lubb ing  of the  fin
gertips, any  of w h ich  m ay  develop  before in testina l d isease 
is recognized . P ericholangitis a n d  p rim ary  sclerosing  chol
ang itis  m ay  occur in  C ro h n  d isease b u t a re  m ore com m on 
in  u lcerative  colitis. A s d iscussed  later, the risk  for develop 
m en t o f colonic adenocarc inom a is increased  in  pa tien ts  
w ith  lo n g -stand ing  colonic C ro h n  disease.

U lcerative Colitis

M O R P H O L O G Y

Ulcerative colitis always involves the rectum and extends proxi

mally in a continuous fashion to involve part or the entire colon 

that can be diffusely ulcerated (Fig. I5.30A). Skip lesions are not
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seen (although focal appendiceal or cecal inflammation occasion

ally may be present in those with left-sided disease). Disease of 

the entire colon is termed p a n c o l i t i s  (Fig. I5.30B). Disease limited 

to  the rectum or rectosigmoid may be referred to descriptively 

as u l c e r a t i v e  p r o c t i t i s  or u l c e r a t i v e  p r o c t o s i g m o i d i t i s .  The 

small intestine is normal, although mild mucosal inflammation of 

the distal ileum, backw ash ile itis , may be present in severe 

cases of pancolitis.

On gross evaluation, involved colonic mucosa may be slightly 

red and granular-appearing or exhibit extensive broad-based  

ulcers. The transition between diseased and uninvolved colon 

can be abrupt (see Fig. I5 .30C ). Ulcers are aligned along the long 

axis of the colon but typically do not replicate the serpentine 

ulcers of Crohn disease. Isolated islands of regenerating mucosa 

often bulge into the lumen to  create small elevations, termed 

p s e u d o p o l y p s .  Chronic disease may lead to  m ucosal a tro p h y  

and a flat, smooth mucosal surface lacking normal folds. Unlike 

in Crohn disease, m u ra l th icken in g  is absent, th e  serosal 

surface is n o rm a l, and s tr ic tu res  do n o t occur. However, 

inflammation and inflammatory mediators can damage the mus- 

cularis propria and disturb neuromuscular function leading to  

colonic dilation and tox ic  m eg aco lo n , which carries a signifi

cant risk for perforation.

Histologic features of mucosal disease in ulcerative colitis are 

similar to  those in colonic Crohn disease and include inflamma

tory infiltrates, crypt abscesses, crypt distortion, and epithelial 

metaplasia. However, skip lesions a re  absen t, and in fla m m a 

tio n  g en era lly  is lim ite d  to  th e  m ucosa and superfic ial 

subm ucosa (Fig. I5 .30D ). This distinction may not be demon

strated by endoscopic biopsies, which typically sample the 

mucosa and little or no submucosa. In severe cases, mucosal 

damage may be accompanied by ulcers that extend more deeply 

into the submucosa, but the muscularis propria is rarely involved. 

Submucosal fibrosis, mucosal atrophy, and distorted mucosal 

architecture remain as residua of healed disease, but the histo

logic pattern also may revert to  near normal after prolonged 

remission. G ra n u lo m a s  a re  n o t p resent.

Some extraintestinal manifestations of ulcerative colitis 

overlap with those of Crohn disease, including migratory poly

arthritis, sacroiliitis, ankylosing spondylitis, uveitis, skin lesions, 

pericholangitis, and primary sclerosing cholangitis.

C lin ica l Features

U lcerative colitis is a re lap sin g  d iso rd e r charac terized  by 
a ttacks of b loody  d ia rrh ea  w ith  expu lsion  of stringy, 
m uco id  m ateria l an d  low er ab dom inal p a in  a n d  cram ps 
th a t are tem porarily  re lieved  by defecation. These sym p
tom s m ay  p ersis t for days, w eeks, o r m o n th s  before they 
subside, a n d  occasionally  the in itial a ttack  m ay  be severe 
en o u g h  to  constitu te  a m ed ica l o r su rg ical em ergency. 
M ore th an  half of pa tien ts  have  m ild  disease, b u t a lm ost 
all experience a t least one re lapse  d u rin g  a 1 0 -year period . 
C olectom y cures in testina l disease, b u t ex tra in testinal 
m an ifesta tions m ay  persist.

The factors th a t trigger u lcerative  colitis a re  n o t know n; 
in fectious en teritis  p recedes d isease o n se t in  som e cases. 
The onse t of sym ptom s can  occur shortly  after sm oking  
cessation  in  som e patien ts, a n d  sm oking  m ay  partia lly  
relieve sym ptom s. U nfortunate ly , s tud ies  o f n ico tine as a 
the rapeu tic  ag en t have been  d isappo in ting .

Colitis-Associated N eo p las ia

O n e  o f  th e  m o s t fe a re d  lo n g -te rm  c o m p lic a tio n s  o f  

u lc e ra tiv e  c o lit is  a n d  c o lo n ic  C ro h n  d isease is th e  d e v e l

o p m e n t o f  n e o p la s ia . This p rocess beg ins as dysp lasia , 
w h ich , ju s t as in  B arrett e so p h ag u s a n d  chronic gastri
tis, is a step  a long  the ro ad  to  fu ll-b low n  carcinom a. The 
risk  for d ev e lo p m en t o f dysp lasia  is re la ted  to  several 
factors:
• Duration o f disease. R isk increases b eg inn ing  8  to  10 years 

after d isease in itiation .
• Extent o f involvement. P a tien ts w ith  pancolitis are a t 

g rea ter risk  th a n  those w ith  on ly  left-sided  d isease.

Fig. 15.30 Pathology of ulcerative colitis. (A) Endoscopic view of severe ulcerative colitis with ulceration and adherent mucopurulent material. (B) Total 
colectomy with pancolitis showing active disease, with red, granular mucosa in the cecum ( le f t )  and smooth, atrophic mucosa distally ( r ig h t ) .  (C) Sharp demar
cation between active ulcerative colitis ( b o t to m )  and normal ( to p ) .  (D) This full-thickness histologic section shows that disease is limited to the mucosa. 
Compare with Fig. I5.29C. ( E n d o s c o p ic  im a g e  c o u r te s y  o f  D r .  I r a  H a n a n ,  T h e  U n iv e r s i t y  o f  C h ic a g o ,  C h ic a g o ,  I l l in o is . )
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• Inflammation. G reater frequency  a n d  severity  o f active 
in flam m ation  (characterized  by  the presence of n eu tro 
phils) m ay  increase risk. This is an o th er exam ple  of the 
enab ling  effect of in flam m ation  on  carcinogenesis 
(C hap ter 6 ).

To facilitate early  detection  of neoplasia , p a tien ts  typ i
cally are  en ro lled  in  surveillance p ro g ram s app rox im ate ly  
8  y ea rs  after d iagnosis of IBD. A n  im p o rta n t exception  to 
th is ap p ro ach  is in  p a tien ts  w ith  p rim ary  sclerosing chol
angitis, w h o  are at m ark ed ly  g rea te r risk  for d eve lopm en t 
of dysp lasia  a n d  generally  a re  en ro lled  for surveillance at 
the tim e of d iagnosis. Surveillance req u ires  reg u la r and  
extensive m ucosal b iopsy , m ak in g  it a costly  practice. In 
m any  cases, dysp lasia  occurs in  flat a reas of m ucosa  tha t 
do  n o t ap p e a r abno rm al by  eye. Thus, ad v an ced  en d o 
scopic im ag ing  techn iques a re  being  d ev eloped  to  try  to 
enable the de tec tion  of early  dysp lastic  changes.

f t  S U M M A R Y

IN F L A M M A T O R Y  B O W E L  DISEASE

• Inflammatory bowel disease (IBD) is an umbrella term for 

Crohn disease and ulcerative colitis.

• Crohn disease most commonly affects the terminal ileum and 

cecum, but any site within the gastrointestinal tract can be 

involved; skip lesions and noncaseating granulomas are 

common.

• Ulcerative colitis is limited to  the colon, is continuous from 

the rectum, and ranges in extent from only rectal disease to  

pancolitis; neither skip lesions nor granulomas are present.

• Both Crohn disease and ulcerative colitis can have extraintes

tinal manifestations.

• IBD is thought to  arise from a combination of alterations in 

host interactions with intestinal microbiota, intestinal epithelial 

dysfunction, and aberrant mucosal immune responses.

• The risk for development of colonic epithelial dysplasia and 

adenocarcinoma is increased in patients who have had colonic 

IBD for more than 8 to 10 years.

C O L O N IC  POLYPS A N D  
NEOPLASTIC DISEASE

P olyps are  m ost com m on  in  the co lon  b u t m ay  occur in  the 
esophagus, stom ach, o r sm all in testine. Those w ith o u t 
sta lks are  re ferred  to  as sessile. A s sessile po lyps enlarge, 
p ro life ra tion  of cells ad jacen t to  the  p o lyp  a n d  the  effects 
of trac tion  o n  the lu m in a l p ro tru s io n  m ay  com bine to 
create a stalk. P o lyps w ith  stalks a re  te rm ed  pedunculated. 
In  general, in testina l po lyps can  be classified as nonneoplastic 
or neoplastic. The m ost com m on neop lastic  p o lyp  is the 
adenom a, w h ich  has the  p o ten tia l to p rog ress  to  cancer. 
N onneop lastic  colonic p o lyps can  be fu rth e r classified as 
in flam m atory , h am artom atous, o r hyperp lastic .

Inflammatory Polyps

The solitary rectal ulcer syndrome is associa ted  w ith  a  p u re ly  
in flam m ato ry  po lyp . P atien ts p re sen t w ith  the clinical

triad  of rectal b leed ing , m u cu s d ischarge, a n d  a n  inflam 
m ato ry  lesion of the an te rio r rectal w all. The u n d erly in g  
cause is im p a ired  re laxation  of the anorec ta l sph incter, cre
a tin g  a sharp  angle  a t the an te rio r rectal shelf. This leads 
to recu rren t ab rasion  a n d  u lcera tion  of the overly ing  rectal 
m ucosa. C hronic  cycles of in ju ry  a n d  hea ling  p ro d u ce  a 
po ly p o id  m ass com posed  of in flam ed  a n d  reactive m ucosal 
tissue.

Hamartomatous Polyps
H am arto m a to u s  p o lyps occur sporad ically  a n d  as com po 
nen ts o f v a rio u s genetically  d e te rm in ed  or acqu ired  syn 
d ro m es (Table 15.6). A s described  p rev iously , h am arto m as 
are  d iso rgan ized , tum orlike  g ro w th s com posed  of m a tu re  
cell types n o rm ally  p resen t a t the  site at w h ich  the  po lyp  
develops. H a m arto m a to u s  po lyposis synd rom es are rare, 
b u t they  are im p o rtan t to  recognize because of associated  
in testina l a n d  ex tra in testina l m an ifesta tions a n d  the need  
to screen fam ily  m em bers.

Juvenile Polyps

Juvenile polyps are  the m o st com m on type of ham artom a- 
tous po lyp . They m ay  be sporad ic  o r syndrom ic. S poradic 
juven ile  p o ly p s a re  u su a lly  solitary , b u t the n u m b er varies 
from  3 to  as m an y  as 100 in  in d iv id u a ls  w ith  the  au to som al 
d o m in an t synd rom e of juven ile  po lyposis. In  adu lts , the 
spo rad ic  fo rm  is som etim es also  re ferred  to  as a n  inflamma
tory polyp, p articu la rly  w h e n  dense  in flam m atory  in filtrates 
a re  p resen t. The vast m ajority  o f juven ile  p o ly p s occur 
in  ch ild ren  y o u n g e r th an  5 years o f age. Juvenile  p o lyps 
characteristically  a re  located  in  the rec tu m  a n d  m ost m an i
fest w ith  rectal b leed ing . In  som e cases, p ro lap se  occurs 
a n d  the  p o lyp  p ro tru d e s  th ro u g h  the ana l sph incter. D ys
p lasia  occurs in  a sm all p ro p o rtio n  of (m ostly  syndrom e- 
associated) juven ile  po lyps, an d  the juven ile  po lyposis 
sy n d ro m e is associa ted  w ith  a n  increased  risk  for deve l
o p m en t of adenocarc inom a w ith in  the  co lon  a n d  a t o ther 
sites (Table 15.6). C olectom y m ay  be req u ired  to  lim it the 
hem orrhage  associa ted  w ith  p o lyp  u lcera tion  in  juven ile  
po lyposis.

M O R P H O L O G Y

Individual sporadic and syndromic juvenile polyps often are indis

tinguishable. They typically are pedunculated, smooth-surfaced, 

reddish lesions that are less than 3 cm in diameter and display 

characteristic cystic spaces on cut sections. Microscopic exami

nation shows the spaces to be dilated glands filled with mucin 

and inflammatory debris (Fig. I5 .3 IA ). Some data suggest that 

mucosal hyperplasia is the initiating event in polyp development, 

and this mechanism is consistent with the discovery that muta

tions in pathways that regulate cellular growth, such as trans

forming growth factor-P (TGF-P) signaling, are associated with 

autosomal dominant juvenile polyposis.

Peutz-Jeghers Syndrom e

P eutz-Jeghers  sy n d ro m e  is a  ra re  au to so m a l d o m in a n t  

d is o rd e r d e fin e d  b y  th e  presence o f  m u lt ip le  gastro

in te s tin a l h am a rto m a to u s  p o ly p s  an d  m ucocutaneous  

h y p e rp ig m e n ta tio n  th a t carries a n  increased  r is k  fo r
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Table 15.6 G astrointestinal (G I)  Polyposis Syndrom es

S y n d ro m e

M ean A g e  a t  
P resen tation  
(Years)

M u ta te d
G ene(s ) G I Lesions

S e lec ted
E xtrag astro in tes tin a l
M an ifes ta tions

Peutz-Jeghers syndrome 10-15 L K B I / S T K I I Arborizing polyps— small
intestine > colon > stomach; 
colonic adenocarcinoma

Mucocutaneous pigmentation; 
increased risk for thyroid, 
breast, lung, pancreas, 
gonadal, and bladder cancers

Juvenile polyposis <5 S M A D 4 ,  B M P R IA Juvenile polyps; increased risk Pulmonary arteriovenous
for gastric, small-intestinal, malformations, digital
colonic, and pancreatic clubbing
adenocarcinoma

Cowden syndrome, Bannayan- <15 P T E N Hamartomatous polyps, Benign skin tumors, benign and
Ruvalcaba-Riley syndrome lipomas, ganglioneuromas, malignant thyroid and breast

inflammatory polyps; lesions
increased risk for colon
cancer

Cronkhite-Canada syndrome >50 Nonhereditary Hamartomatous colon polyps, Nail atrophy, hair loss,
crypt dilatation and edema abnormal skin pigmentation,
in nonpolypoid mucosa cachexia, anemia

Tuberous sclerosis Infancy to T S C I ,  T S C 2 Hamartomatous polyps (rectal) Facial angiofibroma, cortical
adulthood tubers, renal angiomyolipoma

Familial adenomatous
polyposis (FAP)
Classic FAP 10-15 A P C Multiple adenomas Congenital RPE hypertrophy
Attenuated FAP 40-50 A P C Multiple adenomas
Gardner syndrome 10-15 A P C Multiple adenomas Osteomas, desmoids, skin cysts
Turcot syndrome 10-15 A P C Multiple adenomas CNS tumors, medulloblastoma

C N S , Central nervous system; RPE, retinal pigment epithelium.

d e v e lo p m e n t o f severa l m a lig n a n c ie s , includ ing  cancers 
o f the colon, pancreas, breast, lung, ovaries, u te rus, and  
testes, as w ell as o ther u n u su a l neoplasm s. G erm  line loss- 
of-function m uta tions in  the LKB1/STK11 gene are  p resen t 
in  approxim ately  half of the patien ts w ith  the fam ilial form  
of Peutz-Jeghers syndrom e, as w ell as a subset o f patien ts 
w ith  the sporadic form . LKB1/STK11 encodes a tu m o r sup 
pressive p ro te in  kinase th a t regulates cellular m etabolism , 
yet ano ther exam ple o f links betw een  a lte rned  m etabolism , 
abnorm al cell grow th , an d  cancer risk. In testinal po lyps are 
m ost com m on in  the sm all intestine, a lthough  they m ay  also 
occur in  the stom ach an d  colon and , rarely, in  the b ladder 
an d  lungs. O n  gross evaluation , the po lyps are large and  
ped u n cu la ted  w ith  a lobu lated  contour. H istologic exam i
nation  dem onstra tes a characteristic a rboriz ing  ne tw ork  
of connective tissue, sm ooth  m uscle, lam ina propria , and  
glands lined by norm al-appearing  in testinal ep ithelium  
(Fig. 15.31B).

Hyperplastic Polyps

C olonic hyp erp lastic  p o ly p s are com m on  ep ithelia l pro lif
era tions tha t typ ically  a re  d iscovered  in  the  sixth an d  
sev en th  decades of life. The p a thogenesis  of h yperp lastic  
p o lyps is incom plete ly  u n d e rs to o d , b u t fo rm ation  o f these 
lesions is th o u g h t to resu lt from  decreased  ep ithelia l cell 
tu rn o v e r a n d  de layed  sh e d d in g  o f surface ep ithelia l cells, 
lead in g  to  a "p ileu p "  of goblet cells. A lth o u g h  these lesions 
have  no  m alig n an t po ten tia l, they  m u st be d is tin g u ish ed  
from  sessile se rra ted  adenom as, h isto logically  sim ilar 
lesions tha t have  m alig n an t po ten tia l, as described  later.

M O R P H O L O G Y

Hyperplastic polyps are most commonly found in the left colon 

and typically are less than 5 mm in diameter. They are smooth, 

nodular protrusions of the mucosa, often on the crests of 

mucosal folds. They may occur singly but more frequently are 

multiple, particularly in the sigmoid colon and rectum. Histologi

cally, hyperplastic polyps are composed of mature goblet and 

absorptive cells. The delayed shedding of these cells leads to  

crowding that creates the serrated surface architecture, the 

morphologic hallmark of these lesions (Fig. 15.32).

Adenomas

T h e  m o s t c o m m o n  a n d  c lin ic a l ly  im p o r ta n t  n e o p la s tic  

p o ly p s  are co lo n ic  ad e n o m a s , b e n ig n  p o ly p s  th a t  g iv e  

r is e  to  a  m a jo r ity  o f  co lo re c ta l ad en o c a rc in o m a s . M ost 
adenom as, how ever, do  n o t p rog ress  to adenocarcinom a.

Colorectal adenomas are characterized by the presence of 
epithelial dysplasia. These g row ths ran g e  from  sm all, often  
p e d u n cu la ted  po lyps to large  sessile lesions. T here is no 
g en d e r p red ilection , a n d  they  are  p re sen t in  nearly  50% 
of a d u lts  liv ing  in  the W estern  w o rld  b eg inn ing  a t age 50. 
Because these p o ly p s a re  p recu rso rs  to colorectal cancer, 
c u rren t recom m enda tions are th a t all a d u lts  in  the U nited  
S tates u n d e rg o  screen ing  co lonoscopy s ta rtin g  a t 50 years 
o f age. Because in d iv id u a ls  w ith  a fam ily  h is to ry  are  a t risk  
for d eve lop ing  colon cancer earlier in  life, they  are typ i
cally screened  at least 1 0  y ears before the  y o u n g est age at 
w h ich  a re la tive  w as  d iagnosed . W hile  ad en o m as are  less
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Fig. I 5-3I Hamartomatous polyps. (A) Juvenile polyp. Note the surface 
erosion and cystically dilated crypts filled with mucus, neutrophils, and debris. 
(B) Peutz-Jeghers polyp. Complex glandular architecture and bundles of 
smooth muscle help to distinguish Peutz-Jeghers polyps from juvenile polyps.

com m on  in  A sia, their frequency  has risen  (in  para lle l w ith  
a n  increasing  incidence of colorectal adenocarcinom a) as 
W estern  d ie ts  a n d  lifestyles becom e m ore com m on.

M O R P H O L O G Y

Typical adenomas range from 0.3 to  10 cm in diameter and can be 

ped un cu la ted  (Fig. I5.33A) or sessile, with the surface of both 

types having a texture resembling velvet (Fig. I5.33B) or a rasp

berry, due to the abnormal epithelial growth pattern. Histologi

cally, the cytologic hallmark of ep ith e lia l dysplasia (Fig. I5 .34C) 

is nuclear hyperchromasia, elongation, and stratification. These 

changes are most easily appreciated at the surface of the adenoma, 

because the epithelium fails to  mature as cells migrate out of 

the crypt. Pedunculated adenomas have slender fibromuscular 

stalks (see Fig. I5 .33C) containing prominent blood vessels derived 

from the submucosa.The stalk usually is covered by nonneoplastic 

epithelium, but dysplastic epithelium is sometimes present.

Adenomas can be classified as tu b u la r, tubulov illous, or 

villous on the basis of their architecture. These categories, 

however, have little clinical significance in isolation. Tubular

adenomas tend to be small, pedunculated polyps composed of 

small, rounded, or tubular glands (Fig. I5.34A). By contrast, villous 

adenomas, which often are larger and sessile, are covered by 

slender villi (Fig. I5.34B). Tubulovillous adenomas have a mixture 

of tubular and villous elements. Although foci of invasion are 

more frequent in villous adenomas than in tubular adenomas, 

villous architecture alone does not increase cancer risk when 

polyp size is considered.

The histologic features of sessile s e rra te d  aden om as,

which are also referred to  as sessile serrated polyps, overlap with 

those of hyperplastic polyps and lack typical cytologic features 

of dysplasia (Fig. I5 .34D ). Nevertheless, sessile serrated adeno

mas, which are most common in the right colon, have a malignant 

potential similar to  that of conventional adenomas. The most 

useful histologic feature that distinguishes sessile serrated adeno

mas from hyperplastic polyps is the presence of serrated archi

tecture throughout the full length of the glands, including the 

crypt base, associated with crypt dilation and lateral growth, in 

the former (Fig. I5 .34D ). By contrast, serrated architecture typi

cally is confined to  the surface of hyperplastic polyps.

Although most colorectal adenomas behave in a benign 

fashion, a small proportion harbor invasive cancer at the time of 

detection. S ize  is th e  m o st im p o r ta n t  ch aracte ris tic  th a t  

c o rre la tes  w ith  risk fo r  m alignancy. For example, while

Fig. 15.32 Hyperplastic polyp. (A) Polyp surface with irregular tufting of 
epithelial cells. (B) Tufting results from epithelial overcrowding. (C) Epithelial 
crowding produces a serrated architecture when glands are cut in 
cross-section.
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Fig. 15.33 Colonic adenomas. (A) Pedunculated adenoma (endoscopic view). (B) Adenoma with a velvety surface. (C) Low-magnification photomicrograph 
of a pedunculated tubular adenoma.

Fig. 15.34 Histologic appearance of colonic adenomas. (A) Tubular adenoma 
with a smooth surface and rounded glands. In this case, crypt dilation and 
rupture, with associated reactive inflammation, can be seen at the bottom 
of the field. (B) Villous adenoma with long, slender projections that are 
reminiscent of small-intestinal villi. (C) Dysplastic epithelial cells ( t o p )  with 
an increased nuclear-to-cytoplasmic ratio, hyperchromatic and elongated 
nuclei, and nuclear pseudostratification. Compare with the nondysplastic 
epithelium ( b o t to m ) .  (D) Sessile serrated adenoma lined by goblet cells 
without typical cytologic features of dysplasia. This lesion is distinguished 
from a hyperplastic polyp by involvement of the crypts. Compare with the 
hyperplastic polyp in Fig. 15.32.

cancer is extremely rare in adenomas less than 1 cm in diameter, 

some studies suggest that nearly 40% of lesions larger than 4 cm 

in diameter contain foci of invasive cancer. In addition to  size, 

high-grade dysplasia is a risk factor for cancer in an individual 

polyp (but not other polyps in the same patient).

Familial Syndromes

Several sy n d ro m es associa ted  w ith  colonic p o ly p s an d  
increased  ra tes of co lon  cancer have  been  described . The 
genetic  basis o f these d iso rd ers  has  been  estab lished  and  
has greatly  enhanced  the  c u rren t u n d e rs ta n d in g  of spo 
rad ic  colon cancer (Table 15.7).

Fam ilial A denom atous Polyps

F a m il ia l  a d e n o m a to u s  p o ly p o s is  (F A P ) is a n  a u to so m a l 

d o m in a n t  d is o rd e r m a r k e d  b y  th e  app e a ra n c e  o f  n u m e r

ous co lo re c ta l ad e n o m a s  b y  th e  tee n a g e  years . It is caused  
by m u ta tio n s  of the  adenomatous polyposis coli gene (APC). 
A count of at least 100 polyps is necessary for a diagnosis of 
classic FAP, a n d  as m an y  as several th o u san d  m ay  be 
p re se n t (Fig. 15.35). Except for their rem arkab le  num bers, 
these g ro w th s  are m orpho log ically  in d is tingu ishab le  from  
spo rad ic  adenom as. C olorectal adenocarc inom a develops 
in  100% of p a tien ts  w ith  u n tre a te d  FAP, o ften  before 30 
y ears  of age. A s a resu lt, p rophy lac tic  colectom y is stan 
d a rd  th e rap y  for in d iv id u a ls  carry ing  APC m utations. 
H ow ever, p a tien ts  rem ain  a t risk  for extraintestinal manifes
tations, in c lu d in g  neop lasia  a t o th e r sites. Specific APC 
m u ta tio n s  a re  also  associa ted  w ith  the  d ev e lo p m en t of 
o th e r m an ifesta tions of FAP a n d  exp lain  v a rian ts  such  as 
Gardner syndrome a n d  Turcot syndrome. In  ad d itio n  to  in tes
tina l po lyps, clinical fea tu res o f G ard n e r syndrom e, a 
v a ria n t o f FAP, m ay  inc lude  o steom as of the m and ib le , 
skull, a n d  long  bones; ep id e rm a l cysts; d esm o id  an d  
th y ro id  tum ors; a n d  d en ta l abnorm alities, inc lud ing  
u n e ru p te d  a n d  su p e rn u m era ry  teeth. T urco t sy n d ro m e is 
ra re r a n d  is charac terized  by  in testina l ad en o m as an d  
tu m o rs of the  cen tra l n e rv o u s system . T w o-th irds of
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Table 15.7 C om m on Patterns of Sporadic and Fam ilial C olorectal Neoplasia

E tio logy M o le c u la r D e fec t
T arg e t
G en e (s ) Transm ission

P re d o m in a n t
S ite (s ) H is to log y

Familial adenomatous 
polyposis (70% of FAP)

APC/WNT pathway A P C Autosomal dominant None Tubular, villous; typical 
adenocarcinoma

Hereditary nonpolyposis 
colorectal cancer

DNA mismatch repair M S H 2 ,  M L H I Autosomal dominant Right side Sessile serrated adenoma; 
mucinous adenocarcinoma

Sporadic colon cancer (80%) APC/WNT pathway A P C None Left side Tubular, villous; typical 
adenocarcinoma

Sporadic colon cancer
(I0%-I5%)

DNA mismatch repair M S H 2 ,  M L H I None Right side Sessile serrated adenoma; 
mucinous adenocarcinoma

FAP, Familial adenomatous polyposis.

p a tien ts  w ith  T urco t sy n d ro m e have  APC gene m u ta tio n s 
a n d  develop  m edu llob lastom as. The rem ain in g  one-th ird  
h av e  m u ta tio n s  in  one of several genes invo lved  in  D N A  
rep a ir  a n d  develop  g lioblastom as. Som e p a tien ts  w ith  h u n 
d re d s  of ad en o m as lack A PC  m u ta tio n s b u t in stead  have 
m u ta tio n s  of the base excision rep a ir  gene MUTYH (also 
called  M UTYH polyposis). The role of these genes in  tu m o r 
d ev e lo p m en t is d iscussed  later.

H e re d ita ry  Nonpolyposis Colorectal C ancer

Hereditary nonpolyposis colorectal cancer (HNPCC), also 
k n o w n  as Lynch syndrome, orig inally  w as described  as 
fam ilial c lu ste ring  of cancers a t several sites in c lu d in g  the 
colorectum , en d o m etriu m , stom ach, ovary , u re te rs, brain ,

Fig. 15.35 Familial adenomatous polyposis. (A) Hundreds of small colonic 
polyps are present along with a dominant polyp ( r ig h t ) .  (B) Three tubular 
adenomas are present in this single microscopic field.

sm all bow el, hepatob ilia ry  tract, a n d  skin. C olon  cancers 
in  pa tien ts  w ith  H N PC C  ten d  to  occur a t y o u n g e r ages 
th a n  do  sporad ic  co lon  cancers an d  o ften  are  located  in  the 
r ig h t co lon  (Table 15.7). A denom as are p re sen t in  H N PC C , 
b u t excessive n u m b ers  (i.e., po lyposis) is not. In  m any  
cases, sessile se rra ted  adenom as are associated  w ith  
H N PC C , an d  m u cin  p ro d u c tio n  m ay  be a p ro m in e n t in  the 
su b seq u en t adenocarcinom as.

Just as iden tification  of APC m u ta tio n s  in  FAP has p ro 
v id e d  m o lecu lar in sigh ts in to  the pa thogenesis of a  m ajor
ity  o f spo rad ic  colon cancers, d issection  of the defects in  
H N PC C  has sh ed  ligh t on  the  m echan ism s responsib le  for 
m o st o f the rem ain in g  spo rad ic  cases. H N P C C  is caused  

b y  in h e r ite d  g e rm  l in e  m u ta tio n s  in  genes th a t  encode  

p ro te in s  re s p o n s ib le  fo r  th e  d e te c tio n , exc is io n , a n d  

re p a ir  o f  e rrors  th a t  occur d u r in g  D N A  re p lic a t io n . A t 
least five such  m ism atch  rep a ir  genes have  been  recog
n ized , b u t a  m ajority  of H N P C C  cases involve e ither MSH2 
o r MLH1. P atien ts  w ith  H N PC C  in h erit one m u ta te d  D N A  
rep a ir  gene a n d  one no rm al allele. W h en  the  second  copy 
is lo st th ro u g h  m u ta tio n  o r ep igenetic  silencing, defects in  
m ism atch  rep a ir lead  to  the accum ula tion  of m u ta tions at 
ra tes  u p  to  1 0 0 0  tim es h igher th a n  norm al, m ostly  in  reg ions 
con ta in ing  sh o rt rep ea tin g  D N A  sequences re ferred  to  as 
microsatellite DNA. The h u m a n  genom e con tains app rox i
m ate ly  50,000 to  100,000 m icrosatellites, w h ich  are  p ro n e  
to  u n d e rg o  expansion  d u r in g  D N A  rep lica tion  a n d  rep re 
sen t the  m o st freq u en t sites of m u ta tio n s in  H N PC C . The 
consequences of m ism atch  rep a ir  defects a n d  the  resu lting  
microsatellite instability are d iscussed  nex t in  the contex t of 
colonic adenocarcinom a.

Adenocarcinoma
A d e n o c a rc in o m a  o f  th e  c o lo n  is th e  m o st c o m m o n  m a lig 

n a n c y  o f  th e  g a s tro in te s tin a l tra c t a n d  is a  m a jo r  con

t r ib u to r  to  m o r b id ity  a n d  m o r ta l i ty  w o r ld w id e .  By
con trast, the sm all in testine, w h ich  accounts for 75% of the 
overall len g th  o f the  gastro in testina l tract, is a n  u n com m on  
site for ben ig n  a n d  m alig n an t tum ors. A m ong  m alig n an t 
sm all-in testinal tum ors, adenocarcinom as a n d  carcinoid  
(neuroendocrine) tum ors hav e  ro ugh ly  equa l ra tes of 
occurrence, fo llow ed by  lym p h o m as a n d  sarcom as.

E p idem io logy

Each y ear in  the U n ited  States, there  are m ore th a n  130,000 
new  cases an d  nearly  50,000 d ea th s from  colorectal
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adenocarcinom a. This rep resen ts  nearly  15% of all cancer- 
re la ted  dea ths, second  on ly  to  lu n g  cancer. C olorectal 
cancer incidence peaks a t 60 to  70 years of age; less than  
20% of cases occur before 50 years o f age. M ales are  affected 
slightly  m ore often  th a n  fem ales. C olorectal carcinom a is 
m o st p rev a len t in  the  U n ited  States, C anada, A ustra lia , 
N ew  Z ealand , D enm ark , Sw eden, a n d  o th e r (so-called) 
d ev eloped  coun tries th a t share  lifestyles a n d  d iet. The inci
dence of th is  cancer is as m u ch  as 30-fold low er in  India, 
S ou th  A m erica, an d  Africa. In  Japan, w h ere  incidence w as 
p rev iously  very  low , ra tes have  n o w  risen  to  in te rm ed ia te  
levels (sim ilar to  those in  the  U n ited  K ingdom ), p re su m 
ab ly  as a  resu lt of changes in  lifestyle a n d  diet.

The d ie ta ry  factors m ost closely associa ted  w ith  
increased  colorectal cancer ra tes a re  low  in take of u n ab 
sorbable  vegetab le fiber a n d  h ig h  in take of refined  carbo
h y d ra te s  a n d  fat. In  ad d itio n  to  d ie ta ry  m odification , 
pharm aco log ic  chem opreven tion  has becom e a n  area  of 
g rea t in terest. Several ep idem iologic  s tu d ies  suggest th a t 
a sp irin  o r o ther N SA ID s have  a p ro tective  effect. This is 
consisten t w ith  s tud ies  show ing  th a t som e N SA ID s cause 
p o lyp  reg ression  in  p a tien ts  w ith  FAP in  w h o m  the rec tum  
w as left in  p lace afte r colectom y. It is su spec ted  th a t 
th is  effect is m ed ia ted  by inh ib ition  of the  enzym e 
cyclooxygenase-2 (COX-2), w h ich  is h igh ly  expressed  in  
90% of colorectal carcinom as a n d  40% to 90% of ad en o m as 
a n d  is k n o w n  to p ro m o te  ep ithelia l p ro lifera tion , p a rticu 
larly  in  response  to  injury.

Pathogenesis

S tu d ie s  o f  co lo rec tal carcinogenesis  h av e  p ro v id e d  fu n d a 

m e n ta l in s ig h ts  in to  th e  g en e ra l m ech an ism s  o f cancer 

e v o lu tio n . The com bination  o f m olecular events tha t lead  to 
colonic adenocarcinom a is heterogeneous a n d  includes 
genetic a n d  epigenetic abnorm alities. A t least tw o distinct 
genetic pathw ays, the A P C /P -ca ten in  p a th w ay  an d  the

m icrosatellite instability  pathw ay , have been described. In 
sim plest term s, m u ta tions involving the A P C /P -caten in  
p a thw ay  lead  to  increased W N T  signaling, w hereas those 
involving the m icrosatellite instability  p a th w ay  are  associ
a ted  w ith  defects in  D N A  m ism atch  repa ir (see Table 15.7). 
Both pa th w ay s involve the stepw ise accum ulation  of m ul
tiple m utations, b u t the  genes involved  a n d  the m echanism s 
by w h ich  the m u ta tions accum ulate differ. Epigenetic events, 
the m ost com m on of w h ich  is m ethylation-induced  gene 
silencing, m ay  enhance p rogression  along  bo th  pathw ays.
• The APC/P-catenin pathway. The classic adenoma- 

carcinoma sequence, w h ich  accounts for as m u ch  as 80% 
of spo rad ic  colon tum ors, typically  invo lves m u ta tio n  of 
the APC tu m o r su p p resso r early  in  the neoplastic  
p rocess (Fig. 15.36). For ad en o m as to develop , bo th  
copies o f the APC gene m u s t be functionally  inactivated , 
e ithe r by  m u ta tio n  o r ep igenetic  events. APC is a key 
negative regulator of P-catenin, a component of the WNT 
signaling pathway (C hap ter 6). The A PC p ro te in  no r
m ally  b in d s to  a n d  p rom otes  d eg rad a tio n  of P-catenin. 
W ith  loss o f A PC  function , P -catenin accum ulates and  
translocates to  the  nucleus, w h ere  it ac tivates the tran 
scrip tion  of genes, such  as those  encod ing  MYC an d  
cyclin D1, th a t p ro m o te  pro lifera tion . This is fo llow ed 
by ad d itio n a l m u ta tions, in c lu d in g  ac tiva ting  m u ta tio n s 
in  KRAS, w h ich  also  p ro m o te  g ro w th  a n d  p re v e n t ap o p 
tosis. The conclusion  th a t m u ta tio n  of KRAS is a late  
even t is su p p o rte d  by  the observa tions th a t m u ta tio n s 
a re  p re sen t in  few er th a n  10% of ad en o m as less than  
1 cm  in  d iam eter, 50% of ad en o m as g rea ter th a n  1 cm  
in  d iam eter, a n d  50% of invasive  adenocarcinom as. 
N eop lastic  p ro g ressio n  a lso  is associa ted  w ith  m u ta 
tions in  o ther tu m o r su p p resso r genes such  as SMAD2 
a n d  SMAD4, w h ich  encode effectors of TGF-P signaling . 
Because TGF-P signaling  no rm ally  inh ib its  the cell cycle, 
loss o f these genes m ay  allow  u n res tra in ed  cell g row th .

NORMAL COLON MUCOSA AT RISK
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Fig. 15.36 Morphologic and molecular changes in the adenoma-carcinoma sequence. It is postulated that loss of one normal copy of the tumor suppressor 
gene A P C  occurs early. Individuals may be born with one mutant allele, making them extremely prone to the development of colon cancer, or inactivation of 
APC may occur later in life. This is the “first hit” according to Knudson's hypothesis. The loss of the intact copy of A P C  follows (“second hit”). Other muta
tions involving K R A S , S M A D 2 ,  a n d  S M A D 4 ,  and the tumor suppressor gene T P 5 3 , lead to the emergence of carcinoma, in which additional mutations occur. 
Although there may be a preferred temporal sequence for these changes, it is the aggregate effect of the mutations, rather than their order of occurrence, 
that appears most critical.
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The tu m o r su p p resso r gene TP53 is m u ta te d  in  70% to 
80% of colon cancers b u t is uncom m only  affected in  
adenom as, suggesting  th a t TP53 m u ta tio n s  also  occur a t 
la te  stages of tu m o r p rogression . Loss of function  of 
TP53 a n d  o th e r tu m o r su p p resso r genes is o ften  caused  
by ch rom osom al deletions, h ig h lig h tin g  chromosomal 
instability as a hallmark of the APC/P-catenin pathway. 
A lternatively , tu m o r su p p resso r genes m ay  be silenced 
by m e th y la tio n  of C pG  islands, a 5 ' reg ion  of som e genes 
th a t frequen tly  inc ludes the  p ro m o te r an d  transcrip 
tional s ta rt site. E xpression  of te lom erase  also  increases 
as lesions becom e m ore advanced .

• The microsatellite instability pathway. In  p a tien ts  w ith  
D N A  m ism atch  rep a ir deficiency (due  to  loss of m is
m atch  rep a ir genes, as d iscussed  earlier), m u ta tio n s 
accum ulate  in  m icrosatellite  repeats, a  cond ition  re ferred  
to  as microsatellite instability. These m u ta tio n s  generally  
are  silent, because m icrosatellites typically  a re  located  
in  no n co d in g  reg ions, b u t o ther m icrosatellite  sequences 
are  located  in  the  cod ing  or p ro m o te r reg ions of genes 
invo lved  in  reg u la tio n  of cell g row th , such  as those 
encod ing  the type II TGF-P recep to r a n d  the pro- 
apop to tic  p ro te in  BAX (Fig. 15.37). Because TGF-P 
inh ib its  colonic ep ithelia l cell p ro lifera tion , type  II 
TGF-P recep to r m u tan ts  can  con tribu te  to  uncon tro lled  
cell g row th , w h ile  loss o f BAX m ay  enhance  the su rv ival 
of genetically  ab n o rm al clones.

• CpG island hypermethylation phenotype (CIMP). In  a subse t 
o f co lon  cancers w ith  m icrosatellite  instab ility , there  are  
n o  m u ta tio n s in  D N A  m ism atch  rep a ir enzym es. These 
tu m o rs d em o n stra te  the  C pG  is land  h y p erm eth y la tio n  
p h e n o ty p e  (CIM P). In  these tum ors, the M LH1 p ro 
m o te r reg ion  is typically  h y p erm eth y la ted , thereby  
red u c in g  M LH1 exp ression  a n d  rep a ir function . Acti
v a tin g  m u ta tio n s in  the BRAF oncogene are  com m on  in 
these cancers. In  contrast, KRAS a n d  TP53 are  n o t typ i
cally m u ta ted . T hus, the  com bination  of m icrosatellite  
instab ility , BRAF m u ta tio n , a n d  m e th y la tio n  of specific 
targets, such  as M LH1, is the sig n a tu re  of th is  p a th w ay  
of carcinogenesis.
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Overall, adenocarcinomas are distributed approximately equally 

over the entire length of the colon. T um ors  in th e  p ro x i

m a l colon o ften  g ro w  as polypo id , exophytic  masses that 

extend along one wall of the large-caliber cecum and ascend

ing colon; these tumors rarely cause obstruction (Fig. I5.38A). 

By contrast, carc inom as in th e  d istal colon ten d  to  be  

a n n u la r lesions th a t  p roduce  “ napkin  rin g ” constrictions 

and luminal narrowing (Fig. I5.38B), sometimes to  the point of 

obstruction. Both forms grow into the bowel wall over time and 

may be palpable as firm masses (Fig. I5 .38C ). The general micro

scopic characteristics of right- and left-sided colonic adenocarci

nomas are similar. Most tumors are composed of tall columnar 

cells that resemble dysplastic epithelium found in adenomas 

(Fig. I5 .39A). The invasive component of these tumors elicits 

a strong stromal desmoplastic response, which is responsible 

for their characteristic firm consistency. Some poorly differenti

ated tumors form few glands (Fig. I5.39B). Others may produce 

abundant mucin that accumulates within the intestinal wall, and 

these carry a poor prognosis. Tumors also may be composed of 

signet ring cells similar to  those in gastric cancer (Fig. I5 .39C ).

C lin ica l Features

The availab ility  of endoscop ic  screen ing  com bined  w ith  
the recogn ition  th a t m ost carc inom as arise w ith in  aden o 
m as p resen ts  a u n iq u e  o p p o rtu n ity  for cancer p reven tion . 
U nfo rtunate ly , colorectal cancers develop  insid iously  an d  
m ay  therefore  go u n d e tec ted  for lo n g  periods. Cecal an d  
o th e r right-sided colon cancers m o st o ften  are  called  to clini
cal a tten tio n  by  the app earan ce  of fatigue and weakness due 
to iron-deficiency anemia. T h u s , i t  is  a  c lin ic a l m a x im  th a t  

th e  u n d e r ly in g  cause o f  iro n -d e fic ie n c y  a n e m ia  in  a n  

o ld e r  m a le  or p o s tm e n o p a u s a l fe m a le  is g a s tro in te s tin a l 

cancer u n t i l  p ro v e n  o th e rw is e . Left-sided colorectal adeno
carcinomas m ay  p ro d u ce  occult bleeding, changes in bowel 
habits, or cramping left lo w e r-q u ad ran t d iscom fort.

A lth o u g h  po o rly  d ifferen tia ted  a n d  m ucinous h isto logic 
p a tte rn s  are associa ted  w ith  p o o r prognosis, the two most 
important prognostic factors are depth of invasion and the

NORMAL COLON SESSILE SERRATED ADENOMA CARCINOMA
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Fig. 15.37 Morphologic and molecular changes in the mismatch repair pathway of colon carcinogenesis. Defects in mismatch repair genes result in micro
satellite instability and permit accumulation of mutations in numerous genes. If these mutations affect genes involved in cell survival and proliferation, cancer 
may develop. L O H ,  Loss of heterozygosity.
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Fig. 15.38 Colorectal carcinoma. (A) Endoscopic view of ulcerated ascending colon adenocarcinoma. (B) Circumferential, ulcerated rectal cancer. Note the 
anal mucosa at the bottom of the image. (C) Cancer of the sigmoid colon that has invaded through the muscularis propria and is present within subserosal 
adipose tissue ( le f t ) .  Areas of chalky necrosis are present within the colon wall ( a r r o w ) .  ( E n d o s c o p ic  im a g e  c o u r te s y  o f  D r .  I r a  H a n a n ,  T h e  U n iv e r s i t y  o f  C h ic a g o ,  

C h ic a g o ,  I l l in o is . )

presence or absence of lymph node metastases. These factors 
w ere  o rig inally  recogn ized  by D ukes a n d  K irklin  a n d  fo rm  
the  core of the TN M  (tum or-node-m etastasis) classification 
a n d  stag ing  system  from  the  A m erican  Join t C om m ittee  on  
C ancer. S tag ing  system s have  becom e m ore com plex  w ith  
tim e, reflecting  m ore n u an ced  trea tm en t app ro ach es an d  
persona lized  th e rap eu tic  strateg ies. The m ost im p o rtan t 
d is tinctions are:
• Depth of invasion. T um ors lim ited  to  the  subm ucosa  (i.e., 

those th a t do  n o t cross the m uscu laris  m ucosae) have  
5-year su rv iva l ra tes ap p ro ach in g  100%, w h ile  invasion  
in to  the subm ucosa  o r m uscu laris  p ro p ria  reduces 
5-year su rv iva l to  95% a n d  70% to 90%, respectively  (for 
tu m o rs lim ited  to  the  p rim ary  site). Invasion  th ro u g h  
the  v isceral serosal surface o r in to  ad jacen t o rgans an d  
tissues reduces su rv iva l fu rther.

• The presence of lymph node metastases (Fig. 15.40A) 
fu rth e r com prom ises surv ival. A s a resu lt, m ost cases 
w ith  ly m p h  n o d e  m etastases receive rad ia tio n  or

chem otherapy . In  som e cases, these trea tm en ts  m ay 
be ad m in is te red  p rio r to  p rim ary  tu m o r resection , a 
p rocess te rm ed  n eo ad ju v an t therapy . M olecular char
acteriza tion  of the tu m o r can  be he lp fu l in  g u id in g  the 
specific the rapeu tic  approach .

• Distant metastases to  lu n g  (Fig. 15.40B), liver (Fig. 15.40C), 
o r o ther sites also  lim its surv ival, a n d  on ly  15% o r few er 
of p a tien ts  w ith  tu m o rs a t th is stage are  alive 5 years 
after d iagnosis. Because of the  p o rta l d ra inage , the  liver 
is the m ost com m on  site o f m etasta tic  lesions. H ow ever, 
the rec tu m  does n o t d ra in  by w ay  of the p o rta l circula
tion, a n d  m etastases from  carcinom as of the an o rec tu m  
reg ion  o ften  c ircum ven t the liver.

R egard less of stage, how ever, som e p a tien ts  w ith  sm all 
n u m b ers  of m etastases do  w ell for y ears  after resection  of 
d is tan t tu m o r nodu les. This is p a rticu la rly  true  of m etasta- 
ses to  liver o r lu n g  a n d  em phasizes  the clinical a n d  m olecu
lar heterogeneity  of colorectal carcinom as.

Fig. 15.39 Histologic appearance of colorectal carcinoma. (A) Well-differentiated adenocarcinoma. Note the elongated, hyperchromatic nuclei. Necrotic 
debris, present in the gland lumen, is typical. (B) Poorly differentiated adenocarcinoma forms a few glands but is largely composed of infiltrating nests of tumor 
cells. (C) Mucinous adenocarcinoma with signet ring cells and extracellular mucin pools.
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Fig. 15.40 Metastatic colorectal carcinoma. (A) Lymph node metastasis. 
Note the glandular structures within the subcapsular sinus. (B) Solitary 
subpleural nodule of colorectal carcinoma metastatic to the lung. (C) Liver 
containing two large and many smaller metastases. Note the central necrosis 
within metastases.

Ä S U M M A R Y

C O L O N IC  POLYPS, A D E N O M A S , A N D  

A D E N O C A R C IN O M A S

• I n t e s t i n a l  p o l y p s  can be classified as n o n n e o p l a s t i c  or n e o p la s t i c .  

The nonneoplastic polyps can be further defined as i n f l a m m a 

t o r y ,  h a m a r t o m a t o u s ,  or h y p e r p l a s t i c .

• I n f l a m m a t o r y  p o l y p s  form as a result of chronic cycles of injury 

and healing.

• H a m a r t o m a t o u s  p o l y p s  occur sporadically or as a part of genetic 

diseases. In the latter case, they often are associated with 

increased risk for malignancy.

• H y p e r p l a s t i c  p o l y p s  are benign epithelial proliferations most 

commonly found in the left colon and rectum. They are not 

reactive in origin, in contrast with gastric hyperplastic polyps; 

have no malignant potential; and must be distinguished from 

sessile serrated adenomas or polyps.

• B e n ig n  e p i t h e l i a l  n e o p la s t i c  p o l y p s  of the colon are termed a d e n o 

m a s .  The hallmark feature of these lesions, which are the pre

cursors of colonic adenocarcinomas, is cytologic dysplasia.

• In contrast with traditional adenomas, s e s s i le  s e r r a t e d  a d e n o m a s ,  

or polyps, lack cytologic dysplasia and share some morphologic 

features with hyperplastic polyps.

• F a m i l i a l  a d e n o m a t o u s  p o l y p o s is  ( F A P )  and h e r e d i t a r y  n o n p o ly p o s is  

c o l o r e c t a l  c a n c e r  ( H N P C C )  are the most common forms of 

familial colon cancer. FAP is caused by A P C  mutations, and 

patients typically have over 100 adenomas and develop colon 

cancer before 30 years of age.

• HNPCC is caused by mutations in D N A  mismatch repair genes. 

Patients with HNPCC have far fewer polyps and develop cancer 

at an older age than that typical for patients with FAP but at a 

younger age than in patients with sporadic colon cancer.

• The vast majority of colonic cancers are adenocarcinomas. 

They arise either by APC -P-catenin pathway or the microsatel

lite instability pathway. The two most important prognostic 

factors are depth of invasion and the presence or absence of 

metastases to  lymph nodes or distant organs.

Appendix

The ap p en d ix  is a n o rm al true  d iv erticu lu m  of the cecum . 
Like an y  d iverticu lum , it is p ro n e  to  acu te  a n d  chronic 
in flam m ation , a n d  acu te  ap p en d ic itis  is a relatively  
com m on  en tity . O ther lesions, in c lu d in g  tum ors, can  also 
occur in  the  ap p en d ix  b u t are  far less com m on.

ACUTE APPENDICITIS

A cute  ap pend ic itis  is m ost com m on  in  ado lescen ts an d  
y o u n g  a d u lts  b u t m ay  occur in  an y  age g roup . The lifetim e 
risk  for ap pend ic itis  is 7%; m ales are affected slightly  m ore 
o ften  th an  fem ales. D esp ite  the prevalence  of acu te  a p p en 
dicitis, the  d iagnosis can  be d ifficult to  confirm  p reo p e ra 
tively, a n d  the cond ition  m ay  be confused  w ith  m esenteric  
ly m phaden itis , acu te  salp ing itis, ectopic p regnancy , m it
te lschm erz (pain  associated  w ith  ovulation), an d  M eckel 
d iverticulitis.

Pathogenesis

A cute  ap p en d ic itis  is th o u g h t to  be in itia ted  by p rog ressive  
increase in  in tra lu m in a l p ressu re  th a t com prom ises v enous 
ou tflow . In  50% to 80% of cases, acu te  ap p en d ic itis  is asso
ciated  w ith  o v e rt lum inal obstruction , u sua lly  by  a sm all, 
stone-like m ass of stool, or fecalith, or, less com m only , a 
gallstone, tum or, o r m ass of w orm s. Ischem ic in jury  an d  
stasis of lu m in a l contents, w h ich  favor bacterial p ro lifera 
tion, trigger in flam m ato ry  responses in c lu d in g  tissue 
ed em a  a n d  n eu tro p h ilic  in filtra tion  of the lum en , m uscu lar 
w all, a n d  p eriap p en d icea l soft tissues.

^  M O R P H O L O G Y

In early acute appendicitis, subserosal vessels are congested, and 

a modest perivascular neutrophilic infiltrate is present within 

all layers of the wall. The inflammatory reaction transforms
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the normal glistening serosa into a dull, granular-appearing, 

erythematous surface. Although mucosal neutrophils and focal 

superficial ulceration often are present, these findings are not 

specific, and diagnosis of acute appendicitis requires neutro

philic infiltration of the muscularis propria. In more severe 

cases, focal abscesses may form within the wall (a c u te  sup

p u ra tiv e  app end ic itis ), and these may even progress to  large 

areas of hemorrhagic ulceration and gangrenous necrosis that 

extend to the serosa, creating a c u te  gangrenous app en 

d icitis , which often is followed by rupture and suppurative 

peritonitis.

C lin ica l Features

Typically, early  acu te  ap p en d ic itis  p ro d u ces  perium bilical 
p a in  th a t u ltim ate ly  localizes to the  rig h t low er q u ad ran t, 
fo llow ed  by nausea, vom iting , low -g rade  fever, a n d  a 
m ild ly  e levated  p erip h e ra l w h ite  b lood  cell count. A  classic 
physical find ing  is McBurney’s sign, deep  tenderness  no ted  
a t a location  tw o -th ird s  of the d istance from  the um bilicus 
to  the rig h t an te rio r su p erio r iliac sp ine  (M cB urney 's point). 
These signs a n d  sym ptom s how ever, are  o ften  absen t, cre
a tin g  difficulty  in  clinical d iagnosis.

TUMORS OF THE APPENDIX

The m ost com m on tu m o r of the  ap p en d ix  is the carcinoid, 
or w ell-d iffe ren tia ted  n eu roendocrine  tum or. It u su a lly  is 
d iscovered  inc iden ta lly  a t the tim e of su rg ery  o r o n  exam i
na tio n  of a resected  append ix . This n eo p lasm  m ost fre
quen tly  involves the  d ista l tip  of the app en d ix , w h ere  it 
p ro d u ces  a so lid  b u lb o u s sw elling  u p  to  2 to  3 cm  in  d iam 
eter. A lth o u g h  in tra m u ra l a n d  tran sm u ra l ex tension  m ay 
be ev iden t, n o d a l m etastases a re  very  in frequen t, an d  
d is ta n t sp read  is exceptionally  rare. C onven tional adenomas 
o r non-mucin-producing adenocarcinomas also  occur in  the 
ap p e n d ix  a n d  m ay  cause ob stru c tio n  a n d  en la rg em en t th a t 
m im ics the changes of acu te  append ic itis . Mucocele, a 
d ila ted  ap p en d ix  filled w ith  m ucin , m ay  sim ply  stem  from  
a n  obstru c ted  ap p en d ix  con ta in ing  in sp issa ted  m u c in  or 
m ay  be a consequence of mucinous cystadenoma o r mucinous 
cystadenocarcinoma. In  the la tte r in stance invasion  th ro u g h  
the  appen d icea l w a ll can  lead  to  in trap erito n ea l seed ing  
a n d  sp read . In  w om en , the resu ltin g  p eritonea l im p lan ts  
m ay  be m istaken  for m ucinous o v arian  tum ors. In  the m ost 
ad v an ced  cases, the ab d o m en  fills w ith  tenacious, sem i
solid  m ucin , a cond ition  called  pseudomyxoma peritonei. This 
d issem in a ted  in trap erito n ea l d isease m ay  be he ld  in  check 
fo r years by  rep ea ted  debu lk ing , b u t u ltim ate ly  is fa ta l in  
m o st instances.

A  S U M M A R Y

A P P E N D IX

• Acute appendicitis is most common in children and adoles

cents. It is thought to be initiated by increased intraluminal 

pressure consequent to obstruction of the appendiceal lumen, 

which compromises venous outflow.

• The most common tum or of the appendix, the c a r c in o id ,  or 

w e l l - d i f f e r e n t i a t e d  n e u r o e n d o c r i n e  t u m o r ,  is most often discov

ered incidentally and is almost always benign

• The clinical presentation of appendiceal adenocarcinoma can 

be indistinguishable from that of acute appendicitis, although 

the form er tends to  present in older patients.
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The Liver and Bile Ducts

The n o rm a l a d u lt liver w eighs 1400 to  1600 gm . It has  a 
d u a l b lood  supp ly , w ith  the p o rta l ve in  p ro v id in g  60% to 
70% of hepatic  b lood  flow  a n d  the  hepatic  arte ry  su p p ly in g  
the  rem ain in g  30% to 40%. The p o rta l ve in  a n d  the hepatic  
a rte ry  en te r the in ferio r aspec t of the liver th ro u g h  the 
h ilum , o r porta hepatis. W ith in  the liver, the  branches of the 
p o rta l veins, hepatic  arteries, a n d  bile ducts trave l in  p a ra l
lel w ith in  portal tracts, ram ify ing  variab ly  th ro u g h  1 0  to  1 2  

o rd e rs  o f b ranches.
T he m ost com m on  te rm ino logy  u sed  to  describe the 

hepatic  m icroarch itectu re  is based  o n  the  lobu lar m odel 
(Fig. 16.1). This m ode l d iv ides the liver in to  lobules 1- to 
2 -m m  in  d iam ete r th a t a re  cen tered  o n  a term inal tribu 
tary  of the hepatic  vein  a n d  dem arca ted  by p o rta l tracts 
a t the ir p e rip h ery . These lobules a re  o ften  d ra w n  as hex
agonal struc tu res, th o u g h  in  h u m an s the  shapes are  far 
m ore  variable; nonetheless, it is a u sefu l sim plification. A 
second m ode l d iv ides the liver in to  tr ian g u la r acini (see 
Fig. 16.1) based  o n  the  position  of hepatocy tes relative 
to the ir b lood  supp ly . The hepatocy tes in  the v icin ity  
of the  te rm inal hepatic  ve in  are called  centrilobular; 
those  near the p o rta l tract a re  periportal. D iv is io n  o f  th e  

lo b u la r  p a re n c h y m a  in to  zones is  a n  im p o r ta n t  concept 

because each zo n e  d if fe rs  w i t h  resp ect to  its  m e ta b o lic

a c tiv it ie s  a n d  s u s c e p tib ility  to  c e rta in  fo rm s  o f  h ep a tic  

in ju ry .

W ith in  the lobule, hepatocy tes a re  o rgan ized  in to  anas
tom osing  sheets o r "p la te s"  ex tend ing  from  p o rta l tracts to 
the te rm inal hepatic  veins. B etw een the  trabecu lar p la tes 
of hepatocy tes are vascu lar sinusoids. B lood traverses the 
sinuso id s a n d  exits in to  the te rm inal hepatic  veins th ro u g h  
n u m ero u s  orifices in  the  ve in  w all. H epatocy tes are  th u s 
b a th ed  by w ell-m ixed  p o rta l v en o u s b lood  o n  one side and  
hepatic  arte ria l b lood  on  the o ther. The sinuso id s are lined  
by a fenestra ted  en d o th e liu m  th a t overlies a peris in u so id a l 
space (the space of Disse) in to  w h ich  a b u n d a n t hepatocy te  
m icrovilli p ro tru d e . A ttached  to  the lu m in a l face of the 
sinuso id s are sca tte red  Kupffer cells, specialized  long-lived 
tissue m acrophages th a t arise early  in  em bryogenesis. 
A no ther specialized  cell type, the hepatic stellate cell, is 
fo u n d  in  the space of D isse an d  has a role in  the sto rage of 
v itam in  A. B etw een a b u ttin g  hepatocy tes a re  bile canaliculi, 
channels 1  to  2  |im  in  d iam ete r th a t a re  fo rm ed  by grooves 
in  the p lasm a  m em branes of ad jacen t hepatocy tes a n d  are  
sep ara ted  from  the  vascu lar space by  tigh t junctions. These 
channels d ra in  successively in to  the  in tra lo b u la r canals of 
Hering, p erip o rta l bile ductules, a n d  finally  in to  the terminal 
bile ducts w ith in  the p o rta l tracts.
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Lobule

Fig. I 6.l Models of liver anatomy. In the lobular model, the terminal hepatic 
vein is at the center of a “lobule,” while the portal tracts are at the periphery. 
Pathologists often refer to the regions of the parenchyma as “periportal and 
centrilobular.” In the acinar model, on the basis of blood flow, three zones 
can be defined, zone 1 being the closest to the blood supply and zone 3 
being the farthest. B D , Bile duct; CV, central hepatic vein; H A , hepatic artery; 
PV, portal tracts.

GENERAL FEATURES OF 
LIVER DISEASE

The m ajor p rim ary  d iseases of the liver are  v ira l hepatitis , 
alcoholic liver disease, nonalcoholic  fatty  liver d isease 
(NAFLD), a n d  hepatoce llu lar carcinom a (HCC). The liver 
a lso  is frequen tly  d am ag ed  secondarily  in  a varie ty  of 
com m on d iso rders, such  as card iac disease, d issem inated  
cancer, a n d  ex trahepatic  infections. The functional reserve 
of the  liver m asks the  clinical im pact of m ild  liver dam age, 
b u t severe d iffuse liver d isease often  has life-th reaten ing  
consequences.

W ith  the ra re  exception  of fu lm in an t hepatic  failure, 
liver d isease is a n  in sid ious p rocess in  w h ich  the signs an d  
sym ptom s of hepatic  d eco m pensa tion  ap p e a r w eeks, 
m on ths, o r ev en  y ears  after the  onse t of in jury . The hepatic  
in ju ry  m ay  be im percep tib le  to  the  p a tien t a n d  be m an ifest 
on ly  by labo ra to ry  test abnorm alities (Table 16.1), an d  liver 
in jury  an d  hea ling  also  m ay  be subclinical. H ence, ind i
v id u a ls  w ith  hepatic  abnorm alities w h o  are  re ferred  to 
hepato log ists  m ost frequen tly  have  chronic liver d isease.

Mechanisms of Injury and Repair

In ju r e d  h ep a to cy tes  m a y  s h o w  se v era l p o te n t ia lly  re v e rs 

ib le  changes, such  as a c c u m u la tio n  o f  fa t  a n d  b i l i r u b in  

(cho lestasis ); w h e n  in ju r y  is n o t re v e rs ib le , h ep a to cy tes  

d ie  b y  necrosis  or ap o p to s is . N ecrosis (Fig. 16.2) is com 
m only  seen  fo llow ing  hepatic  in ju ry  caused  by  hypox ia  
a n d  ischem ia. A pop to tic  cell d e a th  (Fig. 16.3) p red o m in a tes  
in  v iral, au to im m une , a n d  d ru g - an d  tox in -induced  
hepatitides.

Table 16.1 Laboratory  Evaluation of Liver Disease

Test C a te g o ry Blood M ea s u re m e n t*

Hepatocyte integrity Cytosolic hepatocellular enzymes*
S e ru m  a s p a r t a te  a m in o t r a n s fe r a s e  (AST) 
S e ru m  a la n in e  a m in o t r a n s fe r a s e  (ALT) 
Serum lactate dehydrogenase (LDH)

Biliary excretory 
function

Substances normally secreted in bile*
S e ru m  b i l i r u b in

T o ta l: unconjugated plus conjugated 
D i r e c t  conjugated only 

Urine bilirubin 
Serum bile acids
Plasma membrane enzymes (from damage to 

bile canaliculus)*
S e ru m  a lk a l in e  p h o s p h a ta s e

S e ru m  y - g lu ta m y l t r a n s p e p t id a s e  (G G T )

Hepatocyte function Proteins secreted into the blood 
S e ru m  a lb u m in *
P r o th r o m b in  t im e  ( PT)*
P a r t ia l  t h r o m b o p la s t in  t im e  (P T T )* 

Hepatocyte metabolism 
Serum ammonia*
Aminopyrine breath test (hepatic 

demethylation)*

*Most commonly used tests are in italics; ̂ an elevation suggests liver disease; *a 
decrease suggests liver disease.

W id esp read  d e a th  of hepatocy tes m ay  p ro d u ce  conflu
ent necrosis. This m ay  be seen in  acu te  toxic o r ischem ic 
in juries o r in  severe chronic v ira l o r au to im m u n e  hepatitis . 
C onfluen t necrosis beg ins as a zone of hepatocy te  d ro p o u t 
a ro u n d  the cen tra l vein. W ith  increasing  severity  necrosis

Fig. 16.2 Hepatocyte necrosis. In this PAS-D-stained biopsy from a patient 
with acute hepatitis B, clusters of pigmented hepatocytes with eosinophilic 
cytoplasm indicate foci of hepatocytes undergoing necrosis. P A S -D , Periodic 
acid-Schiff stain after diastase digestion.
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Fig. 16.3 Hepatocyte apoptosis. This biopsy from a patient with lobular 
hepatitis due to chronic hepatitis C shows scattered apoptotic hepatocytes 
(“acidophil bodies”; s in g le  a r r o w s )  and a patchy inflammatory infiltrate ( d o u b le  

a r ro w s ) .

"b rid g es"  cen tra l veins an d  p o rta l tracts o r ad jacen t p o rta l 
tracts.

R egeneration  of lost hepatocy tes takes p lace p rim arily  
by m ito tic  rep lica tion  of hepatocy tes ad jacen t to  those th a t 
have  d ied . In  m ore severe form s of acu te  liver in jury  hepatic  
stem  cells located  in  a n iche near the canal o f H erin g  m ay 
also  beg in  to  d iv ide, b u t the con trib u tio n  of stem  cells to  the 
rep len ish m en t of hepatocy tes in  the se tting  of acu te  liver 
dam age rem ains uncerta in . In  lo n g stan d in g  chronic liver 
diseases, how ever, there  is clear ev idence th a t stem  cell 
p ro life ra tion  a n d  d iffe ren tia tion  m ake  significant con tribu 
tions to  pa renchym al resto ration , p robab ly  fo llow ing  the 
rep licative  senescence of p reex isting  hepatocytes. The dif
fe ren tia ting  p ro g en y  of these tissue stem  cells p ro d u ce  
duct-like struc tu res, called  ductular reactions, a m orpho log ic  
m ark er o f stem  ce ll-m ed ia ted  liver regeneration .

Scar fo rm ation  m ay  fo llow  very  severe acu te  in jury , b u t 
occurs m ore  often  as a reaction  to  chronic in jury . The p rin 
cipal cell type  invo lved  in  scar dep o sitio n  is the  perisinu- 
so idal hepatic  stellate cell. Fo llow ing  liver in jury , stellate 
cells m ay  becom e ac tiva ted  a n d  convert in to  h igh ly  fibro- 
genic m yofibroblasts, w h ich  p ro d u ce  the  fib rous scar. Stel
la te  cell ac tiva tion  involves com plex  in terac tions be tw een  
K upffer cells, hepatocy tes, a n d  in flam m atory  cells. W hen  
there  is severe in jury  th a t causes d ea th  of large  n u m b er of 
hepatocy tes a n d  the  d ro p  o u t of liver cells, there  m ay  be 
collapse of the u n d e rly in g  reticu lin , p rec lu d in g  o rderly  
reg en era tio n  of hepatocytes. In  such  cases, there  is activa
tion  of stellate  cells, a n d  the a reas of liver cell loss are  
rep laced  by fib rous sep tae. E ventually , these fib rous sep ta  
encircle su rv iv ing , reg en era tin g  hepatocy tes in  late-stage 
chronic liver disease, m an y  form s of w h ich  are described  
as cirrhosis.

In flam m ation  a n d  im m unolog ic  reactions a re  invo lved  
in  m any  form s of liver disease. System ic in flam m ation  
alters the m etabolic  an d  b iosyn thetic  activ ities of the  liver, 
lead in g  to  increased  secretion  of acu te-phase  reac tan ts 
such  as C -reactive p ro te in , se ru m  am ylo id  A  p ro te in  (a 
p recu rso r o f som e form s of am ylo id) a n d  hepcid in , a key 
reg u la to r o f iro n  m etabo lism  (C hap ter 12). A s w e  w ill 
discuss, a d a p tiv e  im m u n e  cells p lay  a critical ro le  in  v iral 
hepatitis , w ith  CD4+ a n d  CD 8 + T cells be ing  particu larly  
im p o rta n t in  the e rad ica tion  of v irus-in fected  hepatocy tes 
and , in  chronic disease, liver in jury .

Liver Failure

The m ost severe clinical consequence of liver d isease is 
liver failure. It p rim arily  occurs in  th ree  clinical scenarios: 
acu te, chronic, a n d  acu te-on-chronic  liver failure.

A cute Liver Failure

A c u te  l iv e r  fa i lu re  is d e fin e d  as a  l iv e r  d isease th a t  p ro 

duces h e p a tic  e n c e p h a lo p a th y  w i th in  6 m o n th s  o f  th e  

in i t ia l  d ia g n o s is . The cond ition  is k n o w n  as fulminant liver 
failure w h e n  the encep h a lo p a th y  develops w ith in  2  w eeks 
of the o n se t of jaund ice , a n d  as subfulminant liver failure 
w h e n  the encep h a lo p a th y  develops w ith in  3 m onths. In  the 
U n ited  States, acciden ta l o r delibera te  ingestion  of acet
am in o p h en  accoun ts for a lm ost 50% of cases of acu te  liver 
failure, w h ile  au to im m u n e  hepatitis , o th e r d ru g s  a n d  toxins, 
a n d  acu te  h epatitis  A  an d  B infections accoun t for the 
re m a in d e r o f cases. In  A sia, acu te  h epatitis  B a n d  E p re 
d om ina te  as causes of acu te  liver failure.

M O R P H O L O G Y

The clinical syndrome of acute liver failure is reflected anatomi

cally and histologically as m assive hepatic  necrosis. The liver 

is small and shrunken due to loss of parenchyma (Fig. I6.4A). 

Microscopically, there are large zones of destruction surrounding 

occasional islands of regenerating hepatocytes (Fig. I6.4B). Scar 

is mostly absent given the acute nature of the process.

C lin ica l Features

A cute  liver fa ilu re  m an ifests w ith  nausea, vom iting , ja u n 
dice, an d  fatigue, w h ich  are fo llow ed  by the  onse t of life- 
th rea ten in g  encephalopathy , coagu la tion  defects, an d  
p o rta l h y p erten sio n  associa ted  w ith  ascites. Typically, 
transam inase  levels in  the se ru m  are e levated  in to  the th o u 
sands. The liver is in itia lly  en la rg ed  by sw elling  a n d  edem a 
re la ted  to  in flam m ation , b u t th en  as p a ren ch y m a is 
d es tro y ed  the  liver sh rinks dram atically . E ventually , as 
hepatocy tes a re  lost, se ru m  transam inase  va lues level off 
a n d  th en  decline ra p id ly  as the ir source d isappears . W ors
en ing  jaund ice , coagu lopathy , and  encephalopathy  
develop ; w ith  u n ab a ted  p rogression , the en d  re su lt is m u l
tio rg an  failu re and , w ith o u t tran sp lan ta tio n , dea th . M ani
festa tions of acu te  liver fa ilu re  inc lude  the follow ing:
• Jaundice a n d  icterus (yellow  d isco lo ration  of the sk in  and  

sclera, respectively) d u e  to  re ten tio n  of b ilirub in , an d  
cholestasis d u e  to  system ic re ten tio n  o f n o t on ly  b ilirub in  
b u t also  o ther so lu tes e lim inated  in  bile.
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Fig. I 6 . 4  Massive liver necrosis. (A) The liver is small (700 g), bile-stained, 
soft, and congested. (B) Hepatocellular necrosis caused by acetaminophen 
overdose. Confluent necrosis is seen in the perivenular region (zone 3, a r r o w ) .  

There is little inflammation. Residual normal tissue is indicated by the a s te r is k .  

( C o u r te s y  o f  D r .  M a t t h e w  Y e h , U n iv e r s i t y  o f  W a s h in g to n ,  S e a t t le ,  W a s h in g to n ) .

• Hepatic encephalopathy encom passes a sp ec tru m  of d is
tu rbances in  consciousness ran g in g  from  subtle  behav 
io ra l abnorm alities, to  confusion  a n d  stupo r, to  com a 
a n d  death . E ncephalopathy  m ay  develop  over days, 
w eeks, o r a  few  m o n th s after acu te  in jury . F luc tua ting  
neuro log ic  signs, in c lu d in g  rig id ity , hyperreflex ia, an d  
asterixis, m ay  develop . A sterixis refers to  a non rh y th m ic  
ra p id  extension-flexion m o v em en t o f the head  an d  
extrem ities, best seen as "flap p in g "  of the  h a n d s  w h e n  
the  a rm s are he ld  in  ex tension  w ith  dorsiflexed  w rists. 
E levated  am m on ia  levels in  b lood  a n d  the  cen tra l 
n e rv o u s  system  corre la te  w ith  im p a ired  n eu ro n a l func
tion  a n d  b ra in  edem a.

• Coagulopathy. The liver is the source of a n u m b er of 
coagu la tion  factors th a t decline in  the face of liver 
failure, lead in g  to  easy  b ru is in g  a n d  b leed ing . Paradox i
cally, disseminated intravascular coagulation (C hap ter 12) 
also  m ay  occur d u e  to  failu re of the d am ag ed  liver to 
rem ove ac tiva ted  coagu la tion  factors.

• Portal hypertension arises w h e n  there  is d im in ish ed  flow  
th ro u g h  the p o rta l venous system , w h ich  m ay  occur 
because of obstruc tion  a t the prehepatic , in trahepatic , o r 
p o sth ep a tic  level. W hile  it can  occur in  acu te  live failure, 
p o rta l h y p erten sio n  is m ore  com m only  seen  w ith

chronic liver failu re a n d  is d iscussed  later. In  acu te  liver 
failure, the  o bstruc tion  is u su a lly  in trah ep a tic  a n d  the 
m ajor clinical consequences a re  ascites a n d  hepatic 
encephalopathy. In  chronic liver disease, p o rta l h y p e rten 
sion  develops over m o n th s  to  years, a n d  its effects are 
m ore  com plex  a n d  w id e sp re a d  (see later).

• Hepatorenal syndrome is a fo rm  of rena l fa ilu re  occurring  
in  in d iv id u a ls  w ith  liver fa ilu re  in  w h o m  there  are no  
in trinsic  m orpho log ic  o r functional causes for k idney  
dysfunction . S od ium  reten tion , im p a ired  free-w ater 
excretion, a n d  decreased  ren a l pe rfu sio n  a n d  g lom eru 
lar filtra tion  ra te  a re  the m a in  rena l functional abno r
m alities. There is decreased  ren a l p e rfu sio n  p ressu re  
d u e  to  system ic vasod ila tion , ac tiva tion  of the renal 
sym pathetic  ne rv o u s system  a n d  vasoconstric tion  o f the 
afferen t rena l arterio les, a n d  increased  activa tion  of the 
ren in -ang io tensin  axis, cau sin g  vasoconstric tion  th a t 
fu rth e r decreases g lom eru lar filtration . The sy n d ro m e 's  
onse t beg ins w ith  a decrease in  u rin e  o u tp u t an d  rising  
b lood  u re a  n itro g en  a n d  crea tin ine  levels.

Chronic Liver Failure and  Cirrhosis

C irrhosis is the m orpho log ic  change m ost o ften  associated  
w ith  chronic liver d isease; it refers to the diffuse transfo r
m atio n  of the  liver in to  regenera tive  p a ren ch y m al nod u les  
su rro u n d e d  by  fib rous b an d s  (Fig. 16.5). The lead in g  causes 
of chronic liver fa ilu re  w o rld w id e  inc lude  chronic hepatitis  
B, chronic h epatitis  C, non-alcoholic  fatty  liver d isease 
(NAFLD), a n d  alcoholic liver disease. W hile  cirrhosis is a 
com m on  fea tu re  of a n u m b er of chronic liver d iseases, it is 
n o t a specific en tity , a n d  it is im p o rta n t to  recognize th a t 
n o t all chronic liver d isease term inates in  c irrhosis, a n d  th a t 
n o t all c irrhosis leads to  end-stage liver d isease. For 
exam ple, chronic b iliary  trac t d iseases o ften  do  n o t give 
rise to  c irrhosis  even  a t en d  stage, w h ereas p a tien ts  w ith  
trea ted  au to im m u n e  hepatitis  o r cu red  hepatitis  C m ay  
h av e  ad eq u a te  liver function  in  the face of cirrhosis. Even 
in  d iseases th a t are  likely to  give rise to c irrhosis, such  as 
u n tre a te d  v ira l hepatitis, alcoholic liver disease, NAFLD, 
an d  m etabolic  diseases, the m o rpho logy  a n d  p a th o p h y sio l
ogy of cirrhosis in  each m ay  be different.

Fig. I 6 . 5  Cirrhosis resulting from chronic viral hepatitis. Note the broad 
scars separating bulging regenerative nodules over the liver surface.
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^  M O R P H O L O G Y

Liver failure in chron ic liver disease is most often associated 

with cirrhosis, which is marked by the diffuse transformation of 

the entire liver into re g e n e ra tiv e  p arench ym al nodules  

surrounded  by fibrous bands. The nodular nature of the 

process is readily evident both grossly (Fig. 16.5) and micro

scopically (Fig. 16.6, A). The size of the nodules, the pattern of 

scarring (linking of portal tracts to each other vs. linking of 

portal tracts to central veins), the degree of parenchymal loss, 

and the frequency of vascular thrombosis (particularly of the 

portal vein) all vary between diseases and even, in some cases, 

between individuals with the same disease.

As mentioned earlier, stem cell activation and differentiation 

gives rise to  duct-like structures, the so called ductular reactions. 

In chron ic liver d isease, d u c tu la r reactions increase w ith  

disease progression and a re  usually m o st p ro m in e n t in 

cirrhosis. Ductular reactions may incite some of the scarring in 

chronic liver disease and thus may have a negative effect on 

progressive liver disease.

Regression o f fibrosis and even of fully established cirrho

sis may follow disease remission or cure. Scars become thinner, 

more densely compacted, and eventually start to  fragment (see 

Fig. 16.6, B). As fibrous septa break apart, adjacent nodules of 

regenerating parenchyma coalesce into larger islands. All cir

rhotic livers show elements of both progression and regression, 

with the balance being dictated by the severity and persistence 

of the underlying disease.

C lin ica l Features

A b o u t 40% of in d iv id u a ls  w ith  cirrhosis a re  asym ptom atic  
u n til the  m ost ad v an ced  stages of the  disease. E ven  a t late 
stages, they  p re sen t w ith  nonspecific  clinical m an ifesta 
tions, such  as anorexia, w e ig h t loss, w eakness, and , even 
tually  signs a n d  sym ptom s of liver fa ilu re  d iscussed  earlier. 
Jaundice, encephalopathy , a n d  co agu lopa thy  m ay  resu lt 
from  chronic liver disease, m u ch  the  sam e as in  acu te  liver 
failure. H ow ever, there  a re  som e significant ad d itio n a l 
features:

• C hronic  severe jaund ice  can  lead  to  pruritus (itching), 
the in tensity  of w h ich  m ay  be so p ro fo u n d  th a t pa tien ts  
scratch  their sk in  raw  an d  risk  rep ea ted  b o u ts  of 
p o ten tia lly  life -th reaten ing  infection. In  som e patien ts, 
severe p ru r itu s  is the p rim ary  in d ica tion  for liver trans
p lan ta tion . P ru ritu s  also  is frequen tly  seen  in  o th e r d is
o rd e rs  associated  w ith  cholestasis, suggesting  th a t it is 
som ehow  re la ted  to  the b u ild  u p  of bile salts in  the body , 
b u t its precise pa thogenesis  is u n k n o w n .

• Portal hypertension is m ore  freq u en t a n d  m anifests in  
m ore  com plex  w ay s  in  chronic liver failu re th a n  in  acu te  
liver fa ilu re  (Fig. 16.7). Portosystemic shunts develop  
w h e n  b lood  flow  is reversed  from  the p o rta l to  system ic 
circulation . These sh u n ts  a re  p rinc ipa lly  p ro d u c e d  by 
d ila tion  of co llateral vessels. M ost no tably , venous 
bypasses develop  w h erev e r the system ic a n d  the  p o rta l 
c ircu lations share  com m on  cap illary  beds, the m ost 
clinically im p o rta n t o f w h ich  are  esophagogastric varices, 
w h ich  a p p e a r in  ab o u t 40% of in d iv id u a ls  w ith  
ad v anced -stage  liver disease. These o ften  cause m assive, 
frequen tly  fa ta l hem atem esis, p articu larly  w h e n  there  is 
co m p o u n d in g  coagu lopathy . P orta l h y p erten sio n  often  
occurs a n d  m ay  lead  to  congestive splenomegaly, w hich  
can  low er the p la te le t co u n t d u e  to  sequestra tion  of 
these e lem en ts in  the ex p an d ed  re d  pu lp .

• Hyperestrogenemia d u e  to  im p a ired  estrogen  m etabo lism  
in  m ale p a tien ts  w ith  chronic liver fa ilu re  can  give rise 
to  palmar erythema (a reflection  of local vasod ila ta tion ) 
a n d  spider angiomas of the skin. Such m ale h y p erestro 
genem ia a lso  leads to  hypogonadism an d  gynecomastia. 
H y p o g o n ad ism  also  m ay  occur in  w o m en  from  d isru p 
tion  of h y p o th a lam ic-p itu ita ry  axis function ing .

• M ost chronic liver d iseases p red isp o se  to  d ev e lo p m en t 
of hepatocellular carcinoma (HCC, d iscussed  later).

The course a n d  severity  o f chronic liver d isease w ith  
cirrhosis va ry  w id e ly  from  p a tien t to  pa tien t. E ven in  
instances in  w h ich  cirrhosis regresses fo llow ing  d isease 
rem ission  or cure, p o rta l h y p erten sio n  m ay  p ersis t d u e  to 
the p resence of irreversib le  shun ts. The causes of d e a th  are

Fig. 16.6 Alcoholic cirrhosis in an active drinker (A) and following long-term abstinence (B). A , Thick bands of collagen separate rounded cirrhotic nodules. 
B , After 1 year of abstinence, most scars are gone (Masson trichrome stain). ( C o u r te s y  o f  D r s .  H o n g fa  Z h u  a n d  Is a b e l  F ie f, M o u n t  S in a i S c h o o l o f  M e d ic in e ,  N e w  

Y o rk ,  N e w  Y o rk .)
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Fig. 16.7 Major clinical consequences of portal hypertension in the setting 
of cirrhosis, shown for the male. In females, oligomenorrhea, amenorrhea, 
and sterility are frequent as a result of hypogonadism.

liver fa ilu re  (as in  acu te  liver disease) an d  H C C . C linical 
a n d  labo ra to ry  find ings a re  the m a in  criteria  u sed  to  gauge 
p rognosis  a n d  d isease p rogression . It som e centers, p o rta l 
ven o u s w ed g e  p re ssu re s  are m easu red  to  assess the degree  
of vascu lar obstruction . L iver b iopsy  find ings correlate  
w ith  the p resence a n d  severity  of p o rta l hypertension . For 
exam ple, specim ens w ith  th in  fib rous sep ta  a n d  large 
is lands of reg en era ted  paren ch y m a are  un likely  to  be asso 
ciated  w ith  p o rta l h ypertension , w h ereas  b ro ad  b an d s  of 
fibrosis an d  loss o f p a ren ch y m a  p o rte n d  the d ev e lo p m en t 
of p o rta l h y p e rten s io n  a n d  end -stage  liver d isease.

Acute-on-Chronic Liver Failure

S o m e in d iv id u a ls  a fte r  years  o f  s ta b le , w e ll-c o m p e n s a te d ,  

c h ro n ic  d isease s u d d e n ly  d e v e lo p  s igns o f  acute  l iv e r  

f a i lu r e . In  such  pa tien ts , there  is o ften  estab lished  cirrhosis 
w ith  extensive vascu lar shun ting , o r la rge  v o lum es of func
tion ing  liver p a ren ch y m a  w ith  a b o rderline  vascu lar 
supp ly , b o th  of w h ich  leave the  liver vu lnerab le  to 
su p erim p o sed , po ten tia lly  le tha l insu lts. The sho rt-te rm  
m orta lity  of p a tien ts  w ith  th is fo rm  of liver fa ilu re  is a ro u n d  
50%.

H epatic  in su lts  th a t cause su d d e n  d ecom pensa tion  of 
pa tien ts  w ith  chronic liver d isease include: h epatitis  D 
superin fec tion  in  those w ith  chronic h epatitis  B; em ergence 
of resistance to  m ed ical th e rap y  in  those  w ith  v ira l h ep a ti
tis; d ev e lo p m en t of a scend ing  bacterial cho langitis in  
p a tien ts  w ith  p rim ary  sclerosing  cholangitis; o r rep lace
m en t o f liver p a ren ch y m a  by  p rim ary  o r m etasta tic  carci
nom a. In  o th e r instances the cause m ay  be a system ic 
d iso rder, such  as sepsis, acu te  card iac  failu re or a superim 
p o sed  toxic in jury  th a t tip s a w ell-com pensa ted  c irrhotic  
p a tie n t in to  liver failure.

^ S U M M A R Y

L IV E R  F A ILU R E

• Liver failure may follow acute injury or chronic injury, or it 

may occur as an acute insult superimposed on otherwise well- 

compensated chronic liver disease.

• The mnemonic for causes of acute liver failure are as follows:

• A: acetaminophen, hepatitis A, autoimmune hepatitis

• B: hepatitis B

• C: cryptogenic, hepatitis C

• D: drugs/toxins, hepatitis D

• E: hepatitis E, esoteric causes (Wilson disease, Budd-Chiari 

syndrome)

• F: fatty change of the microvesicular type (fatty liver of 

pregnancy, valproate, tetracycline, Reye syndrome)

• Potentially fatal sequelae of liver failure include coagulopathy, 

encephalopathy, portal hypertension and ascites, hepatorenal 

syndrome, and portopulmonary hypertension.

INFECTIOUS DISORDERS

Viral Hepatitis

The te rm ino logy  for acu te  a n d  chronic v ira l h ep a titis  can 
be confusing, because the  sam e w o rd , hepatitis, can  be u sed  
to  describe several d iffe ren t entities; carefu l a tten tio n  to 
contex t can  clarify its m ean in g  in  any  situation . Firstly, 
hepatitis is the nam e ap p lied  to  v iru ses  (hepatitis  A, B, C, 
D, a n d  E v irus) th a t are hepatotropic, th a t is, have  a specific 
affin ity  for the liver. Secondly, hepatitis is ap p lied  to  p a t
te rn s  of acu te  a n d  chronic hepatic  in juries th a t a re  p ro 
d u ced  n o t on ly  by h ep a to tro p ic  v iruses, b u t also  by dam age 
p ro d u c e d  by  o ther v iru ses such  as EBV, CM V  , a n d  yellow  
fever as w ell as au to im m u n e  reactions, d ru g s, a n d  toxins. 
In  th is section, w e  w ill focus on  the  m ain  fea tu res o f hep a 
to trop ic  v iruses, w h ich  are  su m m arized  in  Table 16.2, an d  
w e  w ill th en  d iscuss the c lin icopathologic characteristics of 
acu te  a n d  chronic v ira l hepatitis.

H ep atitis  A  Virus (H A V )

H A V  u s u a lly  is  a  b e n ig n  s e lf - l im ite d  in fe c t io n  th a t  does  

n o t cause c h ro n ic  h e p a tit is  a n d  ra re ly  ( in  a b o u t 0 .1%  o f  

cases) p ro d u ces  fu lm in a n t  h e p a tit is . H A V  has an  incuba
tion  p e rio d  of 3-6 w eeks. It is typically  c leared  by the  ho st 
im m u n e  response, so it does n o t estab lish  a  carrier state. 
The infection  occurs th ro u g h o u t the w o rld  a n d  is endem ic 
in  coun tries w ith  p o o r hyg iene a n d  san itation .
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Table 16.2 T h e  H epatitis  Viruses

V iru s
H e p a titis  A  
(H A V )

H e p a titis  B 
(H B V )

H e p a titis  C  
(H C V )

H e p a titis  D  
(H D V )

H e p a titis  E 
(H E V )

Viral genome ssRNA partially dsDNA ssRNA Circular defective 
ssRNA

ssRNA

Viral family Hepatovirus; related 
to picornavirus

Hepadnavirus F la v iv i r id a e Subviral particle in 
D e l t a v i r id a e  family

Calicivirus

Route of 
transmission

Fecal-oral
(contaminated food 
or water)

Parenteral, sexual 
contact, perinatal

Parenteral; intranasal 
cocaine use is a 
risk factor

Parenteral Fecal-oral

Incubation period 2-6 weeks 2-26 weeks (mean 8 
weeks)

4-26 weeks (mean 9 
weeks)

Same as HBV 4-5 weeks

Frequency of chronic 
liver disease

Never 5%-I0% >80% 10% (coinfection); 
90%-I00% for 
superinfection

In immunocompromised 
hosts only

Diagnosis Detection of serum 
IgM antibodies

Detection of HBsAg 
or antibody to 
HBcAg; PCR for 
HBV DNA

ELISA for antibody 
detection; PCR for 
HCV RNA

Detection of IgM and 
IgG antibodies, HDV 
RNA in serum, or 
HDAg in liver biopsy

Detection of serum IgM 
and IgG antibodies; 
PCR for HEV RNA

ssR N A, Single-stranded RNA; d s D N A , double-stranded DNA; H B cA g, hepatitis B core antigen; H B sAg, hepatitis B surface antigen; H D A g , hepatitis D antigen; ELISA, enzyme-linked 
immunosorbent assay.
From Washington K: Inflammatory and infectious diseases of the liver. In lacobuzio-Donahue CA, Montgomery EA, editors: G a s tro in te s tin a l a n d  liv e r  p a tho logy , Philadelphia, 2005, 
Churchill Livingstone.

A cute  H A V  ten d s to  cause a  febrile illness associated  
w ith  jau n d ice  a n d  nonspecific  sym ptom s such  as fatigue 
an d  loss o f appetite . O verall, H A V  accounts for ab o u t 25% 
of clinically ev id en t acu te  h ep a titis  w o rld w id e .

H A V  is a sm all, n onenveloped , positiv e -stran d  R N A  
p ico rn av iru s  th a t occupies its o w n  genus, Hepatovirus. 
U ltrastruc tu ra lly , H A V  is a n  icosahedra l capsid  27 n m  in 
d iam eter. The recep to r for H A V  is HAVcr-1, a  m em brane  
g lycopro te in  th a t also  m ay  serve as a recep to r for Ebola 
v iru s. HAV is spread by ingestion of contaminated water and 
food and is shed in the stool for 2 to 3 weeks before and 1 week 
after the onset of jaundice. T hus, close p e rso n a l contact w ith  
an  infected  in d iv id u a l o r fecal-oral con tam in a tio n  accounts 
for m ost cases an d  exp lains ou tb reak s in  in stitu tiona l set
tings such  as schools a n d  nurseries, as w ell as w a te r-bo rne  
ep idem ics in  p laces w h ere  p eop le  live in  overcrow ded , 
u n san ita ry  conditions. H A V  can  a lso  be de tected  in  se ru m  
an d  saliva of in fected  ind iv iduals.

In  d eveloped  countries, spo rad ic  infections m ay  be con
trac ted  by  the co n su m p tio n  of raw  o r steam ed  shellfish  th a t 
have concen tra ted  the  v iru s  from  seaw ater con tam inated  
w ith  h u m a n  sew age. Infected  w orkers  in  the food in d u stry  
are  an o th er source of ou tb reaks. H A V  itself does n o t seem  
to be cy topath ic. The cellu lar im m u n e  response, p a rticu 
larly  th a t invo lv ing  cytotoxic C D 8 + T cells, p lays a key role 
in  H A V -m ediated  hepatoce llu lar injury.

Because H A V  v irem ia  is transien t, b lood-borne trans
m ission  is very  rare; therefore, d o n a ted  b lood  is n o t specifi
cally screened  for th is v irus. IgM  an tib o d y  again st H A V  
ap p ea rs  in  b lood  a t the onse t o f sym ptom s a n d  is a reliable 
m ark e r of acu te  in fection  (Fig. 16.8). Fecal sh e d d in g  of the 
v iru s  en d s  as the IgM  titer rises. The IgM  response  u sua lly  
declines in  a few  m o n th s fo llow ed by the app earan ce  of 
IgG  an ti-H A V  th a t persists  for years, o ften  conferring  life
long  im m un ity . H ow ever, there  are no  rou tine ly  availab le 
tests for IgG  anti-H A V ; the  p resence of IgG  an ti-H A V  is 
in ferred  from  the  d ifference be tw een  to ta l a n d  IgM

anti-H A V . The H A V  vaccine, availab le since 1992, is effec
tive in  p rev en tin g  infection.

H ep atitis  B Virus (H B V )

T h e  o u tcom e o f  H B V  in fe c t io n  v a rie s  w id e ly ,  f r o m  (1) 

acute  h e p a tit is  w i th  re c o v ery  a n d  c learance  o f  th e  v iru s ;  

(2) n o n p ro g re s s iv e  ch ro n ic  h e p a tit is ;  (3) p ro g ress ive  

c h ro n ic  d isease e n d in g  in  c irrh o s is ; (4) fu lm in a n t  h e p a ti

t is  w i th  m ass ive  l iv e r  necrosis; a n d  (5) a n  a s y m p to m a tic

Fig. 16.8 Temporal changes in serologic markers in acute hepatitis A infec
tion. H A V , Hepatitis A virus.
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2 -3%

Fig. I 6 . 9  Potential outcomes of hepatitis B infection in adults, with their approximate frequencies in the United States. *Spontaneous HBsAg clearance occurs 
during chronic HBV infection at an estimated annual incidence of 1% to 2% in Western countries. As mentioned in the text, fulminant hepatitis and acute 
hepatic failure are used interchangeably.

" h e a lth y "  c a rr ie r state. H B V -induced chronic liver d isease 
is also  a n  im p o rtan t p recu rso r for the d ev e lo p m en t of 
H C C . The app ro x im ate  frequencies of v a rio u s clinical o u t
com es of HBV infection  are d ep ic ted  in  Fig. 16.9.

L iver d isease d u e  to  HBV infection  is a n  eno rm ous 
g lobal h ea lth  p rob lem . O ne-th ird  o f the w o rld 's  p o p u la tio n  
(2 b illion  ind iv iduals) has  been  infected  w ith  HBV, a n d  400 
m illion  in d iv id u a ls  hav e  chronic infections. Seventy-five 
p e rcen t o f chronic carriers live in  A sia a n d  the W estern  
Pacific rim . The global p reva lence  of chronic h ep a titis  B 
in fection  varies from  grea ter th a n  8 % in  p a rts  of A frica to 
less th a n  2% in  W estern  E urope, N o rth  A m erica, an d  
A ustra lia .

The m o d e  of transm ission  of HBV also  varies w ith  the 
geograph ic  locale. In  h igh-p revalence reg ions of the w orld , 
p e rin a ta l transm ission  d u rin g  ch ild b irth  accoun ts for 90% 
of cases. In  a reas w ith  in te rm ed ia te  prevalence, ho rizon ta l 
transm ission , especially  in  early  ch ildhood , dom inates. 
S pread  am o n g  ch ild ren  u su a lly  occurs th ro u g h  m inor 
b reaks in  the  skin  or m ucous m em branes fo llow ing  ph y s
ical con tact w ith  infected  in d iv idua ls . In  low -prevalence 
areas, u n p ro tec ted  sex a n d  in trav en o u s  d ru g  abuse  (sharing  
of need les a n d  syringes) a re  the chief m o d es of sp read . 
T ransfusion-re la ted  sp read  has been  red u ced  greatly  by 
screen ing  of d o n a ted  b lood  for H BsA g a n d  by cessation  of 
the  p ractice of p ay in g  b lood  donors. V accination  induces a  
p ro tec tive  an tib o d y  response  in  95% of in fan ts, ch ild ren , 
a n d  adolescen ts. U n iversal vaccination  has h a d  no tab le  
success in  T aiw an  an d  G am bia, b u t has  y e t to  be a d o p ted  
w o rld w id e .

HBV has a p ro lo n g ed  incuba tion  p e rio d  (2-26 w eeks). 
U nlike HAV, HBV rem ains in  the b lood  d u rin g  active ep i
sodes of acu te  an d  chronic hepatitis . A pprox im ate ly  70% 
of a d u lts  w ith  new ly  acq u ired  HBV have m ild  o r no  sym p
tom s a n d  do  n o t develop  jaund ice . The rem ain in g  30% 
have  nonspecific  constitu tiona l sym ptom s such  as anorexia, 
fever, jaund ice , a n d  rig h t u p p e r-q u a d ra n t pain . In  m ost 
cases, the  in fection  is self-lim ited a n d  reso lves w ith o u t

trea tm en t, b u t chronic d isease d evelops in  1 0 % of infected  
in d iv idua ls . F u lm in an t hepatitis  is rare, occu rring  in  
app rox im ate ly  0.1% to 0.5% of acu te ly  infected  
ind iv iduals.

HBV is a  m em ber of Hepadnaviridae, a fam ily  of D N A  
v iru ses  th a t cause h epatitis  in  m u ltip le  an im al species. The 
HBV genom e is a partia lly  d oub le-s tranded , 3200-nucleotide, 
circu lar D N A  w ith  fo u r o p en  read in g  fram es, w h ich  encode 
the  fo llow ing  proteins:
• Nucleocapsid "core" protein (HBcAg, h ep a titis  B core 

an tigen) a n d  a  longer p o ly p ep tid e  w ith  a  p reco re  a n d  
core reg ion , desig n a ted  H B eA g (hepatitis B e an tigen). 
The p recore  reg ion  d irects the secretion  of the HBeAg 
p o ly p ep tid e  in to  b lood, w h ereas H BcA g rem ains in  
hepatocytes, w h e re  it p artic ipa tes  in  the assem bly  of 
virions.

• Envelope glycoproteins (HBsAg, h ep a titis  B surface 
an tigen). Infected  hepatocy tes syn thesize  a n d  secrete 
m assive  quan tities  o f noninfective envelope  g lycopro 
teins (m ainly  sm all HBsAg).

• A  polymerase (Pol) w ith  b o th  D N A  po lym erase  activ ity  
a n d  reverse  transcrip tase  activ ity , w h ich  enables 
genom ic rep lica tion  to  occur th ro u g h  a u n iq u e  D N A  ^  
R N A  ^  D N A  cycle v ia  a n  in te rm ed ia te  R N A  tem plate. 
This u n u su a l po lym erase  is the ta rge t of d ru g s  u sed  to 
trea t hepatitis  B infection  (described  later).

• HBx protein, w h ich  is req u ired  for v iru s  rep lica tion  and  
w h ich  m ay  act a s  a  transcrip tiona l transac tiva to r for 
v ira l genes a n d  a  w id e  varie ty  of ho st genes. It has been 
im p licated  in  the p a thogenesis of H B V -associated liver 
cancer.

The course of the d isease can  be fo llow ed clinically by 
m o n ito ring  certa in  se ru m  m arkers  (Fig. 16.10).
• H B sA g a p p ea rs  before the o n se t o f sym ptom s, peaks 

d u rin g  sym ptom atic  d isease, a n d  then  u sually  declines 
to unde tec tab le  levels in  1 2  w eeks (th o u g h  it m ay  occa
sionally  p e rs is t a s  long  as  24 w eeks).
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(average 8)
4 -2 6  weeks 4 -1 2  weeks Months to Years
(average 8)

Fig. 16.10 Temporal changes in serologic markers for hepatitis B viral infection. (A) Acute infection with resolution. (B) progression to chronic infection. 
Note in some cases of chronic HBV infection, serum transaminases may become normal.

• A nti-H B s an tib o d y  a p p ea rs  after the acu te  d isease is 
over a n d  u sually  is n o t de tec ted  u n til a  few  w eeks to 
several m o n th s after H BsA g d isappears . A nti-H B s m ay 
p ers is t for life a n d  confers p ro tection , w h ich  is the ra tio 
nale for c u rren t vaccines con ta in ing  HBsAg.

• H B eA g an d  HBV D N A  ap p e a r in  se ru m  soon  after 
H B sA g a n d  signify o ngo ing  v ira l rep lication . Persis
tence of H B eA g is a n  ind ica to r of p rog ressio n  to  chronic 
hepatitis . The app earan ce  of anti-H B e an tibod ies im plies 
th a t a n  acu te  in fection  has p eak ed  a n d  is o n  the w ane.

• IgM  anti-H B c becom es detectab le  in  se ru m  shortly  
before the  onse t o f sym ptom s, con cu rren t w ith  the  onse t 
o f e levated  se ru m  am ino transferase  levels (ind icative of 
hepatocy te  destruction). O ver a p e rio d  of m on ths, the 
IgM  anti-H B c an tib o d y  is rep laced  by  IgG  anti-HBc. As 
in  the case of anti-H A V , there  is no  d irec t assay  for IgG 
anti-HBc; its p resence is in ferred  from  decline of IgM  
anti-H Bc in  the  face of rising  to ta l anti-HBc.

O ccasionally, m u ta te d  stra in s of HBV em erge th a t do  
n o t p ro d u ce  H B eA g b u t a re  rep lica tion  com peten t an d  
express HBcAg. In  such  pa tien ts, the  H B eA g m ay  be low  
or unde tec tab le  d esp ite  the  presence of se ru m  HBV D N A . 
A  second  om in o u s d ev e lo p m en t is the app earan ce  of HBV 
m u tan ts  in  vaccinated  in d iv id u a ls  th a t rep licate  in  the 
presence of no rm ally  p ro tective  anti-H B s an tibodies.

T h e  h o s t im m u n e  resp on se  is th e  m a in  d e te rm in a n t o f  

th e  o u tcom e o f  th e  in fe c tio n . Inna te  im m u n e  m echan ism s 
p ro tec t the ho st d u rin g  in itial phases  of the infection, an d  
a stro n g  response  by virus-specific CD4+ an d  C D 8 + in ter
feron  y -p ro d u c in g  cells is associa ted  w ith  the reso lu tion  of 
acu te  infection. HBV generally  is n o t d irectly  hepatotoxic, 
an d  m o st hepatocy te  in ju ry  is caused  by  C D 8 + cytotoxic T 
cells a ttack ing  infected  cells.

P a tie n t  age a t th e  t im e  o f  in fe c tio n  is th e  b es t p re 

d ic to r o f  c h ro n ic ity . In  general, the  y o u n g e r the  age 
a t the tim e of HBV infection, the h igher the chance of

chronic infection. T rea tm en t of chronic h epatitis  B w ith  
v ira l po lym erase  inh ib ito rs an d  in terferon  can  slow  
d isease p rogression , reduce  liver dam age, a n d  p rev en t 
liver cirrhosis o r liver cancer b u t does n o t elim inate  the 
infection. As a resu lt, trea tm en t som etim es fails d u e  to 
em ergence of v iru ses bearing  m u ta tio n s th a t lead  to  d ru g  
resistance.

H ep atitis  C  Virus (H C V )

H C V  is a m ajor cause of liver disease, w ith  approx im ate ly  
170 m illion  in d iv id u a ls  affected w o rld w id e . A pprox i
m ately  4.1 m illion  A m ericans (1.6% of the p o p u la tio n ) have 
chronic H C V  infection. N otab ly , there  has been  a decrease 
in  the an n u a l incidence of in fection  from  a m id-1980s peak  
of over 230,000 n ew  infections p e r  y ear to  30,000 n ew  infec
tions p e r  y ear cu rren tly , d u e  p rim arily  to  a red u c tio n  in  
transfusion-associa ted  cases as a re su lt of effective screen
in g  p rocedu res. U ntil recently , the n u m b er of p a tien ts  w ith  
chronic in fection  a p p e a re d  likely to  con tinue  to increase, 
b u t new  the rap ies  (d iscussed  later) are chang ing  the 
ou tlook  for the better.

A ccord ing  to  da ta  from  the  C en ters for D isease C ontro l 
a n d  P reven tion  (CDC), the m o st com m on  risk  factors for 
H C V  infection  are as follows:
• In trav en o u s d ru g  abuse
• M ultip le  sex p a rtn e rs
• H av in g  h ad  su rg ery  w ith in  the last 6  m on ths
• N eed le  stick in jury
• M ultip le  contacts w ith  a n  H C V -infected  in d iv id u a l
• E m ploym en t in  the m ed ical o r d en ta l field

C urren tly , transm ission  of H C V  by b lood  transfu sion  is 
close to  zero  in  the U n ited  States; the risk  for acqu iring  
H C V  by  need le  stick is ab o u t six tim es h igher th a n  th a t for 
H IV  (1.8 vs. 0.3%). For ch ild ren , the m ajor ro u te  o f infection  
is vertical p e rin a ta l transm ission  from  the m other. Som e 
p a tien ts  have m u ltip le  risk  factors, b u t on e-th ird  of
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in d iv id u a ls  have  no  iden tifiab le risk  factors, a n  en d u rin g  
m ystery .

HCV, d iscovered  in  1989, is a m em ber of the  Flaviviridae 
fam ily. Just as in  the case of HIV, a n  u n d e rs ta n d in g  of v iral 
rep lica tion  a n d  assem bly  has facilita ted  the  d ev e lo p m en t 
o f h igh ly  effective an ti-H C V  d ru g s  (described  below ). 
H C V  is a sm all, enveloped , s ing le-stranded  R N A  v iru s  
w ith  a 9600-base genom e encod ing  a single po ly p ro te in  
th a t is p rocessed  by several p ro teases  in to  1 0  functional 
p ro te in s. In c lu d ed  a m o n g  these v ira l p ro te in s  is a v iral 
p ro tease  th a t is n eed ed  for com plete p rocessing  of the 
po lyp ro te in ; NS5A, a p ro te in  th a t is essen tia l for assem bly  
of H C V  in to  m a tu re  virions; a n d  a v ira l R N A  po lym erase  
th a t is necessary  for rep lica tion  of the v ira l genom e (Fig. 
16.11). Because of the low  fidelity  of the H C V  R N A  po ly 
m erase , the  v ira l genom e is inheren tly  unstab le , g iv ing  rise 
to  new  genetic v a rian ts  a t a h ig h  pace. This has  led  to  the 
ap p earan ce  of six m ajor H C V  geno types w o rld w id e , each 
w ith  one or m ore  "subspecies." Infections in  m o st ind i
v id u a ls  a re  d u e  to a v iru s  of a  single genotype, b u t new  
genetic  v a rian ts  are g enera ted  in  the ho st as long  as v iral 
rep lica tion  persists. A s a resu lt, each p a tien t u sua lly  com es 
to  be in fected  w ith  a p o p u la tio n  of d iv e rg en t b u t closely 
re la ted  H C V  v arian ts  k n o w n  as quasispecies.

The in cubation  p erio d  for H C V  h epatitis  ranges from  4 
to  26 w eeks, w ith  a  m ean  of 9 w eeks. In  ab o u t 85% of ind i
v iduals, the acu te  infection  is a sym ptom atic  a n d  goes 
u n recogn ized . H C V  R N A  is detectab le  in  b lood  for 1 to  3 
w eeks, co inciden t w ith  e levations in  se ru m  transam inases 
(Fig. 16.12). In  sym ptom atic  acu te  H C V  infection, anti- 
H C V  an tibod ies  are d e tec ted  in  on ly  50% to 70% of patients; 
in  the  rem ain in g  pa tien ts, the  an ti-H C V  an tibod ies em erge 
after 3 to  6  w eeks. The clinical course of acu te  H C V  hep a 
titis is m ilde r th a n  th a t of HBV. It is n o t k n o w n  w h y  only  
a  sm all m ino rity  of in d iv id u a ls  is capable of clearing  H C V  
infection.

P e rs is te n t in fe c tio n  a n d  ch ro n ic  h e p a tit is  are th e  h a l l 

m a rk s  o f  H C V  in fe c tio n , d es p ite  th e  g e n e ra lly  a s y m p 

to m a tic  n a tu re  o f  th e  acute  illn e s s . In  con trast to  HBV, 
chronic d isease occurs in  the  m ajority  of H C V -infected 
in d iv id u a ls  (80%-90%), an d  cirrhosis even tua lly  occurs 
in  as m an y  as one-th ird . The m echan ism s lead in g  to 
chronicity  are  n o t w ell u n d e rs to o d , b u t it is clear th a t the 
v iru s  uses m u ltip le  stra teg ies to  ev ad e  ho st an ti-v ira l 
im m un ity . In  a d d itio n  to  ra p id  genera tion  of genetic vari
an ts, w h ich  m ay  a llow  the  v iru s  to  e lu d e  neu tra liz in g  an ti
bodies, H C V  encodes p ro te in s  th a t inh ib it Toll-like recep to r 
a n d  in terferon  signaling  in  hepatocytes, activ ites th a t 
w o u ld  o therw ise  allow  hepatocy tes to  resist v iral 
infection.

In  chronic H C V  infection, c ircu la ting  H C V  R N A  p er
sists in  90% of p a tien ts  d esp ite  the  presence of n eu tra l
iz ing  an tibod ies (see Fig. 16.12). H ence, testing  for H C V  
R N A  m u st be done  to  confirm  the  d iagnosis o f chronic 
H C V  infection. A  characteristic  clinical fea tu re  of chronic 
H C V  infection  is ep isod ic  elevations in  se ru m  am in o tran s
ferases sep ara ted  by p erio d s  of no rm al o r near-no rm al 
enzym e levels. H ow ever, even  H C V -infected  pa tien ts  
w ith  n o rm al transam inases a re  a t h ig h  risk  for develop 
in g  p e rm a n e n t liver dam age, a n d  anyone  w ith  detectable 
se ru m  H C V  R N A  needs trea tm en t a n d  long -te rm  m edical 
fo llow -up .
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budding are shown, emphasizing steps that can be effectively targeted with 
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F ortunate ly , re c e n t years  h av e  seen d ra m a tic  im p ro v e 

m e n ts  in  tre a tm e n t o f  H C V  in fe c tio n  th a t  s te m  f ro m  

d e v e lo p m e n t o f  d ru gs  th a t  s p e c ific a lly  ta rg e t th e  v ir a l  

p ro tease , R N A  p o ly m e ra s e , a n d  N S 5 A  p ro te in , a l l  o f
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Fig. 16.12 Temporal changes in serologic markers in hepatitis C infection. (A) Acute infection with resolution; (B) progression to chronic infection.

w h ich  are required for production o f virus (Fig. 16.11). 
C om bination  th e rap y  w ith  these d ru g s  (a stra tegy  ak in  to 
trip le  d ru g  th e rap y  for HIV) has p ro v en  to  be rem arkab ly  
effective. The goal of c u rren t trea tm en t is to  erad ica te  H C V  
RNA, w h ich  is defined  by the  absence of detectab le  H C V  
R N A  in  the b lood  6  m o n th s  after trea tm en t is s to p p ed  an d  
is associa ted  w ith  a h ig h  p robab ility  o f cure. C u rren tly , 
over 95% of H C V  infections are curable, a n d  th is  can  be 
expected  to  im p ro v e  fu rth e r as new  an ti-v ira l d ru g s  becom e 
available. The m ajor d o w n sid e  of these advances is their 
very  h ig h  cost; a  cu rative  course  of d ru g  th e rap y  costs over 
$100,000, a n d  it is es tim ated  th a t trea tm en t o f H C V  infec
tions in  the U n ited  S tates alone m ay  generate  expenses of 
over $50 billion  over the nex t 5 years.

H ep atitis  D  Virus (H D V )

A lso  called  the delta agent, H D V  is  a un iq u e R N A  virus 
that is d ependent for its life  cycle on  HBV. Infection  w ith  
H D V  arises in  the fo llow ing  settings:
• Coinfection by  H D V  a n d  HBV. The HBV m u st becom e 

estab lished  first to  p ro v id e  the  HBsAg, w h ich  is neces
sary  for p ro d u c tio n  of com plete H D V  virions. Coinfec
tion  w ith  HBV a n d  H D V  is associated  w ith  h igher ra tes 
of severe acu te  hepatitis  an d  fu lm in an t liver failure, p a r 
ticu larly  in  in trav en o u s  d ru g  abusers, an d  h igher ra tes 
of p rog ressio n  to chronic infection, w h ich  is o ften  com 
p lica ted  by em ergence of liver cancer.

• Superinfection o f a  chronic HBV carrier by  HDV. The 
superin fec tion  p resen ts  30 to  50 days la te r as severe 
acu te  h epatitis  in  a p rev io u sly  u n recogn ized  HBV 
carrier o r as a n  exacerbation  of p reex isting  chronic h ep 
a titis  B. C hronic  H D V  infection  occurs in  80% to 90% of 
such  pa tien ts. The superin fec tion  m ay  have  tw o  phases: 
an  acu te  p hase  w ith  active H D V  rep lica tion  a n d  su p 
p ress io n  of HBV w ith  h ig h  ALT levels, fo llow ed by  a 
chronic p hase  in  w h ich  H D V  rep lica tion  decreases, HBV 
rep lica tion  increases, ALT levels fluctuate, a n d  the

d isease p rog resses to  cirrhosis a n d  hepatocellu lar
cancer.

H D V  infection  occurs w o rld w id e  a n d  affects a n  esti
m a ted  15 m illion  in d iv id u a ls  (abou t 5% of the 300 m illion  
in d iv id u a ls  infected  by HBV). Its p reva lence  varies, being  
h ighest in  the A m azon  basin, Africa, the M idd le  East, and  
S ou thern  Italy , a n d  low est in  S ou theast A sia an d  C hina. In  
m ost w e s te rn  countries, it is largely  restric ted  to  in trave 
no u s d ru g  abusers a n d  those  w h o  have  h ad  m u ltip le  b lood 
transfusions.

H D V  R N A  is detectab le in  the  b lood  a n d  liver a t the 
tim e of onse t of acu te  sym ptom atic  disease. IgM  anti-H D V  
is a reliable ind ica to r o f recen t H D V  exposure , b u t is fre
quen tly  short-lived . A cu te  coinfection by  H D V  an d  HBV is 
associated  w ith  the p resence of IgM  ag a in st H D A g and  
HBcAg (deno ting  new  infection  w ith  h ep a titis  B). W ith  
chronic delta  hepatitis  a ris in g  from  H D V  superinfection , 
H BsA g is p re sen t in  serum , a n d  an ti-H D V  an tibod ies (IgG 
an d  IgM ) p ers is t for m o n th s o r longer. Because of its 
depen d en cy  on  HBV, H D V  infection  is p rev en ted  by  vac
c ination  ag a in st HBV.

H ep atitis  E Virus (H E V )

HEV is an enterically transm itted, water-borne in fection  
that u su ally  produces a se lf-lim itin g  d isease. The v iru s  
typically  infects y o u n g  to  m id d le -ag ed  adu lts . H EV  is a 
zoonotic  d isease w ith  an im al reservo irs th a t inc lude  
m onkeys, cats, pigs, a n d  dogs. E pidem ics have  been 
rep o rted  in  A sia a n d  the In d ian  subcon tinen t, sub-S aharan  
Africa, a n d  M exico, an d  sporad ic  cases are  seen  in  W estern  
nations, p a rticu la rly  w h ere  p ig  fa rm ing  is com m on an d  in  
trave lers re tu rn in g  from  reg ions of h ig h  incidence. Of 
g rea ter im portance, H EV  infection  accoun ts for 30% to 60% 
of cases of spo rad ic  acu te  h epatitis  in  Ind ia , exceeding  the 
frequency  of HAV. A  characteristic feature o f HEV in fec
tion  is the h ig h  m ortality rate am ong pregnant w om en ,
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a p p ro a c h in g  20% . In  m ost cases, H EV  is n o t associated  
w ith  chronic liver d isease o r p e rsis ten t virem ia. The 
average  incuba tion  p e rio d  fo llow ing  exposu re  is 4 to  5 
w eeks.

D iscovered  in  1983, H EV  is a n  unenv e lo p ed , positive- 
s tra n d e d  R N A  v iru s  in  the  Hepevirus genus. V irions are  
shed  in  stool d u rin g  the acu te  illness. Before the  o n se t of 
clinical illness, H EV  R N A  a n d  H EV  v irions can  be detected  
by  PCR in  stool an d  serum . The o n se t o f rising  se ru m  am i
no transferases, clinical illness, an d  e leva ted  IgM  anti-H EV  
titers are  v irtua lly  s im ultaneous. S ym ptom s reso lve in  2 to 
4 w eeks, d u rin g  w h ich  tim e the  IgM  titers fall a n d  IgG 
anti-H E V  titers rise.

Clinicopathologic Syndromes o f  V iral H ep atitis

As a lread y  d iscussed , in fection  w ith  h ep a titis  v iru ses p ro 
duces a w id e  ran g e  of ou tcom es. A cute in fection  by each 
of the  h ep a to tro p ic  v iru ses  m ay  be sym ptom atic  or asy m p 
tom atic. H A V  a n d  H EV  d o  n o t cause chronic hepatitis , an d  
on ly  a sm all n u m b er of H BV -infected a d u lts  develop  
chronic h epatitis . In  con trast, H C V  is no to rio u s for p ro d u c 
in g  chronic infections. F u lm in an t h ep a titis  is u n u su a l an d  
is seen  p rim arily  w ith  HAV, HBV, or H D V  infections. 
A lth o u g h  HBV a n d  H C V  are  responsib le  for m ost cases of 
chronic hepatitis , there  are m an y  o th e r causes of sim ilar 
c lin icopathologic p resen ta tions, in c lu d in g  au to im m u n e  
h ep a titis  a n d  d rug - an d  tox in -induced  h epatitis  (d iscussed  
later). T herefore, serologic a n d  m o lecu lar s tu d ies  a re  essen
tial for the  d iagnosis of v ira l h ep a titis  a n d  for d is tin g u ish 
ing  be tw een  the v a rio u s types.

A c u te  A s y m p to m a t ic  In fe c tio n  W i th  R e c o v e ry . P atien ts 
in  th is g ro u p  are iden tified  inciden ta lly  on  the basis of 
e leva ted  se ru m  transam inases o r the p resence of an ti-v ira l 
an tibod ies. H A V  a n d  HBV infections, p a rticu la rly  in  child 
hood , are frequen tly  subclinical.

A c u te  S y m p to m a t ic  In fe c tio n  W i th  R e c o v e ry . W hich
ever v iru s  is invo lved , acu te  d isease fo llow s a sim ilar 
course, consisting  of: (1 ) a n  incuba tion  p erio d  of variab le  
len g th  (see Table 16.2); (2) a sym ptom atic  pre ic teric  phase; 
(3) a sym ptom atic  icteric phase; a n d  (4) convalescence. 
P eak  infectiv ity  occurs d u rin g  the last a sym ptom atic  days 
of the  incuba tion  p erio d  a n d  the early  days of acu te  
sym ptom s.

F u lm in a n t H e p a tic  F ailure . V iral h ep a titis  is responsib le  
for a b o u t 1 2 % of cases o f fu lm in an t hepatic  failure; o f these, 
tw o -th ird s  a re  caused  by  HBV infection  a n d  the  re s t by 
H A V . S urv ival for m ore  th a n  1 w eek  m ay  p e rm it recovery  
to  occur v ia  rep lica tion  of res id u a l hepatocytes. A ctivation  
of the s te m /p ro g e n ito r  cells in  the  canals of H erin g  gives 
rise  to  very  p ro m in en t d u c tu la r reactions b u t is usua lly  
insufficien t to  accom plish  fu ll restitu tion . F u lm inan t 
hepatic  failu re th a t follow s acu te  v ira l h epatitis  is trea ted  
suppo rtive ly . L iver tran sp lan ta tio n  is the on ly  o p tio n  for 
p a tien ts  w hose  d isease does n o t resolve, as d ea th  from  
secondary  in fections a n d  fa ilu re  of o ther o rgans is o ther
w ise  inevitable.

C h ro n ic  H e p a ti t is .  C hronic h epatitis  is defined  as persis 
ten t o r re lap sin g  hepatic  d isease for a p e rio d  of m ore  than
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6  m on ths. The clinical fea tu res  a re  ex trem ely  variab le  an d  
are  n o t p red ic tive  of outcom e. In  som e patien ts, the on ly  
signs of chronic d isease are e levations of se ru m  transam i
nases. L aborato ry  s tud ies  a lso  m ay  reveal p ro lo n g a tio n  of 
the p ro th ro m b in  tim e and , in  som e instances, hyperg lobu - 
linem ia, hyperb ilirub inem ia , a n d  m ild  e levations in  alka
line p h o sp h a ta se  levels. In  sym ptom atic  in d iv iduals , the 
m o st com m on  find ing  is fatigue; less com m only , there  is 
m alaise, loss of appetite , a n d  b o u ts  o f m ild  jaund ice . In 
p rec irrho tic  chronic hepatitis , physical find ings are few , 
the m o st com m on be ing  sp id er angiom as, p a lm ar ery 
them a, m ild  hepatom egaly , hepatic  tenderness, an d  m ild  
sp lenom egaly . O ccasionally , in  cases of HBV a n d  HCV, 
im m u n e  com plex  d isease develops th a t resu lts  in  vascu litis 
(subcu taneous or visceral, C h ap te r 10) a n d  g lom eru lone
p h ritis  (C hap ter 14). C ryog lobu linem ia is fo u n d  in  ab o u t 
35% of in d iv id u a ls  w ith  chronic h ep a titis  C.

T he C arrier S ta te .  A  carrier is a n  in d iv id u a l w h o  is chroni
cally infected  w ith  a  h ep a tro p ic  v iru s  an d  has no  or sub 
clinical ev idence of liver disease. In  bo th  cases, p a rticu larly  
the la tter, these in d iv id u a ls  constitu te  reservo irs for infec
tion. In  the case of HBV, "h ea lth y  carriers" typically  have  
serum  stud ies  th a t show  a n  absence of HBeAg, the  presence 
of anti-H Be, no rm al am ino transferases, a n d  low  o r u n d e 
tectable se ru m  HBV D N A  a n d  liver b iopsies show ing  a lack 
of significant in flam m ation  o r p a ren ch y m al in jury . HBV 
infection  acqu ired  early  in  life in  endem ic areas (such as 
S ou theast Asia, C hina, an d  sub-S aharan  Africa) gives rise 
to a carrier state  in  m ore th a n  90% of cases, w h ereas in  non 
endem ic reg ions the carrier state  is rare. By contrast, it has 
been  estim ated  th a t H C V  infection  in  the  U n ited  S tates 
p ro d u ces a carrier sta te  in  10% to 40% of cases.

H I V  a n d  C h ro n ic  V ira l H e p a ti t is .  Because of their sim ilar 
transm ission  m o d es a n d  o v erlap p in g  risk  factors, coinfec
tion  of H IV  a n d  h epatitis  v iru ses  is a com m on  clinical 
p rob lem . In  the U n ited  States, 10% of H IV -infected ind i
v id u a ls  a re  coinfected w ith  HBV a n d  25% w ith  HCV, and , 
w h e n  u n trea ted , chronic HBV a n d  H C V  infection  are  
im p o rta n t causes of m o rb id ity  a n d  m orta lity  in  HIV- 
in fected  in d iv iduals , even  in  those w h o  receive effective 
an ti-H IV  therapy . S im ilarly, in  in d iv id u a ls  w h o  p rog ress  
to  acq u ired  im m unodefic iency  sy n d ro m e (AIDS), liver 
d isease  is the  second  m ost com m on cause of death . 
H ow ever, in  ad eq u a te ly  trea ted  im m u n o co m p eten t HIV  
patien ts, the severity  a n d  p rog ressio n  of HBV an d  H C V  
infection  a n d  response  to  an ti-h e p a titis  v iru s  the rap y  
resem bles th a t seen  in  non -H IV -in fec ted  ind iv iduals.

M O R P H O L O G Y

Clinical assessment of chronic hepatitis sometimes requires liver 

biopsy in addition to  clinical and serologic data. Liver biopsy is 

helpful in confirming the clinical diagnosis, excluding common 

concomitant conditions (e.g., fatty liver disease, hemochromato

sis), assessing histologic features associated with an increased 

risk for malignancy (discussed later), grading the extent of hepa- 

tocyte injury and inflammation, and staging the progression of 

scarring. Historically, histologic grading and staging of chronic 

hepatitis in liver biopsy specimens have been central
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to  determinations of whether to attempt treatment of the 

underlying disease; however, with the new, highly effective tar

geted antiviral therapies for hepatitis C, fewer pretreatment 

biopsies are being performed.

The general morphologic features of acute and chronic viral 

hepatitis are depicted schematically in Fig. 16.13. T h e  m o rp h o 

logic changes in acu te  and chron ic v ira l h ep atitis  a re  

shared am o n g  th e  h ep a to tro p ic  viruses and can be m im 

icked by d rug  reactions o r  a u to im m u n e  hepatitis .

A c u te  v ira l h ep atitis . Grossly, livers involved by mild 

acute hepatitis appear normal or slightly mottled. A t the other 

end of the spectrum, massive hepatic necrosis may produce a 

greatly shrunken liver, as discussed earlier. Microscopically, there 

is considerable morphologic overlap in acute hepatitis caused by 

various hepatropic viruses. As is typical of many viral infections, 

mononuclear cells predominate in all phases of viral hepatitis. 

A  subtle difference is that the mononuclear infiltrate in hepatitis 

A  may be especially rich in plasma cells. Most parenchymal injury 

is scattered throughout the hepatic lobule as “spotty necrosis” 

or lo b u la r h epatitis . Portal inflammation in acute hepatitis is 

minimal or absent. As discussed earlier, hepatocyte injury may 

result in necrosis or apoptosis. In the former, the cytoplasm 

appears empty, with only scattered wisps of cytoplasmic rem

nants, and eventual rupture of cell membranes leads to  “dropout” 

of hepatocytes. In their place, collapsed sinusoidal collagen 

reticulin framework remains behind along with scavenger mac- 

rophages.With apoptosis, hepatocytes shrink, becoming intensely

eosinophilic, and their nuclei become pyknotic and fragmented; 

effector T  cells may be present in the immediate vicinity.

In severe acute hepatitis, confluent necrosis of hepatocytes is 

seen around central veins. In these areas, there may be cellular 

debris, collapsed reticulin fibers, congestion/hemorrhage, and 

variable inflammation. W ith  increasing severity, there is central

portal bridging necrosis, followed by parenchymal collapse. In its 

most severe form, massive hepatic necrosis and fulminant liver 

failure ensue.

C h ro n ic  v ira l h ep atitis . T h e  defin ing  histologic fe a tu re  

of chron ic v ira l h ep atitis  is m o n o n u c le a r p o rta l in filtra 

tion . It may be mild to severe and variable from one portal tract 

to  the other. There is often in te rfa c e  h ep atitis  as well, in addi

tion to lobular hepatitis, distinguished by its location at the 

interface between hepatocellular parenchyma and portal tract 

stroma. The hallmark of progressive chronic liver damage is scar

ring. A t first, only portal tracts exhibit fibrosis, but in some 

patients, with time, fibrous septa— bands of dense scar— will 

extend between portal tracts. In the most severe cases, contin

ued scarring and nodule formation leads to the development of 

cirrhosis, as discussed earlier.

Certain histologic features point to specific viral etiologies in 

chronic hepatitis. In chronic hepatitis B, “ ground-glass” hepa

to cy tes  (cells with endoplasmic reticulum swollen by HBsAg) 

are a diagnostic hallmark, and the presence of viral antigen in 

these cells can be confirmed by immunostaining (Fig. 16.14). Liver 

biopsies involved by chronic hepatitis C quite commonly show
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Fig. 16.13 Morphologic features of acute and chronic hepatitis. There is very little portal mononuclear infiltration in acute hepatitis (or sometimes none at 
all), while in chronic hepatitis portal infiltrates are dense and prominent—the defining feature of chronic hepatitis. Bridging necrosis and fibrosis are shown 
only for chronic hepatitis, but bridging necrosis may also occur in more severe acute hepatitis. Ductular reactions in chronic hepatitis are minimal in early 
stages of scarring, but become extensive in late-stage disease.
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Fig. 16.14 Ground-glass hepatocytes in chronic hepatitis B, caused by accu
mulation of hepatitis B surface antigen. Hematoxylin-eosin staining shows 
the presence of abundant, finely granular pink cytoplasmic inclusions; 
immunostaining ( in s e t )  with a specific antibody confirms the presence of 
surface antigen ( b ro w n ) .

large lymphoid aggregates (Fig. 16.15). Often, hepatitis C, particu

larly genotype 3, is associated with fatty change in scattered 

hepatocytes. Bile duct injury is also prominent in some cases of 

hepatitis C and may mimic the histologic changes seen in primary 

biliary cholangitis (see later); clinical parameters distinguish these 

two diseases easily, however.

Ä S U M M A R Y

V IR A L  H E P A T IT IS

• In the alphabet of hepatotropic viruses, some easy mnemonic 

devices may be useful:

• The vowels (hepatitis A  and E) never cause chronic hepatitis, 

only AcutE hepatitis.

Fig. 16.15 Chronic viral hepatitis due to HCV, showing characteristic portal 
tract expansion by a dense lymphoid infiltrate.

• Only the consonants (hepatitis B, C, D) have the potential 

to cause chronic disease (C for consonant and for chronic).

• Hepatitis B can be transmitted by blood, birthing, and 

“bonking” (as they say in the United Kingdom).

• Hepatitis C is the single virus that is more often chronic 

than not (almost never detected acutely; 85% or more of 

patients develop chronic hepatitis, 20% of whom will develop 

cirrhosis).

• Hepatitis D, the delta agent, is a defective virus, requiring 

hepatitis B coinfection for its own capacity to  infect and 

replicate.

• Hepatitis E is endemic in equatorial regions and frequently 

epidemic.

• The inflammatory cells in both acute and chronic viral hepatitis 

are mainly T  cells; it is the pattern of injury that is different, 

not the nature of the infiltrate.

• Patients with long-standing HBV or H C V  infections are at 

increased risk for development of H C C .

Bacterial, Parasitic, and Helminthic Infections * •

A m u ltitu d e  of o rgan ism s can  infect the liver a n d  biliary  
tree, in c lu d in g  bacteria, fungi, h e lm in th s a n d  o ther p a ra 
sites, a n d  p ro tozoa . Infectious o rgan ism s can  reach  the 
liver th ro u g h  several pa thw ays:
• Ascending infection, via  the  g u t a n d  biliary  trac t (ascend

in g  cholangitis)
• Vascular seeding, m ost o ften  th ro u g h  the  p o rta l system  

via the gastro in testina l tract
• Direct invasion, from  a n  ad jacen t source (e.g., bacterial 

cholecystitis)
• Penetrating injury

Bacteria th a t m ay  estab lish  a n  infection  in  the liver via 
the b lood  inc lude  Staphylococcus aureus in  toxic shock syn
d rom e, Salmonella typhi in  ty p h o id  fever, a n d  Treponema 
pallidum in  secondary  o r te rtia ry  syphilis. A scend ing  infec
tions a re  m ost com m on  in  the  se tting  o f p a rtia l or com plete 
b iliary  trac t obstruc tion  a n d  are typ ically  caused  by  gu t 
flora, w h ich  m ay  colonize the static bile in  the  ducts. W hat
ever the source of the  bacteria, w ith  pyogen ic  o rgan ism s 
in trah ep a tic  abscesses m ay  develop , p ro d u c in g  fever, r ig h t 
u p p e r-q u a d ra n t pain , a n d  ten d e r hepatom egaly . A lthough  
an tib io tic  th e rap y  m ay  sterilize sm all abscesses, surgical 
d ra in ag e  is o ften  necessary  for la rger lesions. M ore com 
m only , ex trahepatic  bacterial infections, p a rticu la rly  sepsis, 
in d u ce  m ild  hepatic  in flam m ation  a n d  v ary in g  degrees of 
hepatoce llu lar cholestasis ind irectly , w ith o u t estab lish ing  
a n  in fectious n id u s  in  the liver.

O ther non-v ira l in fectious agen ts  cause liver disease 
w ith  im p o rtan t o r u n u su a l p a thogen ic  fea tu res th a t m erit 
specific com m ent. These inc lude  the  follow ing:
• Schistosom iasis, m ost com m only  fo u n d  in  A sia, Africa, 

an d  S ou th  A m erica, is one of the  m ost com m on causes 
of noncirrho tic  p o rta l h y p erten sio n  w o rld w id e . A d u lt 
w o rm s in  the g u t p ro d u ce  n u m ero u s  eggs, som e of 
w h ich  find  their w ay  in to  the p o rta l c irculation , w h ere  
they lodge  a n d  induce  a g ran u lo m ato u s  reaction  associ
a ted  w ith  m ark ed  fibrosis.
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• Entamoeba histolytica, a n  im p o rtan t cause of dysen tery  
(C hap ter 15), som etim es ascends to  the  liver th ro u g h  
p o rta l c ircu la tion  an d  p ro d u ces secondary  foci o f infec
tion  th a t can  p ro g ress  to  large necrotic a reas called 
am ebic liver abscesses. A m ebic abscesses are  m ore 
com m on  in  the r ig h t lobe of the liver. The abscess cavity  
con tains necrotic liver cells, b u t un like  pyogenic  
abscesses, n eu tro p h ils  a re  absen t.

• L iver fluke infection, m ost com m on  in  S ou theast Asia, 
is associa ted  w ith  a h ig h  ra te  o f cholangiocarcinom a. 
R esponsib le o rgan ism s inc lude  Fasciola hepatica, Opis- 
thorcis species, a n d  Clonorchis sinensis.

• Echinococcal infections m ay  cause the  fo rm ation  of 
in trahepatic  h y d a tid  cysts tha t p ro d u ce  sym ptom s du e  
to p ressu re  o n  su rro u n d in g  s tru c tu res  o r fo llow ing  
ru p tu re .

A U TO IM M U N E HEPATITIS

• P lasm a cell p re d o m in a n c e  in the mononuclear inflamma

tory infiltrates

• H e p a to c y te  “ ro se ttes”  in areas of marked activity

A n acu te  clinical illness is a  com m on p re sen ta tio n  (40%); 
som etim es the d isease is fu lm inan t, p rog ressin g  to  hepatic  
encep h a lo p a th y  w ith in  8  w eeks of onset. M orta lity  for 
p a tien ts  w ith  severe u n tre a te d  au to im m u n e  h ep a titis  is 
app rox im ate ly  40% w ith in  6  m o n th s of d iagnosis, a n d  cir
rhosis  develops in  a t least 40% of su rv ivors. H ence, d iag 
nosis an d  in te rv en tio n  are  im perative . Im m u n o su p p ressiv e  
th e rap y  is u sua lly  effective, lead in g  to  rem ission  in  80% of 
p a tien ts  a n d  enab ling  long -te rm  surv ival. E nd-stage 
d isease  is a n  ind ica tion  for liver tran sp lan ta tio n . The 
10-year su rv iva l ra te  after liver tran sp lan t is 75%, b u t 
recurrence in  the tran sp lan ted  o rg an  occurs in  2 0 % of 
cases.

A u to im m u n e  h e p a tit is  is  a  c h ro n ic , p ro g res s iv e  h e p a 

t i t is  w i th  a l l  th e  fea tu re s  o f  a u to im m u n e  diseases in  

g e n e ra l: g en e tic  p re d is p o s it io n , assoc ia tio n  w i th  o th er  

a u to im m u n e  diseases, th e  presence  o f  a u to a n t ib o d 

ies , a n d  th e ra p e u tic  resp on se  to  im m u n o s u p p re s s io n . 

R isk for au to im m u n e  hepatitis  is associa ted  w ith  certa in  
H L A  alleles, such  as the DRB1* allele in  C aucasians, b u t 
as in  o th e r au to im m u n e  d iso rd ers  the m echanistic  basis 
for th is re la tionsh ip  is unclear. T riggers for the im m une 
reaction  m ay  inc lude  v ira l infections or d ru g  or toxin 
exposures.

G in icopatho log ic  Features

The an n u a l incidence is h ighest am o n g  w h ite  n o rth e rn  
E u ropeans a t 1.9 in  100,000, b u t all e thn ic  g ro u p s  are sus
ceptib le. There is a  fem ale p red o m in an ce  (78%). A u to 
im m u n e  h ep a titis  is classified in to  tw o  types, based  o n  the 
p a tte rn s  of c ircu la ting  an tibodies.
• Type 1, m ore com m on  in  m idd le-age  a n d  o lder 

in d iv id u a ls , is charac terized  by  the  p resence of an ti
nuc lear (ANA), a n ti-sm o o th  m uscle  actin  (SMA), an ti
m ito ch o n d ria l (AM A), a n d  an ti-so lu b le  liver a n tig e n / 
liver-pancreas an tig en  (an ti-SL A /L P) an tibodies.

• Type 2, u sually  seen  in  ch ild ren  a n d  teenagers, is chararc- 
terized  by  the p resence of a n ti- liv e r k id n ey  m icrosom e - 1  

an tibod ies an d  an ti- liv e r  cytosol - 1  an tibodies.

M O R P H O L O G Y

Although autoimmune hepatitis shares patterns of injury with 

acute or chronic viral hepatitis, the time course of histologic 

progression differs. In viral hepatitis, fibrosis typically follows 

many years of slowly accumulating parenchymal injury, whereas 

in autoimmune hepatitis, there is an early phase of severe paren

chymal destruction followed rapidly by scarring. For unclear 

reasons, this early wave of hepatocyte damage is often subclinical. 

The following features are typical of autoimmune hepatitis:

• Necrosis  and in fla m m a tio n , indicated by extensive inter

face hepatitis or foci of confluent (perivenular or bridging) 

necrosis or parenchymal collapse

®  S UMMARY

• There are two primary types of autoimmune hepatitis:

• Type 1 autoimmune hepatitis is most often seen in middle- 

age women and is characteristically associated with anti

nuclear and anti-smooth muscle antibodies.

• Type 2 autoimmune hepatitis is most often seen in children 

or teenagers and is associated with anti-liver kidney micro

somal autoantibodies.

• Autoimmune hepatitis may either develop with a rapidly pro

gressive acute disease or follow a more indolent path; if 

untreated, both are likely to  lead to liver failure.

• Plasma cells are a prominent and characteristic component of 

the inflammatory infiltrate in biopsy specimens showing auto

immune hepatitis.

DRUG- A N D  T O X IN -IN D U C E D  
LIVER INJURY

A s  th e  m a jo r  d ru g  m e ta b o liz in g  a n d  d e to x ify in g  o rg an  in  

th e  b o d y , th e  l iv e r  is  su b je c t to  in ju r y  f r o m  a n  en o rm o u s  

a rra y  o f  th e ra p e u tic  a n d  e n v iro n m e n ta l ch em ica ls . In jury  
m ay  resu lt from  direct toxicity, m ay  occur th ro u g h  hepatic  
conversion  of a xenobiotic co m p o u n d  to  a n  active toxin, 
o r m ay  be p ro d u c e d  by im m u n e  m echanism s, such  as by 
the d ru g  o r a  m etabo lite  ac ting  as a  h ap ten  to  convert a 
cellu lar p ro te in  in to  a n  im m unogen . A  d iagnosis of d rug- 
o r tox in -induced  liver in ju ry  m ay  be m ad e  on  the basis 
of a tem pora l associa tion  of liver dam ag e  w ith  d ru g  or 
toxin  exposure , recovery  (usually ) u p o n  rem oval o f the 
inciting  agent, a n d  exclusion of o ther p o ten tia l causes. 
E xposure  to  a toxin  o r th e rap eu tic  agen t sh o u ld  a lw ays be 
in c lu d ed  in  the d ifferen tial d iagnosis of any  fo rm  of liver 
disease.

P rincip les o f d ru g  a n d  toxic in jury  are  d iscussed  in  
C h ap te r 8 . H ere  it suffices to  no te  th a t d ru g  reactions m ay  
be predictable (intrinsic) o r unpredictable (idiosyncratic).
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P a tte rn  o f In ju ry M orph o lo g ic  Findings E xam ples  o f A ssociated  A g en ts

Cholestatic Bland hepatocellular cholestasis, without 
inflammation

Contraceptive and anabolic steroids, antibiotics, HAART

Cholestatic hepatitis Cholestasis with lobular necrosis and inflammation; 
may show bile duct destruction

Antibiotics, phenothiazines, statins

Hepatocellular necrosis Spotty hepatocyte necrosis Methyldopa, phenytoin

Massive necrosis Acetaminophen, halothane

Chronic hepatitis Isoniazid

Fatty liver disease Large and small droplet fat Ethanol, corticosteroids, methotrexate, total parenteral nutrition

“Microvesicular steatosis” (diffuse small droplet fat) Valproate, tetracycline, aspirin (Reye syndrome), HAART

Steatohepatitis with Mallory-Denk bodies Ethanol, amiodarone

Fibrosis and cirrhosis Periportal and pericellular fibrosis Alcohol, methotrexate, enalapril, vitamin A and other retinoids

Granulomas Noncaseating epithelioid granulomas Sulfonamides, amiodarone, isoniazid

Fibrin ring granulomas Allopurinol

Vascular lesions Sinusoidal obstruction syndrome (veno-occlusive 
disease): obliteration of central veins

High-dose chemotherapy, bush teas

Budd-Chiari syndrome Oral contraceptives

Peliosis hepatis: blood-filled cavities, not lined by 
endothelial cells

Anabolic steroids, tamoxifen

HAART, Highly active anti-retroviral therapy
Adapted from Washington K: Metabolic and toxic conditions of the liver. In lacobuzio-Donahue CA, Montgomery EA, editors: G a s tro in te s tin a l a n d  live r pa th o lo g y , Philadelphia, 2005, 
Churchill Livingstone.

Pred ictab le  d ru g  o r toxin  reactions affect all in d iv id u a ls  in  
a  d o se -d ep en d en t fashion. U npred ic tab le  reactions d ep en d  
o n  id iosyncrasies o f the  host, p articu larly  the p ro p en sity  to 
m o u n t a n  im m u n e  response  to  the  an tigen ic  s tim u lus or 
the  ra te  a t w h ich  the ag en t can  be m etabo lized . B oth classes 
o f in jury  m ay  be im m ed ia te  o r take w eeks to  m o n th s to 
develop  (Table 16.3).
• A  classic, p red ic tab le  h epato tox in  is acetaminophen, now  

the  m o st com m on cause of acu te  liver fa ilu re  neces
sita ting  tran sp lan ta tio n  in  the U n ited  States. The toxic 
ag en t is n o t ace tam in o p h en  itself b u t ra th e r toxic m etab 
o lites p ro d u ced  by  the cy tochrom e P-450 system . The 
dam ag e  begins in  cen trilobu lar hepatocy tes b u t ex tends 
to  encom pass en tire  lobules in  the  m o s t severe cases.

• E xam ples of d ru g s  th a t can  cause idiosyncratic reactions 
include chlorpromazine, a n  ag en t th a t causes cholestasis 
in  p a tien ts  w h o  are  slow  to m etabo lize  it, a n d  halothane 
and its derivatives, w h ich  can  cause a fatal im m une- 
m ed ia ted  h epatitis  after rep ea ted  exposure.

A LC O H O LIC  A N D  N O N A L C O H O L IC  
FATTY LIVER DISEASE

A lc o h o l is  a  w e l l -k n o w n  cause o f  fa t ty  l iv e r  d isease in  

a d u lts  a n d  can  m a n ife s t  h is to lo g ic a lly  as steatosis , ste- 

a to h e p a tit is , a n d  c irrh o s is . In  recen t years, it h as  becom e 
ev id en t th a t an o th er en tity , so-called "nonalcoho lic  fatty  
liver d isease (NAFLD)," can  m im ic the en tire  sp ec tru m  
of hepatic  changes associa ted  w ith  alcohol abuse. Since 
the m orpho log ic  changes of alcoholic a n d  N A FLD  are  
ind istingu ishab le , they  are  d iscussed  together, fo llow ed 
by the p a thogenesis  a n d  d istinctive  clinical fea tu res of each 
entity .

^  M O R P H O L O G Y

Three types of liver alterations are observed in fatty liver disease: 

steatosis (fatty change), hepatitis (alcoholic or steatohepatitis), 

and fibrosis.

H e p a to c e llu la r steatosis. Hepatocellular fat accumulation 

typically begins in centrilobular hepatocytes. The lipid droplets 

range from small (microvesicular) to large (macrovesicular), the 

largest filling and expanding the cell and displacing the nucleus. 

As steatosis becomes more extensive, the lipid accumulation 

spreads outward from the central vein to  hepatocytes in 

the midlobule and then the periportal regions (Fig. 16.16).

Fig. 16.16 Fatty liver disease associated with chronic alcohol use. A mix of 
small and large fat droplets (seen as clear vacuoles) is most prominent 
around the central vein and extends outward to the portal tracts. Some 
fibrosis ( s ta in e d  b lu e )  is present in a characteristic perisinusoidal “chicken 
wire fence” pattern (Masson trichrome stain). ( C o u r te s y  o f  D r .  E l iz a b e th  B r u n t ,  

W a s h in g to n  U n iv e r s it y ,  S t  L o u is , Missouri.)
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Fig. 16.17 Hepatocyte injury in fatty liver disease associated with chronic alcohol use. (A) Clustered inflammatory cells marking the site of a necrotic 
hepatocyte. A Mallory-Denk body is present in another hepatocyte ( a r r o w ) . (B) “Ballooned” hepatocytes ( a r r o w h e a d s )  associated with clusters of inflammatory 
cells. The inset stained for keratins 8 and 18 ( b r o w n )  shows a ballooned cell ( d o t te d  l in e )  in which keratins have been ubiquitinylated and have collapsed into 
an immunoreactive Mallory-Denk body, leaving the cytoplasm “empty.” ( C o u r te s y  o f  D r .  E l iz a b e th  B r u n t ,  W a s h in g to n  U n iv e r s it y ,  S t. L o u is , Missouri.)

Macroscopically, fatty livers with widespread steatosis are large 

(weighing 4 -6  kg or more), soft, yellow, and greasy.

S te a to h e p a tit is . These changes typically are more pro

nounced with alcohol use than in NAFLD, but can be seen in 

either:

• H e p a to c y te  balloon ing . Single or scattered foci of cells 

undergo swelling and necrosis; as with steatosis, these features 

are most prominent in the centrilobular regions (Fig. I6 .I7 A ).

• M a llo ry -D e n k  bodies. These consist of tangled skeins of 

intermediate filaments (including ubiquitinylated keratins 8 and 

18) and are visible as eosinophilic cytoplasmic inclusions in 

degenerating hepatocytes (see Fig. I6 .I7B ).

• N e u tro p h il in filtra tio n . Predominantly neutrophilic infiltra

tion may permeate the lobule and accumulate around degen

erating hepatocytes, particularly those containing Mallory-Denk 

bodies. Lymphocytes and macrophages also may be seen in 

portal tracts or parenchyma.

S tea to fib ro s is . Fatty liver disease of all kinds has a distinc

tive pattern of scarring. Like other changes, fibrosis appears first 

in the centrilobular region as c e n tra l vein sclerosis. Perisinu- 

soidal scarring appears next in the space of Disse of the centri

lobular region and then spreads outward, encircling individual or 

small clusters of hepatocytes in a chicken w ire  fence p a tte rn  

(see Fig. 16.16). Tendrils of fibrosis eventually link to  portal tracts 

and then condense to create ce n tra l p o rta l fibrous septa . As 

these become more prominent, the liver takes on a nodular, cir

rhotic appearance. Because in most cases the underlying cause 

persists, the continual subdivision of established nodules by new, 

perisinusoidal scarring leads to  a classic m ic ro n o d u la r or 

Laennec cirrhosis. Early in the course, the liver is yellow-tan, 

fatty, and enlarged, but with persistent damage over the course 

of years the liver is transformed into a brown, shrunken, nonfatty 

organ composed of cirrhotic nodules that are usually less than 

0.3 cm in diameter— smaller than is typical for most chronic viral

hepatitis. The end-stage cirrhotic liver may enter into a “burned- 

out” phase devoid of fatty change and other typical features. A  

majority of cases of c ryp togen ic  c irrhosis, without clear etiol

ogy, are now recognized as “burned-out” NAFLD.

Alcoholic Liver Disease

Excessive e th a n o l c o n s u m p tio n  causes m o re  th a n  60%  o f  

c h ro n ic  l iv e r  d isease in  W e s te rn  c o u n tr ie s  a n d  accounts  

fo r  40 %  to  50%  o f  d eaths  d u e  to  c irrh o s is . A m ong  the m ost 
im p o rta n t adverse  effects of chronic alcohol co nsum ption  
are  the  o v erlap p in g  form s of a lcohol-re la ted  fa tty  liver 
d isease  a lread y  d iscussed: (1 ) hepatic  steatosis, (2 ) alco
holic hepatitis , a n d  (3) fibrosis a n d  c irrhosis, collectively 
re ferred  to as alcoholic liver disease (Fig. 16.18).

B etw een 90% a n d  100% of heavy  d rin k ers  develop  fatty  
liver (i.e., hepatic  steatosis), a n d  of those, 10% to 35% 
develop  alcoholic hepatitis , w h ereas on ly  8 % to 2 0 % of 
chronic alcoholics develop  c irrhosis. S teatosis, alcoholic 
hepatitis , a n d  fibrosis m ay  develop  sequen tia lly  o r inde 
p enden tly , so they  do  n o t necessarily  rep re sen t a sequen 
tial co n tin u u m  of changes. H epatoce llu lar carc inom a arises 
in  1 0 % to 2 0 % of p a tien ts  w ith  alcoholic cirrhosis.

Pathogenesis

Short-term  ingestion  of as m u ch  as 80 g of e thano l p e r  day  
(5-6 beers o r 8 -9  ounces of 80-proof liquor) generally  p ro 
duces m ild  reversib le  hepatic  changes, such  as fa tty  liver. 
C hronic  in take of 40 to  80 g /d a y  is considered  a bo rderline  
risk  factor for severe in jury . For reasons th a t m ay  relate  
to decreased  gastric  m etabo lism  of e thano l an d  differences 
in  body  com position , w o m en  are m ore suscep tib le  
th a n  m en  to  hepatic  in jury . It seem s th a t h o w  o ften  and  
w h a t one d rin k s  m ay  affect the  risk  for liver disease 
developm en t. For exam ple, b inge d rin k in g  causes m ore
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Fig. 16.18 Alcoholic liver disease. The interrelationships among hepatic steatosis, alcoholic hepatitis, and alcoholic cirrhosis are shown and key morphologic 
features are listed. As discussed in the text, steatosis, alcoholic hepatitis, and steatofibrosis may all develop independently and not along a continuum.

liver in ju ry  th a n  th a t associa ted  w ith  steady , low er-level 
consum ption . Since n o t everyone  w h o  d rin k s  gets all the 
lis ted  com plications, in d iv id u a l, possib ly  genetic, risk  
factors m u s t exist, b u t no  reliable m arkers  of susceptib ility  
a re  know n . In  the absence of a clear u n d e rs ta n d in g  of the 
factors th a t influence liver dam age, it is difficult to  state  
w h a t constitu tes a safe level of alcohol consum ption .

Hepatocellular steatosis is caused  by alcohol th ro u g h  
several m echanism s. First, m etabo lism  of e th an o l by 
alcohol d eh y d ro g en ase  a n d  ace ta ldehyde  deh y d ro g en ase  
generates la rge  am o u n ts  of n ico tinam ide-aden ine  d inucle 
o tid e  (N A D H ), w h ich  increases sh u n tin g  of substra tes 
aw ay  from  catabolism  a n d  to w ard  lip id  b iosynthesis. 
Second, e thano l im pa irs  the a ssem bly  a n d  secretion  of lipo 
p ro te in s. The n e t effect is to  cause the accum ula tion  of 
in trace llu la r lip ids.

The cause of alcoholic hepatitis is uncerta in , b u t it m ay 
stem  from  one o r m ore  of the fo llow ing  toxic b y p ro d u c ts  
o f e th an o l a n d  its m etabolites:
• Acetaldehyde (a m ajor m etabo lite  of ethanol) induces 

lip id  p e ro x id a tio n  a n d  ace ta ld eh y d e-p ro te in  a d d u c t for
m ation , w h ich  m ay  d is ru p t cy toskele ton  a n d  m em brane  
function .

• Alcohol directly  affects m itochondria l fun c tio n  and  
m em b ran e  flu id ity .

• Reactive oxygen species g enera ted  d u r in g  ox ida tion  of 
e th an o l by  the  m icrosom al e th an o l ox id iz ing  system  
react w ith  a n d  dam age m em branes a n d  p ro te ins. Reac
tive oxygen  species also  a re  p ro d u ced  by neu troph ils , 
w h ich  in filtrate  a reas of hepatocy te  necrosis.

Because g enera tion  of ace ta ldehyde  an d  free rad icals  is 
m axim al in  the  cen trilobu lar reg ion , th is  reg ion  is m ost 
suscep tib le  to  toxic in jury . Pericellu lar a n d  sinuso ida l 
fibrosis develop  first in  th is  area  of the lobule. C o n cu rren t 
v ira l hepatitis , p a rticu la rly  h ep a titis  C, is a  m ajor accelera
to r of liver d isease in  alcoholics. The p revalence of h epatitis  
C am o n g  in d iv id u a ls  w ith  alcoholic liver d isease is ab o u t 
30% (and  vice versa).

For u n k n o w n  reasons, cirrhosis d evelops in  on ly  a 
sm all fraction  of chronic alcoholics. W ith  com plete absti
nence, a t least p a rtia l reg ression  of scarring  occurs, a n d  the 
m ic ro n o d u la r liver transfo rm s th o u g h  parenchym al regen 
e ra tion  in to  a m acro n o d u la r c irrhotic  o rg an  (see F igure 
16.6); rarely , there  is reg ression  of cirrhosis altogether.

C lin ica l Features

Alcoholic steatosis m ay  be in nocuous or give rise to  h ep a to 
m egaly  w ith  m ild  elevations of se ru m  b ilirub in  a n d  alka
line p h o sp h a tase . Severe hepatic  com prom ise  is u n u su a l. 
A lcohol w ith d ra w a l a n d  the p ro v is io n  of an  ad eq u a te  d ie t 
are  sufficient treatm en t.

It is es tim ated  th a t 15 to  20 years of excessive d rink ing  
are  necessary  to develop  alcoholic cirrhosis, b u t alcoholic 
hepatitis can  occur after ju s t w eeks o r m o n th s of alcohol 
abuse. The onse t is typically  acu te  a n d  o ften  fo llow s a b o u t 
of p a rticu la rly  heavy  d rink ing . S ym ptom s a n d  labo ra to ry  
abno rm alities ran g e  from  m in im al to  severe. M ost pa tien ts  
p re sen t w ith  m alaise, anorexia, w e ig h t loss, u p p e r 
abdom inal d iscom fort, ten d er hepatom egaly , a n d  fever. 
Typical find ings inc lude  hyperb ilirub inem ia , e levated
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se ru m  alkaline p h o sp h a ta se  levels, an d  n eu tro p h ilic  leuko 
cytosis. S erum  alan ine a n d  a sp arta te  am ino transferases are  
e leva ted  b u t u sua lly  rem ain  below  500 U /m L . The o u tlook  
is unp red ic tab le ; each b o u t o f alcoholic h epatitis  carries a 
10% to 20% risk  for dea th . W ith  rep ea ted  bouts, c irrhosis 
a p p ea rs  in  a b o u t on e-th ird  of p a tien ts  w ith in  a  few  years.

The m an ifesta tions of alcoholic cirrhosis are  sim ilar to 
those  of o th e r fo rm s of cirrhosis. In  chronic alcoholics, 
e th an o l m ay  be the  m ajor source of calories in  the diet, 
d isp lac ing  o th e r n u trien ts  a n d  lead in g  to m aln u tritio n  and  
v itam in  deficiencies (e.g., th iam ine, v itam in  B12). C om 
p o u n d in g  these effects is im p a ired  d igestive  function , p ri
m arily  re la ted  to chronic gastric a n d  in testina l m ucosal 
dam age a n d  pancreatitis.

The long -te rm  ou tlook  for alcoholic patien ts w ith  liver 
d isease is variable. The m ost im p o rta n t aspec t o f trea tm en t 
is abstinence from  alcohol. The 5-year su rv iv a l rate  
app roaches 90% in  absta iners  w h o  are  free of jaund ice , 
ascites, a n d  hem atem esis, b u t d ro p s  to  50% to 60% in  ind i
v id u a ls  w h o  con tinue  to  im bibe. A m ong  those w ith  en d 
stage alcoholic liver d isease, the  im m ed ia te  causes of dea th  
are  as follows:
• H epatic  failure
• M assive gastro in testina l hem orrhage
• In te rcu rren t infection  (to w h ich  affected in d iv id u a ls  are  

p red isposed )
• H ep a to ren a l sy n d ro m e
• H epatoce llu lar carcinom a (3%-6% of cases)

f t  S U M M A R Y

A L C O H O L IC  L IV E R  D ISEASE

• Alcoholic liver disease has three main manifestations, hepatic 

steatosis, alcoholic hepatitis, and cirrhosis, which may occur 

alone or in combination.

• Cirrhosis typically develops after more than 10 years of heavy 

drinking, but only occurs in a small proportion of chronic 

alcoholics; alcoholic cirrhosis has similar clinical signs and 

symptoms as cirrhosis caused by viral hepatitis.

• The multiple pathologic effects of alcohol include changes in 

lipid metabolism, decreased export of lipoproteins, and cell 

injury caused by reactive oxygen species and metabolites of 

alcohol.

Nonalcoholic Fatty Liver Disease

N A F L D  is a  c o m m o n  c o n d it io n  in  w h ic h  fa t ty  l iv e r  

disease d e v e lo p s  in  in d iv id u a ls  w h o  do n o t d r in k  a lc o h o l.

The liver can  sh o w  any  of the  th ree  types of changes d is
cussed  earlier (steatosis, stea tohepatitis , a n d  cirrhosis), 
th o u g h  o n  average in flam m ation  is less p ro m in en t th a n  in  
alcoholic liver disease. The te rm  nonalcoholic steatohepatitis 
(N ASH ) is u se d  to  describe o v e rt clinical fea tu res o f liver 
in jury , such  as e leva ted  transam inases, a n d  the h isto logic 
fea tu res  of h ep a titis  a lread y  d iscussed . N A FLD  is consis
ten tly  associa ted  w ith  in su lin  resistance a n d  the  m etabolic 
sy n d ro m e (C hap ter 8 ). O ther com m only  associated  abno r
m alities a re  as follows:
• T ype 2 d iabetes (or fam ily  h is to ry  of the  condition)
• O besity , p rim arily  cen tra l obesity  (body  m ass index  

>30 k g /m 2  in  w h ites  a n d  >25 k g /m 2  in  A sians)

• D yslip idem ia  (hypertrig lyceridem ia, low  h igh -density
lip o p ro te in  cholesterol, h ig h  low -density  lipop ro te in
cholesterol)

• H y p erten sio n

Pathogenesis

The key in itia ting  events in  N A FLD  ap p e a r to  be the devel
o p m en t o f obesity  a n d  in su lin  resistance, the  la tte r w ith in  
bo th  ad ip o se  tissue a n d  the liver. These factors com bine to 
increase the m obilization  of free fa tty  acids from  ad ipose  
tissue, w h ich  a re  taken  u p  by hepatocytes, a n d  to  s tim u la te  
the syn thesis of fa tty  acids w ith in  hepatocytes. It is esti
m a ted  th a t over half of the lip id  fo u n d  in  hepatocy tes in  
NA FLD  is d e riv ed  from  ad ipose  tissue, w ith  m o st o f the 
re m a in d e r com ing  from  de novo  syn thesis in  liver cells. 
Precisely h o w  the  accum ula tion  of lip id  in  hepatocy tes 
p red isp o ses to  the d ev e lo p m en t o f N A SH  is n o t kn o w n  
a n d  m ay  invo lve several in te rre la ted  m echanism s. Exces
sive in trah ep a tic  lip id s a n d  their m etabolic  in te rm ed ia tes 
enhance in su lin  resistance in  the  liver a n d  sensitize hepa- 
tocytes to  the  toxic effects of in flam m ato ry  cytokines, 
w h ich  are  p ro d u c e d  in  increased  am o u n ts  in  the se tting  of 
the m etabolic  synd rom e. In  ad d itio n , hepatocy tes in  
pa tien ts w ith  N A SH  show  ev idence of in flam m asom e acti
vation , possib ly  d u e  to  d irec t o r ind irec t effects o f p a rticu 
lar lip ids, lead in g  to  local release of the  p ro -in flam m ato ry  
cy tok ine IL-1. O ther p ro d u c ts  of lip id  m etabo lism  ap p ea r 
to be d irectly  toxic to  hepatocytes; p ro p o sed  m echanism s 
include increased  p ro d u c tio n  of reactive oxygen  species, 
in d u c tio n  of ER stress, a n d  d isru p tio n  of m itochondria l 
function . L iver in jury  re su ltin g  from  these  various insu lts 
causes stellate  cell activation , co llagen deposition , an d  
hepa tic  fibrosis, w h ich  a long  w ith  o ngo ing  hepatocy te  
dam age lead  to  fu ll-b low n  NA SH .

C lin ica l Features

NA FLD  is the m ost com m on  cause of inc iden ta l elevation  
of se ru m  transam inases. M ost in d iv id u a ls  w ith  steatosis 
are  asym ptom atic ; pa tien ts  w ith  active stea tohepatitis  o r 
fibrosis m ay  also  be asym ptom atic , b u t som e m ay  have  
fatigue, m alaise, r ig h t u p p e r-q u a d ra n t d iscom fort, o r m ore  
severe sym ptom s of chronic liver d isease. L iver b iopsy  is 
req u ired  to  iden tify  N A SH  a n d  d is tin g u ish  it from  uncom 
plica ted  NAFLD. F ortunate ly , the  frequency  of p rog res 
sion  from  steatosis to  active stea tohepatitis  a n d  th en  from  
active s tea tohepatitis  to  cirrhosis is low  (Fig. 16.19). N ev 
ertheless, N A FLD  is considered  to  be a sign ifican t con
tr ib u to r to  the  p a thogenesis o f "cryp togen ic" cirrhosis. 
Because they  share  com m on  risk  factors, the incidence 
of co ronary  a rte ry  d isease a lso  is increased  in  pa tien ts 
w ith  NAFLD.

C u rre n t th e rap y  is d irec ted  to w ard  obesity  red u c tio n  
an d  reversa l o f in su lin  resistance. L ifestyle m odifications 
th a t lead  to  w e ig h t loss (d ie t an d  exercise) ap p e a r to  be the 
m ost effective fo rm  of treatm en t.

P ed ia tric  N A FLD  is becom ing  a n  increasing  p ro b lem  as 
obesity  a n d  m etabolic  sy n d ro m e ap p ro ach  ep idem ic  p ro 
portions. In  ch ild ren , the app earan ce  of the h isto logic 
lesions is so m ew h at d ifferent, as in flam m ation  a n d  scar
r in g  ten d  to  be m ore p ro m in e n t in  the p o rta l tracts an d  
p erip o rta l regions, a n d  m o nonuclear in filtrates ra th e r than  
n eu troph ilic  in filtrates p red o m in a te .
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Nonalcoholic fatty liver disease (NAFLD)

>80%

' ' ' r

Fig. 16.19 Natural history of nonalcoholic fatty liver disease. Isolated fatty liver disease shows minimal risk for progression to cirrhosis or increased mortal
ity, while nonalcoholic steatohepatitis shows increased overall mortality as well as increased risk for cirrhosis and hepatocellular carcinoma. D M ,  Diabetes 
mellitus.

f t  S U M M A R Y

N O N A L C O H O L IC  F A T T Y  L IV E R  D ISEASE

• Nonalcoholic fatty liver disease (NAFLD) is associated with 

the metabolic syndrome, obesity, type 2 diabetes, and dyslipid- 

emia and/or hypertension.

• NAFLD may show all the changes associated with alcoholic 

liver disease: steatosis, nonalcoholic steatohepatitis (NASH), 

and cirrhosis, although the features of steatohepatitis (such as 

hepatocyte ballooning, Mallory-Denk bodies, and neutrophilic 

infiltration) often are less prominent than they are in alcohol- 

related injury.

• Pediatric NAFLD is increasingly being recognized as the obesity 

epidemic spreads to pediatric age groups, although its histo

logic pattern differs somewhat from that seen in adults.

INHERITED METABOLIC LIVER 
DISEASES

A lth o u g h  there  are m any  in h erited  m etabolic  liver d is
eases, on ly  som e re la tively  com m on, pa thogen ica lly  
in te restin g  en tities a re  d iscussed  here: h e red ita ry  hem o
chrom atosis, W ilson  disease, a n d  a lpha-1 -an ti-trypsin  
(aiA T) deficiency.

Hemochromatosis

H e m o c h ro m a to s is  is  caused  b y  excessive a b s o p rtio n  o f  

iro n , w h ic h  is p r im a r i ly  d e p o s ite d  in  p a re n c h y m a l o rgans  

such  as th e  l iv e r  a n d  p an creas , as w e l l  as in  th e  h e a rt, 

jo in ts , a n d  e n d o c rin e  o rgans. It re su lts  m o st com m only  
from  a n  in h erited  d iso rder, hereditary hemochromatosis. 
W hen  iro n  accum ula tion  occurs as a consequence of

p aren te ra l ad m in is tra tio n  of iron , u su a lly  in  the fo rm  of 
transfusions, it is called  acquired hemochromatosis. Second
a ry  iro n  overload  also  can  com plicate  d iseases th a t are  
associa ted  w ith  p e rsis ten t ineffective e ry th ropo iesis , p a r 
ticu larly  thalassem ia an d  m yelodysp lastic  synd rom es 
(C hap ter 12).

A s d iscussed  in  C h ap te r 12, the to ta l body  iron  pool 
ran g es from  2 to  6  gm  in  n o rm al adu lts; ab o u t 0.5 gm  is 
s to red  in  hepatocy tes. In  severe hem ochrom atosis, to tal 
iro n  m ay  exceed 50 gm , on e-th ird  of w h ich  accum ulates 
in  the  liver. Fully  dev e lo p ed  cases exhib it (1) m icro n o d u la r 
cirrhosis; (2 ) d iabetes m ellitu s (up  to 80% of patien ts); an d  
(3) abno rm al sk in  p ig m en ta tio n  (up  to  80% of patien ts).

Pathogenesis

Because there  is no  reg u la ted  iron  excretion  from  the body , 
the to tal body  con ten t of iro n  is tigh tly  reg u la ted  by in tes
tinal absorp tion . A s d iscussed  in  C h ap te r 12, h ep c id in  is a 
c ircu la ting  p ep tid e  ho rm o n e  th a t acts as a key negative  
reg u la to r o f in testina l iro n  u p take . D iv e rs e  m u ta tio n s  in  

se v era l genes h av e  b e e n  d e s c rib e d  in  h e re d ita ry  h e m o 

ch ro m a to s is , a l l  o f  w h ic h  lo w e r  h e p c id in  le v e ls  or d im in 

is h  h e p c id in  fu n c tio n . W hatever the u n d e rly in g  defect, 
the n e t re su lt is a n  increase in  in testina l ab so rp tio n  of 
d ie ta ry  iron , lead in g  to  an  accum ula tion  of 0.5 to  1 gm  of 
iron  p e r  year.

The m ost frequen tly  m u ta te d  gene in  p a tien ts  w ith  
h e red ita ry  hem ochrom atosis  is HFE, w h ich  is located  on  
ch rom osom e 6  close to  the  H LA  gene cluster. HFE encodes 
a n  H LA  class I-like  m olecu le th a t regu la tes  the  syn thesis 
o f h ep c id in  in  hepatocytes. The m ost com m on HFE m u ta 
tion  is a cysteine-to-ty rosine su b stitu tio n  a t am ino  acid  282 
(C282Y). This m u ta tio n , w h ich  inactivates the HFE p ro te in , 
is p re sen t in  over 70% of p a tien ts  d iag n o sed  w ith  he red i
tary  hem ochrom atosis  a n d  is m ost com m on  in  E u ropean  
p o p u la tions. Several o ther m u ta tio n s  can  also  give rise  to
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hem ochrom atosis, in c lu d in g  o th er m u ta tio n s in  HFE as 
w ell as m u ta tio n s  in  tran sfe rrin  recep to r 2  a n d  in  hepcid in  
itself. The associa ted  clinical cond ition  is m ild e r w ith  som e 
of these a lte rna tive  m u ta tio n s  a n d  m ore severe w ith  o thers, 
som etim es m an ifesting  in  y o u n g  a d u lts  o r even  d u rin g  
ch ildhood .

W hatever the u n d e rly in g  cause, the onse t of d isease 
typically  occurs after 2 0  gm  of s to red  iro n  have  accum u
la ted . Excessive iro n  a p p ea rs  to  be d irectly  toxic to  host 
tissues. M echanism s of liver in ju ry  inc lude  the  follow ing:
• L ip id  p e ro x id a tio n  v ia  iron-cata lyzed  free rad ical 

reactions
• S tim ula tion  of collagen fo rm ation  by activa tion  of 

hepatic  stellate cells
• D N A  dam age by reactive oxygen  species, lead in g  to 

le tha l cell in jury  or p red isp o sitio n  to  H C C

The dele te rious effects o f iro n  o n  cells th a t a re  n o t fatally  
in ju red  a re  reversib le , a n d  rem oval o f excess iro n  w ith  
th e rap y  p rom otes  recovery  of tissue function .

^  M O R P H O L O G Y

The morphologic changes in severe hemochromatosis are char
acterized principally by ( 1 ) tissue deposition  o f hem osid erin

in the following organs (in decreasing order of severity): liver, 
pancreas, myocardium, pituitary gland, adrenal gland, thyroid and 
parathyroid glands, joints, and skin; (2) cirrhosis ; and (3) pan 

crea tic  fibrosis . In the liver, iron becomes evident first as 
golden-yellow hemosiderin granules in the cytoplasm of peripor
tal hepatocytes, which can be histochemically stained with Prus
sian blue (Fig. l6.20).With increasing iron load, there is progressive 
deposition in the rest of the lobule, the bile duct epithelium, and 
Kupffer cells. At this stage, the liver typically is slightly enlarged 
and chocolate brown. Fibrous septa develop slowly, linking portal 
tracts to  each other and leading ultimately to  cirrhosis in an 
intensely pigmented (very dark brown to black) liver.

The pancreas also becomes pigmented, acquires diffuse 
interstitial fibrosis, and may show parenchymal atrophy. Hemo
siderin is found in the acinar and the islet cells and sometimes 
in the interstitial fibrous stroma. The h e a rt often is enlarged, 
with hemosiderin granules within the myocardial fibers. The pig
mentation may induce a striking brown coloration of the myo
cardium. A delicate interstitial fibrosis may appear. Although skin 

p ig m e n ta tio n  is partially attributable to  hemosiderin deposi
tion in dermal macrophages and fibroblasts, most of the color
ation results from increased epidermal melanin production. The 
combination of these pigments renders the skin slate-gray. With 
hemosiderin deposition in the joint synovial linings, an acute 
synovitis may develop. There is also excessive deposition of 
calcium pyrophosphate, which damages the articular cartilage 
and sometimes produces disabling polyarthritis, referred to as 
pseudogout. With the onset of cirrhosis, the testes may become 
atrophic. * 7

C lin ica l Features

S ym ptom s u sually  ap p e a r earlier in  m en  th a n  in  w o m en  
since m en stru a l b leed ing  lim its the  accum ula tion  of iron  
u n til m enopause . This resu lts  in  a m ale-to-fem ale ra tio  of 
clinically significant iro n  overload  of ap p rox im ate ly  5 : 1 to
7 : 1. In  the m ost com m on  fo rm  caused  by HFE m u ta tions,

Fig. 16.20 Hereditary hemochromatosis. In this Prussian blue-stained 
section, hepatocellular iron appears blue. The parenchymal architecture is 
normal at this stage of disease, even with such abundant iron.

sy m p to m s u su a lly  ap p e a r in  the  fifth  a n d  six th  decades of 
life in  m en  a n d  la te r in  w om en . W ith  p o p u la tio n  screening, 
it has becom e clear tha t h om ozygosity  for the m ost com m on 
HFE m u ta tio n  (C282Y) show s variab le  penetrance; th u s 
d isease d eve lopm en t is no t inevitable, p resu m ab ly  because 
o th e r genetic  a n d  en v iro n m en ta l factors influence the ra te  
of iro n  accum ulation .

The p rinc ipa l m an ifesta tions inc lude  hepatom egaly , 
ab d o m in a l pain , sk in  p ig m en ta tio n  (particu larly  in  sun- 
exposed  areas), d e ran g ed  glucose hom eostasis o r frank  
d iabetes m ellitu s d u e  to d estru c tio n  of pancreatic  islets, 
card iac d y sfunction  (a rrhy thm ias, card iom yopathy ), a n d  
a typ ica l arth ritis . In  som e patien ts, the  p resen tin g  com 
p la in t is h y p o g o n ad ism  (e.g., am en o rrh ea  in  the fem ale, 
im po tence a n d  loss of lib ido  in  the  m ale). As no ted , clini
cally a p p a re n t d isease is m ore  com m on  in  m ales a n d  rarely  
becom es ev id en t before 40 years o f age. D eath  m ay  resu lt 
from  cirrhosis o r card iac  d isease. In  those  w ith  u n trea ted  
d isease, the risk  for H C C  is increased  200-fold, p resu m ab ly  
because of o ngo ing  liver dam ag e  a n d  the genotoxic effects 
of o x idan ts  g en era ted  by  iro n  in  the liver.

F ortunate ly , hem ochrom atosis  can  be d iagnosed  long  
before irreversib le  tissue dam ag e  has occurred . Screening 
of fam ily  m em bers o f p ro b a n d s  is im p o rtan t. H eterozy 
gotes a lso  accum ula te  excessive iron , b u t n o t to a  level tha t 
causes significant tissue dam age. C u rren tly  m ost pa tien ts  
w ith  hem ochrom atosis  a re  d iag n o sed  in  the subclinical, 
p recirrho tic  stage d u e  to  ro u tin e  se ru m  iro n  m easu rem en ts  
(as p a r t  o f an o th er d iagnostic  w o rk u p ). R egu lar ph lebo t
om y resu lts  in  s teady  rem oval of excess tissue iron , a n d  
w ith  th is sim ple  trea tm en t life expectancy is norm al.

Wilson Disease

W ilson  d isease is  an autosom al recessive disorder caused  
b y  m utation o f the ATP7B gene, w h ich  resu lts in  im paired  
copper excretion into b ile  and a failure to incorporate 
copper into ceruloplasm in. This d iso rd e r is m ark ed  by the 
accum ula tion  of toxic levels of cop p er in  m an y  tissues an d  
organs, p rinc ipa lly  the liver, b ra in , a n d  eye. N orm ally , 40%
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to  60% of ingested  co p p er (2-5 m g /d a y )  is ab so rbed  in  the 
d u o d e n u m  a n d  p rox im al sm all in testine , from  w h ere  it is 
tra n sp o rte d  com plexed  w ith  a lb u m in  an d  h istid ine  to  the  
liver. H ere, free copper d issociates a n d  is taken  u p  by  hepa- 
tocytes, w h ere  co p p er is in co rp o ra ted  in to  enzym es an d  
a 2-g lobu lin  (apoceru lop lasm in) to  fo rm  ceruloplasmin, 
w h ich  is secreted  in to  the b lood . C eru lop lasm in  carries 
90% to 95% of p lasm a  copper. C ircu la ting  ce ru lop lasm in  is 
even tua lly  desia ly la ted , endocy tosed  by the liver, and  
d eg rad ed  w ith in  lysosom es, after w h ich  the  re leased  
copper is excreted  in to  bile. This d eg ra d a tio n /e x c re tio n  
p a th w ay  is the p rim ary  ro u te  for co p p er elim ination .

The ATP7B  gene, located  o n  ch rom osom e 13, encodes a 
tran sm em b ran e  co p p er-tran sp o rtin g  A TPase th a t is 
expressed  o n  the  hepatocy te  canalicu lar m em brane. The 
o verw he lm ing  m ajority  o f p a tien ts  w ith  W ilson  d isease are  
co m p o u n d  heterozygo tes w ith  d ifferen t loss-of-function  
m u ta tio n s affecting  each  ATP7B  allele. The overall fre
quency  of m u ta te d  alleles is 1  : 1 0 0 , a n d  the prevalence of 
the  d isease is ap p rox im ate ly  1 : 30,000 to  1 : 50,000. Loss of 
ATP7B p ro te in  function  im p a irs  the tra n sp o rt o f copper 
in to  the  bile a n d  the in co rpo ra tion  of cop p er in to  ceru lo 
p lasm in , w h ich  is n o t secreted  in  its apoceru lop lasm in  
form . These abnorm alities lead  to  co p p er accum ula tion  in  
the liver an d  a decrease in  p lasm a  ceru lop lasm in . A ccum u
la ting  co p p er causes liver in ju ry  th ro u g h  the p ro d u c tio n  of 
reactive oxygen  species by  the F en ton  reaction  (C hap ter 3). 
E ventually , n o n -ce ru lo p la sm in -b o u n d  copper is re leased  
from  in ju red  hepatocy tes in to  the circulation , causing  red  
cell hem olysis a n d  a llow ing  copper to  d eposit in  o ther 
tissues, such  as the  brain , corneas, k idneys, bones, jo in ts, 
an d  p a ra th y ro id  g lands. C oncom itan tly , u rin a ry  excretion  
of co p p er increases m ark ed ly  from  its n o rm al m inuscu le  
levels.
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M O R P H O L O G Y

The liver often bears the brunt of injury.The hepatic changes are 

variable, ranging from relatively minor to  massive and mimic 

many other disease processes. There may be mild to moderate 

fa t ty  change (steatosis) associated with focal hepatocyte 

necrosis. A c u te , fu lm in a n t h ep atitis  can mimic acute viral 

hepatitis. C h ro n ic  h ep atitis  in Wilson disease exhibits moder

ate to  severe inflammation and hepatocyte necrosis, areas of fatty 

change, and features of steatohepatitis (hepatocyte ballooning 

with prominent Mallory-Denk bodies). In advanced cases, c ir

rhosis may be seen. Copper deposition in hepatocytes can be 

demonstrated by special stains (rhodamine stain for copper, 

orcein stain for copper-associated protein).

Toxic injury to  the brain primarily affects the basal ganglia. 

Nearly all patients with neurologic involvement develop eye 

lesions called K a y s e r - F l e i s c h e r  r i n g s ,  green to brown deposits 

of copper in Des^emet membrane in the limbus of the cornea.

C lin ica l Features

The age a t onset a n d  the clinical p resen ta tio n  of W ilson 
d isease  are  ex trem ely  variable. S ym ptom s u su a lly  ap p ea r 
be tw een  6  a n d  40 years o f age. A cute o r chronic liver 
d isease  a re  com m on  p resen tin g  features. N eu ropsych ia tric  
m an ifesta tions a re  the in itial fea tu res in  m ost o f the

rem ain in g  cases a n d  stem  from  dep o sitio n  of co p p er in  the 
basal ganglia.

The d iagnosis o f W ilson  d isease is b ased  on  low  levels of 
se ru m  ceru lop lasm in , a n  increase in  hepatic  co p p er con ten t 
(the m ost sensitive test), a n d  increased  u rin a ry  excretion  of 
co p p er (the m ost specific test). H epatic  co p p er con ten t in  
excess of 250 |ig  p e r  g ram  d ry  w e ig h t o f liver is taken  to  be 
d iagnostic , b u t is on ly  ab o u t 80% sensitive. In  those w ith  
low er liver co p p er levels, the  d iagnosis d e p en d s  on  o ther 
abnorm alities, such  as e leva ted  u rin a ry  copper, low  se ru m  
ceru lop lasm in , an d  the  p resence of K ayser-Fleischer rings. 
U nlike h e red ita ry  hem ochrom atosis, w h e re  the lim ited  
n u m b er of genetic  v a rian ts  m akes genetic testing  fairly 
sim ple, the large  n u m b er of d ifferen t causative  m u ta tio n s 
in  ATP7B7  com plicates the u se  of D N A  sequencing  as a 
d iagnostic  test. S erum  cop p er levels also  a re  of n o  d iagnos
tic value, as they  m ay  be low , norm al, o r e levated , d e p e n d 
in g  o n  the stage of the liver d isease.

E arly  recogn ition  a n d  long -te rm  co p p er chelation  
th e rap y  (w ith  D-pen ic illam ine o r T rientine) o r zinc-based 
th e rap y  (w hich  inh ib its  co p p er u p ta k e  in  the gut) has d ra 
m atically  a lte red  the u su a l p rog ressive  dow nh ill course. 
In d iv id u a ls  w ith  hepatitis  o r ad v an ced  cirrhosis requ ire  
liver tran sp lan ta tio n , w h ich  can  be curative.

a rAnti-Trypsin Deficiency

a - rA n t i- t r y p s in  d e fic ie n c y  is a n  a u to s o m a l recessive  d is 

o rd er m a rk e d  b y  v e ry  lo w  le v e ls  o f  c irc u la t in g  a -a n t i-  

t ry p s in  (a ^ T )  th a t  is  caused  b y  m u ta tio n s  th a t  le a d  to  

m is fo ld in g  o f  a ,A T . The m ajor function  of a 2AT is to 
inh ib it p ro teases, p a rticu la rly  n eu tro p h il e lastase, cathep- 
sin  G, a n d  p ro te inase  3, w h ich  are re leased  from  n eu tro 
ph ils  a t sites of in flam m ation . a 2A T deficiency leads to  the 
d ev e lo p m en t of p u lm o n a ry  em p h y sem a because the activ 
ity  o f destruc tive  p ro teases is n o t in h ib ited  (C hap ter 13). It 
a lso  causes liver d isease as a consequence o f h epatocellu lar 
accum ula tion  of the m isfo lded  a 2A T p ro te in .

a iA T is a sm all 394-am ino  acid  p lasm a  g lycopro te in  
syn thesized  p red o m in an tly  by hepatocytes. The gene, 
located  on  ch rom osom e 14, is very  po lym orph ic . A t least 
75 a 2A T v arian ts  h av e  been  iden tified , d en o ted  a lphabeti
cally by  their re la tive  m ig ra tio n  on  a n  isoelectric gel. The 
general n o ta tio n  is "P i"  for "p ro tease  inh ib ito r"  an d  an  
a lphabetic  le tter for the  p o sition  on  the gel; tw o  le tters 
deno te  the geno type  of the  tw o  alleles. The m ost com m on 
g eno type  is PiM M , occurring  in  90% of in d iv id u a ls  (the 
"w ild -type").

T h e  m o s t c o m m o n  c l in ic a lly  s ig n ific a n t m u ta t io n  is  

P iZ ;  P iZ Z  h o m o zy g o te s  h a v e  c irc u la t in g  a ,A T  le v e ls  th a t  

are  o n ly  10%  o f  n o rm a l. These in d iv id u a ls  a re  a t h ig h  risk  
for d eve lop ing  clinical disease. V arian t alleles are  codom i
nan t, and , consequen tly , P iM Z heterozygo tes have  in te r
m ed ia te  p lasm a levels of a 2AT. A m ong  in d iv id u a ls  of 
n o rth e rn  E u ro p ean  descent, the P iZ Z  sta te  affects 1 in  1800 
live b irths. Because of the  early  p re sen ta tio n  of the  liver 
disease, a iAT deficiency is the m ost com m only  d iagnosed  
genetic hepatic  d iso rd e r in  in fan ts a n d  ch ildren .

Pathogenesis

T h e  P iZ  p o ly p e p tid e  is  p ro n e  to  m is fo ld in g  a n d  agg reg a 

t io n  d u e  to  a  s in g le  a m in o  a c id  g lu ta m in e -to - ly s in e
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s u b s titu t io n  a t re s id u e  342 (E 3 4 2 K ). T h is  in  tu r n  creates  

e n d o p la s m ic  re t ic u lu m  stress a n d  tr ig g e rs  th e  u n fo ld e d  

p ro te in  resp o n se , w h ic h  u lt im a te ly  lead s  to  a po p to sis . It
is w o rth  em p h asiz in g  th a t the liver dam age is caused  by 
p ro te in  m isfo ld ing , w h ereas  lu n g  dam ag e  lead in g  to 
em p h y sem a stem s from  the loss of a 1AT function  an d  
excessive p ro tease  activ ity . A lth o u g h  all in d iv id u a ls  w ith  
the P iZ Z  geno type  accum ula te  a 1 A T-Z in  the endop lasm ic  
re ticu lu m  of hepatocytes, on ly  10% to 15% develop  overt 
clinical liver d isease; thus, o th e r genetic factors o r env iron 
m en ta l factors m u s t also  p lay  a ro le  in  the d ev e lo p m en t of 
liver d isease.

M O R P H O L O G Y

a r Anti-trypsin deficiency is characterized by the presence of 

round-to-oval cytoplasmic g lo b u la r inclusions in hepatocytes 

that are strongly periodic acid—Schiff (PAS) positive and diastase 

resistant (Fig. 16.21 ). Periportal hepatocytes are most affected in 

early and in mild forms of the disease, with central lobular hepa

tocytes being affected later or in more severe disease. O ther 

pathologic features vary, ranging from hepatitis to  fibrosis to  

full-blown cirrhosis.

C lin ica l Features

N eona ta l h ep a titis  w ith  cholestatic  jaund ice  a p p ea rs  in  
10% to 20% of new b o rn s w ith  a 1A T deficiency. In  ado 
lescence, p re sen tin g  sym ptom s m ay  be re la ted  to  hep a 
titis o r cirrhosis. A ttacks of h epatitis  m ay  subside  w ith  
a p p a re n t com plete recovery , o r they m ay  becom e chronic 
a n d  lead  p rogressively  to  cirrhosis. A lternatively , the 
d isease  m ay  rem ain  silen t u n til c irrhosis a p p ea rs  in  m id d le  
to  la te r a d u lt life. H C C  d evelops in  2% to 3% of P iZZ 
ad u lts , u sua lly  in  the se tting  of cirrhosis. The defin itive 
trea tm en t, for severe hepatic  d isease is liver tran sp lan ta 
tion. In  p a tien ts  w ith  p u lm o n ary  d isease, avo idance  of 
cigarette  sm oking  is crucial, because sm oking  resu lts  in  
accum ula tion  of n eu tro p h ils  a n d  release of elastase  in  the

Fig. 16.21 ai -Anti-trypsin deficiency. Periodic acid—Schiff (PAS) stain after 
diastase digestion of the liver, highlights the characteristic magenta cytoplas
mic granules.

lu n g  th a t is n o t inac tiva ted  because of lack of a 1AT. The 
u n o p p o se d  action  of n eu tro p h il deriv ed  p ro teases destroys 
elastic fibers in  alveo lar w alls, lead in g  to  em ph y sem a 
(C hap ter 13).

Ä S U M M A R Y

IN H E R IT E D  M E T A B O L IC  L IV E R  DISEASE

• Hemochromatosis is most commonly caused by mutations in 

the H F E  gene and less commonly by mutations in other genes, 

all of which result in decreased hepcidin levels or function and 

increased intestinal iron uptake. It is characterized by accumu

lation of iron in the liver, pancreas, and other tissues.

• Wilson disease is caused by loss-of-function mutations in the 

metal ion transporter ATP7B, which results in accumulation of 

copper in the liver, brain (particularly basal ganglia), and eyes 

(Kayser-Fleischer rings).

• Wilson disease effects on the liver are protean, showing 

changes ranging from acute massive hepatic necrosis, to  fatty 

liver disease, to chronic hepatitis and cirrhosis.

• a iAT deficiency is a disease in which mutations in a iAT lead 

to its misfolding, causing liver toxicity and a functional deficit 

of a iAT in the plasma. This deficiency places affected individu

als at high risk for emphysema, particularly smokers, due to  

the unopposed effects of proteases released from 

neutrophils.

CHOLESTATIC SYNDROMES

H epatic  bile serves tw o  m ajor functions: (1) the  em ulsifica
tion  of d ie ta ry  fa t in  the lu m e n  of the  g u t th ro u g h  the 
d e te rg en t action  of bile salts, an d  (2 ) the e lim ination  of 
b ilirub in , excess cholesterol, xenobiotics, an d  o ther w aste  
p ro d u c ts  th a t are  insufficiently  w ater-so lub le  to  be excreted  
in to  u rine . P rocesses th a t in terfere w ith  excretion  of bile 
lead  to  jaundice a n d  icterus d u e  to  re ten tio n  of b ilirub in , an d  
to cholestasis (d iscussed  later).

J a u n d ice  m a y  occur in  se tting s  o f  increase  b i l i r u b in  

p ro d u c tio n  (e.g ., ex trava s c u la r re d  c e ll h e m o ly s is ), h e p a -  

tocyte  d y s fu n c tio n  (e.g ., h e p a tit is ), or o b s tru c tio n  o f  th e  

f lo w  o f  b ile  (e.g ., a n  im p a c te d  g a lls to n e ), a n y  o f  w h ic h  

can  d is tu rb  th e  e q u i l ib r iu m  b e tw e e n  b i l i r u b in  p ro d u c 

t io n  a n d  c learance  (su m m arized  in  Table 16.4). The m etab 
o lism  of b ilirub in  by  the liver occurs in  four steps: u p tak e  
from  the  circulation; in trace llu la r storage; con jugation  w ith  
g lucuron ic  acid; a n d  b iliary  excretion. These are  d iscussed  
next.

Bilirubin and Bile Formation

B ilirubin  is the en d  p ro d u c t o f hem e d e g rad a tio n  (Fig. 
16.22). A pprox im ate ly  85% of daily  p ro d u c tio n  (0.2-0.3 gm) 
is d e riv ed  from  the b reak d o w n  of senescent re d  cells by 
m acrophages in  the  spleen, liver, a n d  bone m arrow . The 
rem a in d e r is d e riv ed  from  the tu rn o v e r o f hepatic  hem e or 
hem o p ro te in s  (e.g., the  P-450 cytochrom es) a n d  from  
d estruc tion  of re d  cell p recu rso rs  in  the bone m arro w  
(C hap ter 12). W hatever the  source, in trace llu la r hem e oxy
genase oxid izes hem e to b iliverd in  (step  1 in  Fig. 16.22),
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Table 16.4 M ajo r Causes of Jaundice

P redo m in an tly  U nconjugated H yp erb iliru b in em ia

E x c e s s  P r o d u c t io n  o f  B i l ir u b in

Hemolytic anemias
Resorption of blood from internal hemorrhage (e.g., alimentary tract 

bleeding, hematomas)
Ineffective erythropoiesis (e.g., pernicious anemia, thalassemia)

R e d u c e d  H e p a t ic  U p t a k e

Drug interference with membrane carrier systems

Im p a i r e d  B il ir u b in  C o n ju g a t io n

Physiologic jaundice of the newborn
Diffuse hepatocellular disease (e.g., viral or drug-induced hepatitis, 

cirrhosis)

P redo m in an tly  C onjugated  H yp erb iliru b in em ia

D e c r e a s e d  H e p a t o c e l lu la r  E x c r e t io n

Drug-induced canalicular membrane dysfunction (e.g., oral 
contraceptives, cyclosporine)

Hepatocellular damage or toxicity (e.g., viral or drug-induced hepatitis, 
total parenteral nutrition, systemic infection)

Im p a i r e d  In t r a h e p a t i c  o r  E x t r a h e p a t ic  B ile  F lo w

Inflammatory destruction of intrahepatic bile ducts (e.g., primary 
biliary cirrhosis, primary sclerosing cholangitis, graft-versus-host 
disease, liver transplantation)

Gallstones
External compression (e.g., carcinoma of the pancreas)

w h ich  is im m ed ia te ly  red u ced  to  b iliru b in  by b iliverd in  
reductase . B ilirubin  th u s  fo rm ed  is re leased  a n d  b in d s to 
se ru m  a lb u m in  (step 2 ), w h ich  is critical since b ilirub in  is 
v irtua lly  inso lub le  in  aq u eo u s so lu tions a t physio log ic  p H  
an d  a lso  h igh ly  toxic to  tissues. A lbum in  carries b ilirub in  
to the  liver, w h e re  b ilirub in  is taken  u p  in to  hepatocy tes 
(step 3) a n d  con jugated  w ith  one or tw o  m olecu les of gluc
u ron ic  acid  by b ilirub in  u rid in e  d ip h o sp h a te  (U D P)-gluc- 
u rony ltransfe rase  (UGT1A1, step  4) in  the endop lasm ic  
re ticu lum . W ater-soluble, nontoxic b iliru b in  g lucu ron ides 
are  th en  excreted  in to  the bile. M ost b ilirub in  g lucu ron ides 
are  decon jugated  in  the g u t lu m en  by bacterial 
P -g lucuron idases a n d  d eg rad ed  to colorless u rob ilinogens 
(step 5). The u rob ilinogens a n d  the resid u e  of in tact 
p ig m en t are  largely  excreted  in  feces. A pprox im ate ly  20% 
of the u rob ilinogens fo rm ed  are reab so rb ed  in  the  ileum  
an d  colon, re tu rn e d  to  the liver, a n d  reexcreted  in to  bile. 
A  sm all a m o u n t o f reabso rbed  u rob ilinogen  is excreted  in  
the urine .

T w o-th irds of the o rganic m ateria ls  in  bile a re  bile salts, 
w h ich  are  fo rm ed  by  the con jugation  of bile acids w ith  
tau rine  or glycine. Bile acids, the  m ajor catabolic p ro d u c ts  
of cholesterol, are  a  fam ily  of w ater-so lub le  stero ls w ith  
carboxy lated  side chains. The p rim ary  h u m a n  bile acids 
are  cholic acid  a n d  chenodeoxycholic  acid. Bile acids are  
h igh ly  effective de tergen ts. T heir p rim ary  physio log ic  role 
is to  so lub ilize w ater-in so lub le  lip id s secreted  by h ep a to 
cytes in to  bile, an d  also  to  solubilize d ie ta ry  lip id s in  the 
g u t lum en . N inety-five p e rcen t o f secreted  bile acids, con
ju g a ted  o r uncon jugated , a re  reab so rb ed  from  the  g u t 
lu m en  a n d  recircu la te  to  the  liver (enterohepatic circulation), 
th u s h e lp in g  to  m a in ta in  a large  en d o g en o u s poo l o f bile 
acids for d igestive  an d  excretory  p u rposes.

Pathophysiology of Jaundice

Both u n con juga ted  b ilirub in  a n d  con jugated  b ilirub in  (bili
ru b in  g lucuron ides) m ay  accum ula te  system ically . A s d is
cussed  earlier, u n con juga ted  b ilirub in  is v irtua lly  insolub le 
an d  tigh tly  b o u n d  to  a lbum in . A s a resu lt, it canno t be 
excreted  in  the u rine , even  w h e n  b lood  levels are h igh. 
N orm ally , a very  sm all am o u n t o f uncon ju g a ted  b ilirub in  
is p re sen t as a  free an io n  in  p lasm a. If u ncon jugated  b iliru 
b in  levels rise, th is u n b o u n d  fraction  m ay  diffuse in to  
tissues, p a rticu la rly  the  b ra in  in  in fan ts, a n d  p ro d u ce  toxic 
in jury . The u n b o u n d  p lasm a  fraction  increases in  severe 
hem oly tic  d isease o r w h e n  p ro te in -b in d in g  d ru g s  d isp lace 
b ilirub in  from  a lbum in . H ence, hem oly tic  d isease of the 
n ew b o rn  (ery throblastosis fetalis) m ay  lead  to  accum ula 
tion  of uncon jugated  b ilirub in  in  the brain , w h ich  can 
cause  severe neuro log ic  dam age, re ferred  to  as kernicterus
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(C hap ter 7). In  contrast, con jugated  b ilirub in  is w ater- 
soluble, nontoxic, a n d  on ly  loosely b o u n d  to  a lbum in . 
Because of its so lub ility  a n d  w eak  associa tion  w ith  a lbum in , 
excess con jugated  b ilirub in  in  p lasm a  can  be excreted  in  
urine .

S erum  b ilirub in  levels in  the n o rm al a d u lt v a ry  be tw een  
0.3 a n d  1.2 m g /d L . Jaundice  becom es ev id en t w h e n  the 
se ru m  b ilirub in  levels rise above 2 to  2.5 m g /d L ; levels as 
h ig h  as 30 to  40 m g /d L  can  occur w ith  severe d isease. 
C auses of con jugated  a n d  u n con juga ted  hyp erb iliru b in e 
m ia differ, a n d  so m easu rem en t o f b o th  fo rm s is o f value  
in  ev a lu a tin g  a p a tien t w ith  jaund ice .

Defects in Hepatocellular Bilirubin Metabolism

N e o n a ta l Jaundice

Because the hepatic  m ach inery  for con jugating  a n d  excret
ing  b iliru b in  does n o t fu lly  m a tu re  u n til ab o u t 2  w eeks of 
age, a lm ost every  n ew b o rn  develops tran sien t a n d  m ild  
uncon ju g a ted  hyperb ilirub inem ia , te rm ed  neonatal jaundice 
o r physiologic jaundice of the newborn. This m ay  be exacer
b a ted  by  b reastfeed ing , d u e  to  the  ac tion  of b ilirub in- 
decon jugating  enzym es in  b reast m ilk. N evertheless, 
su sta in ed  jaund ice  in  the n ew b o rn  is ab n o rm al a n d  is d is
cussed  la te r in  the " N eona ta l C holestasis"  section.

H e re d ita ry  H yperb ilirubinem ias

Jaundice  a lso  m ay  resu lt from  in b o rn  e rro rs o f m etabolism , 
in c lu d in g  the follow ing:
• Gilbert syndrome is a com m on  (7% of the popu la tion ) 

in h e rited  cond ition  th a t m an ifests as f luc tua ting  uncon 
ju g a ted  h y perb ilirub inem ia  of variab le  severity . The 
p rim ary  cause is m ild ly  decreased  hepatic  levels of gluc- 
u ronosy ltransferase  a ttr ib u ted  to  a m u ta tio n  in  the 
encod ing  gene, UGT1A1; p o ly m o rp h ism s in  the gene 
m ay  p lay  a ro le  in  the variab le  expression  of th is d isor
der. G ilbert sy n d ro m e is n o t associated  w ith  any  m or
b id ity . By contrast, severe g lucuronosy ltransferase  
deficiency causes a ra re  d iso rd e r called Crigler-Najjar 
Syndrome Type 1 th a t is fatal in  infancy.

• Dubin-Johnson syndrome resu lts  from  an  au to som al 
recessive defect in  the tra n sp o rt p ro te in  responsib le  for 
hepatoce llu lar excretion  of b iliru b in  g lucu ron ides across 
the  canalicu lar m em brane . A ffected in d iv id u a ls  exhib it 
con jugated  h yperb ilirub inem ia . O ther th an  h av in g  a 
dark ly  p ig m en ted  liver (from  po ly m erized  ep in ep h rin e  
m etabolites, n o t b ilirub in) a n d  hepatom egaly , pa tien ts  
are  norm al.

Cholestasis
C h o le s ta s is  is a  c o n d it io n  caused  b y  e x tra h e p a tic  or 

in tra h e p a t ic  o b s tru c tio n  o f  b ile  c h a n n e ls  or b y  defects  

in  h ep a to c y te  b ile  secre tio n . P atien ts m ay  hav e  ja u n 
dice, p ru ritu s , sk in  xan thom as (focal accum ula tion  of 
cholesterol), o r sym ptom s re la ted  to  in testina l m al
abso rp tion , in c lu d in g  n u tritio n a l deficiencies o f the 
fat-so lub le v itam ins A, D, o r K. A  characteristic  labora 
to ry  find ing  is e levated  se ru m  alkaline p h o sp h a ta se  
a n d  y-g lutam yl tran sp ep tid ase  (GGT), enzym es th a t are 
p re sen t on  the ap ical m em branes of hepatocy tes an d  
cholangiocytes.

M O R P H O L O G Y

The morphologic features of cholestasis depend on its severity, 

duration, and underlying cause. Common to  both obstructive and 

nonobstructive cholestasis is the accumulation of bile pigment 

within the hepatic parenchyma (Fig. 16.23). Elongated green- 

brown plugs of bile are visible in dilated bile canaliculi. Rupture 

of canaliculi leads to  extravasation of bile, which is quickly phago- 

cytosed by Kupffer cells. Droplets of bile pigment also accumu

late within hepatocytes, which can take on a fine, foamy 

appearance referred to as f e a t h e r y  d e g e n e r a t i o n .  Occasional 

apoptotic hepatocytes also may be seen.

Bile D u c t Obstruction and  Ascending Cholangitis

The m ost com m on cause of bile d u c t ob stru c tio n  in  
a d u lts  is ex trahepatic  cholelith iasis (gallstones, d iscussed
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Fig. 16.23 Cholestasis. (A) Morphologic features of cholestasis ( r ig h t )  and comparison with normal liver ( le f t ) .  Cholestatic hepatocytes (1) are enlarged and 
are associated with dilated canalicular spaces (2). Apoptotic cells (3) may be seen, and Kupffer cells (4) frequently contain regurgitated bile pigments. (B) 
Cholestasis, showing the characteristic accumulation of bile pigments in the cytoplasm.
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later), fo llow ed by m alig n an t obstructions, a n d  po st
surg ical stric tu res. O bstruc tive  cond itions in  ch ild ren  
include b iliary  atresia , cystic fibrosis, cho ledochal cysts 
(a cystic anom aly  of the ex trahepatic  b iliary  tree), an d  
synd rom es in  w h ich  there  a re  insufficient in trahepatic  
bile d u c ts  (paucity  of bile d u c t syndrom es). The in itial 
m orpho log ic  fea tu res of cholestasis hav e  been  d iscussed  
an d  are  en tire ly  reversib le  w ith  correction  of the  obstruc 
tion. P ro longed  obstruc tion  can  lead  to b iliary  cirrhosis, 
d iscussed  later.

Ascending cholangitis, secondary  bacterial in fection  of the 
b iliary  tree, m ay  com plicate  d u c t obstruction . Enteric 
o rgan ism s such  as coliform s a n d  enterococci are  com m on 
cu lprits. C ho lang itis u sua lly  p resen ts  w ith  fever, chills, 
abdom ina l pain , a n d  jaund ice . The m o st severe fo rm  of 
cholangitis is suppurative cholangitis, in  w h ich  p u ru le n t bile 
fills an d  d is ten d s  bile ducts. Since sepsis ra th e r th a n  cho
lestasis ten d s to d om ina te  th is  po ten tia lly  g rave process, 
p ro m p t d iagnostic  eva lu a tio n  a n d  in te rv en tio n  are  
im perative .

Since ex trahepatic  b iliary  o bstruc tion  is frequen tly  am e
nable  to surg ical trea tm en t, correct a n d  p ro m p t d iagnosis 
is im perative . In  contrast, cholestasis d u e  to  d iseases of the 
in trahepatic  b iliary  tree o r hepatocellu lar secretory  failu re 
(collectively te rm ed  intrahepatic cholestasis) is n o t benefited  
by su rgery  (short o f transp lan ta tion ), an d  the p a tie n t 's  con
d ition  m ay  be w o rsen ed  by a n  opera tive  p rocedu re . It is 
th u s im p o rta n t to  estab lish  the  u n d e rly in g  basis for ja u n 
dice an d  cholestasis.

^  M O R P H O L O G Y

Acute biliary obstruction, either intrahepatic or extrahepatic, 

causes distention of upstream bile ducts, which often become 

dilated. In addition, d u c tu la r reactions appear at the portal- 

parenchymal interface along with stromal edema and neutrophils. 

The hallmark of superimposed infection (ascending cholangi

tis ) is the influx of periductular neutrophils into the bile duct 

epithelium and lumen (Fig. 16.24).

Left uncorrected, the inflammation and ductular reactions 

resulting fro m  chronic b ilia ry  o bs tru ction  initiate periportal 

fibrosis, eventually generating secondary  o r  o bs tru ctive  

b ilia ry  cirrhosis (Fig. 16.25). Cholestatic features in the paren

chyma may be prominent. These take the form of extensive 

fe a th e ry  d eg en era tio n  o f p e r ip o rta l hepatocytes , a type 

of cytoplasmic swelling often associated with M a llo ry -D e n k  

bodies and b ile  infarcts caused by the detergent effects of 

extravasated bile.

Neonatal Cholestasis

P ro longed  con jugated  hy p erb iliru b in em ia  in  the neonate , 
te rm ed  neonatal cholestasis (as o p p o sed  to  the a lread y  dis
cussed  n eonata l jaundice) affects app rox im ate ly  1 in  2500 
live b irths. The m ajor cond itions causing  it are  (1) cholan- 
g iopath ies, p rim arily  biliary atresia (d iscussed  later), a n d  (2 ) 
a  varie ty  of d iso rd ers  causing  con jugated  hyp erb iliru b in e 
m ia  in  the  neonate , collectively re ferred  to  as neonatal 
hepatitis.

Fig. 16.24 Acute large-duct obstruction with ascending cholangitis. Super
imposed on features of duct obstruction (edema, ductular reaction) is an 
infiltrate of neutrophils involving the bile duct, the hallmark of ascending 
cholangitis.

N eona ta l h epatitis  is n o t a  specific en tity , n o r does it 
necessarily  have  a n  in flam m atory  basis. R ather it is an  
ind ica tion  to  co n d u c t a d iligen t search  for recognizable 
toxic, m etabolic, a n d  in fectious liver diseases, as g reater 
th an  85% of cases have  iden tifiab le  causes.

D ifferen tia tion  of b iliary  a tresia  from  nonobstruc tive  
n eonata l cholestasis is very  im p o rtan t, since defin itive 
trea tm en t o f b iliary  a tresia  requ ires surg ical in te rven tion  
(Kasai p rocedure), w h e reas  su rg ery  m ay  adverse ly  affect a 
child  w ith  o ther d iso rders. F ortunate ly , d iscrim ination  can 
be m ade  on  the basis of clinical d a ta  in  ab o u t 90% of cases. 
In  10% of cases, liver b iopsy  m ay  be necessary  to  d istin 
g u ish  n eonata l h epatitis  from  a n  iden tifiab le cholangiopa- 
thy. A ffected in fan ts have  jaund ice , d a rk  u rine , ligh t o r 
acholic stools, a n d  hepatom egaly . V ariable degrees of 
hepatic  syn thetic  dysfunction  m ay  be iden tified , such  as 
hypopro th ro m b in em ia .

Fig. 16.25 Cirrhosis secondary to primary biliary cholangitis.
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Fig. 16.26 Neonatal hepatitis. Note the multinucleated giant hepatocytes.

^  M O R P H O L O G Y

The morphologic features of neonatal hepatitis (Fig. 16.26) 

include striking giant-cell transformation of hepatocytes, associ

ated with lobular disarray, focal liver cell apoptosis and promi

nent hepatocellular and canalicular cholestasis. In some cases, 

this parenchymal pattern of injury also is accompanied by ductu- 

lar reaction and fibrosis of portal tracts.

Biliary Atresia * •

B il ia r y  a tre s ia  is  d e fin e d  as a  c o m p le te  or p a r t ia l  obstru c 

t io n  o f  th e  e x tra h e p a tic  b i l ia r y  tre e  th a t  occurs w i t h in  th e  

f irs t  3 m o n th s  o f  l i fe .  It u n d erlie s  app rox im ate ly  one-th ird  
of cases of n eonata l cholestasis a n d  is the single m ost fre
q u e n t cause  of d e a th  from  liver d isease in  early  ch ildhood . 
A pprox im ate ly  50% to 60% of ch ild ren  re ferred  for liver 
tra n sp lan ta tio n  h av e  b iliary  atresia .

Pathogenesis

T w o m ajor fo rm s o f b iliary  a tresia  a re  recognized ; these are 
based  o n  the p re su m e d  tim ing  of lum inal obliteration .
• The fetal form  accounts for as m any  as 20% of cases an d  is 

com m only associated w ith  o ther developm ental anom a
lies involving the thoracic an d  abdom inal organs, includ
ing  m alro tation  of abdom inal viscera, in te rru p ted  inferior 
vena cava, polysplenia, an d  congenital heart disease.

• M uch  m ore com m on  is the  perinatal form  of biliary 
atresia , in  w h ich  an  ap p a ren tly  norm ally  developed  
biliary  tree is in ju red  an d  obstru c ted  fo llow ing  b irth . 
The etio logy  of p e rin a ta l b iliary  a tresia  is u n know n; 
v ira l in fection  a n d  toxic exposu res a re  co nsidered  p rim e 
suspects.

^  M O R P H O L O G Y

The salient features of biliary atresia include in fla m m a tio n  and  

fibrosing  s tr ic tu re  o f th e  hepatic  o r  c o m m o n  b ile  ducts;

in some individuals, periductular inflammation also extends into

the intrahepatic bile ducts, leading to progressive destruction of 

the intrahepatic biliary tree as well.When biliary atresia is unrec

ognized or uncorrected, cirrhosis develops within 3 to  6 months 

of birth.

There is considerable variability in the pattern of biliary 

atresia.When the disease is limited to the common duct or right 

and/or left hepatic bile ducts with patent intrahepatic branches, 

the disease is surgically correctable (Kasai p ro ced ure ). Unfor

tunately, in 90% of patients the obstruction also involves bile ducts 

at or above the porta hepatis. These cases are not correctable, 

since there are no patent bile ducts amenable to surgical 

anastomosis.

C lin ica l Features

In fan ts w ith  b iliary  a tresia  p re sen t w ith  n eonata l cholesta 
sis, b u t exhib it n o rm al b irth  w e ig h t a n d  p o stn a ta l w e ig h t 
gain. T here is a sligh t fem ale p redom inance . In itially  stools 
are  norm al, b u t they  becom e acholic as the d isease p ro 
gresses. A scend ing  cholangitis a n d /o r  in trah ep a tic  p ro 
g ression  of the  d isease m ay  im p ed e  a ttem p ts  a t surgical 
resection  of the obstruc tion  a n d  bypass of the b iliary  tree. 
T ran sp lan ta tio n  o f a  d o n o r liver a n d  its accom pany ing  bile 
ducts is the p rim ary  h ope  for sav ing  these y o u n g  patien ts. 
W ith o u t surg ical in te rven tion , d ea th  u su a lly  occurs w ith in  
2  y ea rs  o f b irth .

Autoimmune Cholangiopathies
A u to im m u n e  cho lang iopath ies com prise  tw o  d istinct 
im m unolog ica lly -m ed ia ted  d iso rd ers  th a t involve in tra 
hepa tic  bile ducts: p rim ary  b iliary  cholangitis a n d  p rim ary  
sclerosing cholangitis. The salient fea tu res  o f these  are  
lis ted  in  Table 16.5.

P rim ary  B iliary Cholangitis

P r im a ry  b i l ia r y  c h o la n g itis  (P B C ) is a n  a u to im m u n e  

disease w h o s e  p r im a r y  fe a tu re  is n o n s u p p u ra t iv e , in f la m 

m a to ry  d e s tru c tio n  o f  s m a ll-  a n d  m e d iu m -s iz e d  in tra h e 

p a tic  b ile  ducts. Large in trah ep a tic  d u c ts  a n d  the 
ex trahepatic  b iliary  tree are  n o t invo lved . P rev iously , th is 
d isease  w as  k n o w n  as p rim ary  b iliary  cirrhosis, b u t m ost 
pa tien ts  do  n o t p ro g ress  to  th is  stage, an d  the nam e p rim ary  
b iliary  cholangitis is now  preferred .

PBC is p rim arily  a d isease of m idd le-age  w om en , w ith  
a  fem ale-to-m ale ra tio  o f 6:1. Its peak  incidence is be tw een  
40 an d  50 y ears  o f age. The d isease is m ost p rev a len t in  
N o rth e rn  E u ro p ean  coun tries (E ngland  a n d  Scotland) an d  
the  N o rth e rn  U n ited  S tates (M innesota), w h e re  the  p rev a 
lence is as h ig h  as 400 p e r  1 m illion  cases. R ecent increases 
in  incidence a n d  p revalence a long  w ith  geograph ic  c luster
ing  suggest tha t bo th  en v iro n m en ta l a n d  genetic factors 
a re  im p o rta n t in  its pathogenesis. Fam ily  m em bers of 
PBC p a tien ts  have a n  increased  risk  for d eve lop ing  the 
disease.

Pathogenesis

PBC is th o u g h t to  be a n  au to im m u n e  d iso rder, b u t as w ith  
o ther au to im m u n e  d iseases the triggers th a t in itia te  PBC 
are  u n k n o w n . A n ti-m ito c h o n d r ia l  a n tib o d ie s  are  th e  m o st
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Table 16.5 Main Features of P rim ary  Biliary Cholangitis and 
P rim ary  Sclerosing Cholangitis

P a ra m e te r
P r im a ry  B ilia ry  
C holang itis

P r im a ry  Sclerosing  
C holang itis

Age Median age 50 years Median age 30 years

Gender 90% female 70% male

Clinical
course

Progressive Unpredictable, but 
progressive

Associated
conditions

Sjögren syndrome
(70%)

Inflammatory bowel disease
(70%)

Scleroderma (5%) Pancreatitis (<25%)

Thyroid disease
(20%)

Idiopathic fibrosing diseases 
(retroperitoneal fibrosis)

Serology 95% AMA-positive 0%-5% AMA-positive (low 
titer)

20% ANA-positive 6% ANA-positive

40% ANCA-positive 65% ANCA-positive

Radiology Normal Strictures and beading of 
large bile ducts; pruning of 
smaller ducts

Duct lesion Florid duct lesions 
and loss of small 
ducts only

Inflammatory destruction of 
extrahepatic and large 
intrahepatic ducts; fibrotic 
obliteration of medium 
and small intrahepatic 
ducts

A M A , Anti-mitochondrial antibody; A N A , anti-nuclear anti-body; A N C A , anti-neutrophil 
cytoplasmic antibody.

ch aracte ris tic  f in d in g  in  P B C . T cells specific for certa in  
m ito ch o n d ria l enzym es are  an o th er fea tu re  of the d isease, 
su p p o rtin g  the  n o tio n  of a n  im m u n e-m ed ia ted  process. 
O th e r find ings suggestive  of a lte red  im m u n ity  inc lude  
a b e rran t expression  o f M H C  class II m olecules on  bile d u c t 
ep ithelia l cells, accum ula tion  of au to reac tive  T cells a ro u n d  
bile ducts, a n d  the freq u en t p resence of o th e r au to an tib o d 
ies ag a in st nuc lear po re  p ro te in s  cen trom eric p ro te ins, an d  
o ther cellu lar com ponents.

^  M O R P H O L O G Y

In te r lo b u la r  b ile  ducts a re  ac tive ly  destroyed by lym pho- 

p lasm acytic  in fla m m a tio n  w ith  o r  w ith o u t g ranu lom as  

( th e  f l o r i d  d u c t  l e s i o n )  (Fig. 16.27). Some biopsy specimens, 

however, do not have active lesions and only show the absence 

of bile ducts in portal tracts. The disease is quite patchy in dis

tribution; it is common to see a single bile duct under immune 

attack in one level of a biopsy specimen, while other nearby 

ducts, are unaffected. D u c tu la r  reactions follow on this duct 

injury, and these in turn participate in the development of 

p o r ta l-p o rta l septal fibrosis.

In the absence of treatment, the disease follows one of two  

paths to  end-stage disease. In the first, most classic pathway, there 

is increasingly widespread duct loss, slowly leading to  established 

cirrhosis and eventually to  profound cholestasis. Alternatively, 

some patients eventually developed prominent portal hyperten

sion rather than severe cholestasis. Fortunately, both of these 

outcomes are now rarely seen.

Fig. 16.27 Primary biliary cirrhosis. A portal tract is markedly expanded by 
an infiltrate of lymphocytes and plasma cells. Note the granulomatous reac
tion to the bile duct undergoing destruction (the “florid duct lesion”).

C lin ica l Features

M o s t  p a tie n ts  are d ia g n o s e d  w h i le  a s y m p to m a tic  fo l lo w 

in g  a  w o r k u p  tr ig g e re d  b y  th e  id e n tif ic a tio n  o f  a n  e le 

v a te d  s e ru m  a lk a lin e  p ho sp h ata s e  le v e l or severe itc h in g .

H ypercho leste ro lem ia  is com m on. A nti-m itochondria l 
an tibod ies  a re  p re se n t in  90% to 95% of pa tien ts. They are 
h igh ly  characteristic  o f PBC, a lth o u g h  o ther au to an tib o d ies  
m ay  be seen  in  a sm all n u m b er of cases. The d isease is 
confirm ed  by liver b iopsy , w h ich  is considered  d iagnostic  
if a flo rid  d u c t lesion  is p resen t. W hen  sym ptom s appear, 
their o nse t is in sid ious, w ith  p a tien ts  typically  com pla in ing  
of slow ly  increasing  fa tigue  a n d  p ru ritu s .

In  recen t years, early  trea tm en t w ith  o ral u rsodeoxycho 
lic acid  has d ram atica lly  im p ro v ed  ou tcom es by slow ing  
d isease p rogression . Its m echan ism  of action  rem ains 
unclear, b u t is p re su m ab ly  re la ted  to  the ab ility  of u rso- 
deoxycholate  to  en te r the bile acid  poo l a n d  a lte r the  bio
chem ical com position  of bile.

W ith  tim e, even  w ith  trea tm en t, secondary  fea tu res m ay  
em erge, in c lu d in g  skin  hy p erp ig m en ta tio n , xan thelasm as, 
stea to rrhea , a n d  v itam in  D  m a la b so rp tio n -re la ted  osteo 
m alacia  a n d /o r  osteoporosis. In d iv id u a ls  w ith  PBC m ay  
also  h av e  ex trahepatic  m an ifesta tions of au to im m un ity , 
in c lu d in g  the sicca com plex of d ry  eyes a n d  m o u th  (Sjögren 
syndrom e), system ic sclerosis, thy ro id itis , rh eu m ato id  
arth ritis , R ay n au d  p h enom enon , an d  celiac disease. L iver 
tran sp lan ta tio n  is the best trea tm en t for in d iv id u a ls  w ith  
ad v an ced  liver d isease.

P rim ary  Sclerosing Cholangitis

P r im a ry  sc leros in g  c h o la n g itis  (P S C ) is c h a ra c te rize d  b y  

in f la m m a tio n  a n d  o b lite ra tiv e  f ib ro s is  o f  in tra h e p a tic  a n d  

e x tra h e p a tic  b ile  ducts, le a d in g  to  d ila t io n  o f  p re s e rv e d  

segm ents . Irregu lar b iliary  s tric tu res an d  d ila tions cause 
the  characteristic  "b ead in g "  of the  in trah ep a tic  a n d  ex trahe
p a tic  b iliary  tree seen  by  MRI. In flam m atory  bow el d isease 
(C hap ter 15), m o st com m only  u lcera tive  colitis, coexists in  
app rox im ate ly  70% of in d iv id u a ls  w ith  PSC. C onversely , 
the prevalence  of PSC in  in d iv id u a ls  w ith  u lcerative  colitis 
is ab o u t 4%. Like in flam m atory  bow el disease, PSC ten d s to 
occur in  the th ird  th ro u g h  fifth  decades of life an d  has a 2  : 1  

m ale p red o m in an ce  (see Table 16.5).
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Fig. 16.28 Imaging studies of a patient with primary sclerosing cholangitis. 
(A) Magnetic resonance cholangiography of the bile ducts shows focal dila
tion in some ducts ( b r ig h t ,  b r o a d  a r e a s )  and stricturing of others ( t h in n in g  o r  

a b s e n c e ) . (B) Endoscopic retrograde cholangiography of the same patient 
shows nearly identical features as in A . ( C o u r te s y  o f  D r .  M .  E d w y n  H a r r is o n ,  

M D ,  M a y o  C l in ic ,  S c o t ts d a le ,  A r iz o n a . )

Pathogenesis

Several fea tu res of PSC suggest im m unolog ically  m ed ia ted  
in ju ry  to  bile ducts. T cells in  the p e rid u c ta l strom a, the 
p resence of au toan tibod ies, a n  associa tion  w ith  HLA-B8 
a n d  o ther M H C  alleles, an d  clinical linkage to  u lcerative  
colitis all su p p o rt a n  u n derly ing , im m unolog ic  process. 
F irst-degree  re la tives of p a tien ts  w ith  PSC are  a t increased  
risk  for develop ing  the disease, suggesting  th a t genetic 
factors also  contribu te .

In  one m odel, it is p ro p o sed  th a t T cells ac tiva ted  in  the 
d am ag ed  m ucosa  of p a tien ts  w ith  u lcerative  colitis m ig ra te  
to  the  liver, w h e re  they  recognize  a cross-reacting  bile d u c t 
an tig en  a n d  in itia te  a n  au to im m u n e  assau lt o n  bile ducts. 
A u to an tib o d y  profiles in  PSC are  n o t as characteristic  as in  
PBC, b u t a typ ical pe rin u c lea r an ti-n eu tro p h il cy top lasm ic 
an tibod ies  (pA N C A ) th a t recognize a  nuclear envelope 
p ro te in  a re  fo u n d  in  u p  to  80% of pa tien ts. The pathogen ic  
re la tionsh ip  of pA N C A  to PSC is u n know n .

^  M O R P H O L O G Y

Morphologic changes differ between large ducts (intrahepatic 

and extrahepatic) and smaller intrahepatic ducts. L arge  duct 

in fla m m a tio n  resembles that seen in ulcerative colitis, taking 

the form of neutrophils infiltrating into the epithelium superim

posed on a chronic inflammatory background. Inflamed areas 

develop strictures as scarring narrows the lumen. The s m a lle r  

ducts, however, often have little inflammation and show a strik

ing c irc u m fe re n tia l, “ onion skin” fibrosis around an atrophic 

duct lumen (Fig. 16.29), which eventually is obliterated, leaving a 

“tombstone” scar. Because the likelihood of sampling small-duct 

lesions on a random needle biopsy is small, diagnosis depends 

on radiologic imaging of the extrahepatic and large intrahepatic 

ducts. As the disease progresses, the liver becomes markedly 

cholestatic, culminating in cirrhosis. Biliary intraepithelial neopla

sia often appear in the setting of chronic inflammation and 

cholangiocarcinoma develops in up to 7% of patients, usually with 

a fatal outcome.

C lin ica l Features

P atien ts m ay  com e to a tten tio n  on ly  because of pe rsis ten t 
e levation  of se ru m  alkaline p h o sp h a tase , p articu larly  in  
those w ith  u lcerative  colitis w h o  are  being  rou tine ly  
screened. A lternatively , p rog ressive  fatigue, p ru ritu s , an d  
jau n d ice  m ay  develop . A cute b o u ts  of a scend ing  cholangi
tis m ay  a lso  signal the  p resence o r p rog ressio n  of PSC. 
C hronic pancrea titis  a n d  chronic cholecystitis d u e  to 
invo lvem en t o f the  pancreatic  d u c ts  a n d  g a llb ladder are  
also  seen. In  som e pa tien ts, sclerosing  cholangitis is associ
a ted  w ith  au to im m u n e  pancreatitis . In  such  cases PSC m ay  
be one m an ifesta tion  of IgG4 re la ted  chronic d isease 
(C hap ter 5).

PSC follow s a p ro trac ted  course  of 5 to  17 years, and  
severely  afflicted p a tien ts  hav e  sym ptom s typ ical of chronic 
cholestatic  liver disease, in c lu d in g  s teato rrhea. U nlike 
w ith  PBC, there  is no  satisfactory  m ed ical trea tm en t. A 
varie ty  of im m u n o su p p ress iv e  agen ts  hav e  been  tried , b u t 
n one  has been  p ro v en  to  a lte r the  d isease course. E ndo 
scopic d ila tion  w ith  sph inc tero tom y  o r s ten ting  is u sed  
to relieve obstruction . L iver tran sp lan ta tio n  is the on ly  
defin itive trea tm en t for in d iv id u a ls  w ith  end -stage  liver 
disease.

®  S U M M A R Y

C H O L E S T A T IC  DISEASES

• C holestasis occurs with impaired excretion of bile, leading 

to jaundice and accumulation of bile pigment in the hepatic 

parenchyma. Causes include mechanical or inflammatory 

obstruction or destruction of the bile ducts or metabolic 

defects in hepatocyte bile secretion.

• L arge b ile  d uct o bs tru ction  is most commonly associated 

with gallstones and malignancies involving the head of the 

pancreas. Chronic obstruction can lead to  cirrhosis.

• N e o n a ta l cholestasis is not a specific entity; it is variously 

associated with cholangiopathies such as b i l i a r y  a t r e s ia  and a 

variety of disorders causing conjugated hyperbilirubinemia in 

the neonate, collectively referred to as n e o n a t a l  h e p a t i t i s .

• P r im a ry  b ilia ry  cholangitis is an autoimmune disease with 

progressive, inflammatory, often granulomatous, destruction of

Fig. 16.29 Primary sclerosing cholangitis. A bile duct undergoing degenera
tion is entrapped in a dense, “onion-skin” concentric scar.
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small to  medium intrahepatic bile ducts. It most often occurs 

in middle-age women and is associated with anti-mitochondrial 

antibodies and often with other autoimmune diseases, such as 

Sjögren syndrome and Hashimoto thyroiditis.

• P r im a ry  sclerosing cholangitis is an autoimmune disease 

with progressive inflammatory and sclerosing destruction of 

intrahepatic and extrahepatic bile ducts of all sizes. Diagnosis 

is made by radiologic imaging of the biliary tree. It most often 

occurs in younger men and has a strong association with 

inflammatory bowel disease, particularly ulcerative colitis.

CIRCULATORY DISORDERS

H epatic  circu la tory  d iso rd ers  can  be g ro u p ed  accord ing  to 
w h e th e r the d iso rd e r leads to abnorm alities in  the  inflow , 
flow -th rough , o r ou tflow  of b lood  (Fig. 16.30).

Impaired Blood Flow Into the Liver 

H e p a tic  A rte ry  Com prom ise

L iver in farcts a re  rare, th an k s to  the doub le  b lood  su p p ly  
to  the  liver. N onetheless, th rom bosis o r obstruc tion  of an  
in trahepatic  b ran ch  of the hepatic  a rte ry  by em bolism  
(Fig. 16.31), neoplasia , o r a n  in flam m atory  p rocess such  as 
po lyarte ritis  n o d o sa  (C hap ter 10) m ay  p ro d u ce  a n  infarct, 
w h ich  m ay  e ither be pa le  o r hem orrhag ic  if su ffused  w ith  
b lood  from  the p o rta l c irculation . Blockage of the m ain  
hepatic  a rte ry  m ay  n o t p ro d u ce  ischem ic necrosis of the 
o rgan , p a rticu la rly  if the  liver is o therw ise  norm al, as re t
ro g rad e  arte ria l flow  th ro u g h  accessory vessels a n d  the 
p o rta l ven o u s su p p ly  is u su a lly  sufficient to  su sta in  the 
liver parenchym a.

PATHOGENESIS

IMPAIRED BLOOD INFLOW  
Portal vein obstruction 
Intrahepatic or extrahepatic 

thrombosis

IMPAIRED INTRAHEPATIC 
BLOOD FLOW 

Cirrhosis
Sinusoid occlusion

HEPATIC VEIN 
OUTFLOW OBSTRUCTION  

Hepatic vein thrombosis 
(Budd-Chiari syndrome) 

Sinusoidal obstructive 
syndrome

MANIFESTATIONS

Esophageal varices 
Splenomegaly 
Intestinal congestion

Ascites (cirrhosis) 
Esophageal varices 

(cirrhosis) 
Hepatomegaly 
Elevated

aminotransferases

Ascites 
Hepatomegaly 
Abdominal pain 
Elevated

aminotransferases
Jaundice

Fig. 16.30 Hepatic circulatory disorders. Forms and clinical manifestations 
of compromised hepatic blood flow.

Fig. I 6.3 I Liver infarct. A thrombus is lodged in a peripheral branch of the 
hepatic artery (arrow) and compresses the adjacent portal vein; the distal 
hepatic tissue is pale, with a hemorrhagic margin.

P ortal Vein Obstruction and  Thrombosis

Blockage of the  ex trahepatic  p o rta l ve in  m ay  cause only  
vag u e  sym ptom s or m ay  be a ca tastroph ic  an d  po ten tia lly  
le tha l event; m o st cases fall som ew here  in  betw een . O cclu
sive d isease of the  p o rta l ve in  o r its m ajor rad ic les typically  
p ro d u ces ab d o m in a l p a in  a n d  o th er m an ifesta tions of 
p o rta l hypertension , p rinc ipa lly  esophageal varices th a t 
a re  p ro n e  to  ru p tu re . A scites is n o t com m on (because the 
block is p resinuso ida l), bu t, w h e n  p resen t, is o ften  m assive  
an d  in tractab le.

E xtrahepatic  p o rta l vein  obstruc tion  m ay  be id iopath ic  
(approx im ately  on e-th ird  of cases) o r m ay  arise  from  a 
n u m b er of conditions. Som e of the  m o st com m on settings 
for d ev e lo p m en t of ex trahepatic  p o rta l vein  obstruc tion  
inc lude  the follow ing:
• Cirrhosis, w h ich  is associa ted  w ith  p o rta l ve in  th rom bo 

sis in  25% of pa tien ts, som e of w h o m  have  o ther risk  
factors as w ell

• Hypercoagulable states, in c lu d in g  m yelopro lifera tive  neo
p lasm s such  as po lycy them ia  vera  (C hap ter 12), inher
ited  th rom boph ilias  such  as factor V L eiden  (C hap ter 4), 
an d  m iscellaneous hypercoagu lab le  cond itions such  as 
paroxysm al n o c tu rn a l hem og lo b in u ria  a n d  an ti
p h o sp h o lip id  an tib o d y  synd rom e

• Inflammatory processes invo lv ing  the  sp lenic ve in  or 
p o rta l vein, such  as pancrea titis  a n d  in traab d o m in a l 
sepsis

• Trauma, su rg ical o r o therw ise

Obstruction of intrahepatic portal vein radicles m ay  be 
caused  by acu te  th rom bosis. The th rom bosis does n o t 
cause ischem ic in farc tion  b u t in stead  resu lts  in  a sharp ly  
d em arca ted  area  of red -b lu e  d isco lo ration  called  infarct of 
Zahn. There is no  necrosis, on ly  severe hepatoce llu lar 
a tro p h y  a n d  m ark ed  congestion  of d is ten d ed  sinuso ids. 
The m ost com m on cause of sm all p o rta l ve in  b ranch  
obstruc tion  is schistosomiasis; the  eggs of the  p arasites  lodge 
in  a n d  o bstruc t the sm allest p o rta l v e in  b ranches. The o ther
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d iso rd ers  p ro d u c in g  th is  p a tte rn  of in ju ry  are  n o w  collec
tively  re ferred  to  as obliterative portal venopathy, w h ich  often  
p re sen ts  as noncirrho tic  p o rta l hypertension . C auses of 
ob litera tive  p o rta l v en o p a th y  are n o t w ell u n d e rs to o d . It 
occurs in  b o th  u n tre a te d  a n d  trea ted  H IV  disease, an d  m ay 
in  som e instances be a  com plication  of an ti-re trov ira l 
therapy .

Impaired Blood Flow Through the Liver

The m o st com m on  in trah ep a tic  cause of b lood  flow  obstruc 
tion  is cirrhosis, as d iscussed  earlier. In  add ition , physical 
occlusion  of the sinuso id s occurs in  sickle cell disease, dis
seminated intravascular coagulation, eclampsia, an d  intrasinu
soidal metastasis of solid  tum ors. If severe an d  u n ab a ted , all 
of these d iso rd e rs  m ay  p ro d u ce  sufficient o bstruc tion  of 
b lood  flow  to cause m assive  necrosis o f hepatocy tes an d  
fu lm in an t hepatic  failure.

Hepatic Venous Outflow Obstruction 

H e p a tic  Vein Thrombosis

O cclusive even ts can  occur in  any  caliber o f hepatic  vein  
b ranches. If it occurs in  the sm allest in trah ep a tic  b ranches, 
it p ro d u ces  sinusoidal obstruction syndrome (form ally kn o w n  
as veno-occlusive disease). A  rare, b u t w e ll-know n  cause of 
th is  synd rom e is co n su m p tio n  of p y rro liz id in e  a lk a lo id - 
con ta in ing  Jam aican  b u sh  tea, b u t it n o w  occurs p rim arily  
fo llow ing  allogeneic hem atopo ie tic  stem  cell tran sp lan ta 
tion, u sua lly  w ith in  the first 3 w eeks, o r in  cancer pa tien ts  
receiv ing  chem otherapy , in  w h o m  it can  have  as h ig h  as 
30% m orta lity .

T h e  o b s tru c tio n  o f  tw o  or m o re  m a jo r  h e p a tic  v e in s  

p ro d u ce s  l iv e r  e n la rg e m e n t, p a in , a n d  ascites, a  c o n d it io n  

k n o w n  as B udd-C hiari syndrom e. O bstruc tion  of a single 
m a in  hepatic  ve in  by th rom bosis is clinically silent. H epatic  
dam ag e  is the consequence of increased  in trah ep a tic  b lood 
p ressu re . H epatic  ve in  th rom bosis is associated  w ith  the 
sam e hypercoagu lab le  states as p o rta l vein  th rom bosis as 
w ell as in traab d o m in a l cancers, p articu larly  H C C . A s is 
o ften  the case in  those afflicted w ith  va rio u s th rom botic  
d iso rders , B udd-C hiari sy n d ro m e o ften  occurs in  pa tien ts  
w ith  several risk  factors, such  as p reg n an cy  o r o ra l con tra 
cep tive use  com bined  w ith  a n  u n d e rly in g  th rom boph ilic  
d iso rder.

M O R P H O L O G Y

In Budd-Chiari syndrome, the liver is swollen and red-purple 

and has a tense capsule (Fig. 16.32). There may be areas of 

hemorrhagic collapse alternating with areas of preserved or 

regenerating parenchyma, depending on which small and large 

hepatic veins are obstructed. Microscopically, the affected hepatic 

parenchyma reveals severe centrilobular congestion and necrosis. 

Centrilobular fibrosis develops in instances in which the throm 

bosis is more slowly developing. The major veins may contain 

fresh occlusive thrombi or, in chronic cases, organized adherent 

thrombi.

Fig. 16.32 Budd-Chiari syndrome. Thrombosis of the major hepatic veins 
has caused severe hepatic congestion.

The m orta lity  o f u n tre a te d  acu te  hepatic  ve in  th rom bo 
sis is h igh . The cond ition  is rare, and  trea tm en ts  are  largely  
em piric. They inc lude  an ti-coagu la tion  to  p re v e n t clot 
p ropagation ; ang iop lasty  to  resto re  the patency  of occluded  
veins; th rom bolysis; and  creation  of p o rto v en o u s shun ts, 
u sin g  e ither invasive  rad io log ic  app ro ach es o r su rgery , in  
o rd e r to  decom press the liver. The chronic fo rm  is far less 
lethal, an d  m ore th a n  tw o -th ird s  of p a tien ts  are alive after 
5 years.

Passive Congestion and Centrilobular Necrosis

These hepatic  m an ifesta tions of system ic circu latory  
c o m p ro m is e -p a s s iv e  congestion  a n d  cen trilobu lar 
n ec ro s is—are considered  together because they  rep resen t 
a  m orpho log ic  con tinuum . B oth changes are  com m only  
seen a t au topsy , as there  is a n  e lem en t o f p re te rm in a l cir
cu la to ry  fa ilu re  in  v irtua lly  every  n o n trau m atic  dea th .

M O R P H O L O G Y

Right-sided cardiac decompensation leads to passive congestion 

of the liver. The liver is slightly enlarged, tense, and cyanotic, with 

rounded edges. Microscopically there is congestion of c e n tri

lo b u la r sinusoids. W ith  time, centrilobular hepatocytes become 

atrophic, resulting in markedly attenuated liver cell plates. 

Left-sided cardiac failure or shock may lead to hepatic hypo

perfusion and hypoxia, causing ischemic coagulative necrosis of 

hepatocytes in the central region of the lobule (ce n tr ilo b u la r  

necrosis).

The combination of hypoperfusion and retrograde congestion 

acts synergistically to  cause c e n trilo b u la r h em o rrh ag ic  

necrosis. The liver takes on a variegated mottled appearance, 

reflecting hemorrhage and necrosis in the centrilobular regions 

(Fig. I6.33A). This finding is known as n u tm e g  liver due to  its 

resemblance to the cut surface of a nutmeg. There typically is a 

sharp demarcation between viable periportal and necrotic or 

atrophic pericentral regions that are suffused with blood (see 

Fig. I6.33B). Uncommonly, with sustained chronic severe conges

tive heart failure, centrilobular fibrosis (cardiac sclerosis) or 

even cirrhosis develops.
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rad io g rap h ic  s tud ies  for o th e r ind ications. H epatic  m asses 
inc lude  n o d u la r  hyp erp lasias  a n d  tru e  neoplasm s.

Focal Nodular Hyperplasia

Fig. 16.33 Acute passive congestion (“nutmeg liver”). (A) The cut liver 
section, in which major blood vessels are visible, is notable for a variegated 
mottled red appearance, representing congestion and hemorrhage in the 
centrilobular regions of the parenchyma. (B) On microscopic examination, 
the centrilobular region is suffused with red blood cells, and atrophied 
hepatocytes are not easily seen. Portal tracts and the periportal parenchyma 
are intact.

^ S U M M A R Y

C IR C U L A T O R Y  D IS O R D E R S

• Circulatory disorders of the liver can be caused by impaired 

blood inflow, defects in intrahepatic blood flow, and obstruc

tion of blood outflow.

• Portal vein obstruction by intrahepatic or extrahepatic throm 

bosis may cause portal hypertension, esophageal varices, and 

ascites.

• The most common cause of impaired intrahepatic blood flow  

is cirrhosis.

• Obstructions of blood outflow include hepatic vein throm bo

sis (Budd-Chiari syndrome) and sinusoidal obstruction syn

drome, previously known as v e n o - o c c lu s iv e  d is e a s e .

NODULES A N D  TUMORS

H epatic  m asses com e to a tten tio n  for a varie ty  of reasons. 
T hey m ay  generate  ep igastric  fu llness a n d  d iscom fort o r 
be de tec ted  by ro u tin e  physical exam ination  or

Solitary o r m u ltip le  h yperp lastic  hepatoce llu lar nod u les  
th a t m ay  develop  in  the noncirrho tic  liver are called  focal 
nodular hyperplasias. These lesions arise  from  local a ltera 
tions in  hepatic  p a renchym al b lood  supp ly , such  as a rte rio 
venous m alfo rm ations o r in flam m atory  or p o sttrau m atic  
ob litera tion  of p o rta l ve in  rad ic les a n d  com pensa to ry  aug 
m en ta tio n  of arte ria l b lood  supp ly .

^  M O R P H O L O G Y

Focal n o d u la r hyperp lasia  appears as a well-demarcated, 

poorly encapsulated nodule ranging up to many centimeters 

in diameter (Fig. I6.34A). It presents as a mass lesion in an 

otherwise normal liver, most frequently in young to middle-age 

adults. Typically, there is a central gray-white, depressed stellate
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Fig. 16.34 Focal nodular hyperplasia. (A) Resected specimen showing lobu- 
lated contours and a central stellate scar. (B) Low-power photomicrograph 
showing a broad fibrous scar with mixed hepatic arterial and bile duct ele
ments and chronic inflammation within hepatic parenchyma that lacks 
normal architecture due to hepatocyte regeneration.
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scar from which fibrous septa radiate to the periphery (see 

Fig. I6.34B).

Microscopically, the central scar contains large abnormal 

vessels and ductular reactions along the spokes of scar. A  vas

cular lesion is probably the initiating insult, as it is believed 

that hypoperfused parenchyma collapses to  produce the septa, 

whereas hyperperfused regions undergo hyperplasia. The hyper

plastic regions are composed of normal hepatocytes separated 

by thickened sinusoidal plates.

Benign Neoplasms

C a v e rn o u s  h e m a n g io m a s  are th e  m o s t c o m m o n  b e n ig n  

l iv e r  tu m o rs  (C hap ter 10). The chief clinical significance 
of cavernous h em ang iom as is th a t they  m u s t be d istin 
g u ish ed  rad iog raph ica lly  or in trao p era tiv e ly  from  m eta 
static tum ors.

H ep ato ce llu la r A denom as

B e n ig n  n eo p la s m s  d e v e lo p in g  f r o m  h ep a to cy tes  are  

c a lle d  h e p a to c e llu la r  ad e n o m a s  (Fig. 16.35). They m ay  be 
de tected  inciden ta lly  as a hepatic  m ass o n  abdom ina l 
im ag ing  o r w h e n  they  cause sym ptom s. The m ost com m on 
sy m p to m  is pain , w h ich  m ay  be caused  by p ressu re  p laced  
on  the  liver capsu le  by the  ex p an d in g  m ass or hem orrhag ic  
necrosis o f the  tu m o r as it o u ts trip s  its b lood  supp ly . H ep a 
tocellu lar ad en o m as occasionally  ru p tu re , an  even t tha t 
m ay  lead  to life -th reaten ing  in traab d o m in a l b leeding.

H epatic  ad en o m as can  be subclassified  m olecu larly  in to  
tu m o rs a t low , in te rm ed ia te , a n d  h ig h  risk  for m alig n an t 
transfo rm ation . Sex ho rm one exposu re  (e.g., o ra l con tra 
cep tive pills, anabolic  stero ids) m ark ed ly  increases the  fre
quency  of all types of hepatic  ad enom a, a n d  cessation  of 
exposu re  to  sex h o rm ones o f te n —b u t n o t a lw a y s—leads to 
tu m o r regression , clearly  link ing  sex ho rm ones to the 
g ro w th  an d  su rv iva l o f tu m o r cells in  som e cases.

Fig. 16.35 Liver cell adenoma. (A) Resected specimen of the liver mass. 
(B) Microscopic view showing cords of hepatocytes, with an arterial vascular 
supply ( a r r o w )  and no portal tracts.

Malignant Neoplasms

M alignan t tu m o rs occu rring  in  the  liver can  be p rim ary  or 
m etasta tic . The la tte r  a re far m ore  com m on. O u r d iscussion  
here is focused  o n  p rim ary  hepatic  tum ors. M ost p rim ary  
liver cancers arise  from  hepatocy tes a n d  are te rm ed  hepa
tocellular carcinoma (HCC). M uch  less com m on  are  cancers 
of bile d u c t orig in , cholangiocarcinomas. O ther types of 
p rim ary  liver cancers, such  as hepatoblastoma (a ch ildhood  
hepatoce llu lar tum or) a n d  angiosarcoma, are  too  ra re  to 
m erit fu rth e r d iscussion.

H ep ato ce llu la r C arcinom a (H C C )

G lobally , H CC, also  e rroneously  k n o w n  as hepatoma, 
accounts for app rox im ate ly  5.4% of a ll cancers, b u t its inci
dence varies w id e ly  in  d ifferen t p a rts  o f the  w o rld . M ore 
th an  85% of cases occur in  coun tries w ith  h ig h  ra tes of 
chronic HBV infection. The incidence of H C C  is h ighest in  
A sia (sou theast C hina, K orea, Taiw an) a n d  sub-S aharan  
Africa, a reas in  w h ich  HBV is tran sm itted  vertically  and , 
as a lready  d iscussed , the carrier sta te  sta rts  in  infancy. 
M oreover, m an y  of these p o p u la tio n s  are exposed  to  afla
toxin, w h ich  w h e n  com bined  w ith  HBV infection  increases 
the risk  for H C C  dram atically . The p eak  incidence o f H C C

in  these a reas is be tw een  20 a n d  40 years of age and , in  
a lm ost 50% o f cases, the  tu m o r a p p ea rs  in  the absence of 
cirrhosis.

In  W estern  counties, the  incidence of H C C  is rap id ly  
rising , largely  o w in g  to the  increased  prevalence o f hepa 
titis C. The n u m b er of new  H C C  cases trip led  in  the  U nited  
S tates in  recen t decades, b u t its incidence is still 8 -fold to 
30-fold low er th a n  in  som e A sian  countries. It is h o p ed  tha t 
new , effective trea tm en ts  for hepatitis  C infection  w ill stem  
the  rising  tide  o f H C C  in  the U n ited  States. In  W estern  
p o p u la tio n s, H C C  rarely  m anifests before 60 years o f age, 
a n d  in  a lm ost 90% of cases the m alignancy  em erges after 
cirrhosis becom es estab lished . T here is a p ro n o u n ced  m ale 
p red o m in an ce  th ro u g h o u t the  w orld , ab o u t 3 : 1 in  low - 
incidence areas a n d  as h ig h  as 8  : 1  in  h igh-incidence areas.

Pathogenesis

C h ro n ic  l iv e r  d iseases are th e  m o s t c o m m o n  s e ttin g  fo r  

em ergen ce  o f  H C C . W hile u sua lly  iden tified  in  a back
g ro u n d  o f c irrhosis, c irrhosis is no t req u ired  for hepatocar- 
cinogenesis. R ather, p ro g ressio n  to  cirrhosis a n d  to 
hepatocellu lar cancer take p lace in  para lle l o v er m any  
years to decades.
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T h e  m o s t im p o r ta n t  u n d e r ly in g  fac to rs  in  h ep a to c a r-  

c ino gen esis  are v ir a l  in fe c tio n s  (H B V ,  H C V )  a n d  tox ic  

in ju r ie s  (a fla to x in , a lc o h o l). T hus, w h ere  HBV an d  H C V
are endem ic, there  is a very  h ig h  incidence of H C C . C oin
fection fu rth e r increases risk. Aflatoxin is a m ycotoxin  p ro 
duced  by  Aspergillus species th a t con tam inates s tap le  food 
crops in  A frica a n d  A sia. A flatoxin  m etabo lites are  p re sen t 
in  the  u rin e  of in d iv id u a ls  w h o  consum e these foods, as 
are  a fla tox in -album in  a d d u c ts  in  serum . These b iom arkers 
iden tify  p o p u la tio n s  a t risk  a n d  have  h e lp ed  to  confirm  the 
im portance  of aflatoxin  in  hepatocarcinogenesis. A s d is
cussed  earlier, aflatoxin  synerg izes w ith  HBV (and  p e rh ap s  
also  w ith  HCV) to  increase risk  fu rther.

O ther H C C  risk  factors all share  the ab ility  to cause 
chronic liver in ju ry  associa ted  w ith  v a ry in g  degrees of 
in flam m ation . These factors include:
• Alcohol consumption, w h ich  synerg istically  increases risk  

w ith  HBV, HCV, an d  possib ly  ev en  cigarette  sm oking.
• Inherited disorders, p articu larly  h e red ita ry  hem ochrom a

tosis an d  a 1A T deficiency, a n d  to  a lesser degree  W ilson 
disease

• Metabolic syndrome a n d  its a tte n d a n t obesity , d iabetes 
m ellitus, a n d  NAFLD, all of w h ich  increase the  risk  for 
H C C .
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Fig. 16.36 (A) Hepatitis C-related cirrhosis with a distinctively large dys- 
plastic nodule ( a r r o w s ) . Nodule-in-nodule growth suggests an evolving cancer. 
(B) Histologically the region within the box in A  shows a well-differentiated 
hepatocellular carcinoma ( r i g h t  s id e )  and a subnodule of moderately differ
entiated hepatocellular carcinoma within it ( c e n te r ,  le f t ) .  ( C o u r te s y  o f  D r .  

M a s a m ic h i  K o jir o ,  K u r u m e  U n iv e r s it y ,  K u r u m e ,  J a p a n .)

A s w ith  all cancers, H C C  is in d u ced  by acqu ired  d riv e r 
m u ta tio n s  in  oncogenes a n d  tu m o r su p p resso r genes. N o 
single, un iv ersa l sequence of m o lecu lar o r genetic a ltera 
tions leads to  em ergence of H C C . G ain  of function  m u ta 
tions in  be ta-caten in  a n d  loss of function  m u ta tio n s in  p53 
are  the  tw o  m ost com m on  d riv e r m u ta tions. B eta-catenin 
m u ta tio n s  a re  iden tified  in  u p  to  40% of H CCs. These 
tu m o rs a re  m ore likely to  be u n re la ted  to  HBV a n d  to 
d em o n stra te  genom ic instab ility . Inactivation  of TP53 is 
p re se n t in  u p  to  60% of H C C s. These tu m o rs are strongly  
associa ted  w ith  exposu re  to  aflatoxin, w h ich  a p p ea rs  in  
m an y  cases to  be d irectly  responsib le  for the causative 
TP53 m utations.

H C C  o ften  a p p ea rs  to  arise from  p rem a lig n an t p recu r
sors lesions. Hepatic adenoma has a lread y  been  discussed , 
som e of w h ich  carry  be ta -ca ten in -ac tiv a tin g  m u ta tions. 
C hronic  liver d isease is associa ted  w ith  cellu lar dysp lasias 
called  large-cell change a n d  small-cell change. These m ay  be 
fo u n d  a t any  stage of chronic liver d isease, before or after 
d ev e lo p m en t of c irrhosis, a n d  serve to  ind ica te  w h ich  
p a tien ts  need  m ore  aggressive  cancer surveillance. Dys- 
plastic nodules are  u sua lly  fo u n d  in  cirrhosis, e ithe r rad io 
logically  or in  resected  specim ens (includ ing  explants). 
Low-grade dysplastic nodules m ay  o r m ay  n o t u n d e rg o  trans
fo rm ation  to  h ig h er-g rad e  lesions, b u t they ind icate  a 
h ig h er risk  for H C C . High-grade dysplastic nodules are  p ro b 
ab ly  the  m ost im p o rta n t p recu rso r of H C C  in  v ira l h epatitis  
a n d  alcoholic liver d isease. O vert H C C  is o ften  fo u n d  in  
h ig h -g rad e  dysp lastic  n o d u les  in  b iopsy  o r resection  
specim ens.

M O R P H O L O G Y

H C C  m ay a p p e a r grossly as (1 )  a  unifocal (usually large) 

mass (Fig. 16.37); (2 )  m u ltifo ca l, w id e ly  d is trib u ted  nodules  

of v a ria b le  size; o r  (3 )  a  diffusely in filtra tiv e  cancer, per

meating widely and sometimes involving the entire liver. Some

times HCCs arise within dysplastic nodules (Fig. 16.37), eventually 

overgrowing these precursor lesions. Intrahepatic metastases by 

either vascular invasion or direct extension become more likely 

once tumors reach 3 cm in size. These metastases are usually 

small, satellite tum or nodules around a larger primary mass. 

Vascular invasion is also the most likely route for extrahepatic 

metastasis, especially by the hepatic venous system, usually only 

in advanced cases. Occasionally, long, snakelike masses of tum or 

invade the portal vein (causing portal hypertension) or inferior 

vena cava; in the latter instance, the tum or may extend all the 

way up into the right ventricle. Lymph node metastases are less 

common.

HCCs range from well differentiated to highly anaplastic 

lesions. Well-differentiated HCCs are composed of cells that 

look like normal hepatocytes and grow as thick trabeculae (reca

pitulating liver cell plates) or in pseudoglandular patterns that 

recapitulate poorly formed, ectatic bile canaliculi (see Fig. 16.37).

C lin ica l Features

The clinical m an ifesta tions of H C C  are  va ried  an d  in  
W estern  p o p u la tio n s  a re  o ften  m asked  by  sym ptom s 
re la ted  to  u n d e rly in g  cirrhosis o r chronic hepatitis . In 
a reas of h ig h  incidence, such  as trop ical A frica w h ere  
aflatoxin  exposu re  is com m on, p a tien ts  u su a lly  have  no
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Fig. 16.37 Hepatocellular carcinoma. (A) Liver removed at autopsy showing 
a unifocal, massive neoplasm replacing most of the right hepatic lobe in a 
noncirrhotic liver. (B) Malignant hepatocytes growing in distorted versions 
of normal architecture: large pseudoacinar spaces, essentially malformed, 
dilated bile canaliculi, and thickened hepatocyte trabeculae.

clinical h isto ry  of liver d isease (a lthough  cirrhosis m ay  be 
de tected  a t au topsy). In  b o th  p o p u la tions, m ost pa tien ts  
have  ill-defined  u p p e r-ab d o m in a l pain , m alaise, fatigue, 
w e ig h t loss, a n d  som etim es aw areness  of an  abdom ina l 
m ass o r ab d o m in a l fu llness. Jaundice, fever, a n d  gastro 
in testina l o r esophageal variceal b leed ing  are inconstan t 
findings.

L aborato ry  s tud ies  m ay  p ro v id e  clues b u t a re  rarely  
conclusive. E levated  se ru m  levels of a-fetoprotein a re  found  
in  50% of in d iv id u a ls  w ith  ad v an ced  H C C , b u t th is is 
ne ithe r a  sensitive no r specific m ark er for p rem a lig n an t o r 
early  w ell-d iffe ren tia ted  cancers. B etter tests for detection  
of sm all tu m o rs are  im ag ing  stud ies, such  as u ltraso n o g ra 
phy , co m p u ted  to m ography , a n d  m agnetic  resonance 
im aging. Increasing  a rte ria liza tion  d u rin g  the develop 
m en t a n d  p rog ressio n  of H C C  can  be iden tified  by im ag ing  
an d  is so characteristic  th a t its detection  can  be d iagnostic , 
p rec lu d in g  the  need  for tissue b iopsy.

The n a tu ra l h isto ry  of H C C  involves the p rog ressive  
en largem en t o f the p rim ary  m ass un til it d is tu rb s  hepatic

function  o r m etastasizes, m ost com m only  to the lungs. 
D ea th  u sua lly  occurs from  (1) cachexia, (2) gastro in testina l 
o r esophageal variceal b leed ing , (3) liver fa ilu re  w ith  
hepa tic  com a, o r rare ly  (4) ru p tu re  of the  tu m o r w ith  fatal 
hem orrhage. The 5-year su rv iva l of large  tu m o rs is d ism al, 
a n d  the m ajority  o f p a tien ts  d ie  w ith in  2  y ea rs  of 
d iagnosis.

W ith  im p lem en ta tio n  of screen ing  p ro ced u res  an d  
advances in  im aging , the detection  of H C C s less th an  2 cm  
in  d iam ete r has increased  in  coun tries w h ere  such  facilities 
are  available. These sm all tu m o rs can  be rem oved  surg i
cally o r ab la ted  (e.g., th ro u g h  em bolization , m icrow ave 
rad ia tion , o r freezing) w ith  good  ou tcom es. If re la tively  
sm all H C C s arise in  the se tting  of adv an ced  stage (cir
rhotic) chronic liver d isease, liver tran sp lan ta tio n  is a  be tte r 
o p tio n  a n d  m ay  be curative . R adiofrequency  ab la tion  an d  
chem oem bolization  are u sed  for local con tro l o f un resect
able tum ors. The k inase  inh ib ito r sorafenib  can  p ro lo n g  the 
life of in d iv id u a ls  w ith  advanced -stage  HCC.

Cholangiocarcinom a

C holang iocarcinom a (CCA), the second  m o st com m on 
p rim ary  m alig n an t tu m o r of the  liver after H CC, arises 
from  in trah ep a tic  a n d  ex trahepatic  bile ducts. It accounts 
for 3% of gastro in testina l cancers in  the U n ited  States, 
w h ere  there  are app rox im ate ly  2000 to  3000 n ew  cases each 
year. H ow ever, in  som e reg ions of so u th east A sia such  as 
n o rth eas te rn  T hailand , Laos, a n d  C am bod ia  w h ere  infesta 
tion  w ith  liver flukes is endem ic, cho langiocarcinom a is 
m u ch  m ore com m on, occurring  a t ra tes 30 to  40 tim es 
h igher th a n  in  a reas of A sia w ith o u t liver fluke 
infestation .

A ll risk  factors for cholangiocarcinom a cause chronic 
in flam m ation  a n d  cholestasis, w h ich  p resu m ab ly  p ro m o te  
occurrence of som atic  m u ta tio n s  or ep igenetic  a lte ra tions 
in  cholangiocytes. The risk  factors inc lude  in festa tion  by 
liver flukes (particu larly  Opisthorchis a n d  Clonorchis 
species), chronic in flam m atory  d isease of the  large  bile 
ducts (such as p rim ary  sclerosing cholangitis), hepatoli- 
thiasis, a n d  fibropolycystic  liver disease. A s w ith  H CC, 
ra tes of cholangiocarcinom a also  a re  e levated  in  pa tien ts  
w ith  h epatitis  B a n d  C a n d  NAFLD.

M O R P H O L O G Y

E x tra h e p a tic  cho lang iocarc inom as are generally small 

lesions at the time of diagnosis, as they cause obstruction of the 

biliary tract early in their course. Most tumors appear as firm, 

gray nodules within the bile duct wall; some may be diffusely 

infiltrative, while others are papillary or polypoid. In tra h e p a tic  

cho lang iocarc inom as occur in noncirrhotic livers (Fig. I6.38A) 

and may track along the intrahepatic portal tract system or 

produce a single massive tumor.

Cholangiocarcinomas are typical mucin-producing adenocar

cinomas. Most are well to  moderately differentiated, growing as 

glandular/tubular structures lined by malignant epithelial cells 

(see Fig. I6.38B). They typically incite marked desmoplasia. Lym- 

phovascular invasion and perineural invasion are both common 

and often lead to extensive intrahepatic and extrahepatic 

metastases.
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Fig. 16.38 Cholangiocarcinoma. (A) Multifocal cholangiocarcinoma in a liver 
from a patient with infestation by the liver fluke C lo n o r c h is  s in e n s is  (flukes 
not visible) (B) Invasive malignant glands in a reactive, sclerotic stroma. (A ,

C o u r te s y  o f  D r .  W i ls o n  MS. T s u i,  C a r i ta s  M e d ic a l  C e n tr e ,  H o n g  K o n g .)

Ä S U M M A R Y

LIV E R  T U M O R S

• The liver is the most common site of metastatic cancers from 

primary tumors of the colon, lung, and breast.

• H e p a to c e llu la r aden om as are benign tumors of hepato- 

cytes. Most can be subclassified on the basis of molecular 

changes with varying degrees of malignant potential. They are 

associated with use of oral contraceptives and androgens.

• The two main types of malignant tumors are h ep a to c e llu la r  

carc inom as and cho lang iocarcinom as; HCCs are much 

more common.

• H C C  is a common tum or in regions of Asia and Africa, and 

its incidence is increasing in the United States.

• The main etiologic agents for H C C  are hepatitis B and C, 

alcoholic cirrhosis, hemochromatosis, and exposure to afla

toxins. In the Western population, about 90% of HCCs 

develop in cirrhotic livers; in Asia, almost 50% of cases 

develop in noncirrhotic livers.

• The chronic inflammation and cellular regeneration associ

ated with viral hepatitis are predisposing factors for the 

development of carcinomas.

• H C C  may be unifocal or multifocal, tends to invade blood 

vessels, and recapitulates normal liver architecture to varying 

degrees.

• Cholangiocarcinoma is a tum or of intrahepatic or extrahe

patic bile ducts that is relatively common in areas where 

liver flukes, such as O p is t h o r c h i s  and C l o n o r c h i s  species, are 

endemic.

Gallbladder

GALLSTONE DISEASE

G allstones afflict 10% to 20% of a d u lts  res id in g  in  W estern  
coun tries  in  the  N o rth e rn  H em isphere , 20% to 40% in  L atin  
A m erican  countries, a n d  on ly  3% to 4% in  A sian  countries. 
In  the  U n ited  States, ab o u t 1 m illion  new  cases of gallstones 
a re  d iag n o sed  annually , a n d  tw o -th ird s  of in d iv id u a ls  so 
affected u n d e rg o  su rgery , re su ltin g  in  the rem oval of as 
m u ch  as 25 to  50 m illion  tons of stones p e r  year! T here are 
tw o  m ain  types of gallstones: cholesterol stones, con tain ing  
crystalline cholesterol m o n o h y d ra te  (80% of stones in  
W estern  countries), a n d  pigment stones, m ad e  of b ilirub in  
calcium  salts.

Pathogenesis

Bile fo rm ation  is the  on ly  significan t p a th w a y  for elim i
n a tio n  of excess cholestero l from  the body , e ither as 
free cholesterol o r as bile salts. C ho lestero l is ren d e red  
w ater-so lub le  by ag g regation  w ith  bile salts a n d  lecithins. 
W hen  cholesterol concen tra tions exceed the  solubiliz 
ing  capacity  of bile (supersa tu ra tion ), cho lestero l can  no

longer rem ain  d isp ersed  a n d  crystallizes o u t o f so lu tion . 
C ho lestero l gallstone fo rm ation  is en hanced  by  hypomobil- 
ity of the gallbladder (stasis), w h ich  p ro m o tes  nucleation , 
a n d  by  mucus hypersecretion, w ith  consequen t trap p in g  
of the crystals, thereby  en hancing  their ag g reg a tio n  in to  
stones.

P ig m en t stones fo rm  w h e n  the bile contains a  h ig h  con
cen tra tion  of u n con juga ted  b ilirub in  in  the  b iliary  tree, as 
m ay  occur in  p a tien ts  w ith  chronic ex travascu lar re d  cell 
hem olysis o r w ith  certa in  infections of the b iliary  tract, 
such  as liver flukes. The p rec ip ita tes a re  p rim arily  inso lu 
ble calcium  b ilirub ina te  salts.

Prevalence and Risk Factors

The m ajor risk  factors for gallstones are  lis ted  in  Table 16.6. 
In  u p  to  80% of in d iv id u a ls  w ith  gallstones, the  on ly  iden 
tifiable risk  factors a re  age a n d  gender. Som e e laboration  
on  these risk  factors follows:
• Age and gender. The p revalence of gallstones increases 

th ro u g h o u t life. In  the U n ited  States, less th an  5% to 6 % 
of the  p o p u la tio n  y o u n g e r th a n  40 years of age has 
stones, in  co n trast w ith  25% to 30% of those  o lder than
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Table 16.6 Risk Factors for Gallstones

C holestero l Stones

Demography: Northern Europeans, North and South Americans, Native 
Americans, Mexican Americans 

Advancing age 
Female sex hormones 

Female gender 
Oral contraceptives 
Pregnancy

Obesity and insulin resistance 
Rapid weight reduction 
Gallbladder stasis
Inborn disorders of bile acid metabolism 
Dyslipidemia syndromes

P ig m en t Stones

Demography: Asian more than Western, rural more than urban 
Chronic hemolysis (e.g., sickle cell anemia, hereditary spherocytosis) 
Biliary infection
Gastrointestinal disorders: ileal disease (e.g., Crohn disease), ileal 

resection or bypass, cystic fibrosis with pancreatic insufficiency

80 years o f age. The prevalence  in  w o m en  of all ages is 
a b o u t tw ice as h ig h  as in  m en.

• Ethnic and geographic. C holestero l gallstone p revalence 
app ro ach es 50% to 75% in  certa in  N ative  A m erican  p o p 
u la tio n s (Pim a, H opi, a n d  N avajo), w h ereas p ig m en t 
stones are rare. The h ig h  prevalence  in  these p o p u la tio n s  
seem s to  be re la ted  to  b iliary  cholestero l hypersecretion .

• Heredity. In  ad d itio n  to  ethn icity , a  positive  fam ily 
h is to ry  im p arts  increased  risk, as do  a varie ty  of inbo rn  
erro rs  o f m etabolism , such  as those associated  w ith  
im p a ired  bile sa lt syn thesis a n d  secretion.

• Environment. E strogens increase hepatic  cholesterol 
u p ta k e  a n d  synthesis, lead in g  to  excess b iliary  secretion 
of cholesterol. These effects exp lain  the increased  risk  
for gallstone d isease w ith  o ral con tracep tive  use  and  
w ith  p regnancy . O besity , ra p id  w e ig h t loss, a n d  trea t
m en t w ith  the hypocho lestero lem ic agen t clofibrate also 
are  s trong ly  associated  w ith  increased  b iliary  choles
tero l secretion  a n d  risk  for gallstone d isease.

• Acquired disorders. A ny  cond ition  in  w h ich  g a llb ladder 
m otility  is red u ced  p red isp o ses to gallstones, such  as 
p regnancy , ra p id  w e ig h t loss, a n d  sp ina l co rd  in jury . In 
m ost cases, how ever, g a llb ladder h y p om otility  is 
p re sen t w ith o u t obv ious cause.

^  M O R P H O L O G Y

C h o le s te ro l stones arise exclusively in the gallbladder and 

consist of 50% to 100% cholesterol. Pure cholesterol stones are 

pale yellow; increasing proportions of calcium carbonate, phos

phates, and bilirubin impart gray-white to black discoloration (Fig. 

16.39). They are ovoid and firm; they can occur singly, but most 

often there are several, with faceted surfaces resulting from their 

apposition. Most cholesterol stones are radiolucent, although as 

many as 20% may contain sufficient calcium carbonate to be 

radiopaque.

P ig m e n t stones may arise anywhere in the biliary tree and 

are classified into black and brown stones. In general, black 

pigment stones are found in sterile gallbladder bile, while brown 

stones are found in infected intrahepatic or extrahepatic ducts.

Fig. 16.39 Cholesterol gallstones. The wall of the gallbladder is thickened 
and fibrotic due to chronic cholecystitis.

The stones contain calcium salts of unconjugated bilirubin and 

lesser amounts of other calcium salts, mucin glycoproteins, and 

cholesterol. Black stones are usually small, numerous, and fragile 

to  the touch (Fig. 16.40). Brown stones tend to be single or few 

in number and to have a soft, greasy, soaplike consistency owing 

to  the presence of fatty acid salts released from biliary lecithins 

by bacterial phospholipases. Because of calcium carbonates and 

phosphates, 50% to 75% of black stones are radiopaque. Brown 

stones, which contain calcium soaps, are radiolucent.

C lin ica l Features

G allstones m ay  be p re sen t for decades w ith o u t causing  
any  sym ptom s, a n d  70% to 80% of in d iv id u a ls  w ith  
gallstones rem ain  asym ptom atic  th ro u g h o u t life. In  an  
u n fo rtu n a te  m inority , how ever, the sym ptom s are strik 
ing. T here is u su a lly  rig h t u p p e r-q u a d ra n t o r ep igastric  
pain , o ften  excruciating , w h ich  m ay  be con stan t or, less

Fig. 16.40 Pigment gallstones. Several faceted black gallstones are present 
in this otherwise unremarkable gallbladder from a patient with a mechanical 
mitral valve prosthesis, leading to chronic intravascular hemolysis.
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com m only , spasm odic . Such "b iliary" p a in  is caused  by 
ga llb lad d er o r b iliary  tree obstruc tion  or by  in flam m a
tion  of the  ga llb lad d er itself. M ore severe com plications 
inc lude  em pyem a, perfo ra tion , fistulas, in flam m ation  of 
the b iliary  tree, obstruc tive  cholestasis a n d  pancrea ti
tis. The la rger the stone, the less likely it is to en ter the 
cystic o r com m on  d u c ts  to  p ro d u ce  obstruction ; thus, 
the  very  sm all stones, o r "g ravel,"  are d angerous. Occa
sionally  a large  stone m ay  erode  d irectly  in to  a n  ad ja
cen t loop  of sm all bow el, genera ting  in testina l obstruc tion  
(gallstone ileus).

CHOLECYSTITIS

In flam m ation  of the  g a llb ladder m ay  be acute, chronic, o r 
acu te  su p e rim p o sed  o n  chronic, a n d  a lm ost a lw ays occurs 
in  associa tion  w ith  gallstones. In  the U n ited  States, chole
cystitis is one of the  m o st com m on  ind ica tions for abdom i
nal su rgery . Its  epidem iologic  d is trib u tio n  closely paralle ls  
th a t o f gallstones.

Chronic Cholecystitis

Chronic cholecystitis m ay be the seq u el to repeated bouts  
o f acute cholecystitis, but in  m ost instances it d evelop s  
w ith ou t any antecedent history o f acute attacks. Like 
acu te  cholecystitis, it is a lm ost a lw ays associa ted  w ith  gall
stones. H ow ever, gallstones d o  n o t seem  to be a n  essen tial 
p a r t  o f the in itia tion  of in flam m ation  o r the d ev e lo p m en t 
of pain , because chronic acalcu lous cholecystitis causes 
sym ptom s a n d  m orpho log ic  a lte ra tions sim ilar to  those 
seen in  the calcu lous form . R ather, su p e rsa tu ra tio n  of bile 
ap p ea rs  to  p red isp o se  to  b o th  chronic in flam m ation  and , 
in  m o st instances, stone fo rm ation . M icroorganism s, 
u sua lly  E. coli a n d  enterococci, can  be cu ltu red  from  the 
bile in  on ly  ab o u t o n e-th ird  of cases. U nlike acu te  calcu lous 
cholecystitis, ob stru c tio n  of ga llb lad d er ou tflow  by stones 
is n o t requ isite  in  chronic cholecystitis. M ost gallb ladders 
rem oved  a t elective su rg ery  for gallstones show  fea tu res  of 
chronic cholecystitis, m ak in g  it likely th a t b iliary  sym p
tom s em erge after long -te rm  coexistence of gallstones an d  
low -grade  inflam m ation .

Acute Calculous Cholecystitis
Acute inflam m ation o f a gallb ladder that contains stones  
is  term ed acute calculous cholecystitis and is precipitated  
in  90% o f cases by obstruction o f the gallb ladder neck  
or cystic duct. It is the  m ost com m on m ajor com plication  
of gallstones an d  the m ost freq u en t ind ica tion  for em er
gency cholecystectom y. M anifesta tions of o bstruc tion  m ay 
ap p e a r w ith  rem arkab le  su d d en n ess  a n d  constitu te  a su r
gical em ergency. In  som e cases, how ever, sym ptom s m ay  
be m ild  a n d  reso lve w ith o u t in terven tion .

A cu te  calcu lous cholecystitis in itia lly  resu lts  from  
chem ical irr ita tio n  a n d  in flam m ation  of the  g a llb ladder 
w a ll d u e  to  obstruc tion  of bile outflow . G allb ladder in jury  
in  the se tting  of bile o bstruc tion  stem s from  several sources, 
includ ing : p h o sp h o lip ases  d e riv ed  from  the m ucosa  h y d ro 
lyze b iliary  lecith in  to lysolecith in , w h ich  is toxic to  the 
m ucosa; the no rm ally  p ro tective  g lycopro te in  m ucous 
layer is d isru p ted , exposing  the  m ucosal ep ith e liu m  to the 
d e te rg en t action  of bile salts.; p ro stag lan d in s re leased  
w ith in  the w all of the d is ten d ed  g a llb ladder enhance 
m ucosal a n d  m u ra l in flam m ation ; an d  d is ten tio n  and  
increased  in tra lu m in a l p ressu re  m ay  com prom ise  b lood 
flow  to the m ucosa. A ll of these effects occur in  the  absence 
of bacterial infection, w h ich  m ay  be su p erim p o sed  later.

Acute Acalculous Cholecystitis * •

B etw een 5% a n d  12% of g a llb ladders rem oved  for acu te 
cholecystitis con ta in  no  gallstones. M ost cases occur in  seri
ously  ill patien ts. Som e of the m ost com m on  p red isp o sin g  
in su lts  are as follows:
• M ajor su rgery
• Severe trau m a  (e.g., from  m o to r vehicle crashes)
• Severe b u rn s
• Sepsis

O th e r co n tribu ting  factors inc lude  d eh y d ra tio n , gall
b lad d e r stasis a n d  s ludg ing , vascu lar com prom ise, and  
bacterial con tam ination .

M O R P H O L O G Y

In a c u te  cho lecystitis , the gallbladder usually is enlarged and 

tense, and has a bright red or blotchy, violaceous color, the latter 

imparted by subserosal hemorrhages. The serosa frequently is 

covered by a fibrinous or, in severe cases, a fibrinopurulent 

exudate. In 90% of cases, stones are present, often obstructing the 

neck of the gallbladder or the cystic duct. The gallbladder lumen 

is filled with cloudy or turbid bile that may contain fibrin, blood, 

and pus.When the contained exudate is mostly pus, the condition 

is referred to  as e m p y e m a  o f  t h e  g a l l b l a d d e r .  In mild cases, the 

gallbladder wall is thickened, edematous, and hyperemic. In more 

severe cases, the gallbladder wall is green-black and necrotic— a 

condition termed g a n g r e n o u s  c h o l e c y s t i t i s .  On histologic 

examination, the inflammatory reactions are not distinctive and 

consist of some combination of the usual patterns of acute inflam

mation (i.e., edema, leukocytic infiltration, vascular congestion, 

abscess formation, gangrenous necrosis).

The morphologic changes in chron ic cho lecystitis  are 

extremely variable and sometimes subtle. The mere presence of 

stones within the gallbladder, even in the absence of acute inflam

mation, often is taken as sufficient justification for a diagnosis. 

The gallbladder may be contracted, of normal size, or enlarged. 

Mucosal ulcerations are infrequent; the submucosa and subserosa 

often are thickened from fibrosis. In the absence of superimposed 

acute cholecystitis, collections of lymphocytes in the wall are the 

only sign of inflammation (Fig. I 6 .4 IA). Outpouchings of mucosal 

epithelium through the wall of the gallbladder (Rokitansky- 

Aschoff sinuses) may be quite prominent (see Fig. I6 .4 IB).

C lin ica l Features

Acute calculous cholecystitis p resen ts  w ith  b iliary  p a in  th a t 
lasts for m ore  th an  6  hou rs. The p a in  is severe, u sua lly  
steady , u p p e r  ab d o m in a l in  location, a n d  o ften  rad ia tes  to 
the  rig h t shou lder. Fever, nausea, leukocytosis, a n d  p ros
tra tio n  are  classic; the  p resence of con jugated  h y p erb iliru 
b inem ia suggests ob stru c tio n  of the com m on  bile duct. The 
rig h t subcostal reg ion  is m ark ed ly  ten d e r a n d  rig id  as a 
resu lt of sp asm  of the  ab d o m in a l m uscles; occasionally  a
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Fig. I6-4 I Chronic cholecystitis. (A) The gallbladder mucosa is infiltrated by chronic inflammatory cells. (B) A Rokitansky-Aschoff sinus containing a 
fragmented bile pigment stone.

tender, d is ten d ed  g a llb ladder can  be pa lp a ted . M ild  attacks 
u su a lly  subside  spon tan eo u sly  over 1  to  1 0  days; how ever, 
recurrence is com m on. A pprox im ate ly  25% of sym ptom atic  
p a tien ts  a re  sufficiently  ill to  req u ire  surg ical in terven tion .

The d iagnosis of acu te  cholecystitis u sua lly  is based  on  
the  de tec tion  of gallstones by u ltraso n o g rap h y , typically  
accom pan ied  by evidence of a th ickened  ga llb lad d er w all. 
A tten tion  to  th is  d iso rd e r is im p o rtan t because of the 
p o ten tia l for the fo llow ing  serious com plications:
• B acterial superin fec tion  lead in g  to  cholangitis o r sepsis
• G a llb ladder p e rfo ra tion  a n d  local abscess fo rm ation
• G a llb ladder ru p tu re  lead in g  to  d iffuse periton itis
• B iliary en teric  (cholecystenteric) fistula, w ith  d ra inage  

of bile in to  ad jacen t organs, en try  of a ir a n d  bacteria  in to  
the  b iliary  tree, a n d  po ten tia lly  gallstone-induced  in tes
tina l obstruc tion  (ileus)

• A gg rav a tio n  of p reex isting  m ed ical illness, w ith  cardiac, 
p u lm o n ary , renal, o r liver d ecom pensa tion

S ym ptom s a ris in g  from  acute acalculous cholecystitis 
u su a lly  a re  obscu red  by  an o th er serious m ed ical o r su rg i
cal condition , w h ich  sets the  stage for the  d ev e lo p m en t of 
cholecystitis. The d iagnosis therefo re  rests on  a h ig h  index  
of susp icion . Chronic cholecystitis lacks the s trik ing  m anifes
ta tions of the  acu te  form s a n d  is u sua lly  charac terized  by 
recu rren t a ttacks of s teady  ep igastric  o r rig h t u p p e r 
q u a d ra n t pain . N ausea, vom iting , a n d  in to lerance for fatty  
foods are  freq u en t accom pan im en ts. C hronic  cholecystitis 
is a pa tho log ic  d iagnosis based  o n  the  exam ination  of the 
resected  ga llb ladder. B eyond signs a n d  sym ptom s m en 
tio n ed  above, its p rinc ipa l im portance  m ay  lie in  the  asso 
c iation  of gallstones a n d  chronic in flam m ation  w ith  
carcinom a of the  ga llb lad d er (d iscussed  next).

C A R C IN O M A  OF THE GALLBLADDER

C a rc in o m a  o f  th e  g a llb la d d e r  is  th e  m o st c o m m o n  m a lig 

n a n c y  o f  th e  e x tra h e p a tic  b i l ia r y  trac t. It is slightly  m ore 
com m on in  w o m en  a n d  occurs m ost frequen tly  in  the  
sev en th  decade  of life. The incidence in  the  U n ited  S tates

is 1 in  50,000. O n ly  ra re ly  is it d iscovered  a t a resectable 
stage, a n d  the m ean  5-year su rv iva l ra te  has  rem ained  
u n c h an g ed  at ab o u t 5% to  12% over the  p ast m an y  years. 
The m ost im p o rtan t risk  factor associated  w ith  gallb ladder 
carcinom a is gallstones (cholelithiasis), w h ich  are  p resen t 
in  95% of cases. P resum ably , g a llb ladders con ta in ing  
stones o r in fectious agen ts develop  cancer as a resu lt of 
chronic in flam m ation , a k n o w n  enab ler o f m alignancy  in  
several o rgans (C hap ter 6 ). C arcinogenic deriva tives o f bile 
acids a lso  a re  suspec ted  to  p lay  a role. P rim ary  sclerosing 
cholangitis is also  a  risk  factor.

^  M O R P H O L O G Y

Carcinomas of the gallbladder show two patterns of growth: 

in filtra tin g  and exophytic . The infiltrating pattern is more 

common and usually appears as a poorly defined area of diffuse 

wall thickening and induration. The exophytic pattern grows into 

the lumen as an irregular, cauliflower mass, but at the same time 

invades the underlying wall (Fig. 16.42). Most carcinomas of the 

gallbladder are adenocarcinomas. About 5% are squamous cell 

carcinomas or have adenosquamous differentiation.

C lin ica l Features

P reopera tive  d iagnosis of carcinom a of the g a llb ladder is 
the  exception  ra th e r  th an  the ru le , occu rring  in  few er than  
20% of pa tien ts. P resen ting  sym ptom s are  in sid ious an d  
typically  in d is tingu ishab le  from  those  associated  w ith  cho
lelithiasis: ab d o m in a l pain , jaund ice , anorexia, n au sea  an d  
vom iting . T here is no  satisfactory  trea tm en t o f gall b lad d e r 
cancer d u e  to  the  adv an ced  stage a t the  tim e of d iagnosis. 
O n ly  10% are  d iag n o sed  a t a stage th a t is early  en o u g h  to 
a tte m p t cu rative  surgery .

Ä S U M M A R Y

G A L L B L A D D E R  DISEASES

• Gallbladder diseases include cholelithiasis and acute and 

chronic cholecystitis, and gall bladder cancer.
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Fig. 16.42 Gallbladder adenocarcinoma. (A) The opened gallbladder con
tains a large, exophytic tumor that virtually fills the lumen. (B) Microscopically, 
the tumor has the same appearance as that of intrahepatic 
cholangiocarcinoma.

• Gallstone formation is a common condition in Western coun

tries. The great majority of the gallstones are cholesterol 

stones. Pigmented stones containing bilirubin and calcium are 

most common in Asian countries, due to the higher incidence 

of chronic hemolytic disorders and liver fluke infestations in 

these locales.

• Risk factors for the development of cholesterol stones are 

advancing age, female gender, estrogen use, obesity, and 

heredity.

• Cholecystitis almost always occurs in association with chole

lithiasis, although in about 10% of cases it occurs in the absence 

of gallstones.

• Acute calculous cholecystitis is the most common reason for 

emergency cholecystectomy.

• Gall bladder cancer is almost always associated with gall stones. 

Because of the advanced stage at diagnosis, it has a very poor 

prognosis.
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The pancreas is a transverse ly  o rien ted  re troperitonea l 
o rg a n  ex tend ing  from  the so-called "C  loop" of the  d u o d e 
n u m  to the h ilu m  of the  spleen. A lth o u g h  the pancreas 
does n o t hav e  w ell-defined  anatom ic subd iv isions, ad ja
cen t vessels a n d  ligam ents serve to  dem arcate  the o rg an  
in to  a head , body , a n d  tail.

The pancreas is really  tw o  o rgans p ackaged  in to  one. 
The islets of L angerhans sca tte red  in  the  pancreas serve 
critical endocrine  functions, a n d  the  exocrine p o rtio n  th a t 
m akes u p  the bu lk  of th is o rg an  is a m ajor source of 
enzym es th a t a re  essen tia l for d igestion . D iseases affecting  
the  pancreas can  be the  source of significant m o rb id ity  and  
m orta lity . U nfortunate ly , the re tro p erito n ea l location  of 
the p ancreas an d  the generally  vag u e  n a tu re  of signs an d  
sym ptom s associa ted  w ith  its in jury  o r w ith  d ysfunction  of 
the exocrine p o rtio n  allow  m any  pancreatic  d iseases to 
p ro g ress  u n d iag n o sed  for ex tended  p erio d s of tim e; thus, 
recogn ition  of pancreatic  d iso rd ers  requ ires  a h ig h  degree  
of suspicion.

The p ancreas gets its nam e from  the G reek pankreas, 
m ean in g  "a ll flesh," a n d  is a com plex lobu la ted  o rgan . The 
endocrine  p o rtio n  constitu tes on ly  1 % to 2 % of the  p an 
creas a n d  is com posed  of ab o u t 1  m illion  cell clusters, the 
islets of L angerhans; these cells secrete insu lin , glucagon, 
a n d  som atosta tin . The m ost significant d iso rd ers  of the 
endocrine pancreas are  d iabetes m ellitu s a n d  neoplasm s; 
these a re  d iscussed  in  deta il in  C h ap te r 20 a n d  are  no t 
d iscussed  fu rth e r here.

The exocrine pancreas is com posed  of acinar cells a n d  the 
du c tu les  a n d  d u c ts  th a t convey  their secretions to  the d u o 
den u m . The ac inar cells a re  responsib le  for the  syn thesis 
o f d igestive  enzym es, w h ich  are  m ostly  m ad e  as inactive 
p ro -enzym es th a t are  s to red  in  zymogen granules. W hen

T h e  c o n tr ib u t io n s  o f  th o s e  w h o  a u th o r e d  th is  c h a p te r  in  p r e v io u s  
e d it io n s  o f  th is  b o o k  a re  g ra te fu lly  a c k n o w le d g e d .

ac inar cells a re  stim u la ted  to  secrete, the g ranu les fuse 
w ith  the ap ical p lasm a  m em b ran e  a n d  release the ir con
ten ts in to  the cen tra l ac inar lum en . These secretions are 
tra n sp o rted  to  the d u o d e n u m  th ro u g h  a series of anasto 
m osing  ducts.

The ep ithelia l cells lin ing  the ducts also  are  active p a r 
tic ipan ts in  pancreatic  secretion: The cubo ida l cells th a t 
line the sm aller duc tu les  secrete b icarbonate-rich  fluid, 
w h ile  the  co lum nar cells lin ing  the  larger ducts p ro d u ce  
m ucin . The ep ithelial cells of the  ducts also express the cystic 
fibrosis transmembrane conductance regulator (CFTR); ab erran t 
function  of th is m em brane  p ro te in  affects the biochem ical 
co n ten t a n d  viscosity  of pancreatic  secretions. CFTR has 
a  fu n d am en ta l ro le  in  the pa tho p h y sio lo g y  of pancreatic  
d isease in  in d iv id u a ls  w ith  cystic fibrosis (C hap ter 7).

A s d iscussed  later, au to d ig estio n  of the p ancreas (e.g., 
in  pancreatitis) can  be a catastroph ic  event. A  n u m b er of 
"fail-safe" m echan ism s hav e  evo lved  to  m in im ize  the risk  
for occurrence of th is phenom enon :
• A  m ajority  o f pancreatic  enzym es are  syn thesized  as 

inactive p ro -enzym es a n d  sequestered  in  m em brane- 
b o u n d  zym ogen  g ranu les, as m en tio n ed  earlier.

• A ctivation  of p ro -enzym es requ ires  conversion  of tryp- 
sinogen  to  try p s in  by d u o d en a l en te ro p ep tid ase  (also 
called  enterokinase).

• T rypsin  inh ib ito rs (e.g., SPINK1, also  k n o w n  as pancre
atic secretory trypsin inhibitor) also  are secreted  by acinar 
an d  d u c ta l cells.

• T rypsin  cleaves an d  inactivates itself, a negative  feed
back  m echan ism  th a t no rm ally  p u ts  a lim it o n  local 
levels o f activa ted  trypsin .

• A cinar cells a re  rem arkab ly  resis tan t to the ac tion  of 
ac tivated  enzym es such  as trypsin , chym otrypsin , an d  
p h o sp h o lip ase  A2.

D iseases of the  exocrine p ancreas inc lude  cystic fibrosis, 
congen ita l anom alies, acu te  a n d  chronic pancrea titis , an d
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neop lasm s. C ystic fibrosis is d iscussed  in  de ta il in  C h ap te r 
7; the o th er pa tho log ic  processes a re  d iscussed  in  th is 
chapter.

C O NG ENITAL ANOMALIES

Pancreatic  d ev e lo p m en t is a com plex p rocess invo lv ing  
fu sion  of do rsa l an d  v en tra l p rim ord ia ; sub tle  dev ia tions 
in  th is p rocess frequen tly  give rise  to  congen ita l varia tions 
in  pancreatic  anatom y. W hile m ost o f these do  n o t cause 
clinical d isease, v a rian ts  (especially  in  d ucta l anatom y) can 
p re se n t challenges to  the endoscop ist a n d  the  su rgeon . For 
exam ple, fa ilu re  to  recognize id iosyncratic  an a to m y  could  
resu lt in  in ad v e rten t severing  of a  pancreatic  duct d u rin g  
surgery , re su ltin g  in  pancreatitis.

Agenesis
V ery rarely , the p ancreas m ay  be to tally  absent, a  cond ition  
u su a lly  (bu t n o t invariab ly) associated  w ith  ad d itio n a l 
severe m alfo rm ations th a t are incom patib le  w ith  life. Pan
creatic duodenal homeobox 1 (PDX1) is a h o m eo d o m ain  tran 
scrip tion  factor critical fo r n o rm a l p ancreatic  developm en t, 
a n d  germ line  m u ta tio n s of th is gene have  been  associated  
w ith  pancreatic  agenesis.

Pancreas Divisum
P ancreas d iv is u m  is th e  m o s t c o m m o n  c o n g e n ita l 

a n o m a ly  o f  th e  pancreas , w ith  a n  incidence of 3% to 
10%. In  m ost in d iv iduals , the  m a in  pancreatic  d u c t (the 
d u c t o f W irsung) jo ins the com m on  bile d u c t ju s t p rox i
m al to  the p ap illa  of V ater, a n d  the accessory  pancreatic  
d u c t (the d u c t of Santorin i) d ra in s  in to  the d u o d e n u m  
th ro u g h  a  separa te  m in o r pap illa . P ancreas d iv isu m  is 
caused  by  a  fa ilu re  of fu sion  of the fe ta l duc t system s of 
the  do rsa l a n d  v en tra l pancreatic  p rim ord ia . A s a resu lt, 
the  bu lk  of the  p ancreas (form ed by the do rsa l pancre 
atic  p rim o rd iu m ) d ra in s  in to  the  d u o d e n u m  th ro u g h  the 
sm all-caliber m ino r pap illa . The d u c t o f W irsu n g  in  ind i
v id u a ls  w ith  d iv isu m  d ra in s  on ly  a  sm all p o rtio n  of the 
h ead  of the  g lan d  th ro u g h  the pap illa  o f V ater. M ore than  
95% of in d iv id u a ls  a re  asym ptom atic . The rem ain in g  5% 
develop  acu te  o r chronic pancreatitis, possib ly  re la ted  to 
in ad eq u a te  d ra in ag e  of pancreatic  secretions th ro u g h  the 
m in o r pap illa .

Annular Pancreas

Annular pancreas is a re la tively  u n co m m o n  v a ria n t of p an 
creatic fu sion  in  w h ich  a  rin g  of pancreatic  tissue com 
ple te ly  encircles the d u o d en u m . It can  m an ifest w ith  signs 
a n d  sym ptom s of d u o d en a l obstruc tion  such  as  gastric  d is
ten tion  a n d  vom iting .

Ectopic Pancreas

A berran tly  situa ted , o r ectopic, pancreatic  tissue occurs in  
a b o u t 2 % of the  p o p u la tion ; favored  sites are  the stom ach  
a n d  d u o d en u m , fo llow ed  by  the je junum , M eckel d iver
ticu lum , a n d  ileum . These em bryologic rests typically  a re

sm all (rang ing  fro m  m illim eters to  cen tim eters in  d iam e
ter) a n d  a re  located  in  the  subm ucosa; they  are  com posed  
of n o rm a l pancreatic  acin i w ith  occasional islets. T hough  
u sua lly  inc iden ta l a n d  asym ptom atic , ectopic pancreas 
m ay  becom e inflam ed, lead in g  to pain , o r —ra re ly —can 
cause m ucosal b leed ing . A pprox im ate ly  2% of pancreatic  
n eu ro en d o crin e  tu m o rs (C hap ter 20) arise  in  ectopic p an 
creatic tissue.

Congenital Cysts
Congenital cysts re su lt from  an o m alo u s d ev e lo p m en t of the 
pancrea tic  ducts. In  polycystic disease, the  k idneys, liver, 
a n d  pancreas m ay  all con ta in  cysts (C hap ter 14). C ongeni
tal cysts generally  a re  un ilocu lar a n d  range  fro m  m icro 
scopic to  5 cm  in d iam eter. They are  lined  by e ithe r u n ifo rm  
cubo ida l o r fla ttened  ep ith e liu m  a n d  are  enclosed  in  a  thin, 
fib rous capsule. These ben ign  cysts con ta in  clear serous 
flu id  — a n  im p o rtan t p o in t of d is tinction  from  pancreatic  
cystic neop lasm s, w h ich  often  are  mucinous (d iscussed  
later).

PANCREATITIS

In flam m atory  d iso rd ers  of the pancreas a re  d iv id ed  in to  
acu te  a n d  chronic form s. In  acute pancreatitis, function  can 
re tu rn  to  n o rm a l if the u n d e rly in g  cause of in flam m ation  
is rem oved . By contrast, chronic pancreatitis causes irrevers
ible d estruc tion  of exocrine pancreas.

Acute Pancreatitis

A c u te  p an crea titis  is a  re v e rs ib le  in f la m m a to ry  d iso rd er  

th a t varies  in  severity , f ro m  fo ca l ed e m a  a n d  fa t  necrosis  

to  w id e s p re a d  h em o rrh a g ic  necrosis. This is a relatively 
com m on condition, w ith  an  an n u a l incidence of 1 0  to 2 0  per 
100,000 people in  the W estern w orld .

Etiology

The m ost com m on cause of acu te  p ancrea titis  in  the  U nited  
S tates is the im paction  of gallstones w ith in  the com m on 
bile duct, im p ed in g  the  flow  of pancreatic  enzym es th ro u g h  
the  am p u lla  o f V ater ("gallstone pancreatitis"); th is is 
closely fo llow ed  by p ancrea titis  secondary  to  excessive 
alcohol in take. Overall, gallstones and alcoholism account for 
greater than 80% of acute pancreatitis cases, w ith  the rem ain 
in g  caused  by a m u ltitu d e  of factors (Table 17.1). These 
inc lude  the follow ing:
• Non-gallstone-related obstruction of the  pancreatic  ducts 

(e.g., d u e  to  pancreatic  cancer o r o th e r p e riam p u lla ry  
neop lasm s, p ancreas d iv isum , b iliary  "s lu d g e ,"  o r p a ra 
sites, p a rticu la rly  Ascaris lumbricoides a n d  Clonorchis 
sinensis)

• Medications in c lu d in g  an ti-convu lsan ts, cancer chem o
the rapeu tic  agen ts, th iaz ide  d iuretics, estrogens, a n d  
m ore th an  85 o thers  in  clinical use

• Infections w ith  m u m p s v iru s  o r coxsackievirus, w h ich  
can d irectly  infect pancreatic  exocrine cells

• Metabolic disorders, in c lu d in g  hypertrig lyceridem ia , 
h y p erp ara th y ro id ism , a n d  o ther hypercalcem ic states
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Table 17.1 Etiologie Factors in A cu te  Pancreatitis

M etabo lic

Alcoholism* *
Hyperlipoproteinemia
Hypercalcemia
Drugs (e.g., azathioprine)

G enetic

Mutations in the cationic trypsinogen ( P R S S I )  and trypsin inhibitor 
( S P I N K / )  genes

M echanical

Gallstones*
Trauma
Iatrogenic injury 
Perioperative injury
Endoscopic procedures with dye injection

Vascular

Shock
Atheroembolism 
Polyarteritis nodosa

Infectious

Mumps
Coxsackievirus

*Most common causes in the United States.

• Ischemia d u e  to  vascu lar throm bosis, em bolism , vasculi
tis, o r shock

• Trauma, b o th  b lu n t force a n d  ia trogenic  d u rin g  su rgery  
o r endoscopy

• Germline mutations invo lv ing  genes encod ing  pancreatic  
enzym es or their inh ib ito rs. For exam ple, hereditary pan
creatitis is a ra re  au to som al d o m in an t d isease w ith  80% 
penetrance  th a t is charac terized  by  recu rren t a ttacks of 
severe pancreatitis, u sua lly  b eg inn ing  in  ch ildhood . It is 
caused  by m u ta tio n s  in  the PRSS1 gene, w h ich  encodes 
trypsinogen , the p ro en zy m e of pancreatic  trypsin . The 
pathogen ic  m u ta tio n s  a lte r the site th ro u g h  w h ich  
try p sin  cleaves a n d  inactivates itself, ab ro g a tin g  an  
im p o rta n t negative  feedback  m echanism . This defect 
leads n o t on ly  to  the  h y p erac tiv a tio n  o f trypsin , b u t also 
to the  h y perac tiva tion  of m an y  o th e r d igestive  enzym es 
th a t req u ire  try p s in  cleavage for their activation . A s a 
resu lt of th is  u n b rid le d  p ro tease  activ ity , the pancreas 
is p ro n e  to  au to d ig estio n  a n d  in jury . L oss-of-function 
m u ta tio n s in  genes th a t encode p ro tease  inh ib ito rs such  
as SPINK1 are  less com m only  associa ted  w ith  he red i
tary  pancreatitis.

O f note, 10% to 20% of cases of acu te  pancrea titis  have 
no  iden tifiab le  cause (idiopathic pancreatitis), a lth o u g h  a 
g row ing  bo d y  of ev idence suggests th a t m any  m ay  have 
an  u n d e rly in g  genetic  basis. For exam ple, a subse t o f these 
so-called idiopathic pancreatitis p a tien ts  has  u n d erly in g  
germ  line m u ta tio n s of the CFTR gene w ith  sym ptom s 
p red o m in an tly  restric ted  to  the  p ancreas (C hap ter 7).

Pathogenesis

A c u te  p a n c re a tit is  ap p ears  to  b e  caused  b y  a u to d ig e s tio n  

o f  th e  pancreas b y  in a p p r o p r ia te ly  a c tiv a te d  p an crea tic  

e n zy m e s . A s d iscussed  earlier, once activa ted  try p sin  is

capable of converting  o ther zym o g en  form s of pancreatic  
enzym es to  the ir active form s. P rem atu re  ac tiva tion  of 
try p sin  w ith in  the  substance of the pancreas can  u n leash  
these p ro en zy m es (e.g., p h o sp h o lip ases  a n d  elastases), 
lead in g  to  tissue in jury  a n d  in flam m ation . T rypsin  also 
converts  p reka llik re in  to  its ac tiva ted  form , th u s  spark ing  
the  k in in  system , and , by  ac tiva tion  of factor XII (H agem an  
factor), also  sets in  m o tio n  the c lo tting  a n d  com plem en t 
system s (C hap ter 4). Three p a th w a y s  can  incite the in itial 
enzym e ac tiva tion  th a t m ay  lead  to acu te  p ancrea titis  (Fig. 
17.1):
• Pancreatic duct obstruction. Im paction  of a gallstone or 

b iliary  sludge, o r extrinsic  com pression  of the ducta l 
system  by  a m ass blocks ducta l flow , increases in tra 
ducta l p ressu re , a n d  a llow s accum ula tion  of an  enzym e- 
rich  in te rstitia l fluid. Since lipase is secreted  in  a n  active 
form , local fa t necrosis m ay  resu lt. In ju red  tissues, peri- 
ac inar m yofibroblasts, an d  leukocytes th en  release p ro 
in flam m atory  cy tok ines th a t p ro m o te  local in flam m ation  
an d  in terstitia l ed em a th ro u g h  a leaky m icrovascu la 
tu re. E dem a fu rth e r com prom ises local b lood  flow, 
causing  vascu lar insufficiency a n d  ischem ic in jury  to 
acinar cells.

• Primary acinar cell injury. This p a thogen ic  m echan ism  
com es in to  p lay  in  acu te  pancrea titis  caused  by  ische
m ia, v ira l infections (e.g., m um ps), d ru g s, an d  direct 
trau m a  to  the pancreas.

• Defective intracellular transport of proenzymes within acinar 
cells. In  n o rm a l ac inar cells, d igestive  enzym es in ten d ed  
for zy m o g en  g ranu les  (and  even tua lly  ex tracellu lar 
release) an d  hyd ro ly tic  enzym es destin ed  for lysosom es 
are  tra n sp o rted  in  d iscre te  p a th w a y s  after syn thesis in  
the endop lasm ic  re ticu lum . H ow ever, a t least in  som e 
an im al m odels of m etabolic  in jury , pancreatic  
p roenzym es a n d  lysosom al h yd ro lases becom e pack 
aged  together. This resu lts  in  p ro en zy m e activation , 
lysosom al ru p tu re  (action  of phospho lipases), a n d  local 
release of ac tivated  enzym es. The role o f th is m echa
n ism  in  h u m a n  acu te  pancrea titis  is n o t clear.

A lc o h o l c o n s u m p tio n  m a y  cause p an c re a tit is  b y  

severa l m e c h a n is m s . A lcohol transien tly  increases pancre 
atic exocrine secretion  a n d  con traction  of the sph inc ter of 
O d d i (the m uscle  reg u la tin g  the  flow  of pancreatic  juice 
th ro u g h  p ap illa  o f V ater). A lcohol also  has d irec t toxic 
effects o n  acinar cells, in c lu d in g  in d u c tio n  of ox idative  
stress in  ac inar cells, w h ich  leads to  m em b ran e  dam age 
(d iscussed  later). Finally, chronic alcohol ingestion  resu lts  
in  the secretion  of p ro te in -rich  pancreatic  fluid, w h ich  
leads to  the  dep o sitio n  of in sp issa ted  p ro te in  p lu g s and  
obstruc tion  of sm all pancreatic  ducts.

M O R P H O L O G Y

The basic alterations in acute pancreatitis are (1 )  m icrovascu

la r  leakage causing e d e m a , (2 )  necrosis o f fa t  by lipases, 

(3 )  an a c u te  in f la m m a to ry  reac tio n , (4 )  p ro te o ly tic  

d es tru c tio n  o f p an crea tic  p arench ym a, and (5 )  d estru c 

tio n  o f blood vessels leading  to  in te rs titia l h em o rrh a g e .
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CAUSES: DUCT OBSTRUCTION

Cholelithiasis 
Ampullary obstruction 

Chronic alcoholism 
Ductal concretions

ACINAR CELL INJURY

Trauma
Ischemia
Viruses

DEFECTIVE INTRACELLULAR  
TRANSPORT

Metabolic injury (experimental) 
Alcohol
Duct obstruction

MECHANISMS:

LESIONS:

l
Interstitial edema

I
Impaired blood flow

*

i
Release of intracellular 
proenzymes and lysosomal 
hydrolases

l

I
Delivery of proenzymes to 
lysosomal compartment

Ischemia Activation of enzymes Intracellular activation

T
ACUTE PANCREATITIS

Fig. 17.1 Proposed pathogenesis of acute pancreatitis.

In mild forms, there is interstitial edema and focal areas of fat 

necrosis in the pancreas and peripancreatic fat (Fig. I7 .2A). Fat 

necrosis results from enzymatic destruction of fat cells; the 

released fatty acids combine with calcium to form insoluble salts 

that precipitate in situ.

In more severe forms, such as a c u te  n e c ro tiz in g  p an cre 

a titis , the damage also involves acinar and ductal cells, the islets 

of Langerhans, and blood vessels. Macroscopically, the pancreas 

exhibits red-black hemorrhagic areas interspersed with foci of 

yellow-white, chalky fa t necrosis (Fig. I7.2B). Fat necrosis also 

can occur in extrapancreatic fat, including the omentum and bowel 

mesentery, and even outside the abdominal cavity (e.g., in sub

cutaneous fat). In most cases, the peritoneum contains a serous, 

slightly turbid, brown-tinged fluid with globules of fat (derived from 

enzymatically digested adipose tissue). In the most severe form, 

h em o rrh a g ic  p an crea titis , extensive parenchymal necrosis 

is accompanied by diffuse hemorrhage within the substance of 

the gland.

C lin ical Features

A b d o m in a l p a in  is th e  c a rd in a l m a n ife s ta tio n  o f  acute  

p a n c re a tit is . Its severity  varies from  m ild  a n d  uncom fo rt
able to  severe a n d  incapacitating . A cute p ancrea titis  is 
d iag n o sed  p rim arily  by the presence of e levated  p lasm a 
levels of am ylase  an d  lipase a n d  the  exclusion  of o ther 
causes of abdom ina l pain . In  80% of cases, acu te  p an crea ti
tis is m ild  a n d  self-lim iting; the rem ain in g  2 0 % develop  
severe d isease.

F u ll -b lo w n  acute  p a n c re a tit is  is  a  m e d ic a l em e rg e n cy  

o f  th e  f irs t o rd er. A ffected in d iv id u a ls  u su a lly  experience 
the su d d e n  calam itous o n se t o f an  "acu te  ab d o m en " w ith  
pain , gu ard in g , a n d  the om in o u s absence of bow el sounds. 
C haracteristically , the p a in  is constan t, in tense  a n d  referred  
to  the u p p e r  back; it m u s t be d iffe ren tia ted  from  p a in  of 
o ther causes such  as p e rfo ra ted  pep tic  ulcer, b iliary  colic, 
acu te  cholecystitis w ith  ru p tu re , a n d  occlusion of m esen 
teric vessels w ith  in farc tion  of the  bow el.

The m an ifesta tions of severe acu te  p ancrea titis  are 
a ttribu tab le  to  system ic release of d igestive  enzym es an d

http://ebooksmedicine.net

http://ebooksmedicine.net


Pancreatitis 683

Fig. I 7.2 Acute pancreatitis. (A) The microscopic field shows a region of 
fat necrosis ( r ig h t )  and focal pancreatic parenchymal necrosis ( c e n te r ) . (B) The 
pancreas has been sectioned longitudinally to reveal dark areas of hemor
rhage in the pancreatic substance and a focal area of pale fat necrosis in the 
peripancreatic fat ( u p p e r  le f t ) .

explosive ac tiva tion  of the in flam m atory  response. The 
in itial clinical eva lu a tio n  m ay  reveal leukocytosis, d issem i
n a ted  in travascu la r coagu la tion  (C hap ter 12), acu te  resp ira 
to ry  d istress synd rom e (d u e  to  d iffuse alveo lar dam age) 
(C hap ter 13), a n d  diffuse fa t necrosis. P e rip h era l vascu lar 
collapse (shock) can  rap id ly  ensue  as a resu lt o f increased  
m icrovascu lar perm eab ility  a n d  re su ltan t hypovo lem ia, 
co m p o u n d ed  by endo toxem ia  (from  b reak d o w n  of the bar
riers be tw een  gastro in testina l flora a n d  the  b loodstream ), 
an d  ren a l fa ilu re  d u e  to  acu te  tu b u la r necrosis (C hap ter 14).

L a b o ra to ry  f in d in g s  in c lu d e  m a r k e d ly  e le v a te d  s e ru m  

a m y la s e  d u r in g  th e  f irs t 24 h o u rs , fo l lo w e d  (w ith in  7 2 -9 6  

h o u rs ) b y  r is in g  s e ru m  lip a s e  le v e ls . H ypocalcem ia can 
resu lt from  p rec ip ita tion  of calcium  in  a reas of fa t necrosis; 
if persisten t, it is a p o o r p rognostic  sign. The en larged  
in flam ed  p ancreas can  be v isua lized  by co m p u ted  tom og
ra p h y  (CT) o r m agnetic  resonance im ag ing  (MRI).

The crux  of the m an ag em en t of acu te  pancrea titis  is 
su p p o rtiv e  th e rap y  (e.g., m a in ta in in g  b lood  p re ssu re  an d  
allev ia ting  pain) a n d  "restin g " the p ancreas by to ta l restric 
tion  o f o ra l food a n d  fluids. In  40% to 60% of cases of acu te  
necro tiz ing  pancreatitis, the necrotic debris  becom es 
infected, u su a lly  by g ram -negative  o rgan ism s from  the  ali
m en ta ry  tract, fu rth e r com plicating  the clinical course. 
A lth o u g h  m ost in d iv id u a ls  w ith  acu te  p ancrea titis  ev en tu 
ally recover, som e 5% die from  shock d u r in g  the  first w eek  
of illness; acu te  resp ira to ry  d istress synd rom e a n d  acu te

renal fa ilu re  a re  om in o u s com plications. In  su rv iv in g  
pa tien ts, sequelae inc lude  sterile o r infected  pancreatic 
"abscesses" o r pancreatic pseudocysts.

Pancreatic Pseudocysts

A com m on  sequela of acu te  pancrea titis  (and  in  particu lar, 
alcoholic pancreatitis) is a pancreatic pseudocyst. Liquefied 
areas of necrotic pancreatic  tissue becom e w alled  off by 
fibrous tissue to  fo rm  a cystic space, lack ing  an  ep ithelia l 
lin ing  (hence the d esignation  pseudo). The cyst con ten ts are  
rich  in  p ancreatic  enzym es, a n d  a labo ra to ry  assessm en t of 
the cyst asp ira te  can  be d iagnostic . P seudocysts accoun t for 
app rox im ate ly  75% of all pancreatic  cysts. W hile m any  
p seudocysts  spon tan eo u sly  resolve, they  can  becom e sec
on d arily  infected, a n d  larger p seudocysts  can  com press o r 
ev en  perfo ra te  in to  ad jacen t s tructu res.

^  M O R P H O L O G Y

Pseudocysts usually are solitary; they commonly are attached to  

the surface of the gland and involve peripancreatic tissues such 

as the lesser omental sac or the retroperitoneum between the 

stomach and transverse colon or liver (Fig. I7 .3A). They can 

range in diameter from 2 cm to  30 cm. Since pseudocysts form 

by walling off areas of hemorrhagic fat necrosis, they typically are 

composed of necrotic debris encased by walls of granulation 

tissue and fibroblasts lacking an epithelial lining (see Fig. I7.3B).

If they get infected, a pancreatic abscess is formed.

Chronic Pancreatitis

C h ro n ic  p an c re a tit is  is  c h a ra c te rize d  b y  lo n g -s ta n d in g  

in f la m m a tio n  th a t  lead s  to  ir re v e rs ib le  d es tru c tio n  o f  th e  

exo crin e  p an creas , fo l lo w e d  e v e n tu a lly  b y  loss o f  th e  

is le ts  o f  L an g e rh a n s . O f note, re c u rren t b ou ts  o f acu te  
pancrea titis  reg ard less  o f e tio logy can  evolve over tim e 
in to  chronic p ancreatitis. The p revalence  o f chronic pancre 
atitis is d ifficult to  d e term ine  b u t p robab ly  ranges be tw een  
0.04% a n d  5% of the  U.S. pop u la tio n .

Etiology

By far th e  m o s t c o m m o n  cause o f  ch ro n ic  p an c re a tit is  is  

lo n g -te rm  a lc o h o l abuse. M idd le-aged  m en  constitu te  the 
b u lk  of p a tien ts  in  th is etiologic g roup . Less com m on 
causes of chronic pancrea titis  include the follow ing:
• Duct Obstruction. L ong-stand ing  obstruc tion  of pancre 

atic d u c t e.g., by  pseudocysts, calculi, neop lasm s, o r 
pancreas d iv isum .

• Tropical pancreatitis, a po o rly  charac terized  he teroge 
neous d iso rd e r seen  in  A frica a n d  A sia, w ith  a  subse t of 
cases h av in g  a h e red ita ry  basis.

• Hereditary pancreatitis d u e  to m u ta tio n s  in  the pancreatic  
try p sin o g en  gene (PRRS1), o r the SPINK1 gene encod 
ing  a try p sin  inh ib ito r (see Table 17.1).

• Chronic pancreatitis associated with CFTR mutations. The 
pa tho p h y sio lo g y  of chronic p ancrea titis  in  cystic fibrosis 
is d iscussed  in  deta il in  C h ap te r 7.

• Autoimmune pancreatitis is a pa thogen ically  d istinct 
fo rm  of chronic p ancrea titis  th a t is associa ted  w ith  the
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A

Fig. I 7.3 Pancreatic pseudocyst. (A) Cross-section revealing a poorly defined cyst with a necrotic brownish wall. (B) Histologically, the cyst lacks an epithelial 
lining and instead is lined by fibrin and granulation tissue, with typical changes of chronic inflammation.

presence of IgG 4-secreting p lasm a  cells in  the  pancreas. 
A u to im m u n e  pancrea titis  is one m an ifesta tion  of IgG- 
re la ted  d isease (C hap ter 5), w h ich  m ay  invo lve m u ltip le  
tissues. It is im p o rta n t to  recognize because it re sp o n d s  
to stero id  therapy .

As m any  as 40% of in d iv id u a ls  w ith  chronic pancrea titis  
have  no  recognizab le p red isp o sin g  factors. A s w ith  acu te  
pancreatitis, how ever, a  g ro w in g  n u m b er of these " id io 
pa th ic" cases a re  associated  w ith  in h erited  m u ta tio n s  in  
genes, such  as CFTR, th a t a re  im p o rta n t for no rm al p an 
creatic exocrine function . R ecent s tud ies  hav e  also  iden ti
fied p o ly m o rp h ism s in  genes encod ing  exocrine pancreatic  
enzym es, in c lu d in g  carboxypep tidase  A1 (CPA1) an d  
lipase (CEL), th a t m ay  confer increased  suscep tib ility  to 
chronic pancreatitis.

Pathogenesis

A lth o u g h  the pa thogenesis of chronic pancrea titis  is no t 
w ell defined , several hypo theses  a re  p roposed :
• Ductal obstruction by concretions. M any of the  inciting  

agen ts in  chronic p ancrea titis  (e.g., alcohol) increase the 
p ro te in  concen tra tion  of pancreatic  secretions, a n d  these 
p ro te in s  can  fo rm  ducta l p lugs.

• Toxic-metabolic. Toxins, in c lu d in g  alcohol an d  its m etab 
olites, can  exert a d irect toxic effect on  ac inar cells, 
lead in g  to  lip id  accum ulation , ac inar cell loss, a n d  even 
tua lly  p a ren ch y m al fibrosis.

• Oxidative stress. A lcoho l-induced  ox idative  stress m ay 
generate  free rad icals  in  acinar cells, lead in g  to  m em 
b rane  dam ag e  (C hap ter 2), an d  su b seq u en t expres
sion of chem okines like in te rleuk in - 8  (IL-8 ), w h ich  
recru its  in flam m atory  cells. O x idative  stress also  p ro 
m otes the  fu sion  of lysosom es a n d  zym ogen  g ran 
u les w ith  re su ltin g  acinar cell necrosis, in flam m ation , 
an d  fibrosis.

• Inappropriate activation of pancreatic enzymes d u e  to  m u ta 
tions affecting  genes m en tio n ed  earlier.

In  con trast to acu te  pancreatitis, a  varie ty  of profibro- 
genic cytokines, such  as transfo rm ing  g ro w th  factor-P 
(TGF-P), connective tissue g ro w th  factor, a n d  p latelet-

de rived  g ro w th  factor, are  secreted  in  chronic pancrea titis  
by in filtra ting  im m u n e  cells such  as m acrophages. These 
cy tokines induce  the activa tion  a n d  p ro life ra tion  of peri- 
ac inar m yofibroblasts ("pancreatic  stellate cells"), w h ich  
deposit co llagen a n d  give rise  to  fibrosis.

^  M O R P H O L O G Y

Chronic pancreatitis is characterized by parench ym al fibrosis, 

reduced n u m b e r and size o f acin i, and va ria b le  d ila tion  

of th e  p an creatic  ducts; there is a relative sparing of the islets 

of Langerhans initially (Fig. I7.4A). A c in a r  loss is a constant 

feature, usually with a chronic inflammatory infiltrate around 

remaining lobules and ducts. The ductal epithelium may be atro

phied or hyperplastic or exhibit squamous metaplasia, and ductal 

concretions may be noted (Fig. I7.4B). The remaining islets of 

Langerhans become embedded in the sclerotic tissue and may 

fuse and appear enlarged; eventually they also disappear. On gross 

evaluation, the gland is hard, sometimes with extremely dilated 

ducts and visible calcified concretions.

Autoimmune pancreatitis (AIP) is a distinct form of chronic 

pancreatitis that is characterized by striking infiltration of the 

pancreas by lymphocytes and plasma cells, many of which are 

positive for IgG4, accompanied by a “swirling” fibrosis and venu- 

litis (lym p h o p lasm acy tic  sclerosing p an cre a titis ).

C lin ica l Features

C hronic  pancrea titis  m anifests as rep ea ted  b ou ts  of 
jaund ice , vag u e  ind igestion , o r p e rs is ten t o r recu rren t 
ab d o m in a l a n d  back pain , or it m ay  be en tire ly  silen t un til 
pancrea tic  insufficiency a n d  d iabetes m ellitu s develop  
(the la tte r as a consequence of islet destruction). A ttacks 
can  be p rec ip ita ted  by  alcohol abuse, overea ting  (w hich 
increases d e m an d  o n  pancreatic  secretions), o r op ia tes o r 
o ther d ru g s  th a t increase the m uscle  tone of the  sph inc ter 
o f O ddi.
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Fig. I 7 . 4  Chronic pancreatitis. (A) Extensive fibrosis and atrophy have left only residual islets ( le f t )  and ducts ( r ig h t ) ,  with a sprinkling of chronic inflammatory 
cells and acinar tissue. (B) A higher-power view demonstrating dilated ducts with inspissated eosinophilic concretions in a patient with alcoholic chronic 
pancreatitis.

The diagnosis of chronic pancreatitis requires a high degree 
of clinical suspicion. D u rin g  a n  a ttack  of ab d o m in a l pain , 
there  m ay  be m ild  fever a n d  m o d est elevations of se ru m  
am ylase. In  end -stage  disease, how ever, ac inar destruc tion  
m ay  be so ad v an ced  th a t enzym e elevations are  absen t. 
G allstone-induced  ob stru c tio n  m ay  m an ifest as jaund ice  
or e leva ted  levels of se ru m  alkaline p h o sp h a tase . A  very  
he lp fu l f ind ing  is v isua liza tion  of calcifications w ith in  
the p ancreas by  CT o r u ltraso n o g rap h y . W eigh t loss an d  
hypoalbum inem ic  ed em a from  m a lab so rp tio n  caused  
by pancreatic  exocrine insufficiency can  also  p o in t to 
the d isease.

A lth o u g h  chronic pancrea titis  is u sua lly  n o t acu tely  life- 
th reaten ing , the long -te rm  ou tlook  is poor, w ith  a 50% 
m orta lity  ra te  over 20 to  25 years. The m ost com m on  long 
te rm  sequelae of chronic pancrea titis  is insufficiency of 
pancreatic  exocrine enzym es, w ith  consequen t m alabso rp 
tion  an d  deficiency of fat-soluble v itam ins (C hap ter 8 ). 
Exocrine insufficiency typically  p red a te s  endocrine  dys
function , a n d  p a tien ts  w ith  severe loss of islets can  develop  
d iabetes m ellitu s (C hap ter 20). In  o th e r patien ts, severe 
chronic pain m ay d om ina te  the clinical p ic tu re . Pancreatic 
pseudocysts (d iscussed  earlier) develop  in  ab o u t 1 0 % of 
patien ts. The m ost feared  long -te rm  com plication  of chronic 
pancrea titis  is pancreatic  cancer. The risk  for m alig n an t 
transfo rm ation  in  ad u lt-o n se t d isease is m odest, w ith  no  
m ore th a n  5% of p a tien ts  d eve lop ing  cancer a t 20 years. In 
contrast, chronic pancrea titis  th a t beg ins in  ch ildhood , 
such  as h e red ita ry  p ancrea titis  secondary  to  PRSS1 m u ta 
tions, confers a 40% to 55% lifetim e risk  for pancreatic  
cancer. It is n o t u n u su a l for p a tien ts  w ith  PRSS1 m u ta tio n s 
to u n d e rg o  p rophy lac tic  pancreatectom y.

Ä S U M M A R Y

P A N C R E A T IT IS

• A c u t e  p a n c r e a t i t i s  is characterized by inflammation and revers

ible parenchymal damage that ranges from focal edema and fat

necrosis to widespread parenchymal necrosis and hemorrhage; 

the clinical presentation varies widely, from mild abdominal 

pain to rapidly fatal vascular collapse.

• C h r o n ic  p a n c r e a t i t i s  is characterized by irreversible parenchymal 

damage and scar formation; clinical presentations include 

chronic malabsorption (due to pancreatic exocrine insuffi

ciency) and diabetes mellitus (due to  islet cell loss).

• Both entities share similar pathogenic mechanisms, and indeed 

recurrent acute pancreatitis can result in chronic pancreatitis. 

D u c t a l  o b s t r u c t i o n  and l o n g - t e r m  a l c o h o l  a b u s e  are the most 

common causes in both forms. Inappropriate activation of 

pancreatic digestive enzymes (due to mutations in genes 

encoding trypsinogen or trypsin inhibitors) and primary acinar 

injury (due to  toxins, infections, ischemia, or trauma) also cause 

pancreatitis.

PANCREATIC NEOPLASMS

Pancreatic  exocrine n eop lasm s can  be cystic o r solid. Som e 
tum ors are ben ign , w h ile  o thers  are  a m o n g  the m o st lethal 
of all m alignancies.

Cystic Neoplasms
C y s tic  n eo p la s m s  are d iv e rs e  tu m o rs  th a t  ra n g e  f ro m  

h arm le s s  b e n ig n  cysts to  in v a s iv e , p o te n t ia l ly  le th a l,  

cancers. A pprox im ate ly  5% to 15% of all pancreatic  cysts 
a re  neoplastic; these constitu te  less th a n  5% of all pancre 
atic neop lasm s. Som e of these are a lm ost a lw ays ben ign  
(e.g., serous cystadenom a); o thers, such  as m ucinous cystic 
neop lasm s, can  be ben ig n  or m alignant.

Serous cystadenomas account for approximately 25% of all 
pancreatic cystic neoplasms; they are composed of glycogen-rich 
cuboidal cells surrounding small cysts containing clear, straw- 
colored fluid (Fig. 17.5). The tu m o rs typically  m an ifest in  the 
seven th  decade  of life w ith  nonspecific  sym ptom s such  as 
ab d o m in a l pain ; the fem ale-to-m ale ra tio  is 2 : 1. These 
tum ors a re  a lm ost un ifo rm ly  benign, a n d  surg ical resection  
is cu ra tive  in  the  v as t m ajority  of patien ts. M ost serous
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Fig. I 7 . 5  Serous cystadenoma. (A) Cross-section through a serous cystad- 
enoma. Only a thin rim of normal pancreatic parenchyma remains. The cysts 
are relatively small and contain clear, straw-colored fluid. (B) The cysts are 
lined by cuboidal epithelium without atypia.

cystadenom as carry  som atic  loss o f function  m u ta tio n s  of 
the  v o n  H ip p e l-L in d au  (VHL) tu m o r su p p resso r gene, 
w h ich  y o u  w ill recall is a negative  reg u la to r o f hypoxia- 
inducib le  factor 1 a lp h a  (H IF-1-alpha) (C hap ter 6 ).

In  con trast to  serous cystic tum ors, close to 95% of muci
nous cystic neoplasms arise in women, usually in the body or 
tail of the pancreas, and manifest as painless, slow-growing 
masses. The cystic spaces are filled w ith  thick, tenacious 
m ucin , a n d  the cysts are  lined  by  a co lum nar m ucinous 
ep ith e liu m  w ith  an  associa ted  dense ly  cellu lar s trom a 
resem bling  th a t of the o vary  (Fig. 17.6). B ased on  the  degree 
of cytologic a n d  a rch itec tu ra l a ty p ia  in  the ep ithelia l lining, 
n on invasive  m u c in o u s cystic neop lasm s are  classified as 
h a rb o rin g  low-grade, moderate, or severe dysp lasia . U p to 
o n e-th ird  of these cysts can  be associa ted  w ith  a n  invasive  
adenocarcinom a, an o th e r im p o rtan t d ifference from  the 
serous tum ors. D istal pancrea tec tom y  for non invasive  
m u c in o u s cysts typ ically  is curative , ev en  in  the  se tting  of 
severe dysp lasia .

In tradu cta l Papillary M ucinous N eoplasm s

In  con trast w ith  m ucinous cystic neop lasm s, in trad u c ta l 
pap illa ry  m ucinous n eop lasm s (IPM Ns) occur m ore fre
q u en tly  in  m en  th a n  in  w o m en  a n d  m ore frequen tly  involve 
the head  of the  pancreas. IPM N s arise in  the m ain  pancre 

Fig. |7 .6 Mucinous cystic neoplasm. (A) Cross-section through a mucinous 
multiloculated cyst in the tail of the pancreas. The cysts are large and filled 
with tenacious mucin. (B) The cysts are lined by columnar mucinous epithe
lium, with a densely cellular “ovarian” stroma.

atic  ducts, o r one of its m ajor b ran ch  ducts, a n d  lack the 
cellu lar s trom a seen  in  m u c in o u s cystic neop lasm s (Fig. 
17.7). As w ith  m u c in o u s cystic neop lasm s, the  ep ithe lia  of 
non invasive  IPM N s harb o r v a rio u s g rades of dysp lasia , 
an d  a subse t o f lesions is associa ted  w ith  invasive  aden o 
carcinom a. In  particu lar, "co llo id" carcinom as of the p an 
creas, w h ich  are  adenocarc inom as associated  w ith  
a b u n d a n t ex tracellu lar m u c in  p ro d u c tio n , nearly  a lw ays 
rep resen t m alig n an t tran sfo rm atio n  of a n  IPM N . U p to 
tw o -th ird s  of IPM N s h arb o r oncogenic m u ta tio n s  o f GNAS 
o n  chrom osom e 20q13, w h ich  encodes the a lp h a  su b u n it 
o f a stim u la to ry  G -pro tein , Gs (C hap ter 20). C onstitu tive  
activation  of th is G -p ro te in  is p red ic ted  to  resu lt in  an  
in trace llu la r cascade th a t p rom otes  cell p ro lifera tion .

Pancreatic Carcinoma
In filtra ting  d ucta l adenocarc inom a of the p ancreas (m ore 
com m only  re ferred  to  as pancreatic cancer) is the th ird  
lead in g  cause of cancer d ea th s  in  the  U n ited  States, p re 
ceded  on ly  by  lu n g  a n d  colon cancers. A lth o u g h  it is sub 
stan tially  less com m on  th a n  the o th er tw o m alignancies, 
pancreatic  carc inom a is n ear the top  of the list of k illers 
because it carries one of the  h ighest m orta lity  rates. C lose 
to  49,000 A m ericans w ere  d iag n o sed  w ith  pancreatic  cancer
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in  2015, a n d  v irtua lly  all w ill die in  a sh o rt p e rio d  after 
d iagnosis; the 5-year su rv iva l ra te  is a d ism al 8 %.

Pathogenesis

Like all cancers, pancreatic  cancer arises as a consequence 
of in h erited  a n d  acq u ired  m u ta tio n s  in  cancer-associated

Fig. I 7 . 7  Intraductal papillary mucinous neoplasm. (A) Cross-section 
through the head of the pancreas showing a prominent papillary neoplasm 
distending the main pancreatic duct. (B) The papillary mucinous neoplasm 
involves the main pancreatic duct ( le f t )  and is extending down into the 
smaller ducts and ductules ( r ig h t ) .

genes. In  a p a tte rn  ana logous to  th a t seen  in  the  m u lti
step  p ro g ressio n  of colon cancer (C hap ter 6 ), there  is a 
p rog ressive  accum ula tion  of genetic changes in  pancreatic  
ep ith e liu m  as it p roceeds from  nonneop lastic , to  n o n inva 
sive p recu rso r lesions, to  invasive  carcinom a (Fig. 17.8). 
W hile  bo th  in trad u c ta l p ap illa ry  m u c in o u s neop lasm s 
an d  m ucinous cystic neop lasm s can  p rog ress  to  invasive  
adenocarcinom a, the m ost com m on antecedent le sio n s of 
pancreatic cancer arise in  sm all ducts and ductu les, and  
are called  pancreatic intraepithelial n eop lasias (PanINs). 
E vidence in  favor o f the  p recu rso r re la tionsh ip  of P anIN s 
to  fran k  m alignancy  includes the observa tions th a t these 
m icroscopic lesions often  are  fo u n d  ad jacen t to  in filtra ting  
carcinom as a n d  the tw o  share  a  n u m b er of genetic a ltera 
tions. M oreover, the ep ithelia l cells in  P anIN s show  d ra 
m atic  telom ere shorten ing , po ten tia lly  p red isp o sin g  these 
lesions to  p a thogen ic  ch rom osom al abnorm alities th a t m ay  
con tribu te  to  acqu isition  of the  full sp ec tru m  of cancer 
hallm arks.

The recen t sequencing  of the pancreatic  cancer genom e 
has confirm ed th a t four gen es are m ost com m only affected  
b y  som atic m utations in  th is neoplasm : KRAS, CDKN2A/ 
p16, SMAD4, and TP53:
• K RAS  is the m ost frequen tly  a lte red  oncogene in  p an 

creatic cancer; it is ac tiva ted  by  a p o in t m u ta tio n  in  
g rea te r th an  90% of cases. These m u ta tio n s im p a ir the 
in trinsic  G TPase activ ity  of the KRAS p ro te in  so th a t it 
is constitu tively  active. In  tu rn , KRAS activates a  n u m b er 
of in trace llu la r signaling  p a th w a y s  th a t p ro m o te  carci
nogenesis (C hap ter 6 ).

• The p16 (CDKN2A) gene is the  m o st frequen tly  inacti
v a ted  tu m o r su p p resso r gene in  pancreatic  cancer, being 
tu rn e d  off in  95% of cases. The p16 p ro te in  has  a critical 
role in  cell-cycle control; inac tiva tion  rem oves an  im p o r
tan t checkpoint.

• The SM A D 4  tu m o r su p p resso r gene is inac tiva ted  in  
55% of pancreatic  cancers a n d  on ly  rare ly  in  o ther 
tum ors; it codes for a p ro te in  th a t p lays a n  im p o rtan t 
ro le  in  signal tran sd u c tio n  d o w n stream  of the  trans
fo rm ing  g ro w th  factor-P receptor.

• Inac tiva tion  of the TP53 tu m o r su p p resso r gene 
occurs in  50% to 70% of pancreatic  cancers. Its gene

NORMAL PanIN-1A PanIN-1B PanIN-2 PanIN-3 INVASIVE
CARCINOMA

3 3 3 3 3 3

Telomere shortening

Mutations of K R A S

Inactivation of p 5 3  

S M A D 4  

B R C A 2

Inactivation of p 1 6

Fig. 17.8 Progression model for the development of pancreatic cancer. It is postulated that telomere shortening and mutations of the K R A S  oncogene occur 
at early stages, inactivation of the pl6 tumor suppressor gene occurs at intermediate stages, and inactivation of the T P 5 3 ,  S M A D 4 ,  and B R C A 2  tumor sup
pressor genes occurs at late stages. Note that while there is a general temporal sequence of changes, the accumulation of multiple mutations is more important 
than their occurrence in a specific order. PanIN, Pancreatic intraepithelial neoplasm. The numbers following the labels on the top refer to stages in the 
development of PanINs. ( M o d i f ie d  f r o m  M a i t r a  A ,  H r u b a n  R H :  P a n c re a t ic  c a n c e r , Annu Rev Pathol Mech Dis 3 : 1 5 7 , 2 0 0 8 . )
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p ro d u c t, p53, acts bo th  to  enforce cell-cycle check
po in ts  a n d  as a n  in d u cer o f ap o p to sis  or senescence 
(C hap ter 6 ). BRCA2 is also  m u ta te d  late  in  a su b se t of 
pancreatic  cancers.

Pancreatic  cancer is p rim arily  a d isease of o lder adu lts , 
w ith  80% of cases occu rring  be tw een  60 a n d  80 years of 
age. The s trongest env ironm en ta l influence is sm oking, 
w h ich  doub les the risk. L ong-stand ing  chronic pancrea titis  
an d  d iabetes m ellitu s are also  associated  w ith  a  m odestly  
increased  risk  for pancreatic  cancer. These tw o  en tities 
have a b id irectional link  w ith  pancreatic  cancer. T hus, for 
exam ple, tu m o rs arising  in  the head  of the p ancreas often  
cause chronic pancrea titis  in  the d ista l p arenchym a, w hile  
d iabetes caused  by d u c t ob stru c tio n  a n d  su b seq u en t pancre 
atitis m ay  be the m an ifesta tion  o f a n  u n d e rly in g  neop lasm . 
In  fact, app rox im ate ly  1 % of the o ld er a d u lt  p o p u la tio n  
w ith  n ew -onse t d iabetes ha rb o r an  u n su sp ec ted  pancreatic  
cancer. Fam ilial c luste ring  of pancreatic  cancer has been 
repo rted , a n d  a g ro w in g  n u m b er of in h erited  genetic  defects 
are  n o w  recogn ized  th a t increase pancreatic  cancer risk. 
For exam ple, germ  line m u ta tio n s of the fam ilial b re a s t/  
ovarian  cancer gene BRCA2 are  seen  in  approx im ate ly  
10% of cases arising  in  in d iv id u a ls  of A shkenazi Jew ish 
heritage.

M O R P H O L O G Y

A p p ro x im a te ly  60% o f p an creatic  cancers arise  in 

th e  head o f th e  g land, 15% in th e  body, and 5% in 

th e  ta il; in th e  rem a in in g  20%, th e  neoplasm  diffusely  

involves th e  e n tire  o rgan . Carcinomas of the pancreas 

usually are hard, gray-white, stellate, poorly defined masses 

(Fig. I7 .9A).

Two features are characteristic of pancreatic cancer: It is 

highly invasive (even “early” invasive pancreatic cancers invade 

peripancreatic tissues extensively), and it elicits an intense 

host reaction in the form of dense fibrosis (desm oplastic  

response).

M ost carc inom as o f th e  head o f th e  pancreas o b s tru ct 

th e  d istal c o m m o n  b ile  duct as it courses through the head 

of the pancreas. In 50% of such cases, there is marked distention 

of the biliary tree, and patients typically exhibit jaundice. In con

trast, carcinomas of the body and tail of the pancreas do not 

impinge on the biliary tract. Pancreatic cancers often extend 

through the retroperitoneal space, entrapping adjacent nerves 

(thus, accounting for the pain), and occasionally invade the spleen, 

adrenal glands, vertebral column, transverse colon, and stomach. 

Peripancreatic, gastric, mesenteric, omental, and portahepatic 

lymph nodes frequently are involved, and the liver often is 

enlarged with metastatic deposits. Distant metastases may occur, 

principally to  the lungs and bones.

On microscopic examination, pancreatic carcinoma usually 

is a m o d e ra te ly  to  p o o rly  d iffe re n tia te d  aden ocarc i

n o m a  forming abortive glands with mucin secretion or cell 

clusters and exhibiting an aggressive, deeply infiltrative growth 

pattern (see Fig. I7.9B). Dense stromal fibrosis accompanies 

tum or invasion, and there is a proclivity for perineural invasion 

within and beyond the organ. Lymphatic invasion also is com

monly seen.

Rg. I 7 . 9  Carcinoma of the pancreas. (A) Cross-section through the head 
of the pancreas and adjacent common bile duct showing both an ill-defined 
mass in the pancreatic substance ( a r r o w h e a d s )  and the green discoloration 
of the duct resulting from total obstruction of bile flow. (B) Poorly formed 
glands are present in a densely fibrotic (desmoplastic) stroma within the 
pancreatic substance.

Less common variants of pancreatic cancer include ad en o 

squam ous carc inom as with focal squamous differentiation in 

addition to  glandular differentiation; and undifferentiated carci

nomas with osteoclast-like giant cells of monocytic lineage inter

mixed within the neoplasm.

C lin ica l Features

C a rc in o m a s  o f  th e  pancreas  ty p ic a lly  re m a in  s ile n t  u n t i l  

th e ir  e x te n s io n  im p in g e s  o n  som e o th e r s tru c tu re . Pain  
u su a lly  is the  first sym ptom , b u t by  th a t p o in t these cancers 
a re  o ften  beyond  cure. Obstructive jaundice can  be asso 
ciated  w ith  carcinom a in  the head  of the  pancreas, b u t 
it ra re ly  d raw s a tten tio n  to  the  cancer soon  e n o u g h  for 
tim ely  in te rven tion . W eigh t loss, anorexia, an d  gen
era lized  m alaise an d  w eakness a re  m an ifesta tions of 
ad v an ced  disease. Migratory thrombophlebitis (Trousseau 
syndrome) occurs in  ab o u t 1 0 % of p a tien ts  a n d  is a ttrib 
u tab le  to  the  e labo ra tion  of p la te le t-agg regating  factors 
an d  p ro -coagu lan ts from  the  tu m o r o r its necrotic p ro d 
uc ts (C hap ter 6 ). As p rev iously  stated , n ew -onse t d iabe
tes is the first m an ifesta tion  of pancreatic  cancer in  som e 
patien ts.
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The clinical course  of pancreatic  carc inom a is rap id ly  
p rog ressive  a n d  o ften  d istressing ly  brief. Less th an  20% of 
pancreatic  cancers are resectable a t the  tim e of d iagnosis. 
It has  long  been  recogn ized  th a t there  is a p ro fo u n d  need  
for b iom arkers capable  of de tec ting  early , po ten tia lly  
curable, pancreatic  cancers. A lth o u g h  se ru m  levels of 
m any  enzym es a n d  an tig en s (e.g., carc inoem bryonic  and  
CA19-9 an tigens) are elevated , these m arkers are ne ithe r 
specific n o r sensitive en o u g h  to  be u sefu l for screening. 
Several im ag ing  techniques, such  as endoscop ic  u ltraso 
n o g rap h y  a n d  h igh -reso lu tion  CT scans, are he lp fu l for 
investiga tion  in  cases of su spec ted  cancer b u t a re  n o t p rac 
tical screen ing  tests.

H f t  S U M M A R Y

P A N C R E A T IC  N E O P L A S M S

• Pancreatic cancer probably arises from noninvasive precursor 

lesions (most commonly, PanINs), developing by progressive 

accumulation of mutations of oncogenes (e.g., K R A S )  and 

tum or suppressor genes (e.g., C D K N 2 A / p l 6 , T P 5 3 ,  and S M A D 4 ) .

• Typically, these neoplasms are ductal adenocarcinomas that 

produce an intense desmoplastic response.

• Most pancreatic cancers are diagnosed at an advanced stage, 

accounting for the high mortality rate.

• Obstructive jaundice is a feature of carcinoma of the head of 

the pancreas; many patients also experience debilitating pain.

• Carcinomas of the tail of the pancreas are often not detected 

until late in their course.
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PENIS

Malformations

A m o n g  the m o st com m on  m alfo rm ations of the p en is  are  
those  in  w h ich  the  d ista l u re th ra l orifice is abnorm ally  
located. In  hypospadias, the  abno rm al u re th ra l o p en in g  is 
fo u n d  on  the  v en tra l aspec t of the p en is  an y w h ere  along  
the  shaft. This anom alous orifice is som etim es constricted , 
re su ltin g  in  u rin a ry  trac t ob stru c tio n  a n d  a n  increased  
risk  for u rin a ry  tract infections. H y p o sp ad ia s  occurs 
in  1 in  300 live m ale b irth s  a n d  m ay  be associated  w ith  
o ther congenita l anom alies, such  as in g u in a l h e rn ia  an d  
u n d escen d ed  testis. In  epispadias, w h ich  is less com m on, 
the ab n o rm al u re th ra l orifice is on  the  do rsa l aspec t of 
the penis.

Inflammatory Lesions

Balanitis a n d  balanoposthitis refer to local in flam m ation  of 
the g lans pen is a n d  of the overly ing  p repuce , respectively . 
A m o n g  the  m ore com m on  agen ts are  Candida albicans, 
anaerob ic  bacteria, Gardnerella, a n d  pyogen ic  bacteria. 
M ost cases occur as a consequence of p o o r hyg iene  in  
uncircum cised  m ales, lead in g  to  the accum ula tion  of des
q u am ated  ep ithelia l cells, sw eat, a n d  debris, te rm ed  
smegma, w h ich  acts as a local irritan t. Phimosis is a cond i
tion  in  w h ich  the p rep u ce  canno t be re trac ted  easily  over 
the g lans pen is. Ph im osis m ay  be a congen ita l anom aly , b u t 
m ost cases stem  from  scarring  of the p rep u ce  caused  by 
balanoposth itis.

Neoplasms

M ore th a n  95% of pen ile  neop lasm s arise o n  squam ous 
ep ithe lium . In  the  U n ited  States, sq u am o u s cell carcinom as 
of the  pen is are  re la tively  uncom m on , accoun ting  for ab o u t 
0.4% of all cancers in  m ales. In  d eve lop ing  countries, 
how ever, pen ile  carcinom a occurs a t m u ch  h ig h er rates. 
M ost cases occur in  uncircum cised  p a tien ts  o lder th an  40 
years of age. Several factors have  been  im p licated  in  the 
p a thogenesis of pen ile  sq u am o u s cell carcinom a, inc lud ing  
p o o r hyg iene  (w ith  re su lta n t exposu re  to  p o ten tia l carcino
gens in  sm egm a), sm oking, a n d  in fection  w ith  h u m a n  p a p 
illom av iru s (HPV), p a rticu la rly  types 16 a n d  18.

Squamous cell carcinoma in situ of the pen is (Bow en 
disease) occurs in  o lder uncircum cised  m ales a n d  ap p ea rs  
grossly  as a so litary  p laq u e  o n  the shaft o f the pen is. H is
tologic exam ination  reveals dysp lastic  cells th ro u g h o u t the 
ep id erm is  w ith  no  invasion  of the u n d e rly in g  strom a (Fig. 
18.1). It g ives rise to  invasive  sq u am o u s cell carcinom a in 
app rox im ate ly  1 0 % of patien ts.

Invasive squamous cell carcinoma of the pen is a p p ea rs  as 
a gray , crusted , p a p u la r  lesion, m ost com m only  o n  the 
g lans pen is o r p repuce . In  m an y  cases, in filtra tion  of the 
u n d e rly in g  connective tissue p ro d u ces  a n  in d u ra ted , u lcer
a ted  lesion w ith  irreg u la r m arg in s (Fig. 18.2). H isto log i
cally, the tu m o r is m ost o ften  a typical kera tin iz ing  
sq u am o u s cell carcinom a. The p rognosis  is re la ted  to  the 
stage of the tum or. W ith  localized  lesions, the  5-year su r
v ival ra te  is 6 6 %, w h ereas  m etastasis  to  in g u in a l ly m p h  
nodes carries a g rim  27% 5-year su rv iv a l rate . Verrucous 
carcinoma is a n o n -H P V -re la ted  v a rian t o f sq u am o u s cell
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Fig. m  Carcinoma in situ (Bowen disease) of the penis. The epithelium 
above the intact basement membrane shows delayed maturation and disor
ganization ( le f t ) .  Higher magnification ( r ig h t )  shows several mitotic figures, 
some above the basal layer, and nuclear pleomorphism.

carcinom a charac terized  by pap illa ry  a rch itectu re , v irtu 
ally  no  cytologic a typ ia , a n d  ro u n d ed , p u sh in g  deep  
m arg ins. V errucous carcinom as are  locally invasive  b u t do  
n o t m etastasize.

^ S U M M A R Y

L E S IO N S  O F  T H E  PE N IS

• Squamous cell carcinoma and its precursor lesions are the 

most important penile lesions. Many are associated with HPV 

infection.

• Squamous cell carcinoma occurs on the glans or shaft of the 

penis as an ulcerated infiltrative lesion that may spread to 

inguinal nodes and infrequently to distant sites. Most cases 

occur in uncircumcised males.

• O ther important penile disorders include congenital abnor

malities involving the position of the urethra (epispadias, hypo

spadias) and inflammatory disorders (balanitis, phimosis).

Û £ .

, > * „ >„ » •

. ■J m
■ >V- '  ' ■' V .

■* ■»
L y  f t 1 1
Bn. . \  . ' J

: w  ,

■f  Ç 1 
\ • 5? c ‘* Ä

'■■jt

/  -
* !®v . a f

Fig. I 8.2 Carcinoma of the penis. The glans penis is deformed by an ulcer
ated, infiltrative mass.

SCROTUM, TESTIS, A N D  EPIDIDYMIS

Several in flam m atory  processes m ay  affect the  skin  of the 
scro tum , in c lu d in g  local fungal infections a n d  system ic 
derm atoses, such  as pso riasis  (C hap ter 24). N eop lasm s of 
the  scrotal sac are  u n u su a l. Squamous cell carcinoma, the 
m ost co m m on  of these, is o f h isto rical in te rest in  th a t it 
rep resen ts  the first h u m a n  m alignancy  associated  w ith  
en v iro n m en ta l exposures, d a tin g  from  Sir Percival P o tt's  
observa tion  of a h ig h  incidence of the  d isease in  ch im ney  
sw eeps. The su b seq u en t ed ic t by  the C h im ney  Sw eeps 
G u ild  th a t its m em bers m u s t b a the  daily  rem ains one of 
the m o st successful pub lic  h ea lth  m easu res for cancer p re 
ven tion . Several d iso rd ers  u n re la ted  to  the testes a n d  ep i
d id y m is m ay  p re sen t as scrotal en largem ent. Hydrocele, the 
m ost com m on  cause  of scrotal sw elling , is cau sed  by an  
accum ula tion  of serous flu id  w ith in  the tun ica  vaginalis. It 
m ay  be id iopath ic  o r arise in  response  to  n e ighbo ring  infec
tions o r tum ors. The clear flu id  of a hydrocele  a llow s ligh t 
to p ass  th ro u g h  (translum inescence), d is tin g u ish in g  it 
from  collections of b lood , pus, o r lym ph , all of w h ich  are  
c loudy  or opaque . A ccum ula tion  of b lood  o r lym phatic  
flu id  w ith in  the tun ica  vaginalis, te rm ed  hematocele an d  
chylocele, respectively , also  m ay  cause  scro tal en largem ent. 
In  ex trem e cases of lym phatic  obstruction , caused , for 
exam ple, by  filariasis, the scro tum  a n d  the  low er ex trem i
ties m ay  en large  to  g ro tesque s ize s—a cond ition  te rm ed  
elephantiasis.

Cryptorchidism and Testicular Atrophy

C ry p to rch id ism  is a failure of testicular descent in to  the 
scro tum . N orm ally , the testes descend  from  the abdom ina l 
cav ity  in to  the pelv is by  the th ird  m o n th  of gesta tion  and  
then  th ro u g h  the in g u in a l canals in to  the  sc ro tum  d u rin g  
the last 2 m o n th s of in trau te rin e  life. The d iagnosis of 
c ryp to rch id ism  is on ly  estab lished  w ith  certa in ty  after 1  

year o f age, p articu larly  in  p rem a tu re  in fan ts, because tes
ticu lar descen t in to  the scro tum  is n o t a lw ays com ple te  a t 
b irth . C ry p to rch id ism  affects 1% of the m ale pop u la tio n . 
In  the vast m ajority  of cases, the cause is u n k n o w n . The 
cond ition  is b ila tera l in  app rox im ate ly  1 0 % of affected 
patien ts, a sm all percen tage  of w h o m  have  ch rom osom al 
aberra tions a n d  o th er d eve lopm en ta l abnorm alities. 
Because u n d escen d ed  testes becom e atroph ic , b ilateral 
c ryp to rch id ism  resu lts  in  sterility . For unclear reasons, 
even  u n ila te ra l c ry p to rch id ism  m ay  be associa ted  w ith  
a tro p h y  of the con tra la te ra l descen d ed  gonad.

I n  a d d it io n  to  in fe r t i l i ty ,  fa i lu r e  o f  te s tic u la r  descent 

is  associated  w i th  a  3 - to  5 - fo ld  in c re as e d  r is k  fo r  tes tic u 

la r  cancer. P atien ts w ith  u n ila te ra l c ry p to rch id ism  also  are  
a t increased  risk  for the  d ev e lo p m en t of cancer in  the 
con tra la tera l, no rm ally  descen d ed  testis, suggesting  th a t 
som e in trinsic  abnorm ality , ra th e r  th a n  sim ple  fa ilu re  of 
descent, un d erlie s  the  increased  cancer risk. Surg ical p lace
m en t o f the  u n d escen d ed  testis in to  the sc ro tu m  (orchio
pexy) is reco m m en d ed  by 18 m o n th s of age to decrease the 
likelihood  of testicu lar a tro p h y , infertility , a n d  testicu lar 
cancer.

The cry p to rch id  testis m ay  be of n o rm al size early  in  
life, b u t som e degree  of a tro p h y  u sua lly  is ev id en t by  the
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onse t of p u b erty . M icroscopically, tu b u la r a tro p h y  begins 
to ap p e a r by  5 to  6  y ears o f age, an d  is u su a lly  ad vanced  
by the tim e of p u b erty . Germ cell neoplasia in-situ (d iscussed  
later) m ay  be p re sen t in  c ry p to rch id  testes a n d  is a  likely 
p recu rso r of su b seq u en t germ  cell tum ors. A troph ic  
changes sim ilar to  those in  c ryp to rch id  testes m ay  be 
caused  by o th e r insu lts , in c lu d in g  chronic ischem ia, 
traum a, irrad ia tion , a n d  an ti-neop lastic  chem otherapy , as 
w ell as cond itions associa ted  w ith  chronically  e levated  
estrogen  levels (e.g., cirrhosis).

^ S U M M A R Y

C R Y P T O R C H ID IS M

• C r y p t o r c h i d i s m  refers to incomplete descent of the testis from 

the abdomen to  the scrotum and is present in about 1% of 

1-year-old male infants.

• Bilateral or, in some cases, even unilateral cryptorchidism is 

associated with tubular atrophy and sterility.

• The cryptorchid testis carries a 3- to  5-fold higher risk for 

testicular cancer, which arises from foci of germ cell neoplasia 

in-situ within the atrophic tubules. Early orchiopexy reduces 

the risk for sterility and cancer.

Inflammatory Lesions

In flam m ato ry  lesions of the  testis are  m ore  com m on  in  the 
ep id id y m is  th a n  in  the  testis p ro p er. Sexually  tran sm itted  
in fectious d iso rd ers  are  d iscussed  la te r in  the chapter. 
O th e r causes of testicu lar in flam m ation  inc lude  nonspecific 
ep id id y m itis  a n d  orchitis, m u m p s, a n d  tubercu losis. Non
specific epididymitis a n d  orchitis u su a lly  beg in  as a  p rim ary  
u rin a ry  trac t infection  th a t sp read s to  the testis th ro u g h  the 
vas deferens o r the  lym phatics o f the sperm atic  cord . The 
in vo lved  testis is sw ollen  a n d  tender, an d  h isto logic exam i
n a tio n  reveals n u m ero u s  neu tro p h ils . Mumps infection 
invo lv ing  the testes is ra re  in  m ale ch ild ren  b u t occurs in  
ro u g h ly  20% of in fected  adu lts . A ffected testes a re  edem a
tous a n d  congested , a n d  con tain  a lym phop lasm acy tic  
in flam m ato ry  in filtrate. Severe m u m p s  orch itis m ay  lead  
to extensive necrosis, loss of sem in iferous ep ithelium , 
tu b u la r a tro p h y , fibrosis, a n d  sterility . Several conditions, 
in c lu d in g  in fections a n d  au to im m u n e  in jury , m ay  elicit 
g ran u lo m ato u s  in flam m ation  in  the testis. O f these, tuber
culosis is the m ost com m on. T esticu lar tubercu losis  gener
ally beg ins as a n  ep id idym itis , w ith  secondary  invo lvem en t 
o f the  testis. H istologically , there  is g ran u lo m ato u s inflam 
m ation  a n d  caseous necrosis iden tica l to  th a t seen in  active 
tubercu losis  in  o ther sites.

Vascular Disturbances
Torsion, o r tw isting  of the  sperm atic  cord , typically  resu lts  
in  ob stru c tio n  of testicu lar v en o u s  d ra in ag e  w h ile  leav ing  
the  th ick-w alled  a n d  m ore resilien t a rteries pa ten t. This 
leads to  in tense  vascu la r engo rg em en t a n d  in farction  
un less the to rsion  is re lieved . T here are  tw o  types of tes
ticu lar torsion. Neonatal torsion occurs e ither in  u te ro  or 
shortly  after b irth . T here is no  associa ted  ana tom ic  defect 
to  accoun t for its occurrence. Adult torsion typically  is seen

in  adolescence a n d  m anifests w ith  the  su d d e n  o n se t of 
testicu lar pain . In  co n trast w ith  n eonata l torsion, a d u lt 
to rsion  resu lts  from  a b ila tera l congen ita l anom aly  w hereby  
the testis is abnorm ally  an ch o red  in  the  scrotal sac g iv ing 
rise to  increased  m obility  (bell clapper abnormality). It often  
occurs w ith o u t any  inciting  injury; su d d e n  p a in  h e ra ld in g  
the to rsion  m ay  even  aw ak en  the  p a tien t from  sleep.

T orsion  constitu tes one o f the few  u ro log ic  em ergencies. 
If the testis is exp lo red  surg ically  a n d  the co rd  is m anua lly  
u n tw is te d  w ith in  app rox im ate ly  6  hou rs, the  testis w ill 
likely rem ain  v iable. To p re v e n t the catastroph ic  occur
rence of to rsion  in  the con tra la te ra l testis, the  unaffected  
testis typically  is surgically  fixed w ith in  the scro tum  
(orchiopexy).

Testicular Neoplasms

T esticu lar neop lasm s occur in  ro u g h ly  6  p e r 100,000 m ales. 
In  the 15- to  34-year-old age g roup , w h e n  these neop lasm s 
peak  in  incidence, they are  the m ost com m on tu m o rs in  
m en. N eop lasm s of the testis a re  he terogeneous an d  
inc lude  g erm  cell tu m o rs an d  sex c o rd -s tro m a l tum ors. In  

p o s tp u b e rta l m a le s , 95%  o f  te s tic u la r  tu m o rs  arise  f ro m  

g e rm  ce lls , a n d  a lm o s t a l l  a re  m a lig n a n t. By contrast, sex 
co rd -strom al tu m o rs d e riv ed  from  Sertoli o r L eydig  cells 
are  u n co m m o n  a n d  u su a lly  benign. The focus of the 
rem a in d e r o f th is d iscussion  is o n  testicu lar germ  cell 
tum ors.

The cause of testicu lar neop lasm s is poo rly  u n d ers to o d . 
T esticular tu m o rs are  m ore com m on  in  w h ites  th a n  in  
blacks, a n d  the incidence has increased  in  w h ite  p o p u la 
tions over recen t decades. As d iscussed  earlier, c ryp to rch i
d ism  is associated  w ith  a 3- to  5-fold increase in  the risk  for 
cancer in  the u n d escen d ed  testis, as w ell as a n  increased  risk  
for cancer in  the con tra la te ra l descen d ed  testis. A  h isto ry  of 
c ryp to rch id ism  is p re sen t in  ap p rox im ate ly  1 0 % of cases of 
testicu lar cancer. In tersex  syndrom es, in c lu d in g  an d ro g en  
insensitiv ity  synd rom e an d  g onadal dysgenesis, a lso  are  
associa ted  w ith  a n  increased  frequency  of testicu lar cancer. 
Fam ily  h is to ry  is im p o rtan t, as b ro th ers  o f m ales w ith  germ  
cell tu m o rs have  a n  8 - to  1 0 -fo ld  increased  risk, p resu m ab ly  
ow in g  to  in h erited  factors. The d ev e lo p m en t o f cancer in  
one testis also  is associa ted  w ith  a m ark ed ly  increased  risk  
for neop lasia  in  the con tra la te ra l testis. Extra copies of the 
sh o rt a rm  of ch rom osom e 1 2 , u sua lly  d u e  to  the p resence of 
a n  isochrom osom e 1 2  [i(1 2 p)], are  fo u n d  in  v irtua lly  all 
germ  cell tum ors. O f note, p o in t m u ta tio n s  th a t create onco
genes are re la tively  ra re  in  g erm  cell tum ors, occurring  a t 
the low est frequency  of an y  solid  tu m o r in  adu lts . A m ong  
these a re oncogenic m u ta tio n s in  KIT w h ich  are  fo u n d  in  u p  
to 25% of tum ors.

M ost testicular tum ors in  p o stpuberta l m ales arise from  
germ cell neoplasia in situ. This p recurso r lesion is p resen t in  
conditions associated w ith  a h igh  risk  for develop ing  germ  
cell tum ors (e.g., cryptorchidism , dysgenetic gonads) and  
exhibits the sam e abnorm ality  of chrom osom e 1 2  th a t is 
characteristic o f fully developed  germ  cell tum ors. As m igh t 
be expected, germ  cell neoplasia  in  situ  often  is found  in  
"no rm al"  testis ad jacent to fu ll-b low n germ  cell tum ors.

T e s tic u la r  g e rm  c e ll tu m o rs  are  su b c la ss ifie d  in to  sem 

in o m a s  a n d  n o n s e m in o m a to u s  g e rm  c e ll tu m o rs  (Table 
18.1). S em inom as are m ost com m on, accoun ting  for ab o u t
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Table 18.1 S um m ary  of Testicular Tum ors

T u m o r Peak P a tie n t A g e  (years) M orph o lo gy T u m o r M ark e r(s )

Seminoma 40-50 Sheets of uniform polygonal cells with cleared 
cytoplasm; lymphocytes in the stroma

10% of patients have elevated hCG

Embryonal
carcinoma

20-30 Poorly differentiated, pleomorphic cells in cords, 
sheets, or papillary formation; most contain 
some yolk sac and choriocarcinoma cells

Negative (pure embryonal carcinoma)

Spermatocytic
tumor

50-60 Small, medium, and large polygonal cells; no 
inflammatory infiltrate

Negative

Yolk sac tumor 3 Poorly differentiated endothelium-like, cuboidal, 
or columnar cells

90% of patients have elevated AFP

Choriocarcinoma 20-30 Cytotrophoblast and syncytiotrophoblast 
without villus formation

100% of patients have elevated hCG

Teratoma All ages Tissues from all three germ cell layers with 
varying degrees of differentiation

Negative (pure teratoma)

Mixed tumor 15-30 Variable, depending on mixture; commonly 
teratoma and embryonal carcinoma

90% of patients have elevated hCG and AFP

AFP, Alpha fetoprotein; hC G , human chorionic gonadotropin.

50% of testicu lar germ  cell neop lasm s. They are h isto log i
cally iden tical to  tu m o rs called  dysgerminomas, w h ich  occur 
in  the  ovary , a n d  germinomas, w h ich  occur in  the cen tra l 
n e rv o u s  system  a n d  o ther ex tragonada l sites.

M O R P H O L O G Y

Germ cell tumors may be “pure” (i.e., composed of a single 

histologic type) or mixed (seen in 40% of cases). S e m in o m a  

presents as a soft, well-demarcated, gray-white tum or that bulges 

from the cut surface of the affected testis (Fig. 18.3). Large 

tumors may contain foci of coagulative necrosis, usually without 

hemorrhage. Seminomas are composed of large , u n ifo rm  cells 

w ith  d is tinct cell b o rders , clear, g lycogen-rich  cytop lasm , 

round nucle i, and conspicuous nucleoli (Fig. 18.4). The cells 

often are arrayed in small lobules with intervening fibrous septa. 

A  lymphocytic infiltrate usually is present and may, on occasion, 

overshadow the neoplastic cells. Seminomas also may elicit a 

granulomatous reaction. In approximately 15% of cases, syncytio- 

trophoblasts are present; these cells are the source of the

Rg. I 8.3 Seminoma of the testis appearing as a well-circumscribed, pale, 
fleshy, homogeneous mass.

minimally elevated serum human choriogonadotropin (hCG) that 

is encountered in approximately 10% of cases. Their presence 

has no bearing on prognosis.

S p e rm a to c y tic  tu m o r  (formerly called s p e r m a t o c y t i c  s e m i 

n o m a )  is a distinct clinical and histologic entity. It is an uncommon 

tum or that occurs in older men than other testicular tumors; 

affected patients generally are beyond 50 years of age. In contrast 

with seminomas, spermatocytic tumors lack lymphocytic infil

trates, granulomas, and syncytiotrophoblasts; are not admixed 

with other germ cell tum or histologies; are not associated with 

germ cell neoplasia in-situ; and do not metastasize. The tum or 

usually comprises polygonal cells of variable size that are arranged 

in nodules or sheets.

E m b ryo n a l c a rc in o m a presents as ill-defined, invasive 

masses containing foci of hemorrhage and necrosis (Fig. 18.5). 

The primary lesions may be small, even in patients with systemic 

metastases. T h e  tu m o r  cells a re  large  and have basophilic  

cy to p lasm , ind is tinct cell b o rders , large nucle i, and  

p ro m in e n t n ucleo li. The neoplastic cells may be arrayed in 

undifferentiated, solid sheets or may form primitive glandular

Rg. 18.4 Seminoma of the testis. Microscopic examination reveals large 
cells with distinct cell borders, pale nuclei, prominent nucleoli, and a sparse 
lymphocytic infiltrate.
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Fig. 18.5 Embryonal carcinoma. In contrast with the seminoma in Fig. 18.3, 
this tumor is hemorrhagic.

structures and irregular papillae (Fig. 18.6). In most cases, cells 

characteristic of other germ cell tumors (e.g., yolk sac tumor, 

teratoma, choriocarcinoma) are admixed with the embryonal 

areas. Pure embryonal carcinomas account for only 2% to 3% of 

all testicular germ cell tumors.

Y o lk  sac tu m o r  is the most common primary testicular 

neoplasm in children younger than 3 years of age; in this age 

group, it has a very good prognosis. In adults, yolk sac tumors 

most often are seen admixed with embryonal carcinoma. These 

tumors often are large and may be well demarcated. They are 

composed of low cuboidal to columnar epithelial cells that 

form microcysts, lacelike (reticular) patterns, sheets, glands, 

and papillae (Fig. 18.7). A  distinctive feature is the presence

Fig. 18.6 Embryonal carcinoma. Note the sheets of undifferentiated cells 
and primitive glandlike structures. The nuclei are large and hyperchromatic.

of structures resembling primitive glomeruli, the so-called 

S ch iller-D uva l bodies. These tumors often have eosinophilic 

hyaline globules containing a r anti-trypsin and alpha fetoprotein 

(AFP), which can be demonstrated by immunohistochemical 

techniques.

C h o rio c a rc in o m a  is a tum or in which the pluripotential 

neoplastic germ cells differentiate into cells resembling placental 

tro ph ob lasts . The primary tumors often are small and nonpal

pable, even in patients with extensive metastatic disease. The 

tum or is composed of sheets of small cuboidal c y to tro p h o b las t  

like cells that are irregularly intermingled with or capped by large, 

eosinophilic syncytio tro ph ob last like cells containing multiple 

dark, pleomorphic nuclei (Fig. 18.8). HCG  can be identified in the 

syncytiotrophoblastic cells by immunohistochemical staining.

T e ra to m a  is a tum or in which the neoplastic germ cells 

differentiate along multiple somatic cell lineages. These tumors 

form firm masses that often contain cysts and recognizable areas

Fig. I 8 . 7  Yolk sac tumor demonstrating areas of loosely textured, micro
cystic tissue and papillary structures resembling a developing glomerulus 
(Schiller-Duval bodies).

Fig. 18.8 Choriocarcinoma. Both cytotrophoblastic cells with single central 
nuclei ( a r r o w h e a d ,  u p p e r - r ig h t )  and syncytiotrophoblastic cells with multiple 
dark nuclei embedded in eosinophilic cytoplasm ( a r r o w ,  m id d le )  are present. 
Hemorrhage and necrosis are prominent.
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of cartilage. They may occur at any age from infancy to  adult life. 

Pure forms of teratoma are fairly common in infants and children, 

being second in frequency only to  yolk sac tumors. In adults, pure 

teratomas are rare, constituting 2% to 3% of germ cell tumors, 

and the remaining tumors are seen in combination with other 

histologic types. Teratomas are composed of a heterogeneous, 

helter-skelter collection of differentiated cells or organoid struc

tures, such as neural tissue, muscle bundles, islands of cartilage, 

clusters of squamous epithelium, structures reminiscent of 

thyroid gland, bronchial epithelium, and bits of intestinal wall or 

brain substance, all embedded in a fibrous or myxoid stroma (Fig. 

18.9). Elements may be mature (resembling various tissues within 

the adult) or immature (sharing histologic features with fetal or 

embryonal tissues). In p re p u b e rta l m ales, te ra to m a s  a re  

benign, w hereas  th e  m a jo r ity  o f te ra to m a s  in postpuber

ta l m ales a re  m a lig n a n t, being  capable o f m etastasis  

regardless o f w h e th e r  th e y  a re  com posed  o f m a tu re  o r  

im m a tu re  e lem en ts .

Rarely, non-germ cell tumors may arise in teratoma— a phe

nomenon referred to  as te r a to m a  w ith  m a lig n an t tra n s fo r

m a tio n . Examples of such neoplasms include squamous cell 

carcinoma, adenocarcinoma, and various sarcomas. These non

germ cell malignancies do not respond to therapies that are 

effective against metastatic germ cell tumors (discussed later); 

thus, the only hope for cure in such cases resides in surgical 

resection.

Clinical Features

P atien ts  w ith  testicu lar g erm  cell neop lasm s p re sen t m ost 
frequen tly  w ith  a pain less testicu lar m ass th a t (unlike 
en largem en ts  caused  by  hydroceles) is non translucen t. 
B iopsy of a  testicu lar neop lasm  is associa ted  w ith  a risk  for 
tu m o r spillage, w h ich  w o u ld  necessitate  excision of the 
scro tal sk in  in  a d d itio n  to  orchiectom y. C onsequen tly , the 
s ta n d a rd  m an ag em en t of a solid  testicu lar m ass is rad ical 
o rchiectom y, based  o n  the  p re su m p tio n  of m alignancy . 
Som e tum ors, especially  n o n sem in o m ato u s germ  cell neo
p lasm s, m ay  h av e  m etastasized  w id e ly  by the  tim e of d iag 
nosis in  the absence of a p a lpab le  testicu lar lesion.

S em inom as a n d  nonsem in o m ato u s tu m o rs d iffer in  
their b ehav io r a n d  clinical course.
• Seminomas o ften  rem ain  confined  to  the testis for long  

p erio d s a n d  m ay  reach  considerab le  size before d iagno 
sis. M etastases m ost com m only  are  enco u n te red  in  the 
iliac a n d  p araao rtic  ly m p h  nodes, p a rticu la rly  in  the 
u p p e r  lu m b ar region. H em atogenous m etastases occur 
late  in  the course of the disease.

• Nonseminomatous germ cell neoplasms ten d  to  m etastasize  
earlier, by  lym phatic  as w ell as hem ato g en o u s rou tes. 
H em atogenous m etastases are m o st com m on  in  the 
liver a n d  lungs. M etastatic  lesions m ay  be iden tica l to 
the p rim ary  testicu lar tu m o r o r m ay  con ta in  e lem en ts of 
o ther germ  cell tum ors.

C

m B

Fig. 1 8 . 9  Teratoma. Testicular teratomas contain mature cells from endodermal, mesodermal, and ectodermal lines. (A to D) Four different fields from the 
same tumor specimen contain neural (ectodermal) (A), glandular (endodermal) (B), cartilaginous (mesodermal) (C), and squamous epithelial (D) elements.
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A ssay  of tumor markers secreted  by g erm  cell tu m o rs is 
im p o rta n t in  tw o  w ays; these m arkers  (sum m arized  in  
Table 18.1, a long  w ith  sa lien t clinical a n d  m orpho log ic  fea
tures) a re  h e lp fu l d iagnostically  a n d  very  valuab le  in  fol
low ing  the  response  of tu m o rs to th e rap y  after the d iagnosis 
is estab lished . H C G  is a lw ays e levated  in  p a tien ts  w ith  
choriocarcinom a and , as no ted , m ay  be m in im ally  e levated  
in  in d iv id u a ls  w ith  o ther germ  cell tu m o rs co n ta in ing  syn- 
cy tio trophob lastic  cells. Increased  AFP in  the  se tting  of a 
testicu lar neop lasm  ind ica tes a yo lk  sac tu m o r com ponen t. 
The levels of lactate  deh y d ro g en ase  (LDH) corre la te  w ith  
the tu m o r b u rd en .

The trea tm en t of testicu lar g erm  cell neop lasm s is a 
rem arkab le  clinical success story. A lth o u g h  ro u g h ly  8000 
new  cases of testicu lar cancer occur in  the U n ited  States 
yearly , few er th a n  400 m en  are  expected  to  d ie  of the 
disease. Sem inom a, w h ich  is ex trem ely  rad io sensitive  and  
ten d s to  rem ain  localized  for long  periods, has  the best 
p rognosis. M ore th a n  95% of p a tien ts  w ith  early -stage 
d isease can  be cu red . A m ong  n o nsem inom atous germ  cell 
tum ors, the  h isto logic sub ty p e  does n o t in fluence the 
therapy . A p prox im ate ly  90% of pa tien ts  achieve com plete  
rem ission  w ith  aggressive chem otherapy , a n d  m ost are  
cu red . The exception  is choriocarcinom a, w h ich  is associ
a ted  w ith  a p o o re r p rognosis. W ith  all testicu lar tum ors, 
recurrences, typically  in  the fo rm  of d is tan t m etastases, 
u sua lly  occur w ith in  the first 2  y ea rs  after treatm en t.

f t  S U M M A R Y

T E S T IC U L A R  T U M O R S

• Testicular neoplasms are the most common cause of painless 

testicular enlargement. They occur with increased frequency in 

association with undescended testes and with testicular 

dysgenesis.

• Germ cells are the source of 95% of testicular tumors, and the 

remainder arise from Sertoli or Leydig cells. Germ cell tumors 

may be composed of a single “pure” histologic pattern (60% 

of cases) or mixed patterns (40%).

• The most common histologic patterns of germ cell tumors are 

seminoma, embryonal carcinoma, yolk sac tumor, choriocarci

noma, and teratoma. Mixed tumors contain more than one 

element, most commonly embryonal carcinoma, teratoma, and 

yolk sac tumor.

• Clinically, testicular germ cell tumors are divided into two  

groups: seminomas and nonseminomatous tumors. Seminomas 

remain confined to the testis for a long time and spread mainly 

to paraaortic nodes; distant spread is rare. Nonseminomatous 

tumors tend to  spread earlier, by both lymphatics and blood 

vessels.

• HCG is produced by syncytiotrophoblasts and is always ele

vated in patients with choriocarcinomas and those with semi

nomas containing syncytiotrophoblasts. AFP is elevated when 

there is a yolk sac tum or component.

PROSTATE

The p ro sta te  can  be d iv id ed  in to  biologically  d istinct 
reg ions, the m o st im p o rta n t of w h ich  are  the p e rip h era l 
a n d  tran sitio n  zones (Fig. 18.10). The types of p ro lifera tive

CZ
CZ

TZ

PZ

Bladder

Seminal
vesicle

Ejaculatory
duct

Proximal
urethra

Anterior 
fibromuscular 

stroma

Periurethral zone

Distal 
urethra

Fig. I 8. l °  Adult prostate. The normal prostate contains several distinct 
regions, including a central zone (CZ), a peripheral zone (PZ), a transitional 
zone (TZ), and a periurethral zone. Most carcinomas arise from the periph
eral glands of the organ, whereas nodular hyperplasia arises from more 
centrally situated glands.

lesions are  d ifferen t in  each  region. For exam ple, m ost 
h yperp lastic  lesions a rise in  the inner transition  zone, w h ile  
m o st carcinom as (70%-80%) arise in  the  p e rip h e ra l zones. 
A s a  resu lt, carcinom as are  o ften  de tected  by rectal exam - 
m ination , w h ereas h y p erp lasias  are m ore likely to  cause 
u rin a ry  obstruction . The n o rm al p ro sta te  contains g lands 
w ith  tw o  cell layers, a flat basal cell layer a n d  a n  overly ing  
co lum nar secretory  cell layer. S u rro u n d in g  p rosta tic  s trom a 
con tains a m ix tu re  of sm ooth  m uscle an d  fib rous tissue. 
The p ro sta te  is in vo lved  by infectious, in flam m atory , 
hyperp lastic , a n d  neop lastic  d iso rders, of w h ich  p rosta te  
cancer is by  far the m o st im p o rta n t clinically.

Prostatitis

P rosta titis  is d iv id ed  in to  th ree  categories: (1) acute 
bacterial prostatitis (2%-5% of cases), caused  by the  sam e 
o rgan ism s associa ted  w ith  o th e r acu te  u rin a ry  trac t infec
tions; (2) chronic bacterial prostatitis (2%-5% of cases), also 
caused  by  com m on  u ropa thogens; a n d  (3) chronic pelvic 
pain syndrome (90%-95% of cases). The la tte r can  be subd i
v id ed  in to  in flam m atory  cases, w h ich  are  associa ted  w ith  
leukocytes in  p rosta tic  secretions, a n d  non in flam m atory  
cases, in  w h ich  leukocytes are absent.

The d iagnosis o f p ro sta titis  is n o t typically  based  on  
b iopsy, as the  h isto logic find ings are nonspecific an d  
b iopsy  of an  infected  p ro sta titis  can  resu lt in  sepsis. The 
exception  is granulomatous prostatitis, w h ich  m ay  p ro d u ce  
p rosta tic  in d u ra tio n , lead in g  to  b iopsy  to ru le  o u t p ro sta te  
cancer. In  the U n ited  States, the m o st com m on  cause of 
g ran u lo m ato u s p ro sta titis  is in stilla tion  of Bacille C alm ette- 
G uerin  (BCG) w ith in  the b lad d e r for trea tm en t of
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superficial b la d d e r cancer. BCG is an  a tte n u a te d  tubercu 
losis stra in  th a t p ro d u ces  a  g ran u lo m ato u s im m u n e  reac
tion  th a t is h isto logically  in d is tingu ishab le  from  
tuberculosis. P rosta tic  tubercu losis  a lso  occurs b u t is rare  
in  the W estern  w o rld . F ungal g ran u lo m ato u s p rosta titis  is 
typically  seen  on ly  in  im m u n o co m p ro m ised  hosts. Nonspe
cific granulomatous prostatitis is re la tively  com m on  an d  
stem s from  a fo reign-body  reaction  to  flu ids th a t leak  in to  
tissue from  ru p tu re d  p rosta tic  d u c ts  a n d  acini. Postsurg ical 
p rosta tic  g ran u lo m as also  m ay  be seen.

C lin ica l Features

Acute bacterial prostatitis p resen ts  w ith  su d d e n  onse t of 
fever, chills, dysuria , pe rinea l pain , a n d  b lad d e r o u tle t 
obstruction ; it m ay  be com plicated  by sepsis. If acu te  
p ro sta titis  is suspected , d ig ita l rectal exam ination  is con
tra ind ica ted , as p ressu re  o n  the boggy, exquisitely  ten d er 
p ro s ta te  can  cause bacterem ia. Chronic bacterial prostatitis 
u sua lly  is associa ted  w ith  recu rren t u rin a ry  trac t infec
tions b racketed  by asym ptom atic  periods. P resen ting  
m an ifesta tions include low  back pain , dysu ria , a n d  peri
neal a n d  su p rap u b ic  d iscom fort. Both acu te  a n d  chronic 
bacterial p ro sta titis  is trea ted  w ith  antib io tics. Chronic 
pelvic pain syndrome is charac terized  by chronic p a in  local
ized  to the p e rin eu m , su p rap u b ic  area , a n d  pen is. Pain  
d u r in g  o r after ejacu lation  is a p ro m in e n t find ing . The eti
o logy is uncerta in , a n d  it is a  d iagnosis of exclusion; 
indeed , it is n o t even  clear if the p a in  is re la ted  to  an  
abno rm ality  of the prosta te . T herapy  for chronic pelvic 
p a in  synd rom e is em pirical an d  d e p en d s  o n  the n a tu re  of 
the sym ptom s.

Ä S U M M A R Y

P R O S T A T IT IS

• Bacterial prostatitis may be acute or chronic; the responsible 

organism usually is E . c o l i  or another gram-negative rod.

• Chronic pelvic pain syndrome, despite shared symptomatology 

with chronic bacterial prostatitis, is of unknown etiology and 

difficult to  treat.

• Granulomatous prostatitis may be either infectious (e.g., fol

lowing treatment with BCG) or noninfectious.

Benign Prostatic Hyperplasia

B e n ig n  p ro s ta tic  h y p e rp la s ia  (B P H ) is a n  e x tre m e ly  

c o m m o n  cause o f  p ro sta tic  e n la rg e m e n t re s u lt in g  f ro m  

p ro life ra t io n  o f  o f  s tro m a l a n d  g la n d u la r  e le m e n ts . It is
p re se n t in  a significan t n u m b er of m en  by 40 years of age, 
a n d  its frequency  rises p rogressively  thereafter, reach ing  
90% by the e ig h th  decade of life. The en la rg em en t o f the 
p ro s ta te  in  m en  w ith  BPH is an  im p o rta n t cause of u rin a ry  
obstruction .

A lth o u g h  th e  cause o f  B P H  is in c o m p le te ly  u n d e r 

s tood , excessive a n d ro g e n -d e p e n d e n t g ro w th  o f  s tro m a l 

a n d  g la n d u la r  e le m e n ts  has a c e n tra l ro le . BPH does n o t 
occur in  m ales w h o  are castra ted  before the o n se t of p u b e rty  
o r in  m ales w ith  genetic  d iseases th a t block a n d ro g en  activ 
ity. D ihyd ro testo ste rone  (DHT), the  u ltim ate  m ed ia to r of 
p ro sta tic  g row th , is syn thesized  in  the p ro sta te  from  circu
la ting  testosterone by the  ac tion  of the  enzym e 5a-reductase,

type 2. D H T  b in d s to  nuclear a n d ro g en  recep tors, w h ich  
regu la te  the expression  of genes th a t su p p o rt the g ro w th  
an d  su rv iva l of p ro sta tic  ep ith e liu m  a n d  strom al cells. 
A lth o u g h  testosterone can  also  b in d  to  a n d ro g e n  recep to rs 
a n d  s tim u la te  g row th , D H T  is 10 tim es m ore po ten t.

M O R P H O L O G Y

B P H  v irtu a lly  always occurs in th e  in n er tra n s itio n  zo ne  

o f th e  p ro s ta te . The affected prostate is enlarged, typically 

weighing between 60 and 100 g, and contains many well- 

circumscribed nodules that bulge from the cut surface (Fig 

18.11). The nodules may appear solid or contain cystic spaces, 

the latter corresponding to dilated glands. The urethra is usually 

compressed, often to a narrow slit, by the hyperplastic nodules. 

In some cases, hyperplastic glandular and stromal elements lying 

just under the epithelium of the proximal prostatic urethra 

project into the bladder lumen as a pedunculated mass, produc

ing a ball-valve type of urethral obstruction.

Microscopically, the hyperplastic nodules are composed of 

variable proportions of proliferating glandular elements and 

fibromuscular stroma. The hyperplastic glands are lined by tall, 

columnar epithelial cells and a peripheral layer of flattened basal 

cells (Fig. 18.12). The glandular lumina often contain laminated 

proteinaceous secretory material known as corpora amylacea.

C lin ica l Features

Because B P H  p re fe r e n t ia lly  in v o lv e s  th e  in n e r  p o rtio n s  

o f  th e  p ro sta te , th e  m o s t c o m m o n  m a n ife s ta tio n s  are  

re la te d  to  lo w e r  u r in a r y  trac t o b s tru c tio n , often  in  the 
fo rm  of difficulty  in  s ta rtin g  the stream  of u rin e  (hesitancy)

Rg. I 8- I I  Nodular prostatic hyperplasia. Well-defined nodules compress 
the urethra into a slitlike lumen.
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Fig. m 2  Nodular hyperplasia of the prostate. (A) Low-power photomicrograph demonstrates a well-demarcated nodule at the right of the field, with a 
portion of urethra seen to the left. In other cases of nodular hyperplasia, the nodularity is caused predominantly by stromal, rather than glandular, prolifera
tion. (B) Higher-power photomicrograph demonstrates the morphology of the hyperplastic glands, which are large and have papillary infoldings.

a n d  in te rm itten t in te rru p tio n  of the u rin a ry  stream  w h ile  
vo id ing . These sym ptom s frequen tly  are accom pan ied  by 
u rin a ry  urgency , frequency , a n d  noctu ria , all ind icative  of 
b la d d e r irrita tion . C linical m an ifesta tions of p rosta tic  
h y p erp lasia  occur in  on ly  ab o u t 1 0 % of m en  w ith  p a th o 
logic evidence of BPH. The p resence of resid u a l u rin e  in  
the  b lad d e r d u e  to  chronic o bstruc tion  increases the  risk  
for u rin a ry  trac t infections. In  som e affected m en, BPH 
leads to  com plete  u rin a ry  obstruction , w ith  re su ltan t 
p a in fu l d is ten tion  of the b lad d e r an d , in  the  absence of 
ap p ro p ria te  trea tm en t, h y d ro n ep h ro sis  (C hap ter 14). In itial 
trea tm en t is pharm acologic, u sin g  ta rge ted  therapeu tic  
agen ts  th a t in h ib it the fo rm ation  of D H T  from  testosterone 
(such  as 5 -alpha reductase  inhib ito rs) o r th a t relax  p rosta tic  
sm oo th  m uscle by b locking a i-ad ren erg ic  recep tors. 
V arious surg ical techn iques are  reserved  for severely 
sym ptom atic  cases th a t a re  reca lc itran t to  m ed ical therapy .

®  S U M M A R Y

B E N IG N  P R O S T A T IC  H Y P E R P L A S IA

• BPH is characterized by proliferation of benign stromal and 

glandular elements. DHT, an androgen derived from testoster

one, is the major hormonal stimulus for proliferation.

• BPH originates in the periurethral transition zone. The hyper

plastic nodules exhibit variable proportions of stroma and 

glands. Hyperplastic glands are lined by two cell layers, an inner 

columnar layer and an outer layer composed of flattened basal 

cells.

• Clinical findings result from urinary tract obstruction and 

include hesitancy, urgency, nocturia, and poor urinary stream. 

Chronic obstruction predisposes to recurrent urinary tract 

infections.

Carcinoma of the Prostate
A d e n o c a rc in o m a  o f  th e  p ro sta te  a n d  is th e  m o s t c o m m o n  

fo r m  o f  cancer in  m e n , a c c o u n tin g  fo r  27%  o f  cancer cases 

in  th e  U n ite d  S tates  in  2014. Its is unco m m o n  before the

age of 50 years. O ver the p a s t several decades, m orta lity  
from  p ro sta te  cancer has  decreased  significantly , a n d  it 
cu rren tly  causes on ly  10% of cancer d ea th s  in  the  U nited  
States.

The re la tively  low  ra te  o f m orta lity  in  m en  w ith  p ro sta te  
cancer is re la ted  in  p a r t  to  increased  de tec tion  of the d isease 
th ro u g h  screen ing  (d iscussed  later), b u t how  effective 
screen ing  is a t  sav ing  lives is con troversial. This seem ing  
p a rad o x  is re la ted  to  the  w id e  v aria tio n  in  the  n a tu ra l 
h isto ry  of p ro sta te  cancer, from  aggressive  a n d  rap id ly  
fa ta l to  in d o len t d isease of no  clinical significance. Indeed , 
p ro sta te  carcinom a com m only  is fo u n d  inc iden ta lly  a t 
au to p sy  in  m en  d y in g  of o ther causes, a n d  m any  m ore m en  
die w ith  p ro sta te  cancer th a n  of p ro sta te  cancer. It is n o t 
cu rren tly  possib le to  iden tify  the tu m o rs th a t w ill be "b ad  
acto rs" w ith  certain ty ; thus, w h ile  som e m en  are  no  d o u b t 
saved  by early  de tec tion  a n d  trea tm en t o f the ir p ro sta te  
cancers, it is equally  certa in  th a t o thers a re  being  "cu red "  
of clinically inconsequen tia l tum ors.

Pathogenesis

C linical a n d  experim en ta l observa tions sug g est th a t an d ro 
gens, hered ity , env ironm en ta l factors, a n d  acq u ired  som atic 
m u ta tio n s have roles in  the  pa thogenesis  a n d  p rog ression  
of p ro s ta te  cancer.
• Androgens are  of cen tra l im portance. C ancer of the  p ro s

tate  does n o t develop  in  m ales w h o  are  castra ted  before 
p u b erty , in d ica ting  th a t an d ro g en s  som ehow  p ro v id e  
the "soil," the cellu lar context, w ith in  w h ich  p ro sta te  
cancer develops. This d ep en d en ce  o n  an d ro g en s  ex tends 
to estab lished  cancers, w h ich  often  reg ress for a  tim e in  
response  to  surg ical o r chem ical castration . N otab ly , 
tumors that are resistant to anti-androgen therapy often 
acquire androgen receptor gene amplifications or mutations 
that permit androgen receptors to activate the expression of 
their target genes despite therapy. T hus, tu m o rs th a t recur 
in  the face of an ti-an d ro g en  therap ies still d e p e n d  on  
gene p ro d u c ts  reg u la ted  by an d ro g e n  recep to rs for their 
g ro w th  a n d  surv ival. H ow ever, w h ile  p ro sta te  cancer, 
like n o rm al p rosta te , is d e p e n d e n t on  an d ro g en s  for its
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surv ival, there  is no  evidence th a t an d ro g en s  in itia te  
carcinogenesis, n o r are an d ro g e n  levels associa ted  w ith  
p ro s ta te  cancer risk.

• Heredity also  con tribu tes, as there  is a n  increased  risk  
am o n g  first-degree  relatives of p a tien ts  w ith  p ro sta te  
cancer. P rosta te  cancer is unco m m o n  in  A sians a n d  its 
incidence is h ighest am o n g  A frican-A m ericans a n d  in  
S cand inav ian  countries. A ggressive, clinically signifi
can t d isease is m ore  com m on  in  A frican-A m ericans 
th a n  in  C aucasians. G enom e-w ide associa tion  stud ies 
have  iden tified  a n u m b er of genetic varian ts  th a t are 
associated  w ith  increased  risk  for d eve lop ing  p ro s ta te  
cancer. A lth o u g h  each v a ria n t carries on ly  a sm all 
increased  risk, the effect is m ultip licative , su ch  th a t m en  
w ith  m u ltip le  risk  alleles m ay  have  u p  to  a  5-fold 
increase in  risk  com pared  to  the  general po p u la tio n .

• Environment a lso  p lays a role, as ev idenced  by  the  fact 
th a t in  Japanese  im m ig ran ts  to  the U n ited  S tates the 
incidence of the d isease rises (a lthough  n o t to  the  level 
seen  in  n a tive-bo rn  A m ericans). A lso, as the d ie t in  A sia 
becom es m ore w este rn ized , the  incidence of clinically 
significan t p ro s ta te  cancer in  this reg ion  of the w o rld  is 
increasing . H ow ever, the re la tionsh ip  be tw een  specific 
d ie ta ry  com ponen ts a n d  p ro s ta te  cancer risk  is unclear.

• Acquired genetic aberrations, as in  o ther cancers, are  the 
actual d rivers o f cellu lar transfo rm ation . C opy  n u m b er 
varia tions in  specific ch rom osom al reg ions a n d  gene 
rea rran g em en ts  a re  frequen tly  seen in  p rim ary  tum ors. 
The m ost com m on  gene rea rran g em en ts  in  p ro sta te  
cancer create fu sion  genes consisting  of the  an d ro g en 
reg u la ted  p ro m o te r o f the TM PRSS2  gene a n d  the 
cod ing  sequence of ETS  fam ily  tran sc rip tio n  factors. 
T M P R S S 2 - E T S  fu s io n  genes are fo u n d  in  a p p ro x i

m a te ly  40 %  to  60%  o f  p ro sta te  cancers in  C au cas ian  

p o p u la t io n s , a n d  th e y  occur r e la t iv e ly  e a r ly  in  tu m o r i-  

gen es is. N otably , the  prevalence  of these rea rran g e 
m ents is low er am o n g  A frican-A m ericans a n d  o ther 
e thn ic  g roups. O ther m u ta tio n s com m only  lead  to  acti
v a tio n  o f the P I3K /A K T  signaling  p a th w ay  (C hap ter 6); 
of these, the m o st com m on  are  loss-of-function  m u ta 
tions invo lv ing  the tu m o r su p p resso r PTEN, w h ich  acts 
as a b rake on  PI3K activity .

M O R P H O L O G Y

Carcinomas detected clinically are usually not visible grossly. 

More advanced lesions appear as firm, gray-white lesions with 

ill-defined margins that infiltrate the adjacent gland (Fig. 18.13).

Most prostate cancers are m o d e ra te ly  d iffe re n tia te d  

aden ocarc in om as that produce well-defined glands.The glands 

typically are smaller than benign glands and are lined by a single 

uniform layer of cuboidal or low columnar epithelium, lacking 

the basal cell layer seen in benign glands. In further contrast with 

benign glands, malignant glands are crowded together and char

acteristically lack branching and papillary infolding.The cytoplasm 

of the tum or cells ranges from pale-clear (as in benign glands) 

to  a distinctive amphophilic (dark purple) appearance. Nuclei are 

enlarged and often contain one or more prominent nucleoli (Fig 

18.14). Some variation in nuclear size and shape is usual, but 

in general, pleomorphism is not marked. Mitotic figures are 

uncommon. W ith  increasing grade, irregular or ragged glandular

Fig. 18.13 ioma of the prostate. Carcinomatous tissue is seen
on the posterior aspect ( lo w e r  le f t ) .  Note the solid whiter tissue of cancer, 
in contrast with the spongy appearance of the benign peripheral zone on 
the contralateral side.

structures, cribriform glands, sheets of cells, or infiltrating indi

vidual cells are present. In approximately 80% of cases, prostatic 

tissue removed for carcinoma also harbors presumptive precur

sor lesions, referred to  as h i g h - g r a d e  p r o s t a t i c  i n t r a e p i t h e l i a l  n e o 

p l a s ia  ( H G P I N ) .  Many of the molecular changes seen in invasive 

cancers are also seen in HPIN.

Prostate cancer is graded by the G leason system , created 

in 1967 and updated in 2014. According to this system, prostate 

cancers are stratified into five grades on the basis of glandular 

patterns of differentiation. Grade 1 represents the most well 

differentiated tumors, and grade 5 tumors show no glandular 

differentiation. Most tumors are patterns 3, 4, or 5. Since the 

majority of tumors contain more than one pattern, a primary 

grade is assigned to  the dominant pattern and a secondary grade 

to  the next most frequent pattern. The two numerical grades are 

then added to  obtain a combined Gleason score. Tumors with 

only one pattern are treated as if their primary and secondary 

grades are the same, and, hence, the number is doubled. Thus, 

the most differentiated tumors have a Gleason score of 2 (1 +  

1), and the least differentiated tumors merit a score of 10 (5 +  

5). A  new grading system also based on glandular pattern was 

recently accepted by the W orld Health Organization (W H O ) to  

be used initially in conjunction with the Gleason system; it ranges 

from 1 (excellent prognosis) to  5 (poor prognosis).

C lin ica l Features

I n  th e  U n i te d  S tates , m o s t p ro sta te  cancers are s m a ll, 

n o n p a lp a b le , a s y m p to m a tic  les io n s  d is c o v ere d  o n  n e e d le  

b io p s y  p e r fo rm e d  to  in v e s tig a te  a n  e le v a te d  s e ru m  

p ro sta te -sp ec ific  a n t ig e n  (P S A ) le v e l (d iscussed  later). 
Som e 70% to 80% of p ro s ta te  cancers arise  in  the  o u ter 
(peripheral) g lands, a n d  a su b se t o f these  m ay  be pa lpab le  
as irreg u la r h a rd  n o d u les  on  d ig ita l rectal exam ination . A 
m in o rity  of carc inom as is d iscovered  unexpected ly  d u rin g  
h isto logic exam ination  of p ro sta te  tissue rem o v ed  by trans
u re th ra l resection  for BPH. Because of the p e rip h e ra l loca
tion, p ro s ta te  cancer is less likely th a n  BPH to cause u re th ra l 
ob stru c tio n  in  its in itia l stages. Locally adv an ced  cancers 
o ften  in filtrate  the sem inal vesicles a n d  p e riu re th ra l zones
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Fig. 18.14 (A) Adenocarcinoma of the prostate demonstrating small glands 
crowded in between larger benign glands. (B) Higher magnification shows 
several small malignant glands with enlarged nuclei, prominent nucleoli, and 
dark cytoplasm, as compared with the larger, benign gland ( to p ) .

of the  p ro sta te  a n d  m ay  in v ad e  the ad jacen t soft tissues, 
the  w all o f the u rin a ry  b ladder, o r (less com m only) the 
rectum . Bone m etastases, p a rticu la rly  to  the axial skeleton, 
a re  freq u en t la te  in  the  d isease an d  typically  cause osteo
b lastic  (bone-p roducing) lesions th a t can  be de tected  on  
radionuclide bone scans.

T h e  P S A  assay is th e  m o s t w id e ly  u se d  tes t in  th e  

d ia g n o s is  a n d  m a n a g e m e n t o f  p ro sta te  cancer, b u t  i t  

s u ffe rs  f r o m  a  n u m b e r  o f  l im ita t io n s . PSA is a  p ro d u c t of 
p rosta tic  ep ith e liu m  an d  is n o rm ally  secreted  in  the  sem en. 
A lth o u g h  PSA screen ing  can  detect p ro sta te  cancers early  
in  the ir course, s tud ies  o f the n a tu ra l h is to ry  of the disease 
(so-called "w atch -an d -w ait stud ies") have  confirm ed th a t 
m an y  p ro sta te  cancers a re  clinically insignificant, req u irin g  
n o  trea tm en t, som etim es for decades. O v ertrea tm en t of 
these in d o len t cancers can  cause significant m orb id ity , p a r
ticu larly  erectile d ysfunction  a n d  incontinence. A  second 
lim ita tion  of PSA as a b iom arker is th a t it is n o t cancer- 
specific. BPH, p rosta titis , p ro sta tic  infarcts, in stru m en ta 
tion  o f the prosta te , a n d  ejacu lation  all m ay  increase se ru m  
PSA levels. C onversely , 20% to 40% of p a tien ts  w ith  o rgan- 
confined  p ro sta te  cancer have  PSA v alues below  the cutoffs 
th a t are  u se d  to iden tify  p a tien ts  w h o  are  likely to have 
p ro sta te  cancer.

Because of these prob lem s, PSA assays a re  being  reap 
p ra ised  as screen ing  tests. By con trast, once cancer is d iag 
nosed , serial m easu rem en ts  of PSA are  of g rea t va lue  in  
assessing  the  response  to therapy . For exam ple, a rising  
PSA level after rad ical p ro sta tec tom y  o r ra d io th e rap y  for 
localized  d isease is ind ica tive  of recu rren t o r d issem inated  
d isease.

The m o st com m on  trea tm en ts  for clinically localized 
p ro sta te  cancer are rad ica l p ro sta tec tom y  a n d  rad io th er
apy . The p rognosis  after rad ica l p ro sta tec tom y  is based  on  
the pa tho log ic  stage, w h e th e r  the  m arg in s of the resected  
specim ens are  free of tum or, a n d  G leason  g rade. The 
G leason g rade, clinical stage, a n d  se ru m  PSA values are  
im p o rta n t p red ic to rs  o f ou tcom e after rad io th erap y . 
Because m an y  p ro s ta te  cancers follow  a n  in d o len t course, 
active surveillance ("w atchfu l w aiting") is an  a p p ro p ria te  
ap p ro ach  for o lder m en, p a tien ts  w ith  significant com or
b id ity , o r even  som e y o u n g e r m en  w ith  low  se ru m  PSA 
values a n d  sm all, low -g rade  cancers. A dvan ced  m etasta tic  
carcinom a is trea ted  by  a n d ro g en  d ep riva tion , e ithe r by 
orch iectom y o r by  ad m in is tra tio n  of syn thetic  agon ists of 
lu te in iz ing  h o rm o n e-re leas in g  ho rm o n e  (LHRH). In  ad d i
tion, there  a re  m any  new  therap ies th a t red u ce  an d ro g en  
syn thesis or signaling  in  m etasta tic  p ro s ta te  cancer. 
A lth o u g h  an ti-an d ro g en  th e rap y  induces rem issions, 
a n d ro g e n -in d ep en d en t clones a lm ost invariab ly  em erge, 
lead in g  to ra p id  d isease p rog ression  an d  death . As dis
cussed  earlier, these  m u ta n t clones com m only  con tinue  to 
express m any  genes th a t in  n o rm al p ro sta te  are androgen- 
d ep en d en t, suggesting  th a t m echan ism s arise to reactivate  
a n d ro g en  signaling , even  in  the  contex t o f a n d ro g en  dep ri
va tio n  therapy .

f t  S U M M A R Y

C A R C IN O M A  O F  T H E  PR O S TA TE

• Carcinoma of the prostate is a common cancer of older men 

between 65 and 75 years of age.

• Prostate carcinomas range from indolent lesions that will 

never cause harm to  aggressive fatal tumors, which are more 

common in African-Americans.

• The most common acquired mutations in prostatic carcinomas 

create T P R S S 2 - E T S  fusion genes or act to enhance PI3K/AKT  

signaling, which promotes tum or cell growth and survival.

• Carcinomas of the prostate arise most commonly in the outer, 

peripheral zone of the gland and may be palpable by rectal 

examination.

• Grading of prostate cancer by the Gleason system correlates 

with pathologic stage and prognosis.

• Serum PSA measurement is a controversial cancer screening 

test, but has clear value in monitoring progressive or recurrent 

prostate cancer.

URETER, BLADDER, A N D  URETHRA

The rena l pelves, u re te rs, b ladder, a n d  u re th ra  are  lined  
by  specialized  m ulti-layer transitiona l ep ith e liu m  called 
u ro th e liu m . B eneath  the  m ucosa  are  the lam ina  p ro p ria
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an d , d eep er yet, the  m uscu laris  p ro p ria  (d e tru so r m uscle), 
w h ich  m akes u p  the  b lad d e r w all. C linically  significant 
d iso rd ers  invo lv ing  these o rgans inc lude  congenita l aber
ra tions, in fectious a n d  o th e r in flam m ato ry  d iseases, and  
neoplasm s.

Ureter

D iso rders o f the  u re te r  are u n co m m o n  a n d  inc lude  con
gen ita l d iso rders, neop lasm s, a n d  reactive conditions. A 
few  m erit b rief m ention .
• Ureteropelvic ju n c tio n  (UPJ) obstruction , a congenita l 

d iso rder, re su lts  in  h y d ro n ep h ro sis . It u sua lly  m anifests 
in  in fancy  o r ch ildhood  a n d  is m u ch  m ore com m on in 
boys th an  in  girls. It is the m o st freq u en t cause o f h y d ro 
n eph rosis  in  in fan ts a n d  ch ildren .

• Malignant tu m o rs of the u re te r  a re  pa tho log ically  sim ilar 
to those a ris in g  in  the rena l pelv is, calyces, a n d  b lad d e r 
(d iscussed  later). M ost are  u ro the lia l carcinom as.

• Retroperitoneal fibrosis is a n  u n co m m o n  cause of u re te ra l 
n a rro w in g  or obstruc tion  charac terized  by  a fibrous 
p ro lifera tive  in flam m atory  process encasing  the re tro 
p e rito n ea l s tru c tu res  a n d  causing  h y d ro n ep h ro sis . The 
d iso rd e r occurs in  m id d le  to  o ld  age. A t least a p ro p o r
tion  of these cases occur in  associa tion  w ith  IgG 4-related 
d isease, charac terized  by fib ro in flam m atory  lesions rich 
in  IgG 4-secreting p lasm a  cells (C hap ter 5). O ther cases 
a re  associated  w ith  d ru g  exposu res (ergot derivatives, 
ad renerg ic  blockers), rad ia tion , infection, p rio r surgery , 
o r m alignan t d isease (lym phom as, u rin a ry  tract carci
nom as). M ost cases, how ever, hav e  no  obv ious cause 
a n d  a re  considered  p rim ary , or id iopath ic  (O rm ond  
disease).

Urinary Bladder

N onneoplastic  Conditions

A b la d d e r o r vesical diverticulum consists of a pouchlike  
evag ina tion  of the b lad d e r w all. D iverticu la  m ay  be con
genital b u t m ore  com m only  are  acq u ired  lesions th a t arise  
as a consequence of p e rsis ten t u re th ra l ob stru c tio n  caused , 
for exam ple, by  ben ig n  p rosta tic  h yperp lasia . A lthough  
m ost d iverticu la  a re  sm all a n d  asym ptom atic , they  som e
tim es lead  to  u rin a ry  stasis p red isp o sin g  to  recu rren t 
u rin a ry  tract infections a n d  b la d d e r stone form ation. 

Cystitis takes m an y  form s.
• Bacterial cystitis is com m on, p articu larly  in  w om en . The 

m ost com m on etiologic ag en ts  a re  coliform  bacteria.
• Hemorrhagic cystitis m ay  occur in  p a tien ts  receiv ing  

cytotoxic an ti- tu m o r d ru g s, such  as  cyclophospham ide, 
a n d  som etim es com plicates a d e n o v iru s  infection.

• Interstitial cystitis causes a  chronic pelv ic p a in  syndrom e, 
typically  in  w o m en . It is charac terized  by su p rap u b ic  
p a in  tha t increases w ith  b lad d e r filling a n d  is re lieved  
by b lad d e r em pty ing , lead in g  to  very  freq u en t u rin a tio n  
d u rin g  b o th  d ay  a n d  n igh t. O ther sym ptom s inc lude  
u rgency , h em atu ria , a n d  dysuria . C ystoscopic find ings 
a re  nonspecific a n d  inc lude  pe tech ia l hem orrhages. U p 
to  50% of p a tien ts  have  sp o n tan eo u s rem issions. Late in  
the course, tran sm u ra l fibrosis m ay  ensue, lead in g  to  a 
con tracted  b ladder.

• Malakoplakia is a n  u nco m m o n  in flam m ato ry  d isease th a t 
m o st com m only  occurs in  the  b ladder. It re su lts  from  
defects in  the phagocy tic  o r d eg rad a tiv e  function  of 
m acrophages. A s a re su lt of th is defect, u n d ig es ted  bac
terial p ro d u c ts  accum ula te  w ith in  d is ten d ed  p h ag o 
som es, w h ich  are  seen  in  h isto logic sections as a b u n d a n t 
g ran u la r m ateria l w ith in  the cy top lasm  of m acrophages. 
The abno rm al m acrophages also  con tain  lam in a ted  m in 
era lized  concretions k n o w n  as Michaelis-Gutmann bodies, 
w h ich  re su lt from  dep o sitio n  of calcium  salts in  the 
en larged  lysosom es.

• Polypoid cystitis is a n  in flam m atory  cond ition  resu lting  
from  irrita tio n  to  the  b la d d e r m ucosa  in  w h ich  the  uro- 
th e liu m  is th ro w n  in to  b ro ad  bu lb o u s p o ly p o id  projec
tions as a  re su lt o f m ark ed  subm ucosal edem a. P o lypo id  
cystitis m ay  be confused  w ith  pap illa ry  u ro the lia l carci
nom a bo th  clinically an d  histologically .

T ransitional ep ithe lium  lin ing  the b lad d er m ay  u ndergo  
various form s of m etaplasia. N ests of u ro the lium  (Brunn 
nests) som etim es grow  d o w n w ard  in to  the  lam ina p ropria . 
H ere, their central epithelial cells m ay  variously  differenti
ate in to  a  cuboidal or co lum nar ep ithelium  lin ing  (cystitis 
glandularis); cystic spaces filled w ith  clear flu id  lined by flat
tened  u ro the lium  (cystitis cystica); o r goblet cells resem bling 
in testinal m ucosa (intestinal metaplasia). A s a response to 
injury, the u ro th e liu m  often  undergoes squamous metaplasia, 
w hich  m u st be d ifferentiated  from  norm al glycogenated 
squam ous ep ithelium , com m only found  a t the trigone in  
w om en.

N eoplasm s

B ladder cancer accounts for app rox im ate ly  5% of cancers 
a n d  3% of cancer d ea th s  in  the U n ited  States. The vast 
m ajority  of b lad d e r cancers (95%-97% in  the U n ited  States; 
60%-90% in  A frica) a re  u ro the lia l carcinom as. S quam ous 
cell carcinom as rep re sen t ab o u t 3% to 7% of b lad d e r 
cancers in  the U n ited  S tates b u t are  m u ch  m ore com m on 
in  coun tries such  as Egypt, w h e re  u rin a ry  schistosom iasis 
is endem ic. A denocarcinom as of the b lad d e r are rare. C ar
cinom a of the b la d d e r is m ore  com m on  in  m en  th a n  in  
w om en , in  in d u stria lized  th a n  in  d eve lop ing  nations, in  
u rb a n  th a n  in  ru ra l dw ellers, a n d  in  w h ites  th an  in  A frican- 
A m ericans. A b o u t 80% of p a tien ts  a re  be tw een  50 an d  80 
years of age.

Pathogenesis

E nv ironm en ta l factors are im p o rta n t in  the  pa thogenesis of 
u ro the lia l carc inom a an d  inc lude  cigarette smoking, various 
occupational carcinogens, and prior cyclophosphamide or radia
tion therapy. A fam ily  h isto ry  of b la d d e r cancer is a k n o w n  
risk  factor. S quam ous cell carcinom a is re la ted  to  Schisto
soma haematobium infections in  a reas w h ere  it is endem ic. 
C ancers occu rring  in  the se tting  of sch istosom a infections 
arise in  a  back g ro u n d  of chronic in flam m ation , w h ich  y o u  
w ill recall p ro v id es the "so il" for the d ev e lo p m en t o f a 
n u m b er of d iffe ren t cancers (C hap ter 6 ).

A cqu ired  genetic aberra tions have been  iden tified  in  
u ro the lia l carcinom a. B ased o n  these observations, a m odel 
for b lad d e r carcinogenesis has been  p ro p o sed  in  w h ich  the 
tu m o r is in itia ted  by dele tions of tu m o r-su p p resso r genes 
on  9p a n d  9q, lead in g  to the  fo rm ation  of superficial
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pap illa ry  tum ors, w h ich  m ay  th en  acqu ire  TP53 m u ta tio n s 
a n d  p rog ress  to  invasive  disease. A  second  p a th w ay , pos
sibly in itia ted  by  TP53 m u ta tions, leads first to  carcinom a 
in  situ  an d  then, w ith  loss o f genes from  chrom osom e 9, 
p rog resses  to invasion . A d d itio n a l genetic  a lte ra tions in  
superficial tu m o rs inc lude  m u ta tio n s in  telom erase, as w ell 
as m u ta tio n s in  fib rob last g ro w th  factor recep to r 3 (FGFR3) 
a n d  com ponen ts o f the  RAS a n d  P I3K /A K T  pa th w ay s. 
M uscle invasive  tu m o rs o ften  hav e  m u ta tio n s  invo lv ing  
b o th  TP53 an d  RB (C hap ter 6 ).

^  M O R P H O L O G Y

Two distinct precursor lesions of invasive urothelial carcinoma 

are recognized (Fig. 18.15). The most common is a noninvasive 

papillary tum or (Fig. 18.16). The other precursor is carcinoma in 

situ (CIS), which is discussed later. In about one-half of patients 

with invasive bladder cancer, no precursor lesion is found; in such 

cases, it is presumed that the precursor lesion was overgrown 

by the high-grade invasive component.

The most important prognostic factor in noninvasive papillary 

urothelial neoplasms is their grade, which is based on both 

architectural and cytologic features. As shown in Table 18.2, the 

grading system subclassifies tumors as follows: (1) pap illom a; 

(2) p ap illa ry  u ro th e lia l neop lasm  o f low  m a lig n an t p o te n 

tia l (P U N L M P );  (3) low -g rade  p ap illa ry  u ro th e lia l carci

n om a; and (4) h igh -g rade p ap illa ry  u ro th e lia l c a rc in o m a

Papilloma Invasive
papillary carcinoma

Flat noninvasive Flat invasive
carcinoma (CIS) carcinoma

Fig. 18.15 Morphologic patterns of urothelial neoplasia.

Fig. 18.16 Cystoscopic appearance of a papillary urothelial tumor, resem
bling coral, within the bladder.

(Fig. 18.17). These exophytic papillary neoplasms are to be dis

tinguished from in verted  u ro th e lia l p ap illo m a , which is 

entirely benign and not associated with an increased risk for 

subsequent carcinoma.

C IS  is defined  by th e  p resence o f o ve rtly  m a lig n an t- 

app earin g  cells w ith in  a  f la t u ro th e liu m  (Fig. 18.18). Like 

high-grade papillary urothelial carcinoma, the tum or cells in CIS 

lack cohesiveness and are shed into the urine, where they can 

be detected by cytology. CIS commonly is multifocal and some

times involves most of the bladder surface or extends into the 

ureters and urethra.W ithout treatment, 50% to 75% of CIS cases 

progress to  invasive cancer.

Invasive urothelial cancer associated with papillary urothelial 

cancer (usually of high grade) or CIS may superficially invade the 

lamina propria or extend more deeply into underlying muscle. 

T h e  e x te n t o f invasion and spread (staging) a t  th e  t im e  

o f in itia l diagnosis is th e  m o st im p o r ta n t  prognostic  

fac to r. Almost all infiltrating urothelial carcinomas are high 

grade.

Squamous cell carcinomas of the bladder typically show 

extensive keratinization and are nearly always associated with 

chronic bladder irritation and infection. Adenocarcinomas of the 

bladder are histologically identical to adenocarcinomas seen in 

the gastrointestinal tract. Some arise from urachal remnants in 

the dome of the bladder or in association with extensive intes

tinal metaplasia.

Table 18.2 Noninvasive Papillary U ro the lia l Neoplasms

N eo p lasm R ecurrences C o e x is te n t Invasion Progression D e a th

Papilloma Rare None Rare* None

PUNLMP 30% None 2% None

LGUC 45% <10% 8%-I0% 2%-3%

HGUC 45% Up to 80% 30% 20%

H G U C , High-grade papillary urothelial carcinoma; LG U C , low-grade papillary urothelial carcinoma; PUNLMP papillary urothelial neoplasia of uncertain malignant potential. 
*Rare cases of progression have occurred in immunocompromised patients.
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Fig. I M 7  Noninvasive low-grade papillary urothelial carcinoma. Higher magnification ( r ig h t )  shows slightly irregular nuclei with scattered mitotic figures 
( a r r o w ) .

C lin ica l Features

B ladder tum ors m ost com m only  p resen t w ith  painless hema
turia. Patients w ith  uro thelial tum ors, w h a tev er their grade, 
have  a tendency  to  develop new  tum ors after excision, and  
recurrences m ay  exhibit a h igher grade. The risk  for recur
rence is related  to  several factors, includ ing  tu m o r size, stage, 
grade, m ultifocality, m itotic index, an d  associated dysp lasia  
a n d /o r  CIS in  the su rro u n d in g  m ucosa. M any recurren t 
tum ors arise a t sites different th an  th a t o f the orig inal lesion, 
ye t share the sam e clonal abnorm alities as those o f the initial 
tum or; thus, these are true  recurrences th a t stem  from  shed
d ing  an d  im plan ta tion  of the orig inal tum or cells a t new  
sites. W h e re a s  h ig h -g ra d e  p a p illa ry  u ro th e lia l carcinom as  

f re q u e n tly  are associated  w i th  e ith e r co n cu rren t or sub

se q u e n t in v a s iv e  u ro th e lia l carc ino m a, lo w e r-g ra d e  p a p 

i l la r y  u ro th e lia l n eo p lasm s  o fte n  recu r b u t  in fr e q u e n tly  

in v a d e  (see Table 18.2).

Fig. |8 . 18 Carcinoma in situ (CIS) with enlarged hyperchromatic nuclei and 
a mitotic figure ( a r r o w ) .

T reatm en t o f b lad d e r cancer d e p en d s  o n  tu m o r g rade 
an d  stage a n d  on  w h e th e r  the lesion  is flat o r pap illa ry . For 
sm all, localized  pap illa ry  tu m o rs th a t a re  n o t h igh-g rade, 
tran su re th ra l resection  is b o th  d iagnostic  a n d  th e rap eu ti
cally sufficient. P atien ts w ith  tu m o rs th a t are a t h ig h  risk  
for recurrence o r p ro g ressio n  typically  receive topical 
im m u n o th e rap y  consisting  of in travesical in stilla tion  of an  
a tte n u a te d  stra in  of the tubercu losis  bacillus called Bacillus 
Calmette-Guerin (BCG), som etim es fo llow ed  by  in travesical 
chem otherapy . BCG elicits a g ran u lo m ato u s reaction  tha t 
also  triggers an  effective local an ti- tu m o r im m u n e  response. 
P atien ts are  closely m o n ito red  for tu m o r recurrence w ith  
period ic  cystoscopy a n d  u rin e  cytologic stud ies. R adical 
cystectom y is reserved  for (1 ) tu m o r in v ad in g  the m uscu- 
laris p rop ria ; (2) CIS o r h igh -g rade  pap illa ry  cancer refrac
to ry  to  BCG; a n d  (3) CIS ex tend ing  in to  the p rosta tic  
u re th ra  a n d  d o w n  the p rosta tic  ducts, w h ere  BCG canno t 
com e in  con tact the neop lastic  cells. A dvan ced  b lad d e r 
cancer is trea ted  u sin g  chem otherapy , w h ich  can  pallia te  
b u t is se ldom  curative.

SEXUALLY TRANSMITTED DISEASES

Sexually  tran sm itted  d iseases (STDs) have  com plicated  
h u m an  existence for cen turies. G lobally, approx im ate ly  
15 m illion  new  cases of STD occur every  year; o f these, 4 
m illion  affect 15- to  19-year-olds, a n d  6  m illion  affect 20- to 
24-year-olds. W om en  are  far m ore  likely to  becom e infected  
by  an  STD a n d  to  be asym ptom atic . O f the 10 lead in g  
in fectious d iseases th a t req u ire  notification  of the C en ters 
for D isease C on tro l a n d  P reven tion  (CDC) in  the  U nited  
States, f iv e—ch lam yd ia l infection, gonorrhea, acqu ired  
im m unodefic iency  sy n d ro m e (AIDS), syphilis, an d  hepa 
titis B —are  STDs (Table 18.3). In  the U n ited  States, the 
tw o m o st com m on  STDs are gen ital herpes a n d  genital 
H PV  infection, b u t these do  n o t req u ire  CDC notification.
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Table 18.3 Classification of Im p o rtan t Sexually T ransm itted  Diseases

Associated Disease(s)— Distribution by Gender

Pathogen M ales B oth Fem ales

Viruses

Herpes simplex virus Primary and recurrent herpes, 
neonatal herpes

Hepatitis B virus Hepatitis

Human papillomavirus Cancer of penis (some cases) Condyloma acuminatum, anal cancer, 
oropharyngeal carcinoma

Cervical dysplasia and cancer, vulvar cancer

Human immunodeficiency virus Acquired immunodeficiency syndrome

C hlam ydiae

C h la m y d ia  t r a c h o m a t is Urethritis, epididymitis, 
proctitis

Lymphogranuloma venereum Urethral syndrome, cervicitis, bartholinitis, 
salpingitis, and sequelae

M ycoplasm as

U r e a p la s m a  u r e a ly t ic u m Urethritis Cervicitis

B acteria

N e is s e r ia  g o n o r r h o e a e Epididymitis, prostatitis, 
urethral stricture

Urethritis, proctitis, pharyngitis, 
disseminated gonococcal infection

Cervicitis, endometritis, bartholinitis, 
salpingitis, and sequelae (infertility, 
ectopic pregnancy, recurrent salpingitis)

T r e p o n e m a  p a l l id u m Syphilis

H a e m o p h i lu s  d u c r e y i Chancroid

C a ly m m a t o b a c t e r iu m  g r a n u lo m a t is Granuloma inguinale (donovanosis)

P ro to zoa

T r ic h o m o n a s  v a g in a l is Urethritis, balanitis Vaginitis

Several of these entities, such  as h u m a n  im m unodefic iency  
v iru s  (HIV) infection, H PV  infection, h epatitis  B, a n d  infec
tion  w ith  E. histolytica, are  d iscussed  in  o th e r chap ters.

Syphilis

Syphilis, o r lues, is a chronic venerea l in fection  caused  
by  the  sp irochete  Treponema pallidum. F irst recogn ized  in  
ep idem ic  fo rm  in  16 th-cen tury  E urope  as the  G rea t Pox, 
syph ilis  is endem ic in  all p a rts  of the w o rld . In  the U nited  
States, 20,000 cases o f p rim ary  an d  secondary  syphilis w ere  
rep o rte d  to  the CD C in  2014, rep resen tin g  a lm ost a th ree 
fo ld  increase since the year 2000. The increase for the  m ost 
p a r t  can  be a ttr ib u ted  to  the increased  incidence in  m en  
w h o  have  sex w ith  m en. D u rin g  2013-2014, the  incidence 
beg an  to increase in  w o m en  as w ell, ra ising  the  concern  th a t 
there  m ay  be a n  im p en d in g  increase in  cases of congenital 
syph ilis  acq u ired  from  the m other. A  stro n g  racial d isp ar
ity  is ev iden t; A frican A m ericans are affected  six tim es 
m ore o ften  th a n  w h ites. S yphilis also  is m ore  com m on in 
H IV -infected  patien ts, in  w h o m  syphilis is m ore  likely to 
p rog ress  to o rg an  invo lvem en t a n d  neurosyph ilis .

T. pallidum is a fastid ious o rgan ism  w hose  on ly  n a tu ra l 
ho st is m an . The u su a l source of infection  is con tact w ith  
a cu taneous or m ucosal lesion in  a sexual p a rtn e r  in  the 
early  (p rim ary  o r secondary) stages of syphilis. The o rgan 
ism  is tran sm itted  from  such  lesions d u rin g  sexual activ ity  
th ro u g h  m in u te  b reaks in  the sk in  o r m ucous m em branes 
of the  un in fec ted  p artn e r. In  congen ita l cases, T. pallidum 
is tran sm itted  across the p lacen ta  from  m o th e r to  fetus, 
p articu larly  d u rin g  the  early  stages of m a te rn a l infection.

O nce in tro d u ced  in to  the body , the o rgan ism s rap id ly  
d issem inate  to  d is tan t sites th ro u g h  lym phatics a n d  the 
b lood , even  before the app earan ce  of lesions a t the p rim ary

inocu la tion  site. This w id e sp re a d  d issem ination  accounts 
for the p ro tean  m an ifesta tions of the d isease (Fig. 18.19), 
w h ich  in  a d u lts  can  be  d iv id ed  in to  p rim ary , secondary , 
a n d  te rtia ry  stages.
• Primary syphilis. Several w eeks after in fection  (m ean, 21 

days), a p rim ary  lesion, te rm ed  a chancre, ap p ea rs  a t the 
p o in t of sp irochete en try . System ic d issem ination  of 
o rgan ism s occurs d u r in g  th is period , w h ile  the ho st 
m o u n ts  a n  im m u n e  response. Tw o types of an tibod ies 
are  form ed: an tibod ies  th a t cross-react w ith  h o st con
stituen ts (non treponem al an tibodies) a n d  an tibod ies to 
specific trep o n em al an tigens. This h u m o ra l response, 
how ever, fails to e rad icate  the organism s.

• Secondary syphilis. The chancre  of primary syphilis resolves 
spon taneously  over a p e rio d  of 4 to  6  w eeks a n d  is fol
low ed  in  app rox im ate ly  25% of u n tre a te d  p a tien ts  by 
the d ev e lo p m en t o f secondary  syph ilis . The m an ifesta 
tions of secondary  syphilis, d iscussed  in  g rea ter detail 
later, inc lude  generalized  ly m p h a d en o p a th y  an d  m uco 
cu taneous lesions. The mucocutaneous lesions of both 
primary and secondary syphilis are teeming with spirochetes 
and are highly infectious. Like the  chancre, the  lesions of 
secondary  syphilis reso lve even  w ith o u t an tim icrobial 
therapy , a t w h ich  p o in t p a tien ts  are  sa id  to  be  in  early 
latent-phase syphilis.

• Tertiary syphilis. P atien ts w ith  u n tre a te d  syphilis nex t 
en ter a n  asym ptom atic , late latent p h ase  of the  illness, 
defined  as be ing  m ore th an  1  y ear after the  in itia l infec
tion. In  ab o u t one th ird  o f cases, new  sym ptom s develop  
over the nex t 5 to  20 years. This la te  sym ptom atic  phase , 
o r tertiary syphilis, is m ark ed  by the d ev e lo p m en t of 
lesions in  the card iovascu lar system , cen tra l n e rv o u s 
system , or, less frequen tly , o ther o rgans. S p irochetes are  
m u ch  m ore d ifficult to  d em o n stra te  d u rin g  the la ter
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STAGE PATHOLOGY

Chancre

Palmar rash 
Lymphadenopathy 
Condyloma latum

Neurosyphilis: Meningovascular
Tabes dorsalis 
General paresis 

Aortitis: Aneurysms
Aortic regurgitation 

Gummas: Hepar lobatum
Skin, bone, others

Late abortion or stillbirth

Infantile:

Rash
Osteochondritis
Periostitis
Liver and lung fibrosis

Interstitial keratitis 
Childhood: Hutchinson teeth

Eighth nerve deafness

Fig. m 9 Protean manifestations of syphilis.

stages of d isease, a n d  p a tien ts  are accord ing ly  m u ch  less 
likely to  be in fectious th a n  are  those  in  the p rim ary  or 
secondary  stages of d isease.

T. pallidum  also  m ay  be tran sm itted  across the p lacen ta  
from  an  in fected  m o th e r to  the  fetus a t an y  tim e d u rin g  
p regnancy , lead in g  to the  d ev e lo p m en t of congenital syphi
lis. The likelihood  of transm ission  is g rea test d u rin g  the 
early  (p rim ary  an d  secondary) stages of disease, w h e n  spi
rochetes a re  m ost n um erous. Because the m an ifesta tions of 
m a te rn a l d isease m ay  be sub tle , ro u tin e  serologic testing  
for syph ilis  is m a n d a to ry  in  all p regnancies. The stigm ata  
of congen ita l syphilis typically  do  n o t develop  u n til after 
the fo u rth  m o n th  of p regnancy . In  the absence of trea t
m ent, as m any  as 40% of in fected  in fan ts d ie  in  u tero , typ i
cally after the  fo u rth  m onth . The incidence of congenital 
syphilis is expected  to  rise  because in fection  ra tes in  w o m en  
have  increased  in  recen t years.

^  M O R P H O L O G Y

T h e  p ath o g n o m o n ic  m icroscop ic lesion o f syphilis is a  

p ro life ra tiv e  e n d a rte rit is  w ith  an accom panying  in fla m 

m a to ry  in f iltra te  rich in p lasm a cells. Endarteritis has a 

central role in tissue injury at all sites involved by syphilis, but 

its pathogenesis is not understood; there is no evidence that the 

spirochetes cause any damage to  host tissues directly. Instead, it 

is thought that the host immune response is responsible for the 

endothelial cell activation and proliferation that is the hallmark 

of the endarteritis, which eventually leads to perivascular fibrosis 

and luminal narrowing.

Both p r im a ry  and secondary  syphilis are associated with 

characteristic lesions.The chancre  of primary syphilis is typically 

indurated and has been referred to as a hard chancre, to

distinguish it from the soft chancre of chancroid caused by H a e 

m o p h i l u s  d u c r e y i  (discussed later). The primary chancre in males 

usually is on the glans, corona, or perianal region. In females, 

multiple chancres may be present, usually on the labia or vagina 

as well as the perianal region. The chancre begins as a small, 

painless, firm papule 2 to  4 weeks after sexual exposure, which 

gradually enlarges to produce a painless ulcer with well-defined, 

indurated margins and a “clean,” moist base (Fig. 18.20). Regional 

lymph nodes often are slightly enlarged and firm. Microscopic 

examination of the ulcer reveals the typical lymphocytic and 

plasmacytic inflammatory infiltrate and endarteritis. Spirochetes 

are readily demonstrable in histologic sections of early lesions 

with the use of standard silver stains (e.g.,Warthin-Starry stains) 

or immunohistochemical stains specific for spirochetes. W ithin  

approximately 2 months of resolution of the chancre, the lesions

Fig. 18.20 (A) Syphilitic chancre of the scrotum. Such lesions typically are 
painless despite the presence of ulceration, and they heal spontaneously. (B) 
Histologic features of the chancre include a diffuse plasma cell infiltrate 
beneath squamous epithelium of skin.
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of secondary syphilis appear. The manifestations of secondary 

syphilis are varied but typically include a combination of general

ized lymph node enlargement and a variety of m ucocutaneous  

lesions. Skin lesions usually are symmetrically distributed; may 

be maculopapular, scaly, or pustular; and characteristically involve 

the palm s o f th e  hands and soles o f th e  fe e t. In moist skin 

areas, such as the anogenital region, inner thighs, and axillae, 

broad-based, elevated lesions termed co n d y lo m a ta  la ta  may 

appear (not to be confused with condyloma acuminata caused 

by HPV) (Chapters 18 and 23). Superficial mucosal lesions resem

bling condylomata lata can occur anywhere but are particularly 

common in the oral cavity and pharynx and on the external 

genitalia. Histologic examination of mucocutaneous lesions 

during the secondary phase of the disease reveals the character

istic proliferative endarteritis and, with special stains or immu- 

nohistochemistry, spirochetes, which are often abundant. 

Lymphadenopathy is most common in the neck and inguinal 

areas. Histologic examination of enlarged nodes demonstrates 

hyperplasia of germinal centers accompanied by increased 

numbers of plasma cells or, less commonly, granulomas o r neu

trophils. Less common manifestations of secondary syphilis 

include hepatitis, renal disease, eye disease (iritis), and gastro

intestinal abnormalities.

Lesions associated with te r t ia r y  syphilis develop in approx

imately one third of untreated patients, usually after a latent 

period of 5 years or more. These are divided into three major 

categories: cardiovascular syphilis, neurosyphilis, and so-called 

“benign” tertiary syphilis, which may occur singly or in combina

tion. Cardiovascular syphilis takes the form of syphilitic  a o rtit is  

and accounts for more than 80% of cases of tertiary disease; it 

is much more common in men than in women. Syphilitic aortitis 

is discussed further in Chapter 10. N eurosyph ilis  accounts for 

10% of cases of tertiary syphilis overall but occurs at increased 

frequency in those with concomitant H IV  infection; it is discussed 

in detail in Chapter 22. Large areas of parenchymal damage in 

tertiary syphilis result in the formation of a g u m m a . On micro

scopic examination, the gumma contains a central zone of coagu- 

lative necrosis surrounded by dense fibrous tissue containing a 

mixed inflammatory infiltrate composed of lymphocytes, plasma 

cells, activated macrophages (epithelioid cells), and occasional 

giant cells, features that suggest a delayed hypersensitivity reac

tion. Gummas occur most commonly in bone, skin, and the 

mucous membranes of the upper airway and mouth, but any 

organ may be affected. Spirochetes are only rarely demonstrable. 

Once common, gummas have become exceedingly rare thanks 

to effective antibiotics such as penicillin. They are reported now 

mostly in patients with AIDS.

Manifestations of congen ita l syphilis include stillbirth, infan

tile syphilis, and late (tardive) congenital syphilis.

• Among infants who are stillborn, the most common manifesta

tions are hepatomegaly, bone abnormalities, pancreatic fibrosis, 

and pneumonitis. The liver often shows extramedullary hema

topoiesis and portal tract inflammation. Changes in the bones 

include inflammation and disruption of the osteochondral junc

tion in long bones and, on occasion, bone resorption and 

fibrosis of the flat bones of the skull. The lungs may be firm 

and pale as a result of the presence of inflammatory cells and 

fibrosis in the alveolar septa (pneumonia alba). W ith  special 

stains, spirochetes are readily seen in tissue sections.

• In fa n tile  syphilis refers to congenital syphilis in infants that 

manifests at birth or within the first few months of life.Affected

infants present with chronic rhinitis (snuffles) and mucocutane

ous lesions similar to  those seen in secondary syphilis in adults. 

Visceral and skeletal changes resembling those seen in stillborn 

infants also may be present.

• L a te , o r  ta rd iv e , congen ita l syphilis refers to  cases of 

untreated congenital syphilis of more than 2 years’ duration. 

Classic manifestations include the Hutchinson triad: notched 

central incisors, interstitial keratitis with blindness, and deaf

ness from eighth cranial nerve injury. O ther changes include a 

so-called “saber shin” deformity caused by chronic inflamma

tion of the periosteum of the tibia, deformed molar teeth 

(“mulberry molars”), chronic meningitis, chorioretinitis, and 

gummas of the nasal bone and cartilage with a resultant “sad- 

dlenose” deformity. * •

C lin ica l Features

S yphilis rem ains h igh ly  sensitive to  an tib io tics such  as 
penicillin , a sh o rt course of w h ich  is sufficient to trea t all 
stages of the d isease. Serology is the m ainstay  of d iagnosis. 
Serologic tests for syphilis inc lude  n o n trep o n em al an ti
b o d y  tests a n d  an titrep o n em al an tib o d y  tests. N o n trep o n e 
m al tests m easu re  an tib o d y  to  card io lip in , a n  an tig en  th a t 
is p re sen t in  b o th  h o st tissues a n d  the treponem al cell w all. 
These an tibod ies a re  de tected  by  the ra p id  p lasm a reag in  
(RPR) an d  V enereal D isease R esearch L aborato ry  (VDRL) 
tests. N o n trep o n em al an tib o d y  tests are  u sua lly  positive  by 
4 to 6  w eeks of in fection  a n d  are  s trong ly  positive  in  the 
secondary  phase  of infection. H ow ever, n o n trep o n em al 
an tibody  test resu lts  m ay  rev e rt to  negative  d u rin g  the 
te rtia ry  phase  or, conversely , m ay  o n  occasion be persis 
ten tly  positive  in  som e p a tien ts  after successful trea tm en t. 
T w o ad d itio n a l po in ts re g a rd in g  n o n trep o n em al an tibody  
tests deserve  em phasis:
• N o n trep o n em al an tib o d y  test resu lts  o ften  are  negative  

d u rin g  the early  stages of disease, ev en  in  the  presence 
of a p rim ary  chancre. If there  is a  h ig h  degree  of susp i
cion, these tests sh o u ld  be rep ea ted  in  a few  w eeks.

• A s m an y  as 15% of positive  VDRL test resu lts  are  u n re 
la ted  to  syphilis. These false-positive resu lts, w h ich  m ay 
be acu te  (transien t) o r chronic (persisten t), increase in  
frequency  w ith  age a n d  are associa ted  w ith  a va rie ty  of 
conditions, in c lu d in g  the an tip h o sp h o lip id  an tibody  
sy n d ro m e (C hap ter 4).

T reponem al an tib o d y  tests also  becom e positive  w ith in  
4 to 6  w eeks after a n  in fection  b u t (un like  those  for non 
trep o n em al an tib o d y  tests) they  u sually  rem ain  positive 
indefin itely , even  after successful trea tm en t. H istorically , 
trep o n em al an tib o d y  tests have  been  u sed  to  confirm  the 
d iagnosis of syphilis in  those  w ith  a  positive  n o n trep o n e 
m al an tib o d y  test. H ow ever, thanks to  recen t test im p ro v e 
m en ts, som e cen ters have  reversed  th is a lg o rith m  a n d  now  
use  trep o n em al an tib o d y  tests for screen ing  an d  n o n trep o 
n em al an tib o d y  tests to  confirm  the  d iagnosis. A s w ith  all 
serologic tests for infection, certa in  p itfalls m u st be consid 
e red  w h e n  in te rp re tin g  these tests, in c lu d in g  the tim ing  of 
the  test re la tive  to  the in fection  (e.g., too  early  for a n  an ti
b o d y  response  to  have  been  m o u n ted ) a n d  the con found 
in g  influence of a lte red  im m un ity , p a rticu la rly  in  those 
w h o  are  H IV -infected.

http://ebooksmedicine.net

http://ebooksmedicine.net


708 C H A P T E R  18 Male Genital System and Lower Urinary Tract

Ä s U M M A R Y

S Y P H IL IS

• Syphilis is caused by T p a l l i d u m  and has three stages.

• Primary syphilis: A  painless lesion called a c h a n c r e  develops 

on the external genitalia along with regional lymph node 

enlargement.

• Secondary syphilis: Generalized lymphadenopathy and muco

cutaneous lesions that may be maculopapular or take the 

form of flat raised lesions called c o n d y l o m a t a  la t a .

• Tertiary syphilis: May cause proximal aortitis and aortic insuf

ficiency; may involve the brain, meninges, and the spinal cord; 

or may cause focal granulomatous lesions called g u m m a s  in 

multiple organs.

• Congenital syphilis is caused by maternal transmission of the 

spirochetes during vaginal birth, mostly during the primary and 

secondary stages of disease in the mother. It may lead to  

stillbirth or cause widespread tissue injury in liver, spleen, lung, 

bones, and pancreas.

• Most syphilitic lesions demonstrate proliferative endarteritis 

and a plasma cell-rich inflammatory infiltrate. Gummas have a 

central area of necrosis surrounded by lymphoplasmacytic 

infiltrates, activated macrophages, and fibrosis.

• The diagnostic mainstay is serologic testing. Nontreponemal 

antibody tests (VDRL and RPR) are usually positive in early 

disease, but may be negative in advanced disease. Treponeme- 

specific antibody test results become positive later and remain 

positive indefinitely.

Gonorrhea

G onorrhea  is a sexually  tran sm itted  infection  caused  by 
Neisseria gonorrhoeae. It is second  on ly  to  ch lam ydia l infec
tion  (d iscussed  later) am o n g  rep o rtab le  com m unicab le  d is
eases in  the U n ited  States. W ith  an  estim ated  350,000 cases 
rep o rte d  in  2014, it rem ains a m ajor pub lic  h ea lth  p rob lem . 
C oinfection  w ith  o th er STDs is com m on, p articu larly  Chla
mydia trachomatis, w h ich  is fo u n d  in  30% of m ales w ith  
gonorrhea . The g rav ity  of gonococcal in fections has 
increased  w ith  the em ergence of stra in s o f N. gonorrhoeae 
th a t are  res is tan t to m u ltip le  antibiotics.

H u m a n s  are  the  on ly  n a tu ra l reservo ir for N. gonor- 
rhoeae. The o rg an ism  is h igh ly  fastid ious, a n d  sp read  of 
in fection  requ ires  d irec t con tact w ith  the  m ucosa of an  
infected  in d iv id u a l, u su a lly  d u r in g  sexual activ ity . The 
bacteria  in itia lly  a ttach  to  m ucosal ep ithe lium , particu larly  
of the  co lu m n ar o r transitiona l type, u sin g  a varie ty  of 
m em brane-assoc ia ted  adh esio n  m olecu les a n d  s truc tu res  
te rm ed  pili (C hap ter 9). Such a ttach m en t p rev en ts  the 
o rg an ism  from  being  uncerem on iously  flu shed  aw ay  by 
b o d y  flu ids such  as u rin e  o r endocerv ical m ucus. The 
o rgan ism  th en  pen e tra tes  th ro u g h  the ep ithelia l cells to 
invade  the d eep er tissues of the host.

^  M O R P H O L O G Y

N .  g o n o r r h o e a e  provokes an intense, suppurative inflammatory 

reaction. In males, this manifests most often as a purulent 

urethral discharge, associated with an edematous, congested

Fig. I 8-2I N e is s e r ia  g o n o r r h o e a e .  Gram stain of urethral discharge demon
strates characteristic gram-negative, intracellular diplococci ( a r r o w ) .  ( C o u r te s y  

o f  D r .  R i ta  G a n d e r ,  D e p a r t m e n t  o f  P a th o lo g y ,  U n iv e r s i t y  o f  T e x a s  S o u th w e s te rn  

M e d ic a l  S c h o o l,  D a lla s ,  Texas.)

urethral meatus. Gram-negative diplococci, many within the 

cytoplasm of neutrophils, are readily identified in Gram stains 

of the purulent exudate (Fig. 18.21). Ascending infection may 

result in the development of acute prostatitis, epididymi

tis (Fig. 18.22), or orchitis. Abscesses may complicate severe 

cases. Urethral and endocervical exudates tend to be less 

conspicuous in females, although acute inflammation of adja

cent structures, such as the Bartholin glands, is fairly common. 

Ascending infection involving the uterus, fallopian tubes, and 

ovaries results in acute salpingitis, sometimes complicated by 

tuboovarian abscesses. The acute inflammatory process is fol

lowed by the development of granulation tissue and scarring, 

with resultant strictures and other permanent deformities of 

the involved structures, giving rise to p e l v i c  i n f l a m m a t o r y  d i s e a s e  

(Chapter 19).

Fig. 18.22 Acute epididymitis caused by gonococcal infection. The epididy
mis is involved by an abscess. Normal testis is seen on the right.
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C lin ica l Features

In  m o st in fected  m ales, gono rrh ea  is m an ifested  by the 
p resence of dysuria, urinary frequency, and a mucopurulent 
urethral exudate w ith in  2 to  14 days of the tim e of in itial 
infection. H ow ever, u re th ra l gonococcal infection  can  be 
de tec ted  in  40% of asym ptom atic  m ale  contacts of w o m en  
w ith  sym ptom atic  gonorrhea. T rea tm en t w ith  a p p ro p ria te  
an ti-m icrobial th e rap y  resu lts  in  e rad ica tion  of the o rgan 
ism  a n d  p ro m p t reso lu tio n  of sym ptom s. U n trea ted  infec
tions m ay  ascend  to  involve the  p ro sta te , sem inal vesicles, 
ep id idym is, a n d  testis. N eg lected  cases m ay  be com pli
ca ted  by  chronic u re th ra l stric tu re  and , in  m ore  ad vanced  
cases, by  p e rm a n e n t sterility . U n trea ted  m en  also  m ay 
becom e chronic carriers of N. gonorrhoeae.

A m ong  fem ale patien ts, acu te infections acqu ired  by 
vag inal in tercourse m ay  be asym ptom atic  o r m ay  be asso
ciated  w ith  dysuria, lower pelvic pain, and vaginal discharge. 
U ntreated  cases m ay  be com plicated  by ascending  infec
tion, lead ing  to  acute inflam m ation  of the fallopian  tubes 
(salpingitis) an d  ovaries. Scarring of the fallopian  tubes m ay 
occur, w ith  resu ltan t infertility an d  an  increased risk  for 
ectopic pregnancy. G onococcal infection of the u p p e r genital 
tract m ay  sp read  to  the  peritoneal cavity, w here  the exudate  
m ay  extend  u p  the rig h t paracolic gu tte r to  the dom e of 
the  liver, resu lting  in  gonococcal perihepatitis. D epend ing  
on  sexual practices, o ther sites of p rim ary  infection in  bo th  
m ales an d  fem ales include the  o ropharynx  an d  the ano
rectal area, w ith  resu ltan t acute pharyng itis  an d  proctitis, 
respectively.

Disseminated infection is m u ch  less com m on  th an  local 
infection, occurring  in  0.5% to 3% of cases of gonorrhea. It 
is m ore  freq u en t in  fem ales th a n  in  m ales. M anifesta tions 
include, m o st com m only , tenosynovitis, a rth ritis , an d  p u s 
tu la r  o r hem orrhag ic  skin  lesions. E ndocard itis  an d  m en 
ing itis  a re  ra re  p resen ta tions. S trains th a t cause d issem inated  
in fection  u sually  are resis tan t to  the lytic ac tion  of com ple
m en t, b u t ra re  pa tien ts  w ith  in h erited  com plem en t defi
ciencies are  suscep tib le  to  system ic sp read  reg ard less  of the 
in fecting  strain .

G on o co cca l in fe c tio n  m a y  b e  tra n s m itte d  to  in fa n ts  

d u r in g  passage th ro u g h  th e  b ir th  cana l. The affected 
neo n a te  m ay  develop  p u ru le n t in fection  of the eyes (oph
thalmia neonatorum), a n  im p o rta n t cause of b lindness in  the 
past. The ro u tin e  app lica tion  of an tib io tic  o in tm en t to  the 
eyes of n ew b o rn s has m ark ed ly  red u ced  th is  d iso rder.

B oth cu ltu re  a n d  a varie ty  of tests th a t de tec t o rganism - 
specific nucleic  acids can  be u sed  to  d iagnose  gonococcal 
infections. The ad v an tag e  o f cu ltu re  is th a t it p e rm its  de ter
m in a tio n  of an tib io tic  sensitiv ity . N ucleic  a c id -b ased  tests 
are  m ore  ra p id  a n d  som ew h at m ore  sensitive th an  cu ltu re , 
an d  are  being  u se d  increasingly .

f t  S U M M A R Y

G O N O R R H E A

• Gonorrhea is a common STD affecting the genitourinary tract. 

Control of dissemination requires an effective complement- 

mediated immune response.

• Gonorrhea presents with dysuria and a milky, purulent urethral 

discharge, although a high frequency of cases are asymptomatic.

• About 30% of men with gonococcal urethritis also are infected 

with C . t r a c h o m a t i s .

• Pregnant women can transmit gonorrhea to  newborns during 

passage through the birth canal.

• Diagnosis can be made by culture of the exudates as well as 

by nucleic acid amplification techniques.

Nongonococcal Urethritis and Cervicitis

N ongonococcal u re th ritis  (NGU) a n d  cervicitis a re  the 
m o st com m on  form s of STD. A  varie ty  of o rgan ism s are  
im p lica ted  in  the pa thogenesis  o f N G U  a n d  cervicitis, 
in c lu d in g  C. trachomatis, Mycoplasma genitalium, Tricho
monas vaginalis, a n d  Ureaplasma urealyticum. I n  th e  U n ite d  

States , m o st cases are  a p p a re n tly  caused  b y  C. trachoma
tis, a n d  th is  o rg a n is m  is b e lie v e d  to  b e  th e  m o st c o m m o n  

b a c te r ia l cause o f  S T D  in  th e  U n i te d  States. Mycoplasma 
genitalium is a close second  as a cause of N G U . The fre
quency  of causative  agen ts varies geograph ically  a n d  in  
certa in  p a tien t p o p u la tio n s  such  a m en  h av in g  sex w ith  
m en. In  a lm ost 50% of the cases w o rld  w id e  no  p a th o g en  
can  be iden tified . A s d iscussed  earlier, gono rrhea  infection  
frequen tly  is accom pan ied  by ch lam yd ia l infection.

C. trachomatis is a sm all g ram -negative  bac terium  tha t is 
a n  obligate in trace llu la r p a thogen . It exists in  tw o  form s. 
The in fectious form , the elementary body, is capable of a t 
least lim ited  su rv iva l in  the ex tracellu lar env ironm en t. The 
e lem en tary  body  is taken  u p  by  h o st cells, p rim arily  
th ro u g h  a p rocess o f recep to r-m ed ia ted  endocytosis. O nce 
in sid e  the cell, the e lem en tary  body  d ifferen tia tes in to  a 
m etabolically  active form , te rm ed  the  reticulate body. U sing  
the energy  sources of the  ho st cell, the  re ticu la te  body  rep 
licates a n d  u ltim ate ly  form s new  infectious e lem en tary  
bodies, w h ich  have  a trop ism  for co lum nar ep ithelia l cells.

C. trachomatis infections are associated  w ith  a  w id e  
range  of clinical fea tu res th a t a re  v irtua lly  in d is tin g u ish 
ab le from  those  caused  by N. gonorrhoeae. Clinically, 
p a tien ts  typically  p re sen t 1 to  5 w eeks after exposu re  w ith  
d y su ria  w ith  or w ith o u t u re th ra l d ischarge. P a tien ts m ay 
develop  ep id idym itis , p rosta titis , pelv ic in flam m atory  
disease, pharyng itis , conjunctiv itis, pe rihepa tic  in flam m a
tion, and , am o n g  in d iv id u a ls  w h o  engage in  an a l sex, p roc
titis. It is the  m o st com m on  cause of ep id id y m itis  in  y o u n g  
m en. Sim ilar to gonococcus, a large  percen tage  of bo th  m en  
an d  w o m en  are  asym ptom atic . C. trachomatis also  causes 
ly m p h o g ran u lo m a  v en e reu m  (LGV), d iscussed  in  the nex t 
section. The in fection  m ay  be tran sm itted  to n ew borns 
d u rin g  vag ina l b irth , w h e re  u p  to  15% of exposed  new 
bo rns develop  ch lam yd ia l p n eu m o n ia  an d  50% develop  
ch lam yd ia l conjunctivitis.

The m orpho log ic  a n d  clinical fea tu res of ch lam ydial 
infection, w ith  the exception  of ly m p h o g ran u lo m a vene
reum , are v irtu a lly  iden tical to  those of gonorrhea. The 
p rim ary  in fection  is charac terized  by a w a te ry  to  m u co p u 
ru len t d ischarge  th a t con ta ins a p red o m in an ce  of n eu tro 
phils. O rgan ism s are  no t visible in  G ram -sta ined  sections. 
In  con trast w ith  the gonococcus, C. trachomatis canno t be 
iso la ted  w ith  the use  of conven tional cu ltu re  m ed ia . The 
d iagnosis is best m a d e  by a nucleic  acid  am plification  test 
on  vo id ed  u rine , w h ich  is now  the go ld  s tan d a rd . A no ther 
im p o rtan t m an ifesta tion  of ch lam ydia l in fection  is reactive
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arthritis (form erly  k n o w n  as Reiter syndrome), p red o m i
nan tly  in  p a tien ts  w h o  are  HLA-B27 positive. This cond ition  
typically  m an ifests  as a com bination  of u re th ritis , conjunc
tivitis, arth ritis , a n d  generalized  m ucocu taneous lesions.

f t  S U M M A R Y

N O N G O N O C O C C A L  U R E T H R IT IS  A N D  

C E R V IC IT IS

• N G U  and cervicitis are the most common forms of STD. Most 

cases are caused by C .  t r a c h o m a t i s ,  and the rest by T  v a g in a l i s ,  

M .  g e n i t a l i u m  a n d  U .  u r e a l y t i c u m .

• C . t r a c h o m a t i s  is a gram-negative intracellular bacterium that 

causes a disease that is clinically indistinguishable from gonorrhea 

in both men and women. Diagnosis can be made by sensitive 

nucleic acid amplification tests in urine samples or vaginal swabs.

• In patients who are HLA-B27 positive, C . t r a c h o m a t i s  infection 

can cause reactive arthritis along with conjunctivitis and gen

eralized mucocutaneous lesions.

Lymphogranuloma Venereum
LGV is a chronic, ulcerative disease caused by certain  strains 
o f C. trachomatis th a t are d istinct from  those causing the m ore 
com m on nongonococcal ure thritis o r cervicitis discussed 
earlier. It is endem ic in  parts  of Asia, Africa, the C aribbean 
region, an d  South  A m erica. A n increased incidence has been 
no ted  in  the US in  the p as t 15 years, du e  in  large p a rt of 
infections in  m en  hav ing  sex w ith  m en, w h o  are often co 
infected w ith  HIV. As in  the case of g ranulom a inguinale 
(discussed later), sporadic cases of LGV are seen m ost often 
am ong  ind iv iduals w ith  m ultip le  sexual partners.

M O R P H O L O G Y

LGV may present as nonspecific urethritis or papular or ulcer

ative lesions involving the lower genitalia. Subsequently, tender 

enlarged matted inguinal and/or femoral lymphadenopathy 

ensues that typically is unilateral and is often associated with 

fistulous tracts. Proctocolitis also can be seen.The lesions contain 

a m ixed  g ra n u lo m ato u s  and n eu tro p h ilic  in f la m m a to ry  

response. Variable numbers of chlamydial inclusions may be 

seen in the cytoplasm of epithelial cells or inflammatory cells 

with special staining methods. Regional lymphadenopathy is 

common, usually appearing within 30 days of the time of infection. 

Lymph node involvement is characterized by a granulomatous 

inflammatory reaction associated with irregularly shaped foci of 

necrosis and neutrophilic infiltration (s te lla te  abscesses). 

W ith  time, the inflammatory reaction gives rise to extensive 

fibrosis that can cause local lymphatic obstruction and strictures, 

producing lym p h e d e m a .

C lin ica l Features

W ith in  1 to 2 w eeks of exposure , p rim ary  in fection  ap p ea rs  
a t the  site o f inocu la tion  in  the  fo rm  of a  gen ita l u lcer o r a 
m ucosal in flam m atory  reaction . These p rim ary  lesions heal 
spon taneously , b u t the  o rgan ism s a t these sites seed d ra in 
in g  ly m p h  nodes, triggering  a necro tiz ing  ly m p h ad en itis  2  

to  6  w eeks after the in itia l exposure . The ly m p h ad en itis  is 
u sua lly  u n ila te ra l a n d  painfu l, a n d  m ay  lead  to  abscess

form ation . A bscesses som etim es ru p tu re , sp read in g  the 
in flam m ato ry  process in to  su rro u n d in g  soft tissues. Rectal 
infections m ay  p rog ress  to  p roctocolitis, associa ted  w ith  
pain , constipation , fever, a n d  b leed ing , fea tu res th a t m im ic 
in flam m ato ry  bow el disease. If u n trea ted , rectal fissures 
an d  stric tu res m ay  develop  secondary  to  in flam m ation  and  
fibrosis.

The d iagnosis o f LGV is difficult because laborato ry  
tests are n o t s ta n d a rd iz e d  a n d  serologic tests have low  
specificity. As w ith  o th er ch lam ydia l infections, nucleic 
acid am plification  tests have the h ighest sensitiv ity  an d  
specific a n d  are becom ing  m ore w id e ly  available. C u ltu re  
an d  serologic tests a re  less sensitive b u t a re  still u sed , p a r 
ticu larly  in  a reas w h ere  nucleic acid  am plification  tests are  
no t available.

Chancroid (Soft Chancre)
C hancro id , som etim es called  the " th ird "  venereal d isease 
(after syphilis an d  gonorrhea), is a n  acute, u lcerative  infec
tion  caused  by  Haemophilus ducreyi, a  sm all, g ram -negative  
coccobacillus. The d isease is m ost com m on  in  trop ical an d  
sub trop ica l a reas  a n d  is m ore  p rev a len t in  low er socioeco
nom ic g roups, p a rticu la rly  am o n g  m en  w h o  have reg u la r 
con tact w ith  p ro s titu te s . C h a n c ro id  is one o f  th e  m o st 

c o m m o n  causes o f  g e n ita l u lcers  in  A fr ic a  a n d  S o u th eas t  

A s ia , w h e re  i t  serves as a n  im p o r ta n t  co fac to r in  th e  tra n s 

m is s io n  o f  H I V  in fe c tio n . C hancro id  p robab ly  is u n d e rd i
ag n o sed  in  the U n ited  S tates because m o st STD clinics do  
n o t hav e  facilities for iso la ting  H. ducreyi, a n d  PC R -based 
tests are  n o t w id e ly  available.

M O R P H O L O G Y

The primary lesion of chanchroid appears first as a papule that 

rapidly breaks down to  produce a ulcer. On microscopic exami

nation, the ulcer of chancroid contains a superficial zone of 

neutrophilic debris and fibrin, with an underlying zone of granula

tion tissue containing areas of necrosis and thrombosed vessels. 

A  dense, lymphoplasmacytic inflammatory infiltrate is present 

beneath the layer of granulation tissue. Secondarily involved 

draining lymph nodes also exhibit necrotizing inflammation that 

frequently progresses to abscess formation.

C lin ica l Features

The p rim ary  lesion of chanch ro id  a p p ea rs  w ith in  4 to  7 
days of inoculation . In  m ale patien ts, the p rim ary  lesion is 
u su a lly  on  the  penis; in  fem ale patien ts, m o st lesions occur 
in  the vag ina  o r p e riu re th ra l area. O ver the course of several 
days, the surface of the p rim ary  lesion  erodes to  p ro d u ce  
a n  irreg u la r ulcer, w h ich  is m ore  likely to  be p a in fu l in  
m ales th a n  in  fem ales. The reg ional ly m p h  nodes, p a rticu 
larly  in  the  in g u in a l reg ion , becom e en la rg ed  a n d  ten d er 
in  a b o u t 50% of cases w ith in  1 to  2 w eeks of the  p rim ary  
inoculation . In  u n tre a te d  cases, the  in flam ed  a n d  en larged  
n o d es (buboes) m ay  erode  the overly ing  skin  to  p ro d u ce  
chronic, d ra in in g  u lcers. A  defin itive d iagnosis requ ires  the 
iden tification  of H. ducreyi on  special cu ltu re  m ed ia  th a t are  
n o t w id e ly  availab le  from  com m ercial sources; even  w h e n  
such  m ed ia  a re  u sed , sensitiv ity  is less th a n  80%. Therefore, 
the d iagnosis o ften  is based  on  clinical g ro u n d s  alone.
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Granuloma Inguinale

G ran u lo m a ingu ina le  is a chronic in flam m ato ry  d isease 
caused  by Calymmatobacterium granulomatis, a m inu te , 
en cap su la ted  coccobacillus re la ted  to the  Klebsiella genus. 
This d isease is u n co m m o n  in  the  U n ited  S tates a n d  W estern  
E urope, b u t it is endem ic  in  the ru ra l p a rts  of certa in  trop i
cal a n d  sub trop ica l regions. W hen  it occurs in  u rb a n  set
tings, transm ission  o f C. granulomatis typically  is associated  
w ith  a h is to ry  of m u ltip le  sexual p a rtn e rs . U n trea ted  cases 
a re  charac terized  by extensive scarring , o ften  associated  
w ith  lym phatic  obstruc tion  a n d  ly m p h ed em a (e lephan tia 
sis) o f the ex ternal genitalia. C u ltu re  of the o rg an ism  is 
difficult, a n d  PC R -based assays are n o t w id e ly  available.

M O R P H O L O G Y

Granuloma inguinale causes genital ulceration, accompanied by 

the development of abundant granulation tissue. Disfiguring scars 

may develop in untreated cases, sometimes associated with for

mation of urethral, vulvar, or anal strictures. In contrast with 

chancroid, regional lymph nodes typically are spared or show 

only nonspecific reactive changes.

Microscopic examination of active lesions reveals marked 

epithelial hyperplasia at the borders of the ulcer, sometimes 

mimicking carcinoma (p s eu d o ep ith e lio m ato u s  hyperp lasia).

A  mixture of neutrophils and mononuclear inflammatory cells is 

present at the base of the ulcer and beneath the surrounding 

epithelium. The organisms are demonstrable in Giemsa-stained 

smears of the exudate as minute coccobacilli within vacuoles in 

macrophages (D on ovan  bod ies). Silver stains (e.g., the W arthin- 

Starry stain) also may be used to  demonstrate the organism.

Ä S U M M A R Y

L Y M P H O G R A N U L O M A  V E N E R E U M , C H A N C R O ID ,  

A N D  G R A N U L O M A  IN G U IN A L E

• LGV is caused by C .  t r a c h o m a t i s  serotypes that are distinct from 

those that cause nongonococcal urethritis. LGV is associated 

with urethritis, ulcerative genital lesions, lymphadenopathy, and 

involvement of the rectum. The lesions show both acute and 

chronic inflammation; they progress to  fibrosis, with conse

quent lymphedema and formation of rectal strictures. Diagno

sis is made by nucleic acid amplification tests and serology.

• H .  d u c r e y i  infection causes an acute painful ulcerative genital 

infection called c h a n c r o i d .  Inguinal node involvement occurs in 

many cases and leads to  their enlargement and ulceration. 

Ulcers show a superficial area of acute inflammation and 

necrosis, with an underlying zone of granulation tissue and 

mononuclear infiltrate. Diagnosis is possible by culture of the 

organism.

• G r a n u lo m a  i n g u in a le  is a chronic fibrosing STD caused by C .  

g r a n u l o m a t i s .  The initial papular lesion on the genitalia expands 

and ulcerates, with formation of urethral, vulvar, or anal stric

tures in some cases. Microscopic examination reveals granula

tion tissue and intense epithelial hyperplasia that can mimic 

squamous cell carcinoma. Organisms are visible as small intra

cellular coccobacilli within vacuolated macrophages (Donovan 

bodies).

Trichomoniasis

T. vaginalis is a sexually transm itted  p ro tozoan  tha t is a  fre
q u en t cause of vaginitis. The trophozoite  form  adheres to the 
m ucosa, w here  it causes superficial lesions. In  females, T. 
vaginalis infection often is associated w ith  loss of acid- 
p roducing  lactobacilli. The incubation  period  is 4 to  28 days. 
It m ay be asym ptom atic  o r be associated w ith  p ru ritu s  and  
a profuse, frothy, yellow  vaginal discharge. U rethral coloni
zation  m ay  cause u rinary  frequency a n d  dysuria . T. vaginalis 
infection typically is asym ptom atic  in  m ales b u t in  som e 
cases m ay  m anifest as nongonococcal urethritis. The organ
ism  usually  is dem onstrable in  sm ears of vaginal scrapings.

Genital Herpes Simplex

G enital herpes infection, o r herpes genitalis, is a very 
com m on STD. A ccording to CDC, approxim ately  800,000 
people get new  infections every  year in  the U nited  States. 
O ne in  six persons betw een  the ages of 14 an d  49 has HSV-2 
infection in  the US. W ith  increasing rate  of HSV-1 infections 
the overall prevalence of genital herpes is likely m uch  higher. 
A lthough  bo th  herpes sim plex v irus 1 (HSV-1) an d  HSV-2 
can cause anogenital o r oral infections, m ost cases of ano
genital herpes are caused by HSV-2. H ow ever, recent years 
have seen a rise in  the num ber of genital infections caused 
by HSV-1, in  p a rt d u e  to the increasing practice of oral sex. 
G enital HSV infection m ay  occur in  any  sexually active pop 
ulation. A s w ith  o ther STDs, the risk for infection is directly 
re la ted  to the n u m b er of sexual contacts. U p to 95% of HIV
positive m en  w h o  have sex w ith  m en  are seropositive for 
HSV-1 a n d /o r  HSV-2. HSV is transm itted  w h en  the v irus 
com es in to  contact w ith  a m ucosal surface o r b roken  skin of 
a susceptible host. Such transm ission requires direct contact 
w ith  a n  infected ind iv idual, because the v iru s is read ily  inac
tivated  a t room  tem perature, particu larly  if dried.

M O R P H O L O G Y

The initial lesions of genital HSV infection are pain fu l, e ry 

th e m a to u s  vesicles on the mucosa or skin of the lower geni

talia and adjacent extragenital sites. The anorectal area is a 

particularly common site of primary infection among men who 

have sex with men. Histologic changes include the presence of 

in tra e p ith e lia l vesicles accompanied by necrotic cellular 

debris, neutrophils, and cells harboring characteristic intranuclear 

viral inclusions. The classic C o w d ry  ty p e  A  inclusion appears 

as a light purple, homogeneous intranuclear structure sur

rounded by a clear halo. Infected cells commonly fuse to form 

multinucleate syncytia. The inclusions stain with antibodies to  

HSV, permitting a rapid, specific diagnosis of HSV infection in 

histologic sections or smears.

C lin ica l Features

As d iscussed  earlier, bo th  HSV-1 a n d  HSV-2 can  cause 
gen ital o r o ra l infection, a n d  b o th  p ro d u ce  in d is tin g u ish 
able p rim ary  o r re cu rren t m ucocu taneous lesions. P rim ary  
in fection  w ith  HSV-2 o ften  m ay  be asym ptom atic  o r m ay  
p ro d u ce  a varie ty  of signs a n d  sym ptom s. Locally pa in fu l 
vesicu lar lesions m ay  be accom pan ied  by dysu ria , u re th ra l 
d ischarge, local ly m p h  n ode  en la rg em en t a n d  tenderness,
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a n d  system ic m anifesta tions, such  as fever, m uscle aches, 
a n d  headache. HSV is actively  shed  d u r in g  th is period , and  
sh e d d in g  con tinues u n til the m ucosal lesions hav e  com 
p le te ly  healed . H ow ever, a sym ptom atic  v ira l sh ed d in g  can 
occur as long  as 3 m o n th s after d iagnosis. S igns a n d  sym p
tom s m ay  last for several w eeks d u rin g  the p rim ary  phase  
of disease. R ecurrences a re  m ild e r a n d  of sho rte r d u ra tio n  
th a n  in  the  p rim ary  ep isode. D iagnosis is m o st o ften  m ade  
by  v ira l cu ltu re  o r nucleic  acid  am plification  testing  of flu id  
collected after "un ro o fin g " of a vesicu lar lesion.

In  im m u n o co m p eten t adu lts , h e rp es  genitalis generally  
is n o t life-th reaten ing . H ow ever, HSV poses a m ajor th rea t 
to im m u n o su p p ressed  pa tien ts, in  w h o m  fatal, d issem i
n a te d  d isease m ay  develop . A lso life -th reaten ing  is neonatal 
herpes infection, w h ich  occurs in  ab o u t one-half of in fan ts 
de livered  vag inally  of m o th ers  suffering  from  either 
p rim ary  o r recu rren t gen ita l H SV infection. The v ira l infec
tion  is acqu ired  d u r in g  p assage  th ro u g h  the b irth  canal. Its 
incidence has risen  in  para lle l w ith  the rise in  gen ita l HSV 
infection. The m an ifesta tions of n eonata l he rp es v a ry  from  
inv o lv em en t of superficial sites (skin, eyes a n d  m ou th ) to 
inv o lv em en t of the  CNS, w ith  o r w ith o u t d issem inated  
in fection  of o ther o rgans such  as  the  liver a n d  lungs. 
A pprox im ate ly  60% of affected in fan ts d ie  of the  d isease, 
w ith  significant m o rb id ity  occurring  in  a b o u t one-half of 
the  su rv ivors. PC R -based testing  is far m ore  sensitive an d  
the p re fe rred  m e th o d  for d iagnosis o f encephalitis.

Human Papillomavirus Infection
H P V  causes a  n u m b e r  o f  s q u am o u s  p ro life ra t io n s  in  th e  

g e n ita l tra c t, in c lu d in g  c o n d y lo m a  a c u m in a tu m , as w e l l  

as se v era l p recancero us  les io n s  th a t  c o m m o n ly  u n d e rg o  

t ra n s fo rm a tio n  to  ca rc ino m as . The la tte r m o st com m only  
invo lve the cervix (C hap ter 19), b u t also  occur in  the penis, 
vu lva, o ro p h ary n g ea l tonsil, a n d  conjunctiva. Condylomata 
acuminata, also  k n o w n  as venereal warts, a re  caused  by H PV  
types 6  a n d  11. These lesions occur on  the  pen is as  w ell as 
on  the fem ale genitalia. They sh o u ld  n o t be  confused  w ith  
the  condy lom ata  la ta  o f secondary  syphilis. G enital H PV  
infection  m ay  be tran sm itted  to  neonates d u r in g  vag ina l 
delivery . R ecurren t a n d  p o ten tia lly  life -th rea ten ing  p ap il
lom as of the  u p p e r  resp ira to ry  trac t m ay  develop  subse
quen tly  in  affected  infants.

M O R P H O L O G Y

In males, condylomata acuminata usually occur on the coronal 

sulcus or inner surface of the prepuce, where they range in size 

from small, sessile lesions to  large, papillary proliferations mea

suring several centimeters in diameter. In females, they commonly 

occur on the vulva. Examples of the microscopic appearance of 

these lesions are presented in Chapter 19.

f t  S U M M A R Y

H ER PES S IM P L E X  V IR U S  A N D  H U M A N  

P A P IL L O M A V IR U S  IN F E C T IO N S

• HSV-2 and, less commonly, HSV-1 can cause genital infections. 

Initial (primary) infection may be asymptomatic or cause

painful, erythematous, intraepithelial vesicles on the mucosa 

and skin of external genitalia, along with painful regional lymph 

node enlargement. Recurrent lesions in general are less painful 

and less extensive than primary lesions.

• On histologic examination, the vesicles of HSV infection 

contain necrotic cells and fused multinucleate giant cells with 

intranuclear inclusions (Cowdry type A) that stain with anti

bodies to  the virus.

• Neonatal herpes can be life-threatening and occurs in children 

born to  mothers with genital herpes. Affected infants may have 

generalized herpes, often associated with encephalitis and con

sequent high mortality.

• HPV causes many proliferative lesions of the genital mucosa, 

including condyloma acuminatum, precancerous lesions, and 

invasive cancers.
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Vulva

The v u lv a  is the ex ternal fem ale gen italia  a n d  includes 
the  ha ir-bearing  sk in  (labia m ajora) an d  m ucosa  (labia 
m inora). D iso rders o f the v u lv a  m ost frequen tly  a re  inflam 
m ato ry , re n d e rin g  them  m ore uncom fortab le  th a n  serious. 
M alignan t tu m o rs of the vu lva, a lth o u g h  life-th reaten ing , 
a re  rare.

VULVITIS

O ne of the m ost com m on  causes of vu lv itis  is reactive 
in flam m ation  in  response  to  a n  exogenous stim ulus, w h ich  
m ay  be a n  irr itan t (contact irr itan t derm atitis) o r a n  a llergen  
(contact allerg ic derm atitis). Scratch ing-induced  trau m a 
secondary  to  associa ted  in tense  "itch ing" (p ru ritu s) often  
exacerbates the  p rim ary  condition .

C on tact irr itan t eczem atous d erm atitis  m an ifests as w ell- 
defined  e ry th em ato u s w eep in g  a n d  c ru sting  p a p u le s  an d

p laq u es  a n d  m ay  be a  reaction  to  u rine , soaps, detergen ts, 
an tisep tics, deo d o ran ts , o r alcohol. A llergic d e rm atitis  has 
a  sim ilar clinical ap p earan ce  a n d  m ay  resu lt from  a lle rgy  to 
perfum es; ad d itiv es  in  cream s, lo tions, a n d  soaps; chem ical 
trea tm en ts  o n  clothing; a n d  o ther an tigens.

V ulv itis also  m ay  be caused  by infections, w h ich  often  
a re  sexually  tran sm itted . The m ost im p o rtan t in fectious 
agen ts  in  N o rth  A m erica a re h u m a n  p ap illo m av iru s (HPV), 
the  causative  agen t o f condy lom a acu m in a tu m , v u lv ar 
in traep ithe lia l neop lasia  (VIN), a n d  one type  of v u lv ar 
sq u am o u s carcinom a (d iscussed  later); he rp es sim plex 
v iru s  (HSV-1 o r HSV-2), the  agen t of gen ital herpes; N. 
gonorrhoeae, a  cause of su p p u ra tiv e  infection  of the vu l
vovag ina l g lands; a n d  Treponema pallidum, w h ich  causes 
p rim ary  chancre  a t v u lv a r sites of inoculation . C an d id a  
a lso  is a  cause of vu lv itis, b u t is no t sexually  transm itted .

A n  im p o rtan t com plication  of vu lv itis  is obstruc tion  of 
the  excretory  ducts of B artho lin  g lands. This b lockage m ay
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re su lt in  p a in fu l d ila tion  of the  g lands (Bartholin cyst) and  
abscess form ation .

Nonneoplastic Epithelial Disorders

Lichen Sclerosus

L ic h e n  sclerosus is c h a ra c te rize d  b y  th in n in g  o f  th e  e p i

d e rm is , d is a p p e a ra n c e  o f  re te  pegs, a  zo n e  o f  a c e llu la r ,  

h o m o g e n iz e d , d e rm a l fib ro s is , a n d  a  b a n d lik e  m o n o n u 

c le ar in f la m m a to ry  c e ll in f i lt ra te  (Fig. 19.1). It a p p ea rs  as 
sm ooth , w h ite  p laq u es (te rm ed  leukoplakia) o r p a p u le s  th a t 
in  tim e m ay  ex tend  a n d  coalesce. W h en  the  en tire  v u lv a  is 
affected, the lab ia becom e a tro p h ic  a n d  stiffened, a n d  the 
vag inal orifice is constricted . L ichen sclerosus occurs in  all 
age g ro u p s  b u t m ost com m only  affects p o s tm en o p au sa l 
w o m en  a n d  p rep u b e rta l girls. The pa thogenesis  is uncer
tain, b u t the p resence of ac tiva ted  T cells in  the  subep ithe 
lial in flam m ato ry  in filtrate  an d  the  increased  frequency  
of au to im m u n e  d iso rd ers  in  affected  w o m en  suggest an  
au to im m u n e  etiology. L ichen sclerosus is benign; how ever, 
1% to 5% of w o m en  w ith  sym ptom atic  lichen  sclerosus 
develop  H PV  negative  sq u am o u s cell carc inom a of the 
vulva.

Lichen S im plex Chronicus

L ic h e n  s im p le x  c h ro n icu s  is m a rk e d  b y  e p ith e lia l  th ic k 

e n in g  (p a r t ic u la r ly  o f  th e  s tra tu m  g ra n u lo s u m ) a n d  

h y p e rk e ra to s is . Increased  m ito tic  activ ity  is seen  in  the 
basal an d  su p rab asa l layers; how ever, there  is no  ep ithelia l 
a ty p ia  (Fig. 19.1). L eukocytic in filtra tion  of the  derm is is 
som etim es p ro n o u n ced . These nonspecific changes are  a 
consequence of chronic irrita tion , o ften  caused  by p ru r itu s  
re la ted  to  a n  u n d e rly in g  in flam m atory  derm atosis. L ichen 
sim plex ch ron icus a p p ea rs  as a n  area  of leukoplak ia . W hile 
no  increased  p red isp o sitio n  to  cancer has been  dem on 
stra ted  w h e n  lesions are  iso lated , lichen  sim plex chronicus 
often  is p re se n t a t the  m arg in s of estab lished  v u lv ar cancer, 
suggesting  som e associa tion  w ith  neoplastic  d isease.

L ichen sclerosus a n d  lichen  sim plex ch ron icus m ay  
coexist in  d ifferen t a reas of the body  in  the sam e person ,

a n d  bo th  lesions m ay  take the fo rm  of leukop lak ia . S im ilar 
w h ite  pa tches o r p laq u es also  are seen  in  a  varie ty  of o ther 
ben ig n  derm atoses, such  as pso riasis  a n d  lichen  p lan u s  
(C hap ter 24), as w ell as in  m alig n an t lesions of the vu lva, 
such  as  sq u am o u s cell carcinom a in  situ  a n d  invasive  
sq u am o u s cell carcinom a. T hus, b iopsy  a n d  m icroscopic 
exam ination  are  o ften  n eed ed  to  d ifferen tia te  these clini
cally s im ilar-appearing  lesions.

A  S U M M A R Y

N O N N E O P L A S T IC  E P IT H E L IA L  D IS O R D E R S

• Lichen sclerosus is characterized by atrophic epithelium, sub

epithelial dermal fibrosis, and bandlike chronic inflammation.

• Lichen sclerosus carries a slightly increased risk for develop

ment of squamous cell carcinoma.

• Lichen simplex chronicus is characterized by thickened epithe

lium (hyperplasia), usually with a dermal inflammatory infiltrate.

• The lesions of lichen sclerosus and lichen simplex chronicus 

must be biopsied to distinguish them definitively from other 

causes of leukoplakia, such as squamous cell carcinoma of 

the vulva.

TUMORS

Condylomas

C o n d y l o m a  is  th e  n a m e  g iv e n  to  a n y  w a r ty  le s io n  o f  th e  

v u lv a . M ost such  lesions can  be assigned  to  one of tw o 
d istinctive  form s. Condylomata lata, n o t com m only  seen 
today , are flat, m in im ally  e leva ted  lesions th a t occur in  
secondary  syphilis (C hap ter 18). The m ore com m on  condy- 
lomata acuminata m ay  be p ap illa ry  a n d  d istinctly  e levated  
or som ew h at flat a n d  rugose . T hey m ay  occur an y w h ere  
on  the anogen ita l surface, som etim es as single b u t m ore  
often  as m u ltip le  lesions. W hen  located  o n  the vu lva, 
they ran g e  from  a few  m illim eters to  m an y  cen tim eters in

B

>

- -... .

Fig. 19.1 Nonneoplastic vulvar epithelial disorders. (A) Lichen sclerosus. There is marked thinning of the epidermis, fibrosis of the superficial dermis, and 
chronic inflammatory cells in the deeper dermis. (B) Lichen simplex chronicus displaying thickened epidermis and hyperkeratosis.
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Fig. 19.2 (A) Numerous condylomas of the vulva. (B) Histopathologic 
features of condyloma acuminatum include acanthosis, hyperkeratosis, and 
cytoplasmic vacuolization (koilocytosis, c e n t e r ) .  (A , C o u r te s y  o f  D r .  A le x  F e re n c z y ,  

M c G i l l  U n iv e r s it y ,  M o n t r e a l ,  Q u e b e c ,  C a n a d a . )

d iam ete r a n d  are  red -p in k  to  p in k -b ro w n  (Fig. 19.2). O n 
h isto logic exam ination , the characteristic  cellu lar fea tu re  
is koilocytosis (a cy topath ic  change charac terized  by  peri
nuc lear cy top lasm ic vacuo liza tion  a n d  a w rin k led  nuclear 
contour), a ha llm ark  of H PV  infection  (Fig. 19.2). Indeed , 
m ore  th a n  90% of condy lom ata  acum inata  a re  positive  for 
H PV  sub types 6  a n d  11. H PV  is sexually  tran sm itted , an d  
iden tical lesions occur in  m en  on  the pen is an d  a ro u n d  the 
an u s  in  m en  an d  w om en . H PV  6  an d  11 are low -risk  v iral 
types, an d  hence, v u lv a r condy lom as d o  n o t com m only  
p rog ress  to  cancer. H ow ever, w o m en  w ith  condy lom a acu 
m in a ta  a re  a t risk  of h a v in g  o th e r H P V -related  lesions in  
the v ag ina  and  cervix.

Carcinoma of the Vulva
C arcinom a of the v u lv a  rep resen ts  ab o u t 3% of all fem ale 
gen ital trac t cancers, occurring  m ostly  in  w o m en  o lder 
th a n  age 60. A pprox im ate ly  90% of carcinom as are  squa
m o u s cell carcinom as; m ost o f the o th e r tu m o rs a re  aden o 
carcinom as or basal cell carcinom as.

T h e re  a p p e a r to  be  tw o  d is t in c t  fo rm s  o f  v u lv a r  squa

m o u s  c e ll carc ino m as  th a t  d if fe r  in  p a th o g en e s is  a n d

course. The less com m on fo rm  is re la ted  to  h igh -risk  H PV  
stra in s (especially  H PV  type 16) an d  occurs in  m idd le- 
aged  w om en , p a rticu larly  cigarette  sm okers. This fo rm  is 
o ften  p receded  by p recancerous changes in  the  ep ith e liu m  
te rm ed  v u lv ar in traep ithe lia l neop lasia  (VIN). VIN  p ro 
gresses in  m an y  pa tien ts  to g rea ter degrees of a ty p ia  and  
even tua lly  to  carcinom a in  situ; how ever, p rog ression  to 
invasive  carcinom a is n o t inev itab le  an d  m ay  occur on ly  
after m an y  years. E nv ironm en ta l factors such  as c igarette  
sm oking  a n d  im m unodefic iency  a p p e a r to increase the risk  
of such p rogression .

A  second fo rm  of sq u am o u s carcinom a occurs in  o lder 
w om en , som etim es fo llow ing  a long  h is to ry  of reactive 
ep ithelia l changes, p rinc ipa lly  lichen  sclerosus. It is p re 
ceded  by a sub tle  lesion, d ifferen tia ted  v u lv ar in traep i
thelial neop lasia  (dVIN), characterized  by  cytologic a typ ia  
confined  to  the basal layer a n d  abno rm al keratin ization . 
If left u n trea ted  it m ay  give rise to  H PV  negative , w ell- 
d ifferen tia ted , kera tin iz in g  sq u am o u s cell carcinom a.

^  M O R P H O L O G Y

V IN  and early vulvar carcinomas commonly manifest as areas 

of leukoplakia . In about one-fourth of the cases, the lesions 

are pigmented owing to the presence of melanin. W ith  time, 

these areas are transformed into overt exophytic or ulcerative 

endophytic tumors. HPV-positive tumors are often multifocal 

and warty and tend to  be poorly differentiated squam ous cell 

carc inom as, whereas HPV-negative tumors usually are unifocal 

and typically are well-differentiated keratinizing squamous cell 

carcinomas.

B oth form s of v u lv a r carc inom a tend  to  rem ain  confined 
to their site o f o rig in  for a few  years b u t u ltim ate ly  invade  
and  sp read , u sua lly  first to  reg ional ly m p h  nodes. The risk  
of m etastasis  corre la tes w ith  the d e p th  of invasion . A s w ith  
m ost carcinom as, ou tcom e is d e p e n d e n t o n  tu m o r stage. 
The overall 5-year su rv iva l is 70% to 93% for p a tien ts  w ith  
negative  ly m p h  n o d es b u t decreases to  25% to 41% for 
pa tien ts  w ith  ly m p h  n ode  m etastases.

Extramammary Paget Disease

P ag et d isease is a n  in tr a e p id e r m a l p ro li fe ra t io n  o f  e p i

th e l ia l  ce lls  th a t  can  occur in  th e  s k in  o f  th e  v u lv a  or 

n ip p le  o f  th e  b reas t (described later). H ow ever, un like  in  
the breast, w h e re  P aget d isease  is v irtua lly  a lw ays associ
a ted  w ith  a n  u n d e rly in g  carcinom a, on ly  a  m in o rity  of 
cases of v u lv a r (ex tram am m ary) P aget d isease  hav e  an  
u n d e rly in g  tum or. In stead , v u lv ar P aget cells m o st com 
m only  ap p e a r to  arise from  ep id erm al p ro g en ito r cells.

P aget d isease  m anifests as a red , scaly, cru sted  p laq u e  
th a t m ay  m im ic the app earan ce  o f an  in flam m atory  derm a 
titis. O n  histo log ic  exam ination , large  cells w ith  a b u n d a n t 
pale, finely g ran u la r cy top lasm  an d  occasional cy top las
m ic vacuoles in filtrate  the  ep iderm is, singly  an d  in  g ro u p s 
(Fig. 19.3). The presence of m ucin , as de tected  by  period ic  
acid-S chiff (PAS) stain ing , is u sefu l in  d is tin g u ish in g  P aget 
d isease  from  v u lv ar m elanom a, w h ich  lacks m ucin .
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Fig. 19.3 Paget disease of the vulva. Large tumor cells with pale-pink cyto
plasm are seen infiltrating the epidermis. Chronic inflammatory cells are 
present in the underlying dermis.

In traep id e rm a l P aget d isease m ay  p ers is t for years o r 
even  decades w ith o u t ev idence of invasion . H ow ever, 
w h e n  there  is a n  associa ted  tu m o r invo lv ing  sk in  ap p e n d 
ages, the P aget cells m ay  in v ad e  locally a n d  u ltim ate ly  
m etastasize . A fter m etastasis  occurs, the p rognosis  is poor.

A  S U M M A R Y

T U M O R S  O F  T H E  V U L V A

• HPV-related vulvar squamous cell carcinomas usually are 

poorly differentiated lesions and sometimes are multifocal. 

They often evolve from vulvar intraepithelial neoplasia.

• Non-HPV-related vulvar squamous cell carcinomas occur in 

older women and usually are well differentiated and unifocal. 

They are often preceded by “differentiated” vulvar intraepithe

lial neoplasia associated with lichen sclerosus.

• Vulvar Paget disease is characterized by a red, scaly plaque 

caused by proliferation of epithelial cells within the epidermis; 

usually, there is no underlying carcinoma, unlike Paget disease 

of the nipple.

Vagina

In  a d u lt  fem ales, the v ag ina  is se ldom  a site o f p rim ary  
disease. M ore often, it is invo lved  secondarily  by cancer 
o r infections arising  in  ad jacen t o rg an s (e.g., cervix, vu lva, 
b lad d er, rectum ).

C ongen ita l anom alies of the  v ag ina  fo rtu n a te ly  are  
unco m m o n  an d  inc lude  en tities such  as to tal absence of 
the vag ina, a sep ta te  o r doub le  vag ina  (usually  associated  
w ith  a sep ta te  cervix and , som etim es, sep ta te  u terus), an d  
congenital, la tera l G artn e r d u c t cysts arising  from  persis 
ten t w olffian  d u c t rests.

VAGINITIS

V aginitis is a com m on  cond ition  th a t is u sua lly  tran sien t 
a n d  of no  clinical consequence. It is associa ted  w ith  the 
p ro d u c tio n  of a vag ina l d ischarge (leukorrhea). A  large 
varie ty  of o rgan ism s have  been  im plicated , in c lu d in g  bac
teria, fungi, an d  parasites. M any are  no rm al com m ensals 
th a t becom e p a thogen ic  on ly  in  the  se tting  of d iabetes, 
system ic antib io tic  th e rap y  (w hich  causes d is ru p tio n  of 
n o rm a l m icrobial flora), im m unodefic iency , p regnancy , o r 
recen t abortion . In  adu lts , p rim ary  gono rrhea l in fection  of 
the  v ag ina  is uncom m on . The o th e r o rgan ism s w o rth y  of 
m en tion , because they  are freq u en t offenders, are  Candida 
albicans a n d  Trichomonas vaginalis. C an d id a l (m onilial) 
vag in itis  is charac terized  by a cu rd y  w h ite  d ischarge. This 
o rg an ism  is p a r t  of the  n o rm al vag inal flora in  ab o u t 5% 
of w om en , so the  app earan ce  of sym ptom atic  infection  
a lm ost a lw ays involves one of the p red isp o sin g  influences 
lis ted  above or superin fec tion  by  a new , m ore aggressive 
strain . T. vaginalis is sexually  transm itted ; it p ro d u ces  a 
w a te ry , cop ious g ray-g reen  d ischarge  in  w h ich  parasites 
can  be iden tified  by  m icroscopy. T richom onas also  can 
be iden tified  in  ab o u t 1 0 % of asym ptom atic  w om en; thus,

active in fection  u sua lly  stem s from  sexual transm ission  of 
a new  strain .

M A LIG N A N T NEOPLASMS

Squamous Cell Carcinoma

S quam ous cell carc inom a of the vag ina  is a n  extrem ely  
unco m m o n  cancer th a t u su a lly  occurs in  w o m en  o lder than  
60 y ears  in  the  se tting  o f risk  factors sim ilar to  those associ
a ted  w ith  carcinom a of the cervix (d iscussed  later). V aginal 
in traep ithe lia l neop lasia  (VAIN) is a  p recu rso r lesion  th a t 
is nearly  a lw ays associa ted  w ith  H PV  infection. Invasive  
sq u am o u s cell carcinom a of the  v ag ina  is associated  w ith  
the  p resence of H PV  D N A  in  m ore th an  h a lf o f the cases, 
p resu m ab ly  derived  from  H P V -positive VAIN.

Clear Cell Adenocarcinoma
In  1970, clear cell adenocarcinom a, a very  ra re  tum or, w as 
iden tified  in  a c luster o f y o u n g  w o m en  w hose  m o thers 
took  d ie thy lstilbestro l d u rin g  p reg n an cy  to p rev en t th rea t
en ed  abortion . Follow -up  s tud ies  d e te rm in ed  th a t the  inci
dence of th is tu m o r in  p e rso n s exposed  to  d ie thy lstilbestro l 
in  u te ro  is low  (<1 p e r  1000, a lbeit ab o u t 40 tim es greater 
th an  in  the u n ex p o sed  p opu la tion ). In  ab o u t on e-th ird  of 
exposed  w om en , sm all g lan d u la r o r m icrocystic inclu 
sions develop  in  the vag ina l m ucosa. These lesions ap p ea r 
as red , g ran u la r foci lined  by m ucus-secre ting  o r ciliated  
co lum nar cells. This cond ition  is called  vag inal adenosis 
an d  is ben ig n  b u t is im p o rtan t to recognize because it is 
from  such  p recu rso r lesions th a t clear cell adenocarc inom a 
arises.
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Sarcoma Botryoides

Sarcom a bo tryo ides (em bryonal rhabdom yosarcom a) is 
a  ra re  fo rm  of p rim ary  vag inal cancer th a t m anifests as 
soft po ly p o id  m asses. It u sua lly  is enco u n te red  in  in fan ts

a n d  ch ild ren  y o u n g e r th a n  5 years of age, b u t m ay  occur 
u n com m only  in  y o u n g  w om en . It also  m ay  be fo u n d  in  
o ther sites, such  as  the u rin a ry  b lad d e r a n d  bile ducts. 
It is d iscussed  fu rth e r w ith  o ther soft tissue tu m o rs in  
C h ap te r 21.

Cervix

M ost cervical lesions a re  re la tively  banal in flam m ations 
(cervicitis), b u t the cervix also  is the  site of one of the  m ost 
com m on  cancers in  w o m en  w o rld w id e .

CERVICITIS

In flam m ato ry  cond itions of the cervix are extrem ely  
com m on a n d  m ay  be associa ted  w ith  a  p u ru le n t vag ina l 
d ischarge. C ervicitis can  be subclassified  as in fectious or 
noninfectious, a lth o u g h  d iffe ren tia tion  is d ifficult o w in g  to 
the p resence of n o rm a l vag inal flora in c lu d in g  inciden ta l 
vag inal aerobes a n d  anaerobes, streptococci, staphylococci, 
enterococci, a n d  Escherichia coli a n d  Candida spp .

M uch  m ore im p o rta n t are Chlamydia trachomatis, Urea
plasma urealyticum, T. vaginalis, Neisseria gonorrhoeae, HSV-2 
(the ag en t o f he rp es genitalis), a n d  certa in  types of HPV, all 
of w h ich  are  often  sexually  transm itted . C. trachomatis is by 
far the m ost com m on  of these pa thogens, accoun ting  for as 
m an y  as 40% of cases of cervicitis enco u n te red  in  sexually  
tran sm itted  infection  clinics. A lth o u g h  less com m on, her
petic  infections are n o tew o rth y  because m a te rn a l-in fa n t 
transm ission  d u rin g  ch ild b irth  m ay  resu lt in  serious, som e
tim es fa ta l system ic herpe tic  infection  in  the new born .

C ervicitis com m only  com es to a tten tion  o n  rou tine  exam 
ina tion  or because of leukorrhea. It o ften  is treated  em piri
cally w ith  antibiotics th a t are active against ch lam ydia an d  
gonococcus. In som e instances, nucleic acid am plification 
tests a re  u sed  o n  vaginal flu id  to identify  the presence of 
these organism s as w ell as Trichomonas vaginalis.

sq u am o u s in traep ithe lia l lesions (SILs), w h ich  are  p recu r
sors from  w h ich  m ost invasive  cervical carcinom as develop .

H PV  is detectab le  by m o lecu lar m eth o d s  in  nearly  all 
cases of cervical in traep ithe lia l neop lasia  (CIN) a n d  cervi
cal carcinom a. Im p o rtan t risk  factors for the d ev e lo p m en t 
o f C IN  a n d  invasive  carcinom a th u s a re  d irectly  re la ted  to 
H PV  exposu re  a n d  include:
• E arly  age a t first in tercourse
• M ultip le  sexual p a rtn e rs
• M ale p a rtn e r  w ith  m u ltip le  p rev io u s  sexual p a rtn e rs
• P ersis ten t in fection  by h igh -risk  stra in s o f p ap illo 

m av iru s

Like m o st o ther D N A  viruses, H PV  uses h o st cell D N A  
po lym erases to  rep licate  its genom e a n d  p ro d u ce  v irions. 
V irions m u s t be shed  from  the  surface of the  squam ous 
m ucosa, y e t u n d e r  no rm al circum stances sq u am o u s cell 
m a tu ra tio n  is accom pan ied  by a cessation  of D N A  rep lica
tion, w h ich  w o u ld  p re v e n t v iru s  p ro d u c tio n . H PV  "so lves" 
th is p ro b lem  th ro u g h  the action  of tw o  v ira l oncopro te ins, 
E6  an d  E7. T h e  E 6 a n d  E 7  p ro te in s  o f  " h ig h  r is k "  H P V  

v a ria n ts  in h ib i t  p 53  a n d  R B , re s p e c tiv e ly  (C hap ter 6 ), tw o 
p o te n t tu m o r su p p resso rs  th a t ac t to  su p p ress  the d iv ision  
of sq u am o u s cells a s  they  m atu re . E6  a n d  E7 th u s  have  a 
cen tra l role in  the life cycle of H PV  a n d  largely  explain  
the carcinogenic activ ity  of H PV  in  the cervix a n d  o ther 
sites th a t a re  p ro n e  to  H PV  infection  (e.g., vu lva, pen is, 
o ropharynx).

H PV  v arian ts  a re  classified as h igh -risk  o r low -risk  
types based  o n  the ir p ro p en sity  to  in d u ce  carcinogenesis.

NEOPLASIA OF THE CERVIX Mature squamous cells

M ost tu m o rs of the  cervix a re  o f ep ithelia l o rig in  a n d  are  
caused  by  oncogenic stra in s o f HPV. D u rin g  developm en t, 
the co lum nar m ucus-secre ting  ep ith e liu m  of the  endocer- 
vix is jo in ed  to the sq u am o u s ep ithelia l covering  of the 
exocervix a t the cervical os. W ith  the o n se t o f puberty , 
the  sq u am oco lum nar ju n c tio n  u n d e rg o es  eversion, causing  
the co lum nar ep ith e liu m  to becom e visib le o n  the exo
cervix. The exposed  co lu m n ar cells, how ever, even tua lly  
u n d e rg o  sq u am o u s m etap lasia , fo rm ing  a reg ion  called 
the  transfo rm ation  zone, w h ere  tu m o rs m o st com m only  
arise  (Fig. 19.4).

Pathogenesis

H P V ,  th e  c a u sa tive  a g e n t o f  c e rv ic a l n eo p la s ia , has a  

t ro p is m  fo r  th e  im m a tu re  s q u am o u s  ce lls  o f  th e  tra n s 

fo r m a t io n  zo n e . M ost H PV  infections a re  tran sien t a n d  are  
e lim inated  w ith in  m o n th s by  the  ho st im m u n e  response. 
A  subse t o f infections persists, how ever, a n d  som e cause

Immature
squamous

cells

Squamocolumnar
junction

Columnar
glandular

cells

Fig. I 9 . 4  Cervical transformation zone showing the transition from mature 
glycogenated squamous epithelium, to immature metaplastic squamous cells, 
to columnar endocervical glandular epithelium.
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Fig. I 9 . 5  Possible consequences of human papillomavirus (HPV) infection. 
Progression is associated with integration of virus and acquisition of addi
tional mutations as discussed in the text. S IL , Squamous intraepithelial lesion; 
h S IL , High-grade cervical intraepithelial lesion.

H igh-risk  H PV  infection  is the  m ost im p o rta n t risk  factor 
for the d ev e lo p m en t of SIL th a t can  p rog ress  to  carcinom a. 
Tw o h igh-risk  H PV  viruses, types 16 a n d  18, accoun t for 
app rox im ate ly  70% of cases of SIL a n d  cervical carcinom a. 
In  general, in fections w ith  h igh -risk  H PV  types are  m ore 
likely to  persist, w h ich  is a risk  factor for p ro g ressio n  to 
carcinom a. These H PV  types a lso  show  a p ro p en sity  to 
in teg ra te  in to  the h o st cell genom e, a n  even t th a t is linked  
to p rogression . L ow -risk  H PV  v arian ts  (e.g., types 6  an d  
1 1 ) associa ted  w ith  the d ev e lo p m en t o f condy lom as of the 
low er gen ita l trac t (Fig. 19.5), by  contrast, express E6  an d  
E7 v arian ts  w ith  d iffe ren t o r w eaker activ ities an d  d o  n o t 
in teg ra te  in to  the ho st genom e, rem ain in g  in stead  as free 
ep isom al v ira l D N A . D espite  the stro n g  association  of H PV  
infection  w ith  cancer o f the  cervix, H PV  is n o t sufficient 
to d rive  the neop lastic  process. A s m en tio n ed  later, HPV- 
infected  h igh -g rade  p recu rso r lesions d o  n o t invariab ly  
p rog ress  to  invasive  cancer. D iverse o th e r factors such  as 
im m u n e  a n d  h o rm ona l s ta tu s  an d  coinfection  w ith  o ther 
sexually  tran sm itted  agen ts  are  suspec ted  to  p lay  a role. 
C ollectively these factors favor the  acqu isition  of som ati
cally acqu ired  m u ta tio n s  th a t involve bo th  oncogenes 
an d  tu m o r su p p resso r genes. V iral in teg ra tio n  ap p e a r to 
con tribu te  to  transfo rm ation  in  tw o  w ays: 1 ) in teg ra tion  
a lw ays d is ru p ts  a n  H PV  gene th a t negatively  regu la tes  E6  

an d  E7, w h ich  leads to  the ir increased  expression; a n d  2) 
som etim es H PV  in teg ra tes  near a ho st cell oncogene such  
as M YC , lead in g  to  its overexpression  as w ell.

Squamous Intraepithelial Lesion (SIL, Cervical 
Intraepithelial Lesion)

H P V -r e la te d  carc ino g en es is  b e g in s  w i t h  th e  p recancer

ous e p ith e lia l  chan ge  te rm e d  S IL , w h ic h  u s u a lly  p re 

cedes th e  d e v e lo p m e n t o f  a n  o v e rt cancer b y  m a n y  years , 

som e tim e s  decades. In  su p p o rt of th is idea, SIL peaks in  
incidence a t ab o u t 30 years of age, w h ereas  invasive  carci
n o m a peaks a t ab o u t 45 years o f age.

The classification of cervical p recu rso r lesions has 
evo lved  w ith  tim e. The c u rren t te rm ino logy  is a tw o-tiered  
system  th a t n o t on ly  reflects the bio logy of the d isease b u t 
also  p a tien t m anagem en t, rep lac ing  a th ree-tie red  system .
• SIL is d iv id ed  in to  low -g rade  sq u am o u s in traep ithe lia l 

lesion  (LSIL), still o ften  re ferred  to  as cervical in traep i
thelial neop lasia  I (CIN  I), an d  h igh -g rade  squam ous 
in traep ithe lia l lesion  (HSIL), encom passing  cervical 
in traep ithe lia l neop lasia  II an d  III (CIN  II a n d  III) o f the 
p rev io u s th ree-tie red  system .

• LSIL is associa ted  w ith  p ro d u c tiv e  H PV  infection  an d  
does n o t p ro g ress  d irectly  to  invasive  carcinom a. A ctu 
ally, m ost LSILs reg ress a n d  on ly  a  sm all percen tage 
p rog ress  to HSIL.

• HSIL dem onstra tes  increased  p ro lifera tion , a rre s ted  ep i
thelial m atu ra tio n , a n d  low er levels of v ira l replication . 
LSIL is n o t trea ted  as a  p rem a lig n an t lesion, w h ereas 
HSIL is considered  a t h ig h  risk  for p rog ressio n  to 
carcinom a.

Im portan tly , LSIL is 10 tim es m ore com m on  th a n  HSIL 
a n d  w h ile  HSILs are  precancerous, the m ajority  o f them  
fail to  p rog ress  to  cancer a n d  m ay  even  regress. P a tien t 
m an ag em en t rests o n  the h is topatho log ic  d iagnosis as d is
cussed  later. A s sh o w n  in  Table 19.1, the decision  to  trea t 
HSIL a n d  to  observe LSIL is based  o n  d ifferences in  the 
n a tu ra l h isto ries of these tw o  g ro u p s  of lesions.

C ervical p recancerous lesions a re  associated  w ith  abno r
m alities in  cytologic p rep a ra tio n s  th a t can  be detected  
lo n g  before an y  ab no rm ality  is visible on  gross inspection . 
E arly  de tec tion  of SIL is the  ra tionale  for the P apan ico laou  
(Pap) test, in  w h ich  cells are scraped  from  the transfo rm a
tion  zone  a n d  exam ined  m icroscopically . T h e  P ap  sm ear 

re m a in s  th e  m o s t successfu l cancer-s c re e n in g  tes t ever  

d e v e lo p e d . In  the U n ited  States, P ap  screen ing  has d ram a t
ically low ered  the incidence of invasive  cervical tu m o rs to 
a b o u t 13,000 cases an n u a lly  w ith  a m orta lity  o f ab o u t 4000 
p e r  year; in  fact, cervical cancer no  longer ran k s am o n g  the 
top  10 causes of cancer d ea th s  in  U.S. w om en . P aradox i
cally, the incidence of SIL has increased  to  its p re sen t level 
o f m ore  th a n  50,000 cases annually . Increased  detection  
has certa in ly  co n trib u ted  to  this. The U.S. Food an d  D rug  
A d m in is tra tio n  h as ap p ro v e d  testing  for H PV  D N A  in  cer
v ical scrap ings. This test is h igh ly  sensitive b u t has  low er

Table 19.1 N atural H is tory  of Squamous Intraepithelial 
Lesions (SILs)

Lesion Regress Persist Progress

LSIL (CIN I) 60% 30% 10% (to HSIL)

HSIL (CIN II, III) 30% 60% 10% (to carcinoma)a

Progression within 10 years.
LSIL, Low-grade SIL; HSIL, high-grade SIL.
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Normal LSIL HSIL HSIL

Fig. 19.6 Spectrum of squamous intraepithelial lesions (SIL) with normal squamous epithelium for comparison: LSIL with koilocytotic atypia; HSIL with 
progressive atypia in all layers of the epithelium; and HSIL with diffuse atypia and loss of maturation (carcinoma in situ, f a r  r ig h t  im a g e ) .

specificity th an  the P ap  sm ear, an d  specific gu ide lines for 
its u se  have  n o t been  w ell estab lished . O ne considera tion  
is th a t w h ile  m o st w o m en  acquire  H PV  infections in  their 
early  2 0 s, these a re  u sua lly  c leared  by the im m u n e  system  
a n d  never p ro g ress  to  SIL, a p rocess th a t occurs over m any  
years. For th is  reason , H PV  D N A  screen ing  is on ly  recom 
m e n d e d  for w o m en  ag ed  30 o r o lder, as a positive  test 
a t th is  age is m ore  likely to  iden tify  a n  in d iv id u a l w ith  
a p e rs is ten t in fection  th a t m ay  lead  to  cervical neoplasia .

The q u ad riv a len t H PV  vaccine for types 6 , 11, 16, an d  
18, a n d  the  m ore  recen tly  in tro d u ced  9 -valen t vaccine, 
are  very  effective in  p rev en tin g  H PV  infections an d  are  
expected  to  greatly  low er the frequency  of gen ital w a rts  
an d  cervical cancers associated  w ith  these H PV  genotypes. 
D esp ite  its efficacy, vaccination  does n o t su p p la n t the need  
for ro u tin e  cervical cancer s c re e n in g -m a n y  a t-risk  w o m en  
are  a lread y  infected , an d  c u rren t vaccines p ro tec t aga in st 
on ly  som e of the m an y  oncogenic H PV  genotypes.

^  M O R P H O L O G Y

Fig. 19.6 illustrates the three stages of SIL. LSIL is characterized 

by dysplastic changes in the lower third of the squamous epithe

lium and ko ilo cyto tic  change in the superficial layers of the 

epithelium. In HSIL (C IN  II), dysplasia extends to the middle third 

of the epithelium in the form of variation in cell and nuclear size, 

heterogeneity of nuclear chromatin, and the presence of mitoses, 

some atypical, above the basal layer extending into the middle 

third of the epithelium. The superficial layer of cells in C IN  II 

still shows differentiation and occasional koilocytotic changes 

HSIL (C IN  III) is marked by almost complete loss of differentia

tion, even greater variation in cell and nuclear size, chromatin 

heterogeneity, disorderly orientation of the cells, and abnormal 

mitoses, changes that affect virtually all layers of the epithelium. 

Koilocytotic change usually is absent. These histologic features 

correlate with the cytologic appearances shown in Fig. 19.7.

Fig. 19.7 Cytologic features of squamous intraepithelial lesion (SIL) in a Papanicolaou smear. Superficial squamous cells may stain either red or blue. 
(A) Normal exfoliated superficial squamous epithelial cells. (B) Low-grade squamous intraepithelial lesion (LSIL). (C and D) Both high-grade squamous 
intraepithelial lesions (HSILs). Note the reduction in cytoplasm and the increase in the nucleus-to-cytoplasm ratio as the grade of the lesion increases. This 
observation reflects the progressive loss of cellular differentiation on the surface of the cervical lesions from which these cells are exfoliated (see Fig. 19.6).
( C o u r te s y  o f  D r .  E d m u n d  S. C ib a s ,  B r ig h a m  a n d  W o m e n ’s  H o s p i t a l ,  B o s to n ,  M a s s a c h u s e t t s . )
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SIL is a sym ptom atic  a n d  com es to  clinical a tten tion  
th ro u g h  a n  ab n o rm al P ap  sm ear resu lt. These cases are  
fo llow ed u p  by  colposcopy, in  w h ich  acetic acid  is u sed  
to h igh ligh t the lesions so they  can  be b iopsied . W om en  
w ith  b io psy -docum en ted  LSIL are  m an ag ed  conserva
tively w ith  carefu l observation , w h ereas  HSILs a n d  persis 
ten t LSIL are  trea ted  w ith  su rg ical excision (cone biopsy). 
Follow -up  sm ears a n d  clinical exam ination  are req u ired  
in  p a tien ts  w ith  HSIL, as these w o m en  rem ain  a t risk  for 
H PV -associated  cervical, vu lvar, a n d  vag inal cancers.

Invasive Carcinoma of the Cervix
The m ost com m on  cervical carcinom as are  squam ous 
cell carc inom as (75%), fo llow ed  by  adenocarc inom as an d  
m ixed  ad en o sq u am o u s carcinom as (2 0 %) a n d  sm all cell 
n eu ro en d o crin e  carcinom as (<5%). A ll o f these types of 
carc inom as are  associated  w ith  H PV . O f in terest, the  rela 
tive p ro p o rtio n  of adenocarc inom as has been  increasing  
in  recen t decades ow in g  to  the  decreasing  incidence of 
invasive  sq u am o u s carcinom a a n d  subop tim al detection  
of g lan d u la r lesions by P ap  sm ear.

S qu am o u s cell carc inom a has a p eak  incidence a t the 
age of ab o u t 45 years, som e 10 to  15 y ears  after detec
tion  of p recu rso r SIL. A s a lread y  d iscussed , p ro g res s io n  

o f  S IL  to  in v a s iv e  c a rc in o m a  is v a r ia b le  a n d  u n p re 

d ic ta b le  a n d  re q u ire s  H P V  in fe c t io n  as w e l l  as m u ta 

tio n s  in  tu m o r sup presso r genes a n d  oncogenes. Risk 
factors for p ro g ressio n  include cigarette  sm oking  an d  
h u m a n  im m unodefic iency  v iru s  (HIV) infection, the 
la tte r  f ind ing  suggesting  th a t im m u n e  surveillance p lays 
a ro le  in  p rev en tin g  p rogression . A lth o u g h  risk  factors 
m ay  help  iden tify  p a tien ts  w h o  are  likely to  p rog ress  
from  SIL to  carcinom a, the on ly  reliable w ay  to  m on ito r 
the d isease course  is w ith  freq u en t physical exam ina
tions coup led  w ith  P ap  sm ears a n d  b iopsy  of susp ic ious 
lesions.
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Invasive carcinomas of the cervix develop in the tra n s fo rm a 

tio n  zo n e  and range from microscopic foci of stromal invasion 

to  grossly conspicuous exophytic tumors (Fig. 19.8). Microscopi

cally, the invasive tumors often consist of tongues and nests of 

squamous cells that produce a desmoplastic stromal response. 

Grading is based on the degree of squamous differentiation, 

which ranges from minimal to  well-differentiated tumors that 

elaborate keratin pearls. Rare tumors with neuroendocrine dif

ferentiation resemble small cell carcinomas of the lung mor

phologically. Tumors encircling the cervix and penetrating into 

the underlying stroma produce a b arre l c e rv ix , which can be 

identified by direct palpation. Extension into the parametrial soft 

tissues can affix the uterus to the surrounding pelvic structures. 

The likelihood of spread to pelvic lymph nodes correlates with 

the depth of tum or invasion and the presence of tum or cells in 

vascular spaces. The risk of metastasis increases from less than 

1% for tumors less than 3 mm in depth to  more than 10% after 

invasion exceeds 3 mm.

Rg. I 9 . 8  Cervical os with surrounding, invasive, exophytic cervical 
carcinoma.

C lin ica l Features

Invasive  cervical cancer m ost o ften  is seen  in  w o m en  w h o  
h av e  never h ad  a P ap  sm ear o r w h o  have  n o t been  screened  
for m an y  years. In  such  cases, cervical cancer o ften  is 
sym ptom atic , w ith  p a tien ts  com ing  to m ed ical a tten tion  
for u nexpected  vag ina l b leed ing , leukorrhea , p a in fu l coitus 
(dyspareun ia), o r dysuria . The p rim ary  trea tm en t is hys
terectom y a n d  ly m p h  n ode  dissection; sm all m icro invasive  
carcinom as m ay  be trea ted  w ith  cone b iopsy . R adiation  
a n d  chem otherapy  are  also  of benefit in  instances w h ere  
su rg ery  alone is n o t curative . M orta lity  is m o st strong ly  
p red ic ted  by tu m o r stage and , in  the case of n eu ro en d o 
crine carcinom as (w hich  p u rsu e  a n  aggressive  course) to 
cell type.

Endocervical Polyp
E ndocerv ical p o ly p s are ben ign  p o ly p o id  m asses seen  p ro 
tru d in g  from  the endocerv ical m ucosa  (som etim es th ro u g h  
the exocervix). They can  be as large  as a  few  cen tim eters 
an d  have  a sm ooth , g listen ing  surface w ith  u n d e rly in g  cys- 
tically d ila ted  spaces filled w ith  m u c in o u s secretions. The 
surface ep ith e liu m  a n d  lin ing  of the u n d e rly in g  cysts are 
com posed  of the sam e m ucus-secre ting  co lum nar cells th a t 
line the  endocerv ical canal. The strom a is ed em a to u s  an d  
m ay  con ta in  sca tte red  m ononuclear cells. S uperim posed  
chronic in flam m ation  m ay  lead  to  sq u am o u s m etap lasia  
of the overly ing  ep ith e liu m  an d  u lcerations. These lesions 
m ay  b leed, thereby  a ro u sin g  concern, b u t they  have  no  
m alig n an t po ten tia l.

^ S U M M A R Y

C E R V IC A L  N E O P L A S IA

• Risk factors for cervical carcinoma are related to  HPV expo

sure, such as early age at first intercourse, multiple sexual 

partners, and other factors including cigarette smoking and 

immunodeficiency.

• Nearly all cervical carcinomas are caused by HPV infec

tions, particularly high-risk HPV types 16, 18, 31, and 33;
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the HPV vaccine is effective in preventing infection result

ing from the HPV types most commonly associated with 

carcinoma.

• HPV expresses E6 and E7 proteins that inactivate the p53 

and RB tum or suppressors, respectively, resulting in increased 

cell proliferation and suppression of D N A  damage-induced 

apoptosis.

• In cervical cancer, high-risk HPV is integrated in the host 

genome, an event that increases the expression of E6 and E7 

and contributes to  progression to cancer.

• The Pap smear is a highly effective screening tool for the 

detection of SIL and carcinoma and has significantly reduced 

the incidence of cervical carcinoma. HPV testing is currently 

being used in conjunction with the Pap smear.

Uterus

The bo d y  (corpus) of the u te ru s  is com posed  of the endo 
m etrium , consisting  of g lan d s a n d  strom a, an d  the  m yo
m etrium , m ad e  u p  of sm oo th  m uscle. The m ore freq u en t 
a n d  significant d iso rd ers  o f the u te ru s  a re  considered  here.

ENDOMETRITIS

In flam m ation  of the  e n d o m etriu m  is classified as acu te  or 
chronic d e p e n d in g  on  w h e th e r  a n eu troph ilic  o r a lym - 
phop lasm acy tic  in filtrate  p redom ina tes , respectively . The 
d iagnosis of chronic en d o m etritis  generally  requ ires  the 
presence of p lasm a cells, as lym phocy tes a re  p re sen t even  
in  the no rm al end o m etriu m .

E ndom etritis  is a co m p o n en t of pelv ic in flam m a
to ry  d isease a n d  is frequen tly  a resu lt o f N. gonorrhoeae 
o r C. trachomatis infection. H isto log ic exam ination  show s 
a n eu tro p h ilic  in filtra te  in  the  superficial en d o m etriu m  
coexisting  w ith  a strom al lym phop lasm acy tic  in filtrate. 
P ro m in en t ly m p h o id  follicles m ay  be seen, p a rticu larly  
in  ch lam ydia l infection. T ubercu losis causes g ranu lo 
m ato u s endom etritis , frequen tly  w ith  associa ted  tuber
cu lous sa lp ing itis an d  periton itis. A lth o u g h  seen in  the 
U n ited  S tates m ain ly  in  im m u n o co m p ro m ised  persons, 
tubercu lous end o m etritis  is com m on in  coun tries in  
w h ich  tubercu losis  is endem ic, a n d  it sh o u ld  be inc luded  
in  the  d ifferen tia l d iagnosis for pelv ic in flam m atory  
d isease in  w o m en  w h o  have  recen tly  em ig ra ted  from  
endem ic areas.

Endom etritis also m ay be a resu lt of retained  p roducts 
of conception subsequent to  m iscarriage or delivery or the 
presence of a foreign body  such as an  in trau terine  device. 
R etained tissue or foreign bodies act as a n idus for ascend
ing  infection by vaginal o r intestinal tract flora. Rem oval 
of the offending tissue or foreign body  typically results in  
resolution.

C linically, all fo rm s of en d o m etritis  m an ifest w ith  fever, 
abdom ina l pain , an d  m en stru a l abnorm alities. In  add ition , 
there  is a n  increased  risk  of in fertility  a n d  ectopic p reg 
nancy  d u e  to  dam age  a n d  scarring  of the  fa llop ian  tubes.

ADENOMYOSIS

Adenomyosis refers to  the  p resence of en d o m etria l tissue 
in  the m y om etrium . N ests of en d o m etria l strom a, g lands, 
o r bo th  are  fo u n d  d eep  in  the m y o m etriu m  in te rp o sed  
be tw een  the  m uscle  b und les . This en d o m etria l tissue 
in d u ces reactive h y p e rtro p h y  of the  m yom etrium , resu lting

in  a n  en larged , g lobu lar u te ru s, o ften  w ith  a  th ickened  
u te rin e  w all. Extensive adenom yosis  m ay  p ro d u ce  
m enorrhag ia , dysm enorrhea , a n d  pelvic pain , p a rticu 
larly  ju s t p rio r  to  m en stru a tio n , a n d  can  coexist w ith  
endom etriosis.

ENDOMETRIOSIS

E n d o m e tr io s is  is  d e fin e d  b y  th e  presence o f  e n d o m e tr ia l 

g la n d s  a n d  s tro m a  in  a  lo c a tio n  o u ts id e  th e  u te ru s . It
occurs in  as m an y  as 1 0 % of w o m en  in  the ir rep ro d u c tiv e  
y ears  a n d  in  nearly  ha lf o f w o m en  w ith  infertility . It fre
q u en tly  is m ultifocal a n d  o ften  involves pelv ic s truc tu res  
(ovaries, p o u ch  of D ouglas, u te rin e  ligam ents, tubes, and  
rec tovag ina l sep tum ). Less frequen tly , d is tan t a reas of the 
p e ritonea l cavity  o r perium bilical tissues are involved . 
U ncom m only , d is tan t sites such  as ly m p h  nodes, lungs, 
a n d  ev en  heart, skeletal m uscle, o r bone are affected.

F ou r hypo theses  have  been  p u t fo rth  to exp lain  the 
o rig in  o f d isp ersed  endom etrio tic  lesions, a ll o f w h ich  are  
viable:
• The regurgitation theory, w h ich  is cu rren tly  favored , p ro 

p oses th a t m en stru a l backflow  th ro u g h  the  fa llop ian  
tubes leads to im p lan ta tion .

• The benign metastases theory h o ld s  th a t end o m etria l 
tissue from  the u te ru s  can  " sp re a d "  to  d is tan t sites via 
b lood  vessels a n d  lym phatics.

• The metaplastic theory, o n  the  o ther h an d , posits  endo 
m etria l d iffe ren tia tion  o f coelom ic ep ith e liu m  (m esothe- 
liu m  o f pelv is a n d  ab d o m en  from  w h ich  en d o m etriu m  
orig inates) as the source.

• The extrauterine stem/progenitor cell theory, pro p o ses th a t 
c ircu la ting  s te m /p ro g e n ito r  cells from  the bone m arro w  
d ifferen tia te  in to  en d o m etria l tissue.

S tu d ie s  suggest th a t  e n d o m e tr io tic  tissu e  is n o t  ju s t  

m is p la c e d  b u t  is  a lso  a b n o rm a l (Fig. 19.9). A s com pared  
to n o rm al end o m etriu m , endom etrio tic  tissue exhibits 
increased  levels o f in flam m atory  m ed ia to rs, particu larly  
p ro s tag lan d in  E2. It is p ro p o sed  th a t the in flam m ation  
resu lts  from  the rec ru itm en t a n d  ac tiva tion  o f m acrophages 
by  factors m ad e  by end o m etria l s trom al cells. S trom al cells 
also  m ake arom atase , lead in g  to local p ro d u c tio n  o f estro 
gen. These factors enhance  the  su rv iva l a n d  persistence of 
the  endom etrio tic  tissue w ith in  a  fo re ign  location  (a key 
fea tu re  in  the  pa thogenesis o f endom etriosis) a n d  he lp  to 
exp la in  the beneficial effects of COX-2 inh ib ito rs a n d  aro 
m atase  inh ib ito rs in  the trea tm en t o f endom etriosis.
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E n do m etrio s is  typically consists of function ing  e n d o m e 

tr iu m , which undergoes cyclic bleeding. Because blood collects 

in these aberrant foci, they appear grossly as red-brown nodules 

or implants. They range in size from microscopic to 1 to 2 cm 

in diameter and lie on or just under the affected serosal surface. 

Often, individual lesions coalesce to  form larger masses. W hen  

the ovaries are involved, the lesions may form large, blood-filled 

cysts that turn brown (ch o co la te  cysts) as the blood ages (Fig 

19.10). W ith  seepage and organization of the blood, widespread 

fibrosis occurs, leading to  adhesions among pelvic structures, 

sealing of the tubal fimbriated ends, and distortion of the fallopian 

tubes and ovaries. The diagnosis depends on finding both endo

metrial glands and stroma at sites external to the endometrium.

Rg. I 9. l °  Ovarian endometriosis. Sectioning of ovary shows a large endo- 
metriotic cyst with degenerated blood (“chocolate cyst”).

C lin ica l Features

The clinical m an ifesta tions of endom etrio sis  d ep e n d  on  
the  d is trib u tio n  of the lesions. E xtensive scarring  o f the fal
lo p ian  tubes a n d  ovaries o ften  p ro d u ces  d iscom fort in  the 
low er ab d o m en  a n d  ev en tu a l sterility . Rectal w all involve
m en t m ay  p ro d u ce  p a in  o n  defecation , w h ereas  involve
m en t o f the  u te rin e  o r b la d d e r serosa can  cause d y sp a reu n ia  
(pa in fu l in tercourse) a n d  dysu ria , respectively . A lm ost all 
cases fea tu re  severe d y sm en o rrh ea  a n d  pelv ic p a in  resu ltin g  
from  in trape lv ic  b leed ing  a n d  in traab d o m in a l adhesions.

ABNO RM AL UTERINE BLEEDING

W om en  com m only  seek m ed ical a tten tio n  for abno rm al 
u te rin e  b leed ing , such  as menorrhagia (p ro fuse  o r p ro 
lo n g ed  b leed ing  a t the tim e of the period), metrorrhagia 
(irregu lar b leed ing  be tw een  the  periods), o r postm eno 
p a u sa l b leed ing . C om m on  causes inc lude  dysfunctional 
u te rine  b leed ing , end o m etria l po lyps, le iom yom as, en d o 
m etria l hyperp lasia , a n d  end o m etria l carcinom a.

T he p robab le  cause of u te rin e  b leed ing  in  any  g iven  case 
varies d e p en d in g  on  the age of the  p a tien t (Table 19.2). 
A bnorm al b leed ing  from  the u te ru s  in  the  absence of an  
o rgan ic  u te rin e  lesion  is called  dysfunctional uterine bleeding. 
The m ost com m on  cause of dysfunctional u te rin e  b leed 
ing  is an o v u la tio n  (failu re to  ovulate). A novu la to ry  cycles 
resu lt from  h o rm o n a l im balances a n d  are  m ost com m on 
a t m enarche  a n d  in  the p e rim en o p au sa l p e rio d  because of 
fluc tua tions in  the h y p o th a la m u s /p itu ita ry /o v a r ia n  axis. 
Less com m on  causes of an o v u la tio n  are
• Endocrine disorders, such  as th y ro id  disease, ad ren a l 

d isease, o r p itu ita ry  tum ors.
• Ovarian lesions, such  as a  function ing  o v arian  tu m o r 

(g ranu losa  cell tum ors) o r po lycystic  o v arian  synd rom e 
(see section  on  ovaries th a t follow s).

• Generalized metabolic disturbances, such  as obesity , m al
nu tritio n , o r o th e r chronic system ic d iso rders.

D ysfunctional u te rin e  b leed ing  also  m ay  re su lt from  an  
in ad eq u a te  lu tea l phase , w h ich  is th o u g h t to  stem  from

Table 19.2 Causes o f A b norm al U te rin e  Bleeding by Age  
G roup

A g e  G ro up C ause(s)

Prepuberty Precocious puberty (hypothalamic, pituitary, or 
ovarian origin)

Adolescence Anovulatory cycle

Reproductive age Complications of pregnancy (abortion, 
trophoblastic disease, ectopic pregnancy) 

Proliferations (leiomyoma, adenomyosis, polyps, 
endometrial hyperplasia, carcinoma) 

Anovulatory cycle
Ovulatory dysfunctional bleeding (e.g., 

inadequate luteal phase)

Perimenopause Anovulatory cycle 
Irregular shedding
Proliferations (carcinoma, hyperplasia, polyps)

Postmenopause Proliferations (carcinoma, hyperplasia, polyps) 
Endometrial atrophy
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insufficien t p ro d u c tio n  of p rogeste rone  by the co rpus 
lu teum .

Ä S U M M A R Y

N O N N E O P L A S T IC  D IS O R D E R S  O F  

E N D O M E T R IU M

• Adenomyosis refers to growth of endometrium into the myo

metrium often with uterine enlargement.

• Endometriosis refers to  endometrial glands and stroma 

located outside the uterus and most often involves the pelvic 

or abdominal peritoneum. Rarely, distant sites such as the 

lymph nodes and the lungs also are involved.

• The ectopic endometrium in endometriosis undergoes cyclic 

bleeding, and the condition is a common cause of dysmenor

rhea and pelvic pain.

PROLIFERATIVE LESIONS OF THE  
ENDOM ETRIUM  A N D  MYOMETRIUM

The m ost com m on p ro life ra tive  lesions of the u terine  
co rp u s are end o m etria l h yperp lasia , endom etria l carcino
m as, end o m etria l po lyps, a n d  sm oo th  m uscle tum ors. All 
ten d  to  p ro d u ce  ab n o rm al u te rin e  b leed ing  as their earliest 
m anifestation .

Endometrial Hyperplasia

A n  excess o f  es tro g en  re la t iv e  to  p ro g e s tin , i f  s u ff ic ie n tly  

p ro lo n g e d  or m a rk e d , can  in d u c e  e xag g era ted  e n d o m e 

t r ia l  p ro li fe ra t io n  (h y p e rp la s ia ), w h ic h  is a n  im p o r ta n t  

p re c u rs o r o f  e n d o m e tr ia l ca rc in o m a . A com m on  cause 
of estrogen  excess is obesity , as ad ip o se  tissue converts 
ste ro id  p recu rso rs  in to  estrogens. O ther p o ten tia l causes 
of estrogen  excess include fa ilu re  of ov u la tio n  (such as in  
perim enopause), p ro lo n g ed  ad m in is tra tio n  of estrogenic 
ste ro id s w ith o u t coun terba lanc ing  p rogestin , a n d  estrogen- 
p ro d u c in g  o v arian  lesions (such as po lycystic  o vary  syn
d rom e a n d  g ranu losa-theca cell tu m o rs of the  ovary).

E ndom etrial hyperp lasia  is p laced  in  tw o categories 
based  on  the presence of cytologic atypia: hyperp lasia  
w ith o u t a typ ia  an d  hyperp lasia  w ith  a typ ia  (Fig. 19.11). 
The im portance of this classification is th a t the presence of 
cytologic a typ ia  correlates w ith  the developm ent or concur
ren t find ing  of endom etria l carcinom a. H yperp lasia  w ith o u t 
cellular a typ ia  carries a  low  risk (betw een 1% an d  3%) for 
p rogression  to endom etria l carcinom a, w hereas hyperp lasia  
w ith  a typia, also called endometrial intraepithelial neoplasia 
(EIN), is associated  w ith  a m uch  h igher risk  (20%-50%). 
W hen  hyperp lasia  w ith  a typ ia  is discovered, it m u st be care
fully eva luated  for the presence of cancer an d  usually  w ar
ran ts a hysterectom y in  patien ts no  longer desiring  fertility. 
In y ounger patients, trea tm en t w ith  h igh-dose progestins 
m ay be u sed  in  an  a ttem p t to  p reserve the u terus.

U n o p p o sed  estrogen  is also  a risk  factor for the m ost 
com m on type  of en d o m etria l carcinom a (see later), an d  
inac tiva tion  of the PTEN  tu m o r su p p resso r gene has been 
iden tified  a t a  substan tia l frequency  in  h y p erp lasia  w ith
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Fig. I 9. l l  Endometrial hyperplasia. (A) Anovulatory or “disordered” endo
metrium containing dilated glands. (B) Hyperplasia without atypia, character
ized by nests of closely packed glands. (C) Hyperplasia with atypia, seen as 
glandular crowding and cellular atypia.

a ty p ia  (approx im ate ly  50%) a n d  en d o m etrio id  carcinom a 
(>70%). A long  w ith  c lin icopathologic a n d  epidem iologic  
stud ies, these find ings ind ica te  th a t h y p erp lasia  w ith  
a ty p ia  is a  p recu rso r lesion  for en d o m etrio id  end o m etria l 
carcinom a.
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Endometrial Carcinoma

I n  th e  U n i te d  States a n d  m a n y  o th e r W e s te rn  co u n 

tr ie s , e n d o m e tr ia l c a rc in o m a  is th e  m o s t f re q u e n t  cancer 

o c c u rr in g  in  th e  fe m a le  g e n ita l trac t. It generally  ap p ea rs  
be tw een  the ages of 55 a n d  65 years an d  is u n com m on  
before age 40. E ndom etria l carcinom a can  be b road ly  
d iv id ed  in to  tw o  h isto logically  a n d  pa thogen ica lly  d istinct 
categories: en d o m etrio id  an d  serous carcinom a. T here are 
o ther less com m on  types of en d o m etria l carcinom a, such  
as clear cell carc inom a an d  m ixed  M ullerian  tu m o r (carci
nosarcom a), b u t these w ill n o t be d iscussed  fu rther.

Pathogenesis

E n d o m e tr io id  cancers a rise  in  asso c ia tio n  w i t h  es trogen  

excess in  th e  s e ttin g  o f  e n d o m e tr ia l h y p e rp la s ia  in  p e r i-  

m e n o p a u s a l w o m e n , w h e re a s  serous cancers arise  in  th e  

s e ttin g  o f  e n d o m e tr ia l a tro p h y  in  o ld e r  p o s tm e n o p a u s a l

w o m e n . The endometrioid type accounts for 80% of cases 
of en d o m etria l carcinom as. These tum ors are d esignated  
as en d o m etrio id  because of the ir histologic sim ilarity  to 
n o rm a l en d o m etria l g lands. R isk factors for th is type  of 
carc inom a inc lude  (1) obesity , (2) d iabetes, (3) h y p er
tension, (4) infertility , a n d  (5) exposu re  to  u n o p p o sed  
estrogen . M any  of these risk  factors re su lt in  increased  
estrogenic s tim u la tio n  of the e n d o m etriu m  a n d  are associ
a ted  w ith  en d o m etria l hyperp lasia . In  fact, it is w ell rec
o gn ized  th a t p ro lo n g ed  estrogen  rep lacem en t th e rap y  an d  
estrogen-secreting  o v arian  tu m o rs increase the  risk  of the 
en d o m etrio id  type  of en d o m etria l carcinom a. M u ta tio n s  

in  m is m a tc h  re p a ir  genes a n d  th e  tu m o r  sup presso r gene  

P T E N  a re  e a r ly  even ts  in  th e  s te p w is e  d e v e lo p m e n t o f  

e n d o m e tr io id  ca rc in o m a. W om en w ith  germ line  m u ta 
tions in  P TE N  (C ow den  Syndrom e) a n d  germ line  a ltera 
tions in  D N A  m ism atch  rep a ir  genes (Lynch Syndrom e) 
are  a t h ig h  risk  for th is cancer. TP53 m u ta tio n s  occur b u t 
are  re la tively  u n co m m o n  an d  are late  even ts in  the genesis 
of th is tu m o r type.

The serous type o f endom etria l carc inom a is less com m on 
b u t also  far m ore  aggressive. It accounts, for rou g h ly  15% 
of tu m o rs a n d  is n o t associated  w ith  u n o p p o se d  estro 
gen o r end o m etria l hyperp lasia . N early  all cases of serous 
carcinom a have m u ta tio n s  in  the TP53 tu m o r su p p resso r 
gene, w h ereas m u ta tio n s  in  D N A  m ism atch  rep a ir genes 
an d  in  P TE N  a re  rare. Serous tu m o rs a re  p reced ed  by a 
lesion  called  serous en d o m etria l in traep ithe lia l carcinom a 
(SEIC) in  w h ich  TP53 m u ta tio n s are  o ften  detected , sug 
gesting  a n  early  ro le  for such  m u ta tio n s  in  the  develop 
m en t o f th is fo rm  of en d o m etria l carcinom a.

M O R P H O L O G Y

E n d o m e trio id  carc inom as closely resemble normal endo

metrium and may be exophytic or infiltrative (Fig. I9 .I2 A —B). 

They include a range of histologic types, including those showing 

mucinous, tubal (ciliated), and squamous differentiation. Endo

metrioid carcinomas often infiltrate the myometrium and can 

enter vascular spaces (lymphovascular invasion). They may also 

metastasize to regional lymph nodes. Endometrioid carcinomas 

are graded I to 3, based on the degree of differentiation.

Serous carc inom as typically grow in small tufts and papillae 

with marked cytologic atypia. They can also form glands that at 

times create confusion with endometrioid carcinoma, however 

serous carcinomas exhibit much greater cytologic atypia. Serous 

carcinomas behave aggressively and thus are by definition high 

grade. Immunohistochemistry often shows diffuse, strong stain

ing for p53 in serous carcinoma (Fig. I9 . I2 C -D ), a finding that 

correlates with the presence of T P 5 3  mutations (mutant p53 

accumulates and hence is more easily detected by staining).

Clinical Features

E ndom etria l carc inom as u su a lly  m an ifest w ith  irreg u la r 
o r p o stm en o p au sa l b leed ing . W ith  p rogression , the u te ru s  
en larges a n d  m ay  becom e affixed to  su rro u n d in g  struc
tu re s  as the cancer in filtrates su rro u n d in g  tissues. E ndo 
m etrio id  carcinom a u su a lly  is slow  to m etastasize , b u t if 
left un trea ted , even tua lly  d issem inates to  reg ional nodes 
an d  m ore d is tan t sites. W ith  therapy , the 5-year su rv ival 
ra te  for early -stage end o m etrio id  carcinom a is 90%, b u t 
su rv iva l d ro p s  p rec ip itously  in  h igher-stage tum ors. The 
p rognosis w ith  serous carcinom as is strong ly  d e p e n d e n t 
on  opera tive  stag ing  b u t because of its aggressive  behav 
io r it o ften  p resen ts  as h igh-stage d isease w ith  a poo r 
prognosis.

^ S U M M A R Y

ENDOM ETRIAL HYPERPLASIA A N D  
ENDOM ETRIAL C A R C IN O M A

• Endometrial hyperplasia results from unopposed endogenous 

or exogenous estrogen.

• Risk factors for developing endometrial hyperplasia include 

anovulatory cycles, polycystic ovary syndrome, estrogen- 

producing ovarian tumor, obesity, and estrogen therapy 

without counterbalancing progestin.

• Hyperplasia is classified based on cytologic atypia, which deter

mines the risk of developing endometrioid carcinoma.

• On the basis of clinical and molecular data, two major types 

of endometrial carcinoma are recognized:

• E n d o m e t r i o i d  c a r c i n o m a  is associated with estrogen excess 

and endometrial hyperplasia. Early molecular changes include 

inactivation of D N A  mismatch repair genes and the P T E N  

gene.

• S e r o u s  c a r c in o m a  of the endometrium arises in older women 

and usually is associated with endometrial atrophy and a 

distinct precursor lesion, serous intraepithelial carcinoma. 

Mutations in the T P 5 3  gene are an early event, usually being 

present in serous endometrial intraepithelial carcinoma as 

well as invasive serous carcinoma.

• Stage is the major determinant of survival in both types. Serous 

tumors tend to  manifest more frequently with extrauterine 

extension and therefore have a worse prognosis than endo

metrioid carcinomas.

Endometrial Polyps * 3

These po lyps a re  u sua lly  sessile a n d  ran g e  from  0.5 to
3 cm  in  d iam eter. L arger p o lyps m ay  pro ject from  the
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Fig. I 9.I2  Endometrial carcinoma. (A) Endometrioid type, grade 1, infiltrating myometrium and growing in a glandular pattern. (B) Endometrioid type, grade 
3, has a predominantly solid growth pattern. (C) Serous carcinoma of the endometrium, with papilla formation and marked cytologic atypia. (D) Immunohis
tochemical staining shows accumulation of p53, a finding associated with T P 5 3  mutation.

en d o m etria l m ucosa  in to  the u te rin e  cavity . They are com 
p o sed  of en d o m etriu m  resem bling  the basalis, frequen tly  
w ith  sm all m u scu la r arteries. Som e g lan d s are no rm al 
arch itecturally , b u t m ore  often  they  are cystically d ila ted . 
The strom al cells are  m onoclonal, o ften  w ith  a  rea rran g e 
m en t o f ch rom osom al reg ion  6 p 2 1 , a n d  th u s  constitu te  the 
neoplastic  com ponen t of the po lyp .

A lth o u g h  en d o m etria l p o ly p s m ay  occur a t any  age, 
they are m o st com m on a ro u n d  the tim e of m enopause . 
T heir m a in  clinical significance is th a t they  m ay  p ro d u ce  
abno rm al u te rine  b leeding.

Leiomyoma
B e n ig n  tu m o rs  th a t  a rise  f ro m  th e  s m o o th  m u s c le  ce lls  

in  th e  m y o m e tr iu m  are  p ro p e r ly  te rm e d  le iom yom as, b u t  

because o f  th e ir  firm n e s s  o fte n  are re fe rre d  to  c lin ic a l ly  as

f i broids. L eiom yom as are the  m o st com m on  ben ig n  tu m o r 
in  fem ales, affecting  30% to 50% of w o m en  of rep ro d u c tiv e  
age, an d  are  considerab ly  m ore freq u en t in  b lack w om en . 
These tu m o rs are associated  w ith  several d iffe ren t recu rren t 
ch rom osom al abnorm alities, in c lu d in g  rea rran g em en ts  of

chrom osom es 6  a n d  1 2  th a t a lso  are fo u n d  in  a v arie ty  of 
o th e r ben ign  neop lasm s, such  as en d o m etria l p o ly p s  an d  
lipom as. M u ta tions in  the M ED12  gene, w h ich  encodes a 
co m p o n en t of the R N A  po lym erase  tran sc rip tio n  com plex, 
h av e  been  iden tified  in  u p  to  70% of leiom yom as. The 
m echan ism  by w h ich  M ED12  m u ta tio n s con tribu te  to  the 
d ev e lo p m en t of leiom yom as is n o t p resen tly  u n d ers to o d . 
E strogens a n d  possib ly  o ral con tracep tives stim ula te  the 
g ro w th  of leiom yom as; conversely , these tu m o rs sh rink  
p o stm enopausa lly .

M O R P H O L O G Y

Leiomyomas are typically sharply  c ircu m scrib ed , firm gray- 

white masses with a characteristic w h o rle d  cut surface. They 

may occur singly, but more often occur as m u ltip le  tu m o rs  

that are scattered within the uterus, ranging from small nodules 

to  large tumors (Fig. 19.13) that may dwarf the uterus. Some are 

embedded within the myometrium (intramural), whereas others 

may lie immediately beneath the endometrium (submucosal)
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Fig. m 3  Uterine leiomyomas. (A) The uterus is opened to show multiple submucosal, myometrial, and subserosal gray-white tumors, each with a charac
teristic whorled appearance on cut section. (B) Microscopic appearance of leiomyoma shows bundles of normal-looking smooth muscle cells.

le iom yom as, w h ich  frequen tly  a re  m u ltip le  an d  usually  
arise  p rem enopausa lly .

R ecurrence after su rgery  is com m on w ith  these 
cancers, a n d  m any  m etastasize , typically  to  the lungs, 
y ie ld in g  a 5-year su rv iva l ra te  of ab o u t 40%. The ou tlook  
w ith  anap lastic  tu m o rs is less favorab le th an  w ith  w ell- 
d iffe ren tia ted  tum ors.

L eiom yom as of the  u te ru s  often  are asym ptom atic , 
being  d iscovered  inc iden ta lly  on  ro u tin e  pelv ic exam ina
tion. The m o st freq u en t p resen tin g  sign  is m enorrhag ia , 
w ith  o r w ith o u t m etro rrhag ia . L eiom yom as rarely , if ever, 
transfo rm  in to  sarcom as, a n d  the  p resence of m u ltip le  
lesions does n o t increase the  risk  of m alignancy .

Leiomyosarcoma

L eiom yosarcom as of the u te ru s  v irtua lly  a lw ays arise 
de  novo  from  the m esenchym al cells o f the  m yom e
trium . They are  a lm ost a lw ays so litary  a n d  m ost often  
occur in  p o stm en o p au sa l w om en , in  con trad istinc tion  to

M O R P H O L O G Y

Leiomyosarcomas typically take the form of soft, h em o rrh a g ic , 

n ecro tic  masses. The histologic appearance varies widely, from 

tumors that closely resemble leiomyoma to wildly anaplastic 

neoplasms. Well-differentiated tumors may lie at the morpho

logic interface between leiomyoma and leiomyosarcoma and 

are sometimes designated smooth muscle tumors of uncertain 

malignant potential. The diagnostic features of leiomyosarcoma 

include tu m o r  necrosis, cyto logic a typ ia , and m ito tic  

ac tiv ity . Because increased mitotic activity is sometimes seen 

in benign smooth muscle tumors, particularly in young women, an 

assessment of all three features is necessary to  make a diagnosis 

of malignancy.

or the serosa (subserosal). In the latter location, tumors may 

extend out on attenuated stalks and even become attached to  

surrounding organs, from which they may develop a blood supply 

(paras itic  leiomyomas). On histologic examination, the tumors 

are characterized by bundles o f sm o oth  m uscle cells mim

icking the appearance of normal myometrium. Foci of fibrosis, 

calcification, and degenerative softening may be present.

Fallopian Tubes

The m ost com m on d iso rd er o f the fa llop ian  tubes is 
in flam m ation  (salp ingitis), a lm ost invariab ly  occurring  
as a co m p o n en t o f pelv ic in flam m atory  disease. Less 
com m on abnorm alities are ectopic (tubal) p regnancy  an d  
endom etriosis.

Inflammation o f the fallopian tubes is a lm ost a lw ays caused  
by  infection. In  a d d itio n  to  gonorrhea , nongonococcal 
o rgan ism s, such  as Chlamydia, Mycoplasma hominis, coli- 
form s, a n d  (in the p o s tp a rtu m  setting) streptococci an d  
staphylococci a re  the  m ajor offenders. The m orpho log ic  
changes p ro d u c e d  by gonococci a re  sim ilar to  those in  the 
m ale  gen ita l trac t (C hap ter 18). Infections w ith  coliform s, 
streptococci, a n d  staphylococci can  p en e tra te  the w all of

the tubes, g iv ing  rise to  b lood-borne infections th a t seed 
to d is tan t sites. T ubercu lous sa lp ing itis  is far less com m on 
an d  is a lm ost a lw ays en co u n te red  in  com bination  w ith  
tubercu lo u s endom etritis . A ll fo rm s of sa lp ing itis m ay 
p ro d u ce  fever, low er ab dom inal o r pelv ic pain , a n d  pelvic 
m asses, w h ich  are  the re su lt of d is ten tio n  of the tubes w ith  
e ithe r exuda te  o r in flam m atory  debris  (Fig. 19.14). A d h er
ence of the in flam ed  tube to  the o vary  a n d  ad jacen t liga
m en to u s tissues m ay  p ro d u ce  a tu b o o v arian  abscess. This 
m ay  in  tu rn  re su lt in  adhesions be tw een  the ovary  a n d  the 
tubes w h e n  the  in flam m ation  subsides. E ven  m ore  serious 
are  adhesions o f the tu b a l plicae, w h ich  a re  associa ted  w ith  
increased  risk  of tuba l ectopic p reg n an cy  (d iscussed  later).
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Fig. 19.14 Pelvic inflammatory disease, bilateral and asymmetric. The tube 
and ovary to the left of the uterus are totally obscured by a hemorrhagic 
inflammatory mass. The tube is adherent to the adjacent ovary on the other 
side.

D am age to  o r o b stru c tio n  of the tu b a l lu m in a  m ay  p ro d u ce  
p e rm a n e n t sterility .

O n c e  th o u g h t to  be  u n c o m m o n , p r im a r y  a d en o carc i

n o m as  o f  th e  fa l lo p ia n  tu b e  m a y  be  th e  s ite  o f  o r ig in  fo r  

m a n y  o f  th e  h ig h -g ra d e  serous carc ino m as lo n g  th o u g h t  

to  a rise  in  th e  o va ry . S tudies have  iden tified  the p res 
ence of serous tuba l in traep ithe lia l carcinom a (STIC) in  the 
fim bria ted  en d s  of fa llop ian  tubes. Like the  p recu rso r of 
u te rin e  serous carcinom a, S T C s  have  m u ta tio n s in  TP53 in  
m ore  th a n  90% of cases. These lesions are  fo u n d  frequen tly  
in  fa llop ian  tubes rem oved  p rophy lac tica lly  from  w o m en  
w h o  carry  m u ta tio n s  in  BRCA1  a n d  BRCA2  a n d  less com 
m on ly  in  instances w h ere  tubes are  rem oved  from  w o m en  
w ith o u t k n o w n  genetic risk  factors. This has led  to the 
id ea  th a t spo rad ic  "o v a rian "  serous carcinom as (d iscussed  
later) also  orig ina te  in  the fa llop ian  tube. Because the fim 
b ria ted  en d  of the fa llop ian  tube  is in tim ate ly  associated  
w ith  the  ovary  a n d  has access to  the  p eritonea l cavity , 
fa llop ian  tube  carcinom as frequen tly  involve the  ovary , 
o m en tu m , an d  p erito n ea l cavity  a t p resen ta tion .

Ovaries

FOLLICLE A N D  LUTEAL CYSTS

Follicle a n d  lu tea l cysts in  the  ovaries are so com m onplace 
th a t they  m ay  be considered  v arian ts  o f n o rm al physio l
ogy. These in nocuous lesions orig ina te  from  u n ru p tu re d  
g raafian  follicles o r from  follicles th a t ru p tu re  a n d  then  
im m ed ia te ly  seal. Such cysts o ften  are  m u ltip le  an d  
develop  subjacen t to  the  serosa of the ovary . They typ i
cally a re  sm all (1-1.5 cm  in  d iam eter) a n d  are filled w ith  
clear serous flu id . O ccasionally , they  becom e sufficiently 
large  (4-5 cm) to  p ro d u ce  p a lpab le  m asses a n d  pelvic pain . 
W hen  sm all, they  are  lined  by  g ran u lo sa  lin ing  cells o r 
lu tea l cells, b u t as flu id  accum ulates, p ressu re  m ay  cause 
a tro p h y  of these cells. Som etim es these cysts ru p tu re , p ro 
du c in g  in trap erito n ea l b leed ing  a n d  p eritonea l sym ptom s 
(acute abdom en).

POLYCYSTIC OVARIAN SYNDROME

Polycystic ovarian syndrome (form erly  called  Stein-Leventhal 
syndrome) is a com plex  endocrine  d iso rd e r characterized  
by h y perand rogen ism , m en stru a l abnorm alities, po lycys
tic ovaries, chronic anovu la tion , a n d  decreased  fertility . It 
u sua lly  com es to  a tten tio n  after m enarche  in  teenage girls 
o r y o u n g  a d u lts  w h o  p re sen t w ith  o ligom enorrhea, h irsu t
ism , infertility , a n d  som etim es w ith  obesity.

The ovaries are u su a lly  tw ice the n o rm al size, gray- 
w h ite  w ith  a sm oo th  o u te r cortex, a n d  s tu d d e d  w ith  
subcortical cysts 0.5 to  1.5 cm  in  d iam eter. H isto logic 
exam ination  show s a th ickened , fibrotic o v arian  capsu le  
overly ing  inn u m erab le  cystic follicles lined  by g ranu losa  
cells w ith  a h yperp lastic  lu te in ized  theca in te rna . T here is 
a consp icuous absence of co rpora  lu tea  in  the  ovary .

TUMORS OF THE OVARY

In  the  U n ited  S tates it is es tim ated  th a t there  w ill be over 
2 0 , 0 0 0  o v arian  cancer cases d iag n o sed  in  2016 lead in g  to 
over 14,000 deaths, m ak in g  ovarian  cancer the fifth  lead ing  
co n tribu to r to  cancer m orta lity  in  w om en . T um ors of the 
ovary  are rem arkab ly  v a ried  as they m ay  arise from  any  
of the  th ree  cell types in  the  no rm al ovary: the m u ltip o ten t 
surface (coelomic) ep ithe lium , the  to tip o ten t g erm  cells, 
a n d  the sex c o rd -s tro m a l cells. N eop lasm s of ep ithelia l 
o rig in  accoun t for the g rea t m ajority  o f ovarian  tu m o rs and , 
in  their m alig n an t form s, accoun t for a lm ost 90% of ovarian  
cancers (Table 19.3). G erm  cell a n d  sex c o rd -s tro m a l cell 
tu m o rs are  m u ch  less frequent; a lth o u g h  they  consti
tu te  20% to 30% of o v arian  tum ors, they  are  collectively 
responsib le  for less th an  1 0 % of m alig n an t tu m o rs of the 
ovary .

Surface Epithelial Tumors
T h e  m a jo r ity  o f  o v a r ia n  tu m o rs  arise  f ro m  th e  fa l lo p ia n  

tu b e  or e p ith e lia l  cysts in  th e  cortex  o f  th e  o v a ry  (Fig. 
19.15). As m en tioned , s tu d ies  h av e  sh o w n  th a t m an y  of the 
tum ors th o u g h t to  arise from  the coelom ic ep ith e liu m  th a t 
covers the  surface of the  ovary  are  now  th o u g h t to  arise 
from  the  fim bria ted  en d  of the fa llop ian  tube  (Fig. 19.15). 
The ep ith e liu m  lin ing  the  cortical cysts m ay  be derived  
from  d isp laced  o v arian  surface ep ith e liu m  or the  lin ing  of 
fa llop ian  tube. These can  becom e m etap lastic  o r u n d e rg o  
neoplastic  transfo rm ation  to  give rise to  a n u m b er of dif
feren t ep ithelia l tum ors. B enign lesions u su a lly  are cystic 
(cystadenom a) a n d  m ay  have  a n  accom pany ing  strom al 
com ponen t (cystadenofibrom a). M alignan t tu m o rs also 
m ay  be cystic (cystadenocarcinom a) o r so lid  (carcinom a).
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Table 19.3 Frequency of M ajo r O varian Tum ors

Type

P ercen tage of 
M alig nan t 
O v a ria n  T um ors

P ercen tage T h a t  
A r e  B ila te ra l

Serous 47

Benign (60%) 25

Borderline (15%) 30

Malignant (25%) 65

Mucinous 3

Benign (80%) 5

Borderline (10%) 10

Malignant (10%) <5

Endometrioid 20 30
carcinoma

Undifferentiated 10 —
carcinoma

Clear cell carcinoma 6 40

Granulosa cell tumor 5 5

Teratoma 1

Benign (96%) 15

Malignant (4%) Rare

Metastatic 5 >50

Others 3 —

Som e ovarian  ep ithelia l tu m o rs fall in to  a n  in te rm ed i
a te  category  cu rren tly  re ferred  to  as b o rderline  tum ors. 
A lth o u g h  the m ajority  o f b o rderline  tu m o rs behave  in  a 
ben ign  m an n e r they  can  recu r a n d  som e can  p rog ress  to 
carcinom a.

Im p o rta n t risk  factors for o v arian  cancer inc lude  n u l
liparity , fam ily  h isto ry , a n d  germ line  m u ta tio n s in  certa in

Fig. I 9. l 5 Derivation, of various ovarian neoplasms. Type I tumors progress 
from benign tumors through borderline tumors that may give rise to a low- 
grade carcinoma. Type II tumors arise from inclusions cysts/fallopian tube 
epithelium via intraepithelial precursors that are often not identified. They 
demonstrate high-grade features and are most commonly of serous histology. 
STIC, serous tubal intraepithelial carcinoma.

tu m o r su p p resso r genes. T here is a  h ig h er incidence of 
carc inom a in  u n m a rrie d  w o m en  a n d  m arried  w o m en  w ith  
low  parity . O f in terest, p ro lo n g ed  use  of o ra l con tracep tives 
red u ces the risk. A ro u n d  5% to 10% of ovarian  cancers are  
fam ilial, a n d  m ost of these are associa ted  w ith  m u ta tio n s 
in  the BRCA1 o r BRCA2 tu m o r su p p resso r genes. A s w ill 
be d iscussed  later, m u ta tio n s in  BRCA1 a n d  BRCA2 also 
are  associated  w ith  h e red ita ry  b reast cancer. The average 
lifetim e risk  for ovarian  cancer is app rox im ate ly  30% in  
BRCA1 carriers; the risk  in  BRCA2 carriers is som ew h at 
low er. In  co n trast w ith  fam ilial o v arian  cancer, m u ta tio n s 
in  BRCA1 an d  BRCA2 are  fo u n d  in  on ly  8 % to 10% of 
sporad ic  o v arian  cancers, w h ich  a p p e a r to  arise th ro u g h  
a lte rna tive  m o lecu lar m echanism s.

Serous Tumors
Serous tu m o rs a re  the m ost com m on of the  o v arian  ep ithe 
lial tu m o rs overall, a n d  also  m ake  u p  the  g rea test fraction  
of m alig n an t o v arian  tum ors. A bou t 60% are benign, 15% 
are  bo rderline , a n d  25% are  m alignan t. B enign lesions are  
u su a lly  en co u n te red  in  p a tien ts  be tw een  30 a n d  40 years 
of age, a n d  m alig n an t serous tu m o rs a re  m ore  com m only  
seen be tw een  45 a n d  65 years of age.

T here are tw o  types of serous carcinom as, low -grade  
an d  h igh -g rade . The fo rm er arise from  ben ign  o r b o rd er
line lesions a n d  p rog ress  slow ly  in  a stepw ise  m an n er 
to becom e invasive  carcinom a. These low -g rade  tum ors 
are  associa ted  w ith  m u ta tio n s  in  genes encod ing  signal
in g  p ro te ins, such  as KRAS, a m em ber of the RAS gene 
fam ily. The h igh -g rade  serous tu m o rs develop  rap id ly . 
A s a lread y  m en tioned , m an y  of these h igh -g rade  lesions 
arise  in  the  fim bria ted  en d  of the  fa llop ian  tube  v ia serous 
tuba l in traep ithe lia l carcinom a, ra th e r  th an  o v arian  coelo- 
m ic ep ithe lium . TP53 m u ta tio n s  are v irtua lly  u b iq u ito u s 
in  h igh -g rade  serous cancers, being  p re sen t in  over 95% of 
cases. O ther frequen tly  m u ta te d  genes include the tu m o r 
su p p resso rs  NF1 a n d  RB, as w ell as BRCA1 a n d  BRCA2 in  
fam ilial o v arian  cancers.

^  M O R P H O L O G Y

Most serous tumors are large, spherical to  ovoid, cystic struc

tures up to  30 to  40 cm in diameter. A b o u t 25% o f th e  benign  

tu m o rs  a re  b ila te ra l. In the benign tumors, the serosal cover

ing is smooth and glistening. By contrast, the surface of adeno

carcinomas often has nodular irregularities representing areas in 

which the tum or has invaded the serosa. On cut section, small 

cystic tumors may have a single cavity, but larger ones frequently 

are divided by multiple septa into multiloculated masses. The 

cystic spaces usually are filled with a clear serous fluid. Protruding 

into the cystic cavities are papillary projections, which are more 

prominent in malignant tumors (Fig. 19.16).

On histologic examination, benign tumors contain a single 

layer of c o lu m n a r ep ith e lia l cells that line the cyst or cysts. 

The cells often are ciliated. P s a m m o m a  bodies (concentrically 

laminated calcified concretions) are common in the tips of papil

lae. In high-grade carcinoma the cells are markedly atypical, the 

papillary formations are usually complex and multilayered, and by 

definition nests or sheets of malignant cells invade the ovarian 

stroma. Between clearly benign and obviously malignant forms
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Fig. I 9.I6  Ovarian serous tumors. (A) Borderline serous cystadenoma 
opened to display a cyst cavity lined by delicate papillary tumor growths. (B) 
Cystadenocarcinoma. The cyst is opened to show a large, bulky tumor mass. 
( C o u r te s y  o f  D r .  C h r is to p h e r  C r u m ,  B r ig h a m  a n d  W o m e n ’s  H o s p i t a l ,  B o s to n ,  

M a s s a c h u s e t t s . )

lie b o rd e rlin e  tu m o rs , which exhibit less cytologic atypia and 

typically no stromal invasion. Borderline tumors may seed the 

peritoneum, but fortunately the tum or implants usually are “non

invasive.” In general, malignant serous tumors spread throughout 

the peritoneal cavity and to regional lymph nodes, including 

periaortic lymph nodes; distant lymphatic and hematogenous 

metastases are infrequent.

The p rognosis  for p a tien ts  w ith  h igh -g rade  serous car
cinom a is poor, even  after su rg ery  a n d  chem otherapy , an d  
d e p en d s  heavily  o n  the stage of the d isease a t d iagnosis. 
The 5-year su rv iva l for w o m en  w ith  carcinom a confined 
to one ovary  is ab o u t 90%, b u t falls p rec ip itously  w ith  
h igher stage tu m o rs to  less th an  40% d e p en d in g  on  the 
exact stage. In  contrast, b o rderline  tu m o rs a re  associated  
w ith  nearly  100% surv ival. O f note, w o m en  w ith  tum ors 
con ta in ing  B R C A 1/2 m u ta tio n s  ten d  to  have  a be tte r 
p rognosis  th a n  w o m en  w h o se  tu m o rs lack these genetic 
abnorm alities.

M O R P H O L O G Y

On gross examination, mucinous tumors produce cystic masses 

that may be indistinguishable from serous tumors except by the 

mucinous nature of the cyst contents. However, th e y  a re  m o re  

like ly  to  be la rg e r and multicystic (Fig. I9 .I7 A ). Serosal 

p e n e tra tio n  and solid areas o f g ro w th  a re  suggestive of 

m alignancy. Mucin-producing epithelial cells line the cysts (Fig 

I9 .I7B ). Malignant tumors are characterized by solid areas of 

growth, piling up (stratification) of lining cells, cytologic atypia, 

and stromal invasion.

Compared with serous tumors, mucinous tumors are much 

less likely to be bilateral. This feature is sometimes useful in 

differentiating mucinous tumors of the ovary from metastatic 

mucinous adenocarcinoma from a gastrointestinal tract primary 

(the so-called “K ru k e n b e rg  tu m o r”), which more often pro

duces bilateral ovarian masses.

Ruptured ovarian mucinous tumors may seed the perito

neum; however, these deposits typically regress spontaneously. 

Stable implantation of mucinous tum or cells in the peritoneum 

with production of copious amounts of mucin is called pseudo

m y x o m a  p erito n e i; in most cases, this disorder is caused by 

metastatic spread of tumors in the gastrointestinal tract, primar

ily the appendix (Chapter 15).

The p rognosis  o f m u c in o u s cystadenocarc inom a is som e
w h a t be tte r th an  th a t o f its serous co u n te rp art, a lth o u g h  
stage ra th e r th a n  h isto logic type  (serous v e rsu s m ucinous) 
is the m ajor d e te rm in an t o f outcom e. M uta tions in  KRAS  
are  de tec ted  in  app rox im ate ly  50% of o v arian  m ucinous 
carcinom as, how ev er th is does n o t help  d is tin g u ish  them  
from  m etasta tic  GI tum ors, w h ich  also  have  a h ig h  fre
quency  of KRAS  m u ta tions.

Endometrioid Tumors

These tum ors m ay  be solid  or cystic; they  som etim es 
develop  in  associa tion  w ith  endom etriosis . O n  m icroscopic 
exam ination , they  are  d is tin g u ish ed  by  the fo rm ation  
of tu b u la r g lands, sim ilar to those of the en d o m etriu m , 
w ith in  the lin ing  of cystic spaces. A lth o u g h  ben ign  an d  
bo rderline  fo rm s exist, en d o m etrio id  tu m o rs usually  
a re  m alignan t. They are b ila tera l in  ab o u t 30% of cases, 
a n d  15% to 30% of w o m en  w ith  these o v arian  tum ors 
h av e  a concom itan t end o m etria l carcinom a. Sim ilar to 
endo m etrio id -ty p e  carcinom a of the  en d o m etriu m , endo 
m etrio id  carcinom as of the ovary  frequen tly  have  m u ta tio n s 
in  the PTEN  tu m o r su p p resso r gene as w ell as m u ta tio n s 
in  o th e r genes th a t also  act by  u p re g u la tin g  PI3K-AKT 
signaling .

Mucinous Tumors Brenner Tumor

M ucinous tu m o rs d iffer from  serous tu m o rs in  tw o  respects: 
the neop lastic  ep ith e liu m  consists of m ucin-secreting  
cells; an d  m ucinous tu m o rs a re  considerab ly  less likely 
to be m alignan t. O verall, on ly  10% of m ucinous tum ors 
a re  m alignant; an o th er 1 0 % are borderline , a n d  80% are  
benign.

The B renner tu m o r is an  uncom m on, solid, u sua lly  un ila t
eral ovarian  tu m o r consisting  of a b u n d a n t strom a contain 
ing  n ests  of transitiona l-type  ep ith e liu m  resem bling  th a t of 
the u rin a ry  tract. O ccasionally , the nests  are cystic a n d  are  
lined  by co lum nar m ucus-secre ting  cells. B renner tum ors 
generally  are sm ooth ly  en cap su la ted  a n d  g ray-w hite  on
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Fig. m 7 Ovarian mucinous cystadenoma. (A) Mucinous cystadenoma 
with multicystic appearance and delicate septa. Note the presence of 
glistening mucin within the cysts. (B) Columnar cell lining of mucinous 
cystadenoma.

cu t section, ran g in g  from  a few  cen tim eters to  20 cm  in 
d iam eter. These tu m o rs m ay  arise from  the surface ep i
th e liu m  o r from  u ro g en ita l ep ith e liu m  tra p p e d  w ith in  the 
germ inal ridge. A lth o u g h  m ost are benign, bo th  m alig n an t 
a n d  b o rderline  tu m o rs have  been  described.

Other Ovarian Tumors

M any o ther types of tu m o rs of g erm  cell a n d  sex c o rd -  
strom al o rig in  also  arise in  the  ovary , b u t on ly  the tera to 
m as of germ  cell o rig in  are  sufficiently  com m on  to m erit 
descrip tion . Table 19.4 p re sen ts  som e salien t fea tu res of 
o ther neop lasm s of g erm  cell a n d  sex co rd  origin.

Teratom as

T eratom as constitu te  15% to 20% of o v arian  tum ors. A 
d istressing  fea tu re  of these  g erm  cell tum ors is their p red i
lec tion  to  arise  in  the first 2 decades of life; to  m ake  m atte rs 
w orse , the  y o u n g e r the  person , the g rea ter the likelihood  of 
m alignancy . M ore th a n  90% of these g erm  cell neop lasm s, 
how ever, are  ben ign  m a tu re  cystic teratom as; the im m a
ture, m alignan t v a rian t is rare.

Benign (M a tu re ) C ystic  T era to m as

B e n ig n  (m a tu re ) cystic  te ra to m a s  are  m a r k e d  b y  th e  p res 

ence o f  m a tu re  tissues d e r iv e d  f r o m  a l l  th re e  g e rm  ce ll 

layers : ec to d e rm , e n d o d e rm , a n d  m e s o d e rm . U sually  
these tu m o rs con ta in  cysts lined  by ep id erm is  rep le te  
w ith  adnexal a p p e n d a g e s—hence the  com m on  designa 
tion  dermoid cysts. M ost a re  d iscovered  in  y o u n g  w o m en  
as ovarian  m asses or a re  fo u n d  inciden ta lly  o n  abdom ina l 
ra d io g rap h s  or scans because they  con ta in  foci of calcifica
tion  p ro d u c e d  by too th like s tru c tu res  con ta ined  w ith in  the 
tum or. A bou t 90% are un ila tera l, w ith  the rig h t side  m ore 
com m only  affected. R arely do  these cystic m asses exceed 
10 cm  in  d iam eter. O n  cu t section, they  often  are filled w ith  
sebaceous secretion  a n d  m a tted  h a ir that, w h e n  rem oved , 
reveal a ha ir-bearing  ep id erm al lin ing  (Fig. 19.18). Som e
tim es there  is a n o d u la r  p ro jection  from  w h ich  tee th  p ro 
trude . O ccasionally , foci o f bone an d  cartilage, nests  of 
b ronch ial o r gastro in testina l ep ithe lium , o r o ther tissues 
are  p resen t.

For u n k n o w n  reasons, these n eop lasm s som etim es 
p ro d u ce  in fertility  a n d  are p ro n e  to  u n d e rg o  to rsion  (in 
10%-15% of cases), w h ich  constitu tes a n  acu te  surgical 
em ergency. A  rare, b u t fascinating , paraneop lastic  com pli
ca tion  is lim bic encephalitis, w h ich  m ay  develop  in  w o m en  
w ith  te ra tom as con ta in ing  m a tu re  n eu ra l tissue a n d  often  
rem its w ith  tu m o r resection . M alignan t transfo rm ation , 
u su a lly  to a sq u am o u s cell carcinom a, is seen  in  ab o u t 1% 
of cases.

Im m a tu re  M alignant T era to m as

M alignan t (im m ature) te ra tom as are fo u n d  early  in  life, 
the m ean  age a t clinical detection  being  18 years. They 
typically  a re  bu lky  a n d  ap p e a r solid  o n  cu t section, an d  
they o ften  con ta in  a reas of necrosis; uncom m only , cystic 
foci a re  p resen t th a t con ta in  sebaceous secretion, hair, an d  
o ther fea tu res sim ilar to  those  of m a tu re  tera tom as. O n  
m icroscopic exam ination , the d is tin g u ish in g  fea tu re  is the 
presence of im m atu re  e lem en ts o r m in im ally  d ifferen ti
a ted  cartilage, bone, m uscle, nerve, o r o th e r tissues. As 
w ith  o ther tum ors, the p rognosis  d e p en d s  o n  g rad e  an d  
stage.

Specialized T era to m as

A ra re  sub ty p e  of te ra tom a is com posed  en tire ly  of special
ized  tissue. The m o st com m on exam ple  is s tru m a  ovarii,
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Table 19.4 Salient Features of O varian G erm  Cell and Sex Cord Neoplasms

N eo p lasm Peak Inc idence Usual Location M orph o lo g ic  Features B ehav io r

G e rm  C ell O rig in

Dysgerminoma Second to third 
decade of life 

Occur with 
gonadal 
dysgenesis

Unilateral in
80%-90%

Counterpart of testicular seminoma 
Sheets or cords of large clear cells 
Stroma may contain lymphocytes and 

occasional granulomas

All malignant but only one-third 
metastasize; all radiosensitive; 
80% cure rate

Choriocarcinoma First 3 decades of 
life

Unilateral Identical to placental tumor 
Two types of epithelial cells: cytotrophoblast 

and syncytiotrophoblast

Metastasizes early and widely 
Primary focus may degenerate, 

leaving only metastases 
Resistant to chemotherapy

Sex C ord  Tum ors

Granulosa-theca
cell

Most
postmenopausal, 
but may occur 
at any age

Unilateral Composed of mixture of cuboidal granulosa 
cells and spindled or plump lipid-laden theca 
cells

Granulosa elements may recapitulate ovarian 
follicle as Call-Exner bodies

May elaborate large amounts of 
estrogen

Granulosa element may be 
malignant (5%-25%)

Thecoma-fibroma Any age Unilateral Yellow (lipid-laden) plump thecal cells Most hormonally inactive 
About 40% produce ascites and 

hydrothorax (Meigs syndrome) 
Rarely malignant

Sertoli-Leydig cell All ages Unilateral Recapitulates development of testis with 
tubules or cords and plump pink Sertoli 
cells

Many masculinizing or 
defeminizing 

Rarely malignant

M etastases to  O v a ry

Older ages Mostly bilateral Anaplastic tumor cells, cords, glands, dispersed 
through fibrous background 

Cells may be “signet ring” mucin-secreting

Primaries are gastrointestinal 
tract (Krukenberg tumors), 
breast, and lung

w h ich  is com posed  en tire ly  of m a tu re  thy ro id  tissue th a t 
m ay  actually  p ro d u ce  h y p erth y ro id ism . These tum ors 
a p p e a r as sm all, solid, u n ila te ra l b ro w n  o v arian  m asses. 
O th e r specialized  te ra tom as inc lude  ovarian  carcinoid , 
w h ich  in  ra re  instances p ro d u ces  carcino id  syndrom e.

C lin ica l Features

W ith  all ovarian  neop lasm s, m an ag em en t poses a  for
m idab le  clinical challenge, because sym ptom s o r signs

Fig. I 9. l 8 Mature cystic teratoma (dermoid cyst) of the ovary. A ball of 
hair (bottom) and a mixture of tissues are evident. ( C o u r te s y  o f  D r .  C h r is to p h e r  

C r u m ,  B r ig h a m  a n d  W o m e n ’s  H o s p i t a l ,  B o s to n ,  M a s s a c h u s e t t s . )

u su a lly  ap p e a r on ly  w h e n  tu m o rs are  w e ll advanced . 
O v arian  tu m o rs of surface ep ithelia l o rig in  u su a lly  are 
asym ptom atic  un til they  becom e large e n o u g h  to  cause 
local p ressu re  sym ptom s (e.g., pa in , gastro in testina l 
com plain ts, u rin a ry  frequency). Indeed , a b o u t 30% of all 
o v arian  neop lasm s are d iscovered  inciden ta lly  o n  ro u tin e  
gynecologic exam ination . L arger m asses, particu larly  
the  com m on  ep ithelia l tum ors, m ay  cause a n  increase in  
ab d o m in a l g irth . Sm aller m asses, p a rticu la rly  de rm o id  
cysts, som etim es tw ist on  the ir ped icles (torsion), p ro d u c 
in g  severe ab d o m in a l p a in  th a t m im ics a n  acu te  abdom en . 
M etastatic  seed ing  of m alig n an t serous tu m o rs often  
causes ascites, w h e reas  function ing  o v arian  tu m o rs often  
com e to a tten tio n  because of the en docrinopa th ies  they 
p roduce .

U nfo rtunate ly , trea tm en t of o v arian  tu m o rs rem ains 
unsatisfactory ; on ly  a m o d est increase in  su rv iva l has 
been  ach ieved  since the  m id-1970s. Screening m eth o d s th a t 
de tec t early  tu m o rs are b ad ly  needed , b u t those  eva lu 
a ted  to  da te  a re  of lim ited  value . O ne such  m arker, the 
p ro te in  CA-125, is e levated  in  the sera  of 75% to 90% of 
w o m en  w ith  ep ithelia l o v arian  cancer. H ow ever, CA-125 
is undetec tab le  in  u p  to  50% of w o m e n  w ith  cancer lim ited  
to  the ovary; conversely , it o ften  is e levated  in  a varie ty  
of ben ig n  cond itions a n d  n o n o v a rian  cancers. H ence, 
its u sefu lness as a screen ing  test in  asym ptom atic  po st
m en o p au sa l w o m en  is lim ited . C urren tly , CA-125 m ea
su rem en ts  a re  o f g rea test va lue  in  m o n ito rin g  response  to 
therapy .
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Ä S U M M A R Y

OVARIAN TUM ORS

• Tumors may arise from epithelium, sex cord-stromal cells, or 

germ cells.

• Epithelial tumors are the most common malignant ovarian 

tum or and are more common in women older than 40 years 

of age.

• The major types of epithelial tumors are serous, mucinous, 

and endometrioid. Each has a benign, malignant, and borderline 

counterpart.

• Serous carcinoma is the most common and many arise in the 

distal fallopian tube.

• Sex cord-stromal tumors may display differentiation toward 

granulosa, Sertoli, Leydig, or ovarian stromal cell type. 

Depending on differentiation, they may produce estrogens or 

androgens.

• Germ cell tumors (mostly cystic teratomas) are the most 

common ovarian tum or in young women; the vast majority 

are benign.

• Germ cell tumors may differentiate toward oogonia (dysger

minoma), primitive embryonal tissue (embryonal), yolk sac 

(endodermal sinus tum or), placental tissue (choriocarcinoma), 

or multiple tissue types (teratoma).

Diseases of Pregnancy

D iseases of p reg n an cy  a n d  patho log ic  cond itions of the 
p lacen ta  are im p o rta n t con tribu to rs  to  m o rb id ity  a n d  m or
tality  for bo th  m o th e r a n d  child . D iscussed  in  th is section 
are  a lim ited  n u m b er of d iso rd ers  in  w h ich  k now ledge  of 
the m orpho log ic  lesions con tribu tes to a n  u n d e rs ta n d in g  
of clinical d isease.

PLACENTAL INFLAMMATIONS A N D  
INFECTIONS

In fe c tio n s  m a y  reach  th e  p la c e n ta  b y  e ith e r  o f  tw o  paths: 

(1) ascen s ion  th ro u g h  th e  b ir th  can a l or (2) h em a to g e n o u s  

( tra n s p la c e n ta l) spread .

Ascending infections a re  by  far the m ore com m on; in  m ost 
instances they  are  bacterial a n d  are  associa ted  w ith  p re 
m a tu re  ru p tu re  of the fetal m em branes. O n  m icroscopic 
exam ination , the cho rioam nion  show s n eu troph ilic  infiltra 
tion  associated  w ith  ed em a a n d  congestion  (acute chorio- 
am nionitis). W ith  ex tension  beyond  the m em branes, the 
in fection  m ay  invo lve the um bilical co rd  a n d  p lacen ta l 
villi, re su ltin g  in  acu te  vascu litis o f the co rd  (funisitis). 
A scend ing  in fections are caused  by Mycoplasma, Candida, 
a n d  bacteria  of the vag inal flora.

U ncom m only , p lacen ta l infections m ay  arise by  hema
togenous spread of bacteria  a n d  o th e r organism s; o n  h isto 
logic exam ination , p lacen ta l villi a re  the m ost frequen tly  
affected  s tru c tu res  (villitis). Syphilis, tubercu losis, liste
riosis, toxoplasm osis, an d  v ario u s v iru ses (rubella, cyto
m egalov irus, he rp es sim plex  v irus) all can  cause p lacen ta l 
villitis. T ransp lacen ta l infections can  affect the fe tus an d  
give rise  to  the so-called "T O R C H " com plex  (toxoplas
m osis, o th e r infections, rubella , cy tom egalov irus infection, 
herpes) (C hap ter 7).

ECTOPIC PREGNANCY

E cto p ic  p re g n a n c y  is  d e fin e d  as im p la n ta t io n  o f  a  fe r t i l 

iz e d  o v u m  in  a n y  s ite  o th e r th a n  th e  u te ru s , w h ich  m ay 
occur in  as m an y  as 1% of p regnancies. In  m ore th an  90% of

these cases, im p lan ta tio n  occurs in  the fa llop ian  tube  (tubal 
p regnancy); o ther sites inc lude  the ovaries a n d  the  abdom i
nal cavity . A ny  factor th a t re ta rd s  passage  of the o v u m  
th ro u g h  the fa llop ian  tube p red isp o ses to  ectopic p reg 
nancy . In  a b o u t half o f the  cases, s low ed  passage  resu lts  
from  chronic in flam m ation  a n d  scarring  in  the ov iduct; 
in trau te rin e  tu m o rs a n d  endom etrio sis  m ay  also  h am p er 
passage  of the  o vum . In  the o ther 50% of tu b a l pregnancies, 
no  anatom ic cause is ev iden t. O varian  p regnancies p roba 
b ly  resu lt from  ra re  instances in  w h ich  the o v u m  is fertilized  
ju s t as the follicle ru p tu re s . G esta tion  w ith in  the  abdom i
nal cavity  occurs w h e n  the fertilized  egg d ro p s  o u t o f the 
fim bria ted  en d  of the  fa llop ian  tube a n d  im p lan ts  o n  the 
peritoneum .

^  M O R P H O L O G Y

In all sites, early development of ectopic pregnancies proceeds 

normally, with formation of placental tissue, the amniotic sac, and 

decidual changes. W ith  tubal pregnancies, the invading placenta 

eventually burrows through the wall of the fallopian tube, causing 

in tra tu b a l h e m a to m a  (h e m a to s a lp in x ), in tra p e rito n e a l 

h e m o rrh a g e , or both. The tube is usually distended by freshly 

clotted blood containing bits of gray placental tissue and fetal 

parts. The histologic diagnosis depends on visualization of pla

cental villi or, rarely, of the embryo.

U ntil ru p tu re  occurs, a n  ectopic p reg n an cy  m ay  be ind is 
tingu ishab le  from  a n o rm al p regnancy , w ith  cessation  of 
m en stru a tio n  a n d  e leva tion  of se ru m  a n d  u rin a ry  p lacen 
tal ho rm ones. U n d e r the influence of these  horm ones, the 
en d o m etriu m  (in  app rox im ate ly  50% of cases) u n d erg o es  
the characteristic  hypersecre to ry  a n d  d ec idual changes of 
p regnancy . The absence of e levated  g o n ad o tro p in  levels 
does n o t exclude the d iagnosis because p o o r a ttachm en t 
an d  necrosis o f the ectopic p lacen ta  are com m on. R u p tu re  
of an  ectopic p reg n an cy  m ay  be catastrophic , w ith  the 
su d d e n  onset of in tense  ab d o m in a l p a in  a n d  signs of an  
acu te  abdom en , o ften  fo llow ed  by shock. P ro m p t surgical 
in te rv en tio n  is necessary .
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Ä S U M M A R Y

E C T O P IC  P R E G N A N C Y

• Ectopic pregnancy is defined as implantation of the fertilized 

ovum outside of the uterine corpus. Approximately 1% of 

pregnancies implant ectopically; the most common site is the 

fallopian tube.

• Chronic salpingitis with scarring is a major risk factor for tubal 

ectopic pregnancy.

• Rupture of an ectopic pregnancy is a medical emergency that, 

if left untreated, may result in exsanguination and death.

GESTATIONAL TROPHOBLASTIC  
DISEASE

G e s ta tio n a l tro p h o b la s tic  d isease re fe rs  to  a n  a b n o r

m a l p ro li fe ra t io n  o f  fe ta l tro p h o b la s t ce lls . The W orld  
H ea lth  O rg an iza tio n  b ro ad ly  d iv ides these d iseases in to  
tw o  categories: m o lar lesions a n d  n onm ola r lesions. The 
m o lar lesions a re  fu rth e r d iv id ed  in to  partia l, com plete, 
an d  invasive  h y d a tid ifo rm  m oles. The n o n m o la r category  
consists of choriocarcinom a an d  o ther m ore  u n com m on  
types of trop h o b last-d e riv ed  m alignancies. A ll e laborate  
h u m a n  chorion ic g o n ad o tro p in s  (hCG), w h ich  is detected  
in  the  b lood  a n d  u rin e  a t levels considerab ly  h igher than  
those  fo u n d  d u r in g  n o rm al p regnancy . In  ad d itio n  to 
a id in g  d iagnosis, hC G  levels in  the b lood  o r u rin e  can  be 
u se d  to  m o n ito r trea tm en t efficacy. C linicians p refer the 
um bre lla  te rm  gesta tiona l trophob lastic  d isease because 
the  response  to  therapy , as ju d g e d  by the ho rm o n e  levels, 
is significantly  m ore  im p o rta n t th an  pa tho log ic  su b typ ing  
of lesions. H ow ever, the genetics, patho logy , a n d  n a tu ra l 
h isto ry  of these  d iso rd ers  are  sufficiently  d istinc t to  m erit 
d iscussion  of each.

Hydatidiform Mole: Complete and Partial
T h e  ty p ic a l h y d a t id i fo r m  m o le  is a  v o lu m in o u s  m ass  

o f  s w o lle n , som e tim e s  c y s tic a lly  d ila te d , c h o rio n ic  

v i l l i ,  a p p e a rin g  g ro ss ly  as g ra p e lik e  s truc tures . V arying 
am o u n ts  o f n o rm al to  h igh ly  a typ ica l chorion ic ep ith e liu m  
cover the  sw ollen  villi. T here a re  tw o  d istinctive  sub types 
of h y d a tid ifo rm  m oles: complete a n d  partial. C om plete  
h y d a tid ifo rm  m oles are n o t com patib le  w ith  em bryogen 
esis an d  rare ly  con ta in  fetal parts . A ll o f the chorionic villi 
are  abno rm al, a n d  the chorion ic ep ithelia l cells a re  d ip lo id  
(46,XX or, uncom m only , 46,XY). The p a rtia l h y d a tid ifo rm  
m ole is com patib le  w ith  early  em bryo  fo rm ation  a n d  there 
fore m ay  con ta in  fetal parts , has  som e no rm al chorionic 
villi, a n d  is a lm ost a lw ays trip lo id  (e.g., 69,XXY) (Table 
19.5). B oth types re su lt from  ab n o rm al fe rtiliza tion  w ith  
a n  excess o f p a te rn a l genetic  m aterial. In  a com plete m ole 
the en tire  genetic con ten t is su p p lied  by  tw o  sperm atozoa  
(or a d ip lo id  sperm ), y ie ld in g  d ip lo id  cells con ta in ing  only  
p a te rn a l chrom osom es, w h ereas in  a p a rtia l m ole a no rm al 
egg is fertilized  by tw o  sperm atozoa  (or a d ip lo id  sperm ), 
resu ltin g  in  a trip lo id  k a ry o ty p e  w ith  a  p rep o n d e ran ce  of 
p a te rn a l genes.

Table 19.5 Features o f C o m p lete  and Partial 
H ydatid iform  M ole

F e a tu re C o m p le te  M o le P a rtia l M o le

Karyotype 46,XX (46,XY) Triploid (69,XXY)

Villous edema All villi Some villi

Trophoblast
proliferation

Diffuse;
circumferential

Focal; slight

Serum hCG Elevated Less elevated

Tissue hCG ++++ +

Risk of subsequent 
choriocarcinoma

2% Rare

hCG, Human chorionic gonadotropin.

The incidence of com plete h y d a tid ifo rm  m ole is ab o u t 1 
to 1.5 p e r 2000 p regnancies in  the  U n ited  S tates a n d  o ther 
W estern  countries. For u n k n o w n  reasons, the incidence is 
m u ch  h igher in  A sian  countries. M oles a re  m ost com m on 
before the age of 20 an d  after the  age of 40 years, a n d  a 
h isto ry  of the cond ition  increases the risk  for m o lar d isease 
in  su b seq u en t p regnancies. A lth o u g h  m o lar d isease for
m erly  w as  d iscovered  a t 12 to  14 w eeks of p regnancy  
d u rin g  investiga tion  for a gesta tion  th a t w as  " to o  large  for 
dates," early  m o n ito rin g  of p regnancies by u ltra so u n d  has 
low ered  the gesta tional age a t detection . In  bo th  com plete  
an d  p a rtia l m oles, e leva tion  of hC G  in  the  m a te rn a l b lood 
an d  absence of fetal h e a rt so u n d s  are  typical.

M O R P H O L O G Y

In advanced cases the uterine cavity is expanded by a deli

cate, friable mass of thin-walled, translucent cystic structures 

(Fig. 19.19). Fetal parts are rarely seen in complete moles but 

are common in partial moles. On microscopic examination, the 

c o m p le te  m o le  shows hydropic swelling of poorly vascularized 

chorionic villi with a loose, myxomatous, edematous stroma. 

The chorionic epithelium typically shows a proliferation of both 

cytotrophoblasts and syncytiotrophoblasts (Fig. 19.20). Histo

logic grading to predict the clinical outcome of moles has been 

supplanted by monitoring of hCG levels. In p a rtia l m oles, 

villous edema involves only a subset of the villi, and the tropho

blastic proliferation is focal and slight. In most cases of partial 

mole, some fetal cells are present, ranging from fetal red cells in 

placental villi to, in rare cases, a fully formed fetus.

O verall, 80% to 90% of m oles do  n o t recu r after tho r
o u g h  cu rettage, b u t 1 0 % of com plete m oles a re  invasive  
(described  next). N o  m ore th a n  2% to 3% give rise  to 
choriocarcinom a.

Invasive Mole
Invasive  m oles are  com plete m oles th a t a re locally invasive  
b u t lack the m etasta tic  p o ten tia l of choriocarcinom a. A n 
invasive  m ole re ta ins h y d ro p ic  villi, w h ich  pen e tra te  the 
u te rine  w all deep ly , possib ly  causing  ru p tu re  an d  som e
tim es life -th reaten ing  hem orrhage . O n  m icroscopic exam i
nation , the ep ith e liu m  of the villi show s a typ ica l changes, 
w ith  p ro life ra tion  of bo th  trophob lastic  a n d  syncytio tro- 
p h o b last com ponents.
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Fig. 19.19 Complete hydatidiform mole, consisting of numerous swollen 
(hydropic) villi.

A lth o u g h  the m ark ed  invasiveness of th is lesion  m akes 
rem oval technically  difficult, m etastases do  n o t occur. 
H y d ro p ic  villi m ay  em bolize to  d is tan t o rgans, such  as 
lungs o r b ra in , b u t these em boli do  n o t behave like true  
m etastases a n d  m ay  reg ress spon taneously . Because of 
d eeper invasion  in to  the m y om etrium , a n  invasive  m ole 
is d ifficult to  rem ove com plete ly  by cu rettage, so if se ru m  
P-hCG rem ains elevated , fu rth e r trea tm en t is requ ired . For
tunate ly , in  m o st cases cu re  is possib le  w ith  chem otherapy .

Gestational Choriocarcinoma
C horiocarcinom a, a  very  aggressive  m alig n an t tum or, 
arises from  gesta tional chorionic ep ith e liu m  or, less fre
quen tly , from  to tipo ten tia l cells w ith in  the go n ad s (as a 
g erm  cell tum or). These tu m o rs a re  ra re  in  the W estern  
H em isp h ere  (they occur in  ab o u t 1 p e r  30,000 p reg n an 
cies in  the U n ited  States), b u t a re  m u ch  m ore com m on  in

Fig. 19.20 Complete hydatidiform mole. In this microscopic image, dis
tended hydropic villi ( b e lo w )  and proliferation of the chorionic epithelium 
( a b o v e )  are evident. ( C o u r te s y  o f  D r .  K y le  M o lb e r g ,  D e p a r t m e n t  o f  P a th o lo g y ,  

U n iv e r s i t y  o f  T e x a s  S o u th w e s te rn  M e d ic a l  S c h o o l,  D a l la s ,  T e x a s .)

A sian  a n d  A frican  countries, reach ing  a frequency  of 1 in  
2000 pregnancies. A pprox im ate ly  50% of choriocarcinom as 
arise  from  com plete  h y d a tid ifo rm  m oles; a b o u t 25% arise 
after an  abortion , w h ile  the  rem a in d e r m an ifest fo llow ing  
a n  ap p a ren tly  no rm al p regnancy . In  m ost cases, choriocar
cinom a p resen ts  as a  b loody , b ro w n ish  d ischarge accom 
p a n ie d  by a rising  titer of P-hCG in  b lood  an d  u rine , in  the 
absence of m ark ed  u te rin e  en largem ent, such  as w o u ld  be 
seen  w ith  a m ole. In  general, the P-hCG titers are  m uch  
h igher th an  those  associa ted  w ith  a m ole.

M O R P H O L O G Y

Choriocarcinomas usually appear as hemorrhagic, necrotic 

uterine masses. Sometimes the necrosis is so extensive that 

little viable tum or remains. Indeed, the primary lesion may “self- 

destruct,” and only the metastases tell the story. Very early, the 

tum or insinuates itself into the myometrium and into vessels. In 

c o n tras t w ith  h yd a tid ifo rm  m oles and invasive m oles, 

cho rio n ic  v illi a re  n o t fo rm e d ; instead, th e  tu m o r  is c o m 

posed o f anaplastic cuboidal cy to trop h ob las ts  and syncy- 

t io tro p h o b las ts  (Fig. 19.21).

By the time a choriocarcinoma is discovered, widespread vas

cular spread usually has occurred to  the lungs (50%), vagina (30% - 

40%), brain, liver, or kidneys. Lymphatic invasion is uncommon.

C lin ica l Features

D esp ite  the ex trem ely  aggressive  n a tu re  of p lacen ta l cho
riocarcinom a, these tu m o rs a re  rem arkab ly  sensitive to 
chem otherapy . N early  100% of affected p a tien ts  are  cu red , 
even  those  w ith  m etastases a t d is tan t sites such  as the 
lungs. By contrast, response  to  chem otherapy  w ith  cho
riocarcinom as th a t arise in  the  gonads (ovary  or testis) is 
re la tively  poor. This strik ing  d ifference in  p rognosis  m ay  
be re la ted  to  the presence of p a te rn a l an tigens o n  p lacen ta l 
choriocarcinom as th a t a re  lacking in  g onadal lesions. C on
ceivably, a m a te rn a l im m u n e  response  ag a in st the foreign 
(paternal) an tigens he lp s clear the tu m o r by  acting  as an  
ad ju n c t to  chem otherapy .

Rg. I 9.2 I Choriocarcinoma. This field contains both neoplastic cytotro- 
phoblast and multinucleate syncytiotrophoblast. ( C o u r te s y  o f  D r .  D a v id  R. 

G e n e s t ,  B r ig h a m  a n d  W o m e n ’s  H o s p i t a l ,  B o s to n ,  M a s s a c h u s e t t s . )
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Placental Site Trophoblastic Tumor

Placental site trophob lastic  tu m o rs are d e riv ed  from  the 
p lacen ta l site o r in te rm ed ia te  trophob last, a  cell th a t has 
m orpho log ic  a n d  functional fea tu res  th a t overlap  w ith  
those  of trophob lasts  a n d  syncy tio trophob lasts . These 
u n co m m o n  d ip lo id  tum ors, o ften  XX in  karyo type, typ i
cally arise a  few  m o n th s  after p regnancy . Because in te rm e
d ia te  trophob lasts  do  n o t p ro d u ce  hC G  in  large  am oun ts, 
hC G  concen tra tions a re  on ly  sligh tly  elevated . M ore typ i
cally, these tu m o rs p ro d u ce  h u m a n  p lacen ta l lactogen. A n 
in d o len t clinical course is typical, w ith  a generally  favorable 
ou tcom e if the tu m o r is confined  to the end o m y o m etriu m . 
O f note, how ever, p lacen ta l site trophob lastic  tu m o rs are  
n o t as sensitive to  chem otherapy  as are  o th e r trophob las
tic tum ors, a n d  the p rognosis  is p o o r w h e n  sp read  occurs 
beyond  the  u teru s.

Ä S U M M A R Y

G E S T A T IO N A L  T R O P H O B L A S T IC  DISEASE

• Molar disease is a result of an abnormal contribution of pater

nal chromosomes to  the conceptus.

• Partial moles are triploid and have two sets of paternal chro- 

mosomes.They typically are accompanied by fetal tissue. There 

is a low rate of persistent disease.

• Complete moles are diploid, and all chromosomes are paternal. 

Rarely are embryonic or fetal tissues associated with a com

plete mole.

• Among complete moles, 10% to 15% are associated with per

sistent disease that usually takes the form of an invasive mole. 

Only 2% of complete moles progress to choriocarcinoma.

• Gestational choriocarcinoma is a highly invasive and frequently 

metastatic tum or that, in contrast with ovarian choriocarci

noma, is responsive to chemotherapy and curable in most cases.

• Placental site trophoblastic tum or is an indolent tum or of 

intermediate trophoblast that produces human placental lac

togen. It can be cured surgically but once it spreads it does 

not respond well to chemotherapy.

Preeclampsia/Eclampsia (Toxemia of Pregnancy)

T h e  d e v e lo p m e n t o f  h y p e rte n s io n , a c c o m p a n ie d  b y  p ro 

te in u r ia  a n d  e d e m a  in  th e  th ir d  tr im e s te r  o f  p re g n a n c y , is  

re fe rre d  to  as p re e c la m p s ia . This synd rom e occurs in  5% 
to 1 0 % of p regnancies, p a rticu la rly  w ith  first p regnancies 
in  w o m en  o lder th a n  35 years. In  those  severely  affected, 
se izu res m ay  occur, a n d  the sy m p to m  com plex  is then  
te rm ed  eclampsia. By long-ex isting  p receden t, p reec lam p 
sia a n d  eclam psia  som etim es are  re ferred  to  as toxem ia of 
p regnancy . N o  b lood-borne toxin  has been  iden tified , an d  
th is  h istorically  sanctified te rm  is a m isnom er. Recogni
tion  an d  early  trea tm en t o f p reec lam psia  have  n o w  m ade  
eclam psia, p articu larly  fatal eclam psia, rare.

W h i le  exact t r ig g e r in g  even ts  in i t ia t in g  these  syn 

d ro m e s  are u n k n o w n , a  c o m m o n  fe a tu re  u n d e r ly in g  a l l  

cases is in s u ff ic ie n t  m a te rn a l b lo o d  f lo w  to  th e  p la c e n ta  

seco n d ary  to  in a d e q u a te  re m o d e lin g  o f  th e  s p ira l a rte rie s

o f  th e  u te ro p la c e n ta l v a s cu la r b e d . In  n o rm al p regnancy , 
the  m uscu loelastic  w alls  o f the sp ira l a rteries are  in v ad ed  
by  trophob lasts , p e rm ittin g  th em  to d ila te  in to  w id e  vas
cu lar sinuso ids. In  p reec lam psia  a n d  eclam psia, th is  vas
cu lar rem ode ling  is im paired , the  m uscu loelastic  w alls  are  
re ta ined , a n d  the  channels rem ain  narrow . D ecreased  u te ro 
p lacen ta l b lood  flow  ap p ea rs  to  resu lt in  p lacen ta l hypoxia, 
p lacen ta l dysfunction , a n d  the  a lte red  release o f circu lating  
factors th a t regu la te  angiogenesis. Specifically, increases in  
the  an ti-ang iogen ic  factors so lub le Flt1 (sF ltl) a n d  soluble 
en d o g lin  (sEng) an d  red u c tio n s in  p roang iogen ic  factors, 
such  as VEGF, have  been  no ted . These d is tu rbances are 
h y p o th esized  to  re su lt in  endo the lia l cell dysfunction , vas
cu lar hyperreactiv ity , a n d  en d -o rg an  m icroangiopathy . 
A lth o u g h  the exact basis o f p reec lam psia  rem ains to  be 
fu rth e r defined, several serious consequences hav e  been 
associa ted  w ith  th is condition:
• Placental infarction, stem m ing  from  chronic 

hy p o p erfu sio n
• Hypertension, re su ltin g  from  red u ced  endo the lia l p ro d u c 

tion  of the  v asod ila to rs  p rostacyclin  a n d  p ro stag lan d in  
E 2  a n d  from  increased  p ro d u c tio n  o f the  vasoconstric tor 
th rom boxane  A2

• Hypercoagulability, d u e  to endo the lia l d ysfunction  and  
release of tissue  factor from  the  p lacen ta

• End-organ failure, m ost no tab ly  of the  k id n ey  a n d  the 
liver, w h ich  occurs in  p a tien ts  w ith  fu ll-b low n  eclam p
sia. A pprox im ate ly  10% of the  p a tien ts  w ith  severe p re 
eclam psia develop  the  so-called "H ELLP synd rom e", 
charac terized  by  e leva ted  liver enzym es, m icroangio 
p a th ic  hem oly tic  anem ia, th rom bocy topen ia  d u e  to  
p la te le t consum ption , an d  som etim es fu llb low n  dis
sem inated  in trav ascu la r coagu la tion  (DIC).

M O R P H O L O G Y

The morphologic changes of preeclampsia and eclampsia are

variable and correlate to some degree with the severity of the

disorder. P lacen ta l a b n o rm a lities  include

• In farcts , which can be a feature of normal pregnancy, but are 

much more numerous with severe preeclampsia or eclampsia

• R e tro p lacen ta l h em orrh ages

• P re m a tu re  m a tu ra tio n  o f p lacen ta l v illi associated with 

villous edema, hypovascularity, and increased production of 

syncytial epithelial knots

• F ib rin o id  necrosis and focal accumulation of lipid-containing 

macrophages (acute atherosis) of decidual vessels

C lin ica l Features

P reeclam psia  p resen ts  insid iously  d u rin g  w eeks 24 to  25 
of gesta tion  w ith  edem a, p ro te in u ria , a n d  ris ing  b lood 
p ressu re . S hould  the  cond ition  evolve in to  eclam psia, 
rena l function  is im paired , b lood  p ressu re  rises fu rther, 
an d  convu lsions m ay  occur. P ro m p t th e rap y  early  in  the 
course abo rts  the associa ted  o rg an  changes, w ith  all abno r
m alities reso lv ing  p ro m p tly  after delivery  o r after cesarean  
section.
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Breast

T hree im p o rta n t fea tu res d is tin g u ish  the b reast from  o ther 
o rgans. First, ra th e r th a n  be ing  essen tia l for surv ival, 
the  m ajor function  is the n u tritio n a l su p p o rt of ano th er 
in d iv id u a l, the  in fan t. Second, the  s tru c tu re  of the o rgan  
u n d e rg o es  m ark ed  changes th ro u g h o u t life: expansion  
of the lobu lar system  after m enarche, p eriod ic  rem odel
in g  d u r in g  ad u lth o o d , especially  d u rin g  an d  after p reg 
nancy, an d  u ltim ate ly  in v o lu tio n  an d  reg ression  o f lobules. 
Finally, b reasts  are v isible a n d  as a re su lt have  a social, 
cu ltu ra l, a n d  p ersonal significance n o t sh ared  by o ther 
o rgans. A ll of these fea tu res p lay  a role w h e n  consider
ing  the  orig ins, p resen ta tions, a n d  trea tm en t o f b reast 
disease.

T he functional u n it o f the  b reast is the  lobule, w h ich  
is su p p o rte d  by a specialized  in tra lo b u la r strom a. The 
inner lu m in a l ep ithelia l cells p ro d u ce  m ilk  d u rin g  lacta
tion. The basally  located  m yoep ithelia l cells have  contrac
tile function  to  a id  in  m ilk  ejection a n d  also  help  su p p o rt 
the b asem en t m em brane . The ducts are  co n d u its  for 
m ilk  to reach  the n ipp le . The size of the  b reast is de ter
m in ed  p rim arily  by  in te rlo b u la r strom a, w h ich  increases 
d u r in g  p u b e rty  a n d  invo lu tes w ith  age. Each n o rm al con
s titu en t is a  source of b o th  ben ig n  a n d  m alig n an t lesions 
(Fig. 19.22).

CLIN ICAL PRESENTATIONS OF 
BREAST DISEASE

The p red o m in an t sym ptom s an d  signs of diseases of the 
b reast are pain, inflam m atory  changes, n ipp le  discharge, 
"lum piness," or a palpab le  m ass (Fig. 19.23A). H ow ever, 
few  sym ptom s are so severe as to  requ ire  treatm ent, and  
the  p rim ary  reason  for investigating  their cause is to evalu 
ate the possibility  of m alignancy. M ost sym ptom atic  breast 
lesions (>90%) are  benign. O f w o m en  w ith  cancer, abou t 
45% have sym ptom s, w hereas the rem ainder com e to atten 
tion th ro u g h  screening tests (Fig. 19.23B).
• Pain (m asta lg ia  or m astodyn ia) is a com m on sy m ptom  

often re la ted  to  m enses, possib ly  d u e  to cyclic edem a 
a n d  sw elling . P a in  localized  in  a  specific a rea  is u sua lly  
caused  by  a ru p tu re d  cyst o r trau m a  to  ad ip o se  tissue 
(fat necrosis). A lm ost all pa in fu l m asses are  ben ign , b u t 
for u n k n o w n  reasons a sm all fraction  of cancers (abou t 
1 0 %) cause pain .

• Inflammation causes a n  ed em ato u s a n d  e ry th em ato u s 
breast. It is ra re  a n d  is m ost o ften  caused  by infec
tions, w h ich  on ly  occur w ith  any  frequency  d u rin g  
lactation  an d  b reastfeed ing . A n im p o rtan t m im ic of

Luminal cells (blue) 

Myoepithelial cells (black) 

Intralobular stroma (green) 

Interlobular stroma (red)

Papilloma

DCIS

Epithelial
hyperplasia

Normal lobule Phyllodes
tumor

Fibroadenoma
Invasive

carcinoma

AngiosarcomaHemangioma

NORMAL BENIGN MALIGNANT

Fig. 19.22 Origins of breast disorders. Benign epithelial lesions include intraductal papillomas that grow in sinuses below the nipple and epithelial hyperplasia 
that arises in lobules. Malignant epithelial lesions are mainly breast carcinomas, which may remain in situ or invade into the breast and spread by metastasis. 
Specialized intralobular stroma ( g re e n )  cells may give rise to fibroadenomas and phyllodes tumors, whereas interlobular stroma ( g re e n )  may give rise to a 
variety of rare benign and malignant tumors.
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A  SYMPTOMS OF PATIENTS B PRESENTATIONS OF BREAST CANCERS

Fig. 19.23 Presenting symptoms of breast disease. (A) Common breast-related symptoms that bring patients to clinical attention. (B) Presentations of breast 
cancer.

in flam m ation  is " in flam m ato ry" b reast carcinom a (dis
cussed  later).

• Nipple discharge m ay  be n o rm al w h e n  sm all in  q u an 
tity  a n d  b ilateral. The m ost com m on ben ign  lesion  p ro 
d u c in g  a n ip p le  d ischarge is a p ap illo m a  arising  in  the 
large  ducts below  the  n ip p le  (Fig. 19.22). D ischarges th a t 
a re  spon taneous, un ila tera l, a n d  b loody  are of g reatest 
concern  for m alignancy .

• Lumpiness, o r a d iffuse n o d u la rity  th ro u g h o u t the b reast, 
is u sua lly  a re su lt of n o rm al g lan d u la r tissue. W hen  
p ro n o u n ced , im ag ing  s tud ies  m ay  he lp  to  d e term ine  
w h e th e r a d iscrete  m ass is p resen t.

• Palpable masses can  arise  from  pro life ra tions of strom al 
cells o r ep ithelia l cells a n d  are  generally  de tected  w h e n  
they  are  2 to 3 cm  in  size (Fig. 19.22). M ost (~95%) are 
benign; these ten d  to  be ro u n d  to  oval an d  to  have 
circum scribed  borders. In  contrast, m a lig n an t tum ors 
u sua lly  in v ad e  across tissue p lanes a n d  have  irreg u la r 
bo rders. H ow ever, because som e cancers g row  decep 
tively as c ircum scribed  m asses, all p a lpab le  m asses 
requ ire  evaluation .

• Gynecomastia is the  on ly  com m on b reast sy m p to m  in 
m ales. There is a n  increase in  b o th  strom a a n d  ep ithelia l 
cells resu ltin g  from  a n  im balance be tw een  estrogens, 
w h ich  s tim ula te  b reast tissue, a n d  and rogens, w h ich  
coun terac t these effects.

R egard less o f p resen tin g  sym ptom , the  likelihood  of 
m alignancy  increases w ith  age. For exam ple, the risk  of 
n ip p le  d ischarge be ing  d u e  to  cancer increases from  7% 
in  w o m en  y o u n g e r th an  60 years of age to  30% in  w o m en  
o lder th a n  60. S im ilarly, on ly  10% of p a lpab le  m asses in  
w o m en  y o u n g e r th a n  40 years of age are  carcinom as, as 
com pared  to  60% in  w o m en  o lder th an  50.

Mammographic screening w as in tro d u ced  in  the  1980s as 
a m eans to  detect early , n o n p a lp ab le  asym ptom atic  b reast 
carcinom as before m etasta tic  sp read  has occurred . M am 
m o g rap h y  has m et th is p rom ise , as the  average size of 
invasive  carcinom as de tec ted  by m am m o g rap h y  is ab o u t 
1  cm  (significantly  sm aller th an  cancers iden tified  by  pa l
pation), a n d  on ly  15% w ill have  m etastasized  to  reg ional

ly m p h  n o d es a t the  tim e of d iagnosis. In  the U n ited  States, 
m ost cancers in  w o m en  m ore th an  50 years o f age are  now  
detec ted  by m am m o g rap h y  (Fig. 19.23B). A s w ith  sym p
tom atic  b reast lesions, the  likelihood  th a t an  abno rm al 
m am m o g rap h ic  find ing  is caused  by m alignancy  increases 
w ith  age, from  10% a t age 40 to  m ore th a n  25% in  w o m en  
o lder th a n  age 50.

flU S U M M A R Y

C L IN IC A L  P R E S E N T A T IO N S  O F  B R E A ST D ISEASE

• Symptoms affecting the breasts are evaluated primarily to  

determine if malignancy is present.

• Regardless of the symptom, the underlying cause is benign in 

the majority of cases.

• Breast cancer is most commonly detected by palpation of a 

mass in younger women and in unscreened populations and 

by mammographic screening in older women.

INFLAMMATORY PROCESSES

In flam m atory  d iseases of the b reast are ra re  a n d  m ay  
be caused  by  infections, au to im m u n e  disease, o r foreign 
b o d y -ty p e  reactions. S ym ptom s inc lude  e ry them a an d  
edem a, o ften  accom pan ied  by p a in  a n d  focal tenderness. 
Because in flam m atory  d iseases are  rare, the possib ility  
th a t the  sym ptom s are  caused  by in flam m atory  carcinom a 
shou ld  a lw ays be considered  (d iscussed  later).

The on ly  in fectious ag en t to cause b reast d isease w ith  
an y  frequency  is Staphylococcus aureus, w h ich  typically  
gains en try  v ia  fissures in  n ip p le  sk in  d u rin g  the  first 
w eeks of breastfeed ing . The in v ad in g  o rgan ism s m ay  lead  
to the fo rm ation  of "lacta tiona l abscesses," collections of 
n eu tro p h ils  a n d  associa ted  bacteria  in  fib road ipose  tissue. 
If un trea ted , tissue necrosis m ay  lead  to  the app earan ce  of 
fistu la  tracks o p en in g  on to  the  skin. M ost cases a re  trea ted  
ad eq u a te ly  w ith  antib io tics a n d  co n tin u ed  expression  of 
m ilk. R arely, su rg ical incision  a n d  d ra in ag e  is requ ired .
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STROMAL NEOPLASMS

The tw o  types of strom a in  the breast, in tra lo b u la r an d  
in terlobu lar, give rise  to  d ifferen t types of neop lasm s (Fig. 
19.22). H istorically , tu m o rs deriv ed  from  in tra lo b u la r 
strom a have  been  cleanly  d iv id ed  in to  ben ign  fib roadeno 
m as an d  m ore cellu lar p h y llo d es tum ors, w h ich  som etim es 
recu r fo llow ing  excision a n d  rare ly  p u rsu e  a m alig n an t 
course. It is n o w  ap p rec ia ted  th a t these tu m o rs share  d riv e r 
m u ta tio n s in  the  sam e genes a n d  ap p e a r to  be p a r t o f a 
sp ec tru m  of re la ted  neop lasm s. N evertheless, the o ld  clas
sification is eng ra ined  in  the m ed ical lexicon a n d  w e  w ill 
fo llow  it here  for s im plic ity 's  sake.

M O R P H O L O G Y

Tumors derived from intralobular stroma are comprised of both 

stromal cells and epithelial cells (i.e., they are “biphasic”), as the 

neoplastic proliferation of specialized lobular fibroblasts also 

stimulates reactive proliferation of lobular epithelial cells. As the 

intralobular fibroblasts proliferate, they push and distort the epi

thelial cells so that they form elongated slitlike structures rather 

than round acini. In benign fib ro a d e n o m a , the tum or mass has 

circumscribed borders and low cellularity (Fig. I9.24A); mitoses 

are rare. By contrast, in phyllodes tu m o rs  the stromal cells 

tend to outgrow the epithelial cells, resulting in bulbous nodules 

of proliferating stromal cells that are covered by epithelium 

(Fig. I9.24B), the characteristic “phyllodes” (Greek for “ leaflike”) 

growth pattern. In high-grade phyllodes tumors epithelium may 

be scant or absent, producing a sarcomatous appearance. Overall, 

about 2% of phyllodes tumors metastasize to distant sites.

Lesions of interlobular stroma are monophasic (only com

prised of mesenchymal cells) and include benign soft tissue 

tumors found elsewhere in the body, such as hemangiomas 

(Chapter 10) and lipomas (Chapter 21). The only malignancy 

derived from interlobular stromal cells of note is angiosarcoma 

(Chapter 21), which may arise in the breast after local radiother

apy. The morphologies of these lesions are described elsewhere.

BENIGN EPITHELIAL LESIONS

The m ajority  o f ben ign  ep ithelia l lesions are inc iden ta l 
find ings de tec ted  by m am m o g rap h y . Their m ajor clini
cal significance is the ir re la tionsh ip  to  the su b seq u en t risk  
of d eve lop ing  b reast cancer. B enign changes are d iv id ed  
in to  th ree  g roups, nonproliferative disease, proliferative disease 
without atypia, a n d  proliferative disease with atypia, each 
associa ted  w ith  a  d iffe ren t degree  of b reast cancer risk  
(Table 19.6).
• N onpro life ra tive  d isease is n o t associated  w ith  an  

increased  risk  of b reast cancer.
• P ro lifera tive  d isease w ith o u t a ty p ia  encom passes po ly 

clonal h y p erp lasias  th a t are  associa ted  w ith  a slightly  
increased  risk  of b reast cancer.

• P ro lifera tive  d isease w ith  a ty p ia  inc ludes m onoclonal 
"p recancers"  th a t a re  associa ted  w ith  a m o d est increase 
in  the risk  of b reast cancer in  b o th  breasts; overall, 13% 
to 17% of w o m en  w ith  these lesions develop  b reast 
cancer.

^  M O R P H O L O G Y

N o n p ro life ra tiv e  disease consists of three major morphologic 

changes: cysts, fibrosis, and adenosis. It is termed “nonprolif

erative” because the lesions contain single layers of epithelial 

cells. The most common nonproliferative breast lesions are 

simple cysts lined by a layer of luminal cells that often undergo 

apocrine metaplasia (Fig. I9.25A). The apocrine secretions may 

calcify and be detected by mammography. W hen cysts rupture, 

chronic inflammation and fibrosis in response to the spilled 

debris may produce palpable nodularity of the breast (so-called 

“fibrocystic changes”). P ro life ra tive  disease w ith o u t a ty p ia  

includes epithelial hyperplasia, sclerosing adenosis, complex scle

rosing lesion, and papilloma. Each is associated with varying 

degrees of epithelial cell proliferation. For example, in epithelial

Fig. 19.24 Intralobular stromal neoplasms. (A) Fibroadenoma. This benign tumor has an expansile growth pattern with pushing circumscribed borders. 
(B) Phyllodes tumors. Proliferating stromal cells distort the glandular tissue, forming cleftlike spaces, and bulge into surrounding stroma.
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Table 19.6 Factors Associated W ith  D evelopm ent o f Invasive Carcinom a

F a c to r R e la tive  Riska A b so lu te  L ife t im e  Riska

Women with no risk factors 1.0 3%

First-degree relative(s) with breast cancerb I.2—9.0 4%-30%

Germline tumor suppressor gene mutation (e.g., B R C A I  mutation) 2.0-45.0 6% to >90%

M enstrual H is to ry

Age at menarche < 12 years 1.3 4%

Age at menopause >55 years I.5-2.0 5%-6%

Pregnancy

First live birth <20 years (protective) 0.5 I.6%

First live birth 20-35 years I.5-2.0 5%-6%

First live birth >35 years 2.0-3.0 6%-I0%

Never pregnant (nulliparous) 3.0 I0%

Breast-feeding (slightly protective) 0.8 2.6%

Benign B reast Disease

Proliferative disease without atypia I.5-2.0 5%-6%

Proliferative disease with atypia (ALH and ADH) 4.0-5.0 I3%-I7%

Carcinoma in situ (ductal or lobular) 8.0-10.0 25%-30%

Ionizing radiation I. I - I .4 3.6%-4.6%

Mammographic density 3.0-7.0 I0%-23%

Postmenopausal obesity and weight gain I.I-3 .0 3.6%-I0%

Postmenopausal hormone replacement I.I-3 .0 3.6%-I0%

Alcohol consumption I. I - I .4 3.6%-4.6%

Alcohol consumption I. I - I .4 3.6%-4.6%

aRelative risk is the likelihood of developing cancer compared to a woman with no risk factors—whose relative risk is 1.0. Absolute lifetime risk is the fraction of women 
expected to develop invasive carcinoma without a risk reducing intervention. For women with no risk factors, there is about a 3% chance of developing invasive breast cancer. 
bThe most common family history is a mother who developed cancer after menopause. This history does not increase the risk of her daughters.

hyperplasia, increased numbers of both spindled myoepithelial 

cells and epithelioid luminal cells expand ductal and lobular spaces 

(Fig. I9.25B).

P ro life ra tiv e  disease w ith  a ty p ia  includes atypical 

lobular hyperplasia (ALH) and atypical ductal hyperplasia (A D H ). 

ALH closely resembles lobular carcinoma in situ (LCIS) and 

A D H  closely resembles ductal carcinoma in situ (DCIS) (both 

described later), but are more limited in extent. The cells in A D H  

are uniform in appearance and form sharply marginated spaces 

or rigid bridges (Fig. I9 .25C ).

C A R C IN O M A

B reast c a rc in o m a  is th e  m o st c o m m o n  m a lig n a n c y  o f  

w o m e n  g lo b a lly  (e x c lu d in g  n o n m e la n o m a  s k in  cancer) 

a n d  causes th e  m a jo r ity  o f  cancer d eaths  in  w o m e n .

A lth o u g h  the  incidence in  the  U n ited  S tates decreased  
sligh tly  in  2 0 0 2  a n d  th en  stab ilized  (changes a ttr ib u ted  
to  a decrease in  the  use  of p o stm en o p au sa l ho rm one 
th e rap y  a n d  a p la teau  in  the n u m b er of w o m en  u n d e rg o 
in g  m am m o g rap h ic  screening), the w o rld w id e  incidence

Fig. 19.25 Benign epithelial breast disease. (A) Nonproliferative disease. An apocrine cyst is shown that is a common feature of nonproliferative breast 
disease. (B) Proliferative breast disease is characterized by increased numbers of epithelial cells, as in this example of epithelial hyperplasia. (C) Proliferative 
breast disease with atypia. The proliferating epithelial cells are monomorphic in appearance and pile up to form abnormal architectural structures.
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a n d  m orta lity  is increasing  a t a n  a la rm in g  rate. The m ajor 
factors u n d e rly in g  th is tren d  in  develop ing  coun tries are 
th o u g h t to  be social changes th a t increase b reast cancer 
r isk -sp e c if ic a lly , de layed  ch ildbearing , few er p reg n an 
cies, a n d  red u ced  b re a s tfe e d in g -c o m b in e d  w ith  a lack of 
access to  o p tim al h ea lth  care.

The lifetim e risk  of b reast cancer is 1 in  8  for w o m en  
liv ing  to  age 90 in  the U n ited  States. It is p red ic ted  th a t 
a b o u t 250,000 b reast cancers w ill be d iag n o sed  in  2016 an d  
a b o u t 40,000 w o m en  w ill d ie  of the d i s e a s e - a  toll am ong  
cancers second  o n ly  to lu n g  cancer. Since the  m id-1980s the 
m orta lity  ra te  has  d ro p p e d  from  30% to less th a n  20%. The 
decrease is a ttr ib u te d  to b o th  im p ro v ed  screening, w h ich  
detects som e cancers before they  have  m etastasized , an d  
m ore effective system ic treatm en t.

A lm ost all b reast m alignancies are adenocarcinom as 
(>95%). In  the  m ost clinically usefu l classification system , 
b reas t cancers are  d iv id ed  based  o n  the exp ression  of 
ho rm o n e  r e c e p to rs -e s tro g e n  recep to r (ER) a n d  p roges
te rone  recep to r ( P R ) - a n d  the  expression  of the h u m an  
ep id e rm a l g ro w th  factor recep to r 2 (HER2, a lso  k n o w n  as 
ERBB2), in to  th ree  m ajor g roups:
• ER positive  (HER2 negative; 50%-65% of cancers)
• HER2 positive  (ER positive  o r negative; 10%-20% of 

cancers)
• T rip le  negative  (ER, PR, a n d  HER2 negative; 10%-20% 

of cancers)

These th ree  g ro u p s  show  strik ing  d ifferences in  p a tien t 
characteristics, pa tho log ic  featu res, trea tm en t response, 
m etasta tic  p a tte rn s , tim e to relapse, a n d  ou tcom e (Table 
19.7 a n d  Fig. 19.26). W ith in  each g ro u p  are  ad d itio n a l h is
tologic sub types (d iscussed  later), som e of w h ich  also  have  
clinical im portance.

Table 19.7 S um m ary  of the  M ajor Biologic Types of Breast C ancer

740 C H A P T E R  19 Female Genital System and Breast

F e a tu re ER P ositive /H E R 2 N e g a tiv e
H E R 2  Positive (E R  Positive  
o r N e g a tiv e )

T rip le  N e g a tiv e  (E R , PR, 
and H E R 2 N e g a tiv e )

Overall frequency 50%-65% 20% 15%

Typical patient groups Older women; men; cancers 
detected by screening; germline 
B R C A 2  mutation carriers

Young women; germline T P 5 3  

mutation carriers
Young women; germline B R C A I  

mutation carriers

Ethn ic ity

European/American 70% 18% 12%

African/American 52% 22% 26%

Hispanic 60% 24% 16%

Asian/Pacific Islander 63% 26% 11%

Grade Mainly grade 1 and 2 Mainly grade 2 and 3 Mainly grade 3

Complete response to 
chemotherapy

Low grade (<10%), higher grade
(10%)

ER positive (15%), ER negative 
(>30%)

30%

Timing of relapse May be late (> 10 years after 
diagnosis)

Usually short (< 10 years after 
diagnosis)

Usually short (<8 years after 
diagnosis)

Metastatic sites Bone (70%), viscera (25%), brain 
(<10%)

Bone (70%), viscera (45%), brain 
(30%)

Bone (40%), viscera (35%), brain 
(25%)

Similar group defined by mRNA 
profiling

Luminal A (low grade), luminal B 
(high grade)

Luminal B (ER positive), HER2- 
enriched (ER negative)

Basal-like

Common special histologic types Lobular, tubular, mucinous, papillary Apocrine, micropapillary Carcinoma with medullary features

Common somatic mutations P IK 3 C A  (40%), T P 5 3  (26%) T P 5 3  (75%), P IK 3 C A  (40%) T P 5 3  (85%)

P IK 3 C A  encodes phosphoinositide 3-kinase (PI3K).

Age at diagnosis

Fig. 19.26 Age and the incidence of breast cancer subtypes.

A n a lte rna tive  classification system  w ith  substan tia l 
overlap  relies on  gene expression  profiling . This system , 
w h ich  is cu rren tly  u se d  m ain ly  in  the contex t of clinical 
research , d iv ides b reast cancers in to  fo u r m ajor types:
• Luminal A. The m ajority  a re  low er-g rade  ER -positive 

cancers th a t a re  HER2 negative
• Luminal B. The m ajority  are  h ig h er-g rad e  ER -positive 

cancers th a t m ay  be HER2 positive
• HER2-enriched. The m ajority  overexpress HER2 a n d  do  

n o t express ER
• Basal-like. The m ajority  by  gene expression  p ro filing  

resem ble basally  located  m yoep ithelia l cells a n d  are  
ER -negative, H ER 2-negative
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Epidemiology and Risk Factors

A large n u m b er of risk  factors for b reast cancer have  been 
iden tified  (Table 19.6). Som e of the m ore im p o rta n t risk  
factors are  su m m arized  next.

A g e  a n d  G ender. B reast cancer is ra re  in  w o m en  y o u n g e r 
th a n  age 25, b u t increases in  incidence rap id ly  after age 30 
(Fig. 19.26); 75% of w o m en  w ith  b reast cancer are o lder 
th a n  50 y ears o f age, a n d  on ly  5% are  y o u n g e r th a n  40. The 
incidence in  m en  is on ly  1 % of th a t in  w om en.

F a m ily  H is to r y  o f  B r e a s t  C ancer. The g rea test risk  is 
for in d iv id u a ls  w ith  m u ltip le  affected first-degree  rela 
tives w ith  early -onset b reast cancer. In  m ost fam ilies, it 
is th o u g h t th a t v a rio u s com binations of low  penetrance, 
"w eak " cancer genes are responsib le  for increased  risk. 
H ow ever, app rox im ate ly  5% to 10% of b reast cancers 
occur in  p e rso n s w h o  in h erit h igh ly  p en e tra n t germ line  
m u ta tio n s  in  tu m o r su p p resso r genes (d iscussed  later). For 
these in d iv iduals , the lifetim e risk  of b reast cancer m ay  be 
g rea te r th a n  90%.

G eog ra p h ic  F acto rs. S ignificant differences in  the  inci
dence a n d  m orta lity  ra tes o f b reas t cancer have  been 
rep o rte d  in  v a rio u s countries. The risk  is significantly  
h ig h er in  the A m ericas a n d  E u rope  th a n  in  A sia a n d  A frica. 
For exam ple, the incidence an d  m orta lity  ra tes are five 
tim es h ig h er in  the  U n ited  States th a n  in  Japan. Som e risk  
factors m u st be m odifiab le  because m ig ran ts  from  low - 
incidence to  h igh-incidence areas ten d  to  acqu ire  the  ra tes 
o f the ir n ew  hom e countries. D iet, rep ro d u c tiv e  pa tte rn s , 
a n d  b reastfeed ing  p ractices are  th o u g h t to  be involved . 
In  line w ith  this, b reast cancer ra tes a p p e a r to  be ris ing  in  
p a rts  o f the w o rld  th a t are ad o p tin g  W estern  habits.

R a c e /E th n ic ity .  The h ighest ra te  o f b reast cancer is in  
w o m en  of E u ro p ean  descent, largely  because of a h igher 
incidence of ER -positive cancers. H ispan ic  a n d  A frican 
A m erican  w o m en  ten d  to  develop  cancer a t a y o u n g e r 
age a n d  a re  m ore likely to  d evelop  aggressive  tum ors. Such 
d isparities  a re  th o u g h t to  re su lt from  a com bination  of dif
ferences in  genetics, social factors, a n d  access to  h ea lth  care 
a n d  are  an  a rea  of in tense  study .

R e p r o d u c tiv e  H is to ry .  Early  age of m enarche, nu lliparity , 
absence of b reastfeed ing , a n d  o lder age a t first p regnancy  
are  all associated  w ith  increased  risk, p robab ly  because 
each  increases the exposu re  of "a t-risk" b reast ep ithelia l 
cells to  estrogen ic  stim ulation .

I o n iz in g  R a d ia t io n .  R ad iation  to the  chest increases the 
risk  of b reast cancer if exposu re  occurs w h ile  the b reast 
is still develop ing . For exam ple, b reast cancer develops 
in  25% to 30% of w o m en  w h o  u n d e rw e n t irrad ia tio n  for 
H o d g k in  ly m p h o m a in  their teens a n d  20s, b u t the risk  for 
w o m en  trea ted  la te r in  life is n o t elevated .

O th e r  R i s k  F acto rs. P ostm enopausa l obesity, postm eno 
p au sa l ho rm one replacem ent, m am m ograph ic  density , 
an d  alcohol co nsum ption  also  have been  im plicated  as risk  
factors. The risk  associated  w ith  obesity  probab ly  is du e

to exposure  of the b reast to  estrogen  p ro d u ced  by ad ipose  
tissue. In  keep ing  w ith  this, obesity  is only  associated  w ith  
a n  increased  risk  of tum ors th a t express ER.

Pathogenesis

T h e  th re e  m a jo r  s u b typ es  o f  b reas t cancer d e fin e d  b y  

d if fe r e n t ia l  exp ress io n  o f  h o rm o n e  recep to rs  a n d  H E R 2  

arise  th ro u g h  m o re -o r-le s s  d is t in c t p a th w a y s  th a t  in v o lv e  

th e  s te p w is e  a c q u is it io n  o f  d r iv e r  m u ta tio n s  in  th e  e p i

th e l ia l  ce lls  o f  th e  d u c t /lo b u la r  s ys tem  (Fig. 19.27). Factors 
th a t con tribu te  d irectly  to  the d ev e lo p m en t o f b reast cancer 
can  be g ro u p ed  in to  genetic, ho rm onal, a n d  env ironm en ta l 
categories.

G enetic . D river m u ta tio n s in  cancer genes th a t con tribu te  
to b reast carcinogenesis can  be d iv id ed  in to  those th a t are 
in h erited  a n d  those  th a t are acqu ired . T h e  m a jo r  g e rm 

l in e  m u ta tio n s  c o n fe rr in g  s u s c e p tib ility  to  b re a s t cancer 

a ffe c t genes th a t  re g u la te  g e n o m ic  s ta b ility  or th a t  are  

in v o lv e d  in  p ro g ro w th  s ig n a lin g  p a th w a y s . BRCA1 and  
BRCA2 are  classic tu m o r su p p resso r genes, in  th a t cancer 
arises on ly  w h e n  b o th  alleles a re  inac tiva ted  o r defective 
(C hap ter 6 ). BRCA1 a n d  BRCA2 encode p ro te in s  th a t are  
req u ired  for rep a ir  o f certa in  k in d s  of D N A  dam age. They 
are  norm ally  expressed  in  m any  d ifferen t cells a n d  tissues, 
an d  w h y  germ line m u ta tio n s in  these genes lead  m ain ly  
to a n  increased  risk  of b reast a n d  serous ovarian  cancer 
(d iscussed  earlier) rem ains m ysterious. The degree  of p en 
etrance, age of onset, a n d  suscep tib ility  to  o th e r types of 
cancers d iffer am o n g  the m an y  BRCA1 a n d  BRCA2 germ 
line m u ta tions, b u t m ost carriers develop  b reast cancer by 
the  age of 70 years, as co m p ared  to  ab o u t 12% of w o m en  
w ith  a n  average risk  of b reast cancer. For unclear reasons, 
BRCA2 m u ta tio n s  are  p rim arily  associa ted  w ith  ER -positive 
tum ors, w h e reas  BRCA1 m u ta tio n s show  a stro n g  associa
tion  w ith  trip le-negative  cancers (Fig. 19.27). O ther m u ta ted  
genes associated  w ith  fam ilial b reast cancer inc lude  TP53 
(the so-called "g u a rd ia n  of the  genom e", C h ap te r 6 ) an d  
PTEN (an  im p o rta n t negative  reg u la to r of the p ro -g ro w th  
PI3K-AKT pa thw ay), a lread y  m en tio n ed  earlier as a 
risk  factor for en d o m etria l carcinom a as p a r t  o f Cowden 
syndrome.

A s m ig h t be expected , th e  p a th w a y s  in  w h ic h  f a m il 

ia l  b re a s t cancer genes fu n c tio n  a lso  are  o fte n  d is tu rb e d  

in  spo rad ic  b re a s t cancers . Som atic m u ta tio n s  in  BRCA1 
a n d  BRCA2 are  ra re  in  sporad ic  cancers, b u t BRCA1 is 
in ac tiva ted  by m eth y la tio n  in  u p  to  50% of trip le-negative  
cancers. Som atic m u ta tio n s  in  TP53 are  com m on in  b reast 
cancer, p a rticu la rly  trip le-negative  a n d  H ER 2-positive 
tu m o rs (Table 19.7), w h e reas  m u ta tio n s th a t activate  PI3K- 
A K T signaling  are  frequen tly  fo u n d  in  spo rad ic  ER -positive 
a n d  H ER 2-positive b reast cancers (Fig. 19.27).

A  c o m m o n  c lin ic a l ly  im p o r ta n t  d r iv e r  m u ta t io n  in  

b re a s t cancer is  a m p lif ic a t io n  o f  th e  H ER2  g en e . HER2 
is a recep to r ty rosine  k inase  th a t p ro m o tes  cell p ro lifera 
tion  a n d  opp o ses apop tosis  by  s tim u la tin g  the RAS- an d  
PI3K-AKT signaling  pa th w ay s. C ancers th a t overexpress 
HER2 are  pa thogen ically  d istinc t an d  h igh ly  p ro liferative. 
In  the p a s t they  h a d  a p o o r p rognosis; how ever, the avail
ab ility  of th e rap eu tic  agen ts th a t specifically ta rge t HER2 
has m ark ed ly  im p ro v ed  the p rognosis  for p a tien ts  w ith  
H ER 2-am plified tum ors.
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Flat epithelial atypia Atypical ductal hyperplasia DCIS

PIK3CA
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DCIS

Germline HER2
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Germline BRCA2 
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1q 16q
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ER POSITIVE PATHWAYS

INVASIVE CANCER

ER positive 
HER2 negative 

(50-65% of 
cancers)
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Germline BRCA1 
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BRCA1
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DCIS

Fig. 19.27 Major pathways of breast cancer development. The most common pathway ( y e l lo w  a r r o w )  leads to ER-positive cancers. Morphologically recognized 
precursor lesions include flat epithelial atypia, ADH, and DCIS, all of which share certain genomic events with invasive ER-positive carcinomas, such gains of 
chromosome 1, losses of chromosome 16, and mutations of P IK 3 C A  (the gene encoding PI3K). By gene expression profiling, these cancers are classified as 
“luminal.” This is the type of cancer that arises most commonly in individuals with germline B R C A 2  mutations. Less common are cancers that overexpress 
HER2 because of gene amplification ( g re e n  a r ro w ).These cancers may be positive or negative for ER and are usually associated with germline T P 5 3  mutations. 
A possible precursor lesion is atypical apocrine adenosis, which shares features with apocrine DCIS. The least common but molecularly most distinctive type 
of breast cancer is negative for ER and HER2 (“triple negative”; b lu e  a r r o w ).These cancers have loss of B R C A 1  and T P 5 3  function and are genomically unstable. 
The majority of triple-negative cancers are classified as “basal-like” by gene expression profiling.

H o rm o n a l In flu en ces. E strogens s tim u la te  the p ro d u c tio n  
of g ro w th  factors, such  as transfo rm ing  g ro w th  factor-a , 
p la te le t-d e riv ed  g ro w th  factor, fib rob last g ro w th  factor, 
a n d  o thers, w h ich  m ay  p ro m o te  tu m o r d ev e lo p m en t 
th ro u g h  parac rine  a n d  au tocrine  m echanism s. In  ad d i
tion, ER regu la tes  d ozens of o th e r genes in  an  estrogen- 
d e p e n d e n t fashion, som e of w h ich  a re  im p o rta n t for tu m o r 
d ev e lo p m en t o r g row th . H orm o n a l influences likely d rive  
p ro life ra tion  d u rin g  the d ev e lo p m en t of cancers from  
p recu rso r lesions (w hich  typically  strong ly  express ER) 
to  fu lly  m alig n an t a n d  ev en  m etasta tic  carcinom as. The 
c learest m easu re  of the im portance  of estrogen  is found  
in  the  the rapeu tic  benefits o f estrogen  an tagon ists , w h ich  
red u ce  the d ev e lo p m en t of ER -positive cancers in  w o m en  
a t h ig h  risk  a n d  are  m ainstays in  the trea tm en t o f estab 
lished  ER -positive tum ors.

E n v ir o n m e n ta l  F acto rs. E nv ironm en ta l in fluences are  
suggested  by  the  variab le  incidence of b reast cancer in  
genetically  h o m ogeneous g ro u p s  (e.g., Japanese  w o m en  
liv ing  in  Japan  a n d  the  U n ited  States) an d  the geographic  
differences in  b reast cancer incidence, as d iscussed  earlier.

M O R P H O L O G Y

The most common location of tumors within the breast is in 

the upper outer quadrant (50%), followed by the central portion 

(20%). About 4% of women with breast cancer have bilateral 

primary tumors or sequential lesions in the same breast.

Breast cancers are classified morphologically according to  

whether they have penetrated the basement membrane. Those 

that remain within this boundary are termed i n  s i t u  c a r c in o m a s ,  

and those that have spread beyond it are designated in v a s iv e  

c a r c in o m a s .  In this classification, the main forms of breast carci

noma are as follows:

A. Noninvasive

1. Ductal carcinoma in situ

2. Lobular carcinoma in situ

B. Invasive

1. Invasive ductal carcinoma (includes all carcinomas that 

are not of a special type)— 70% to 80%

2. Invasive lobular carcinoma-------10% to 15%

3. Carcinoma with medullary features-------5%

4. Mucinous carcinoma (colloid carcinoma)-------5%

5. Tubular carcinoma-------5%

6. O ther types

N o n in va s iv e  (in  S itu )  C a rc in o m a

There are two morphologic types of noninvasive breast carci

noma: ductal carcinoma in situ (DCIS) and lobular carcinoma in 

situ (LCIS). The terms d u c t a l  and l o b u l a r  are misleading, as both 

types of CIS are thought to arise from cells in the terminal duct 

that give rise to  lobules. LCIS usually expands involved lobules 

(Fig. I9 .28A), whereas DCIS distorts lobules into ductlike spaces 

(Fig. I9.28B). By definition, both “respect” the basement mem

brane and do not invade into stroma or lymphovascular channels.

D C IS  has a wide variety of histologic appearances, including 

solid, comedo, cribriform, papillary, micropapillary, and “clinging”
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Fig. 19.28 Carcinoma in situ. (A) Lobular carcinoma in situ (LCIS). (B) Ductal carcinoma in situ (DCIS). DCIS partially involves the lobule in the lower half of 
this photo and has completely effaced the upper lobules, producing a ductlike appearance. (C) Mammographic detection of calcifications associated with DCIS.

types. Nuclear appearances range from bland and monoto

nous (low nuclear grade) to  pleomorphic (high nuclear grade). 

The distinctive co m ed o  subtype is characterized by exten

sive central necrosis, which produces toothpastelike necrotic 

tissue that extrudes from transected ducts on application of 

gentle pressure. C alc ifications fre q u e n tly  a re  associated  

w ith  D C IS  (Fig. I9 .28C ), resulting from calcification of necrotic 

debris or secretory material. DCIS constitutes only 5% of breast 

cancers in unscreened populations but up to  30% in screened 

populations, largely because of the ability of mammography to  

detect calcifications. Current treatment strategies for DCIS use 

surgery and irradiation to eradicate the lesion. Treatment with 

anti-estrogenic agents such as tamoxifen also is used to  decrease 

the risk of recurrence of ER-positive DCIS. The prognosis is 

excellent, with greater than 97% long-term survival. If untreated, 

DCIS progresses to  invasive cancer in roughly one-third of 

cases, usually in the same breast and quadrant as the earlier 

DCIS.

Paget disease o f th e  n ipp le  is caused by the extension 

of DCIS up the lactiferous ducts and into the contiguous skin 

of the nipple, producing a unilateral crusting exudate over 

the nipple and areolar skin. Unlike Paget disease of the vulva 

(described earlier), Paget disease of the nipple stems from in 

situ extension of an underlying carcinoma. The prognosis of the 

carcinoma of origin is affected by the presence of Paget disease 

and is determined by other factors (discussed under Clinical 

Features).

L C IS  has a uniform appearance. The cells are monomorphic, 

have bland, round nuclei, and are found in loosely cohesive 

clusters within the lobules (Fig. I9.28A). LCIS is virtually always 

an incidental finding because, unlike DCIS, it is only rarely asso

ciated with calcifications. Therefore, the incidence of LCIS has 

remained unchanged in mammographically screened populations. 

Approximately one-third of women with LCIS eventually develop 

invasive carcinoma. Unlike DCIS, invasive carcinomas following 

a diagnosis of LCIS may arise in either breast— 23 in the same 

breast and 23 in the contralateral breast. Thus, L C IS  is both  a  

m a rk e r  o f an increased risk o f c a rc in o m a in both  breasts  

and a  d ire c t p re cu rso r o f som e cancers. Current treatment 

options include close clinical and radiologic follow-up, chemopre- 

vention with tamoxifen or, less commonly, bilateral prophylactic 

mastectomy.

Invasive ( In f i lt r a t in g )  C a rc in o m a

The distinctive histologic patterns of the subtypes of invasive 

carcinoma are described first, followed by grading, which is used 

for all.

Invasive ductal ca rc in o m a  is a term  used for all carcino

mas that cannot be subclassified into one of the specialized types 

described below. A  majority (70%-80%) of cancers falls into 

this group. This type of cancer usually is associated with DCIS. 

The microscopic appearance varies, ranging from tumors with 

well-developed tubules and low-grade nuclei (Fig. I9.29A) to  

tumors consisting of sheets of anaplastic cells. Most invasive 

ductal carcinomas produce a desmoplastic response, which 

replaces normal breast fat (resulting in a mammographic density; 

Fig. I9.29B) and eventually leads to the appearance of a hard, 

palpable irregular mass. About 50% to 65% of ductal carcinomas 

are ER positive, 20% are HER2 positive, and 15% are negative 

for both ER and HER2 (Table 19.7).

Invasive lo b u la r c a rc in o m a consists of infiltrating cells 

that are morphologically similar to  the tum or cells seen 

in LCIS; indeed, two-thirds of the cases are associated with 

LCIS. These tumors comprise 10% to 15% of all breast car

cinomas. The cells invade stroma individually and often are 

aligned in “single-file” (Fig. I9 .29C ). Although most manifest 

as palpable masses or mammographic densities, a significant 

subgroup invade without producing a desmoplastic response; 

such tumors may be clinically occult and difficult to  detect 

by imaging (Fig. I9 .29D ). The pattern of metastasis of lobular 

carcinoma is unique among breast cancers, as they frequently 

spread to cerebrospinal fluid, serosal surfaces, gastrointestinal 

tract, ovary, uterus, and bone marrow. Almost all lobular carcino

mas express hormone receptors, whereas HER2 overexpression 

is rare.

C arc in o m as  w ith  m e d u lla ry  fea tu res  are a special type 

of triple-negative cancer comprising about 5% of all breast 

cancers. These carcinomas typically grow as rounded masses 

that can be difficult to  distinguish from benign tumors on imaging 

(Fig. I9.29F). They consist of sheets of large anaplastic cells 

associated with pronounced lymphocytic infiltrates composed 

predominantly of T  cells (Fig. I9.29E). The presence of lympho

cytes is associated with a favorable prognosis, at least in part 

due to a better response to  chemotherapy compared to  poorly 

differentiated carcinomas without lymphoid infiltrates. This type
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Fig. 19.29 Growth patterns of invasive breast carcinomas. (A) Most grow as tubules (“ductal” carcinoma) and stimulate a reactive desmoplastic stromal 
proliferation. In mammograms (B), these carcinomas appear as dense masses with spicular margins resulting from invasion of adjacent radiolucent breast 
tissue. (C) Lobular carcinomas are composed of noncohesive tumor cells that invade as linear cords of cells and induce little stromal response. Accordingly, 
in mammograms (D) lobular carcinomas often appear as relatively subtle, irregular masses ( a r r o w s ) .  (E) Uncommonly, carcinomas consist of tightly adhesive 
clusters of cells, as in this carcinoma with medullary features, or when there is abundant extracellular mucin production. (F) Such tumors may appear as 
well-circumscribed masses in mammograms, mimicking the appearance of a benign lesion.

of carcinoma is seen frequently in women with germline B R C A I  

mutations, but most women with these carcinomas are not 

carriers.

M ucinous (co llo id ) ca rc in o m a  is an ER-positive/HER2- 

negative tum or that produces abundant amounts of extracellular 

mucin. The tumors usually are soft and gelatinous because of the 

presence of mucin pools that create an expansile circumscribed 

mass.

T u b u la r c a rc in o m a is another type of ER-positive/HER2- 

negative cancer and is almost always detected on mammography 

as a small irregular mass. The tum or cells are arranged in well- 

formed tubules and have low-grade nuclei. Lymph node metas- 

tases are rare, and the prognosis is excellent.

In f la m m a to ry  c a rc in o m a is defined by its clinical presen

tation, rather than a specific morphology. Patients present with 

a swollen erythematous breast without a palpable mass. The 

underlying invasive carcinoma is generally poorly differentiated 

and diffusely infiltrates and obstructs dermal lymphatic spaces, 

causing the “ inflamed” appearance; true inflammation is absent. 

Many of these tumors metastasize to  distant sites; the overall 

5-year survival is less than 50%, and understandably even lower 

in those with metastatic disease at diagnosis. About half express 

ER and 40% to  60% overexpress HER2.

All types of invasive breast carcinoma are assigned a grade 

from 1 (low-grade) to 3 (high-grade) based on nuclear pleomor- 

phism, tubule formation, and proliferation. Low-grade nuclei are 

similar in appearance to the nuclei of normal cells. High-grade 

nuclei are enlarged and have irregular nuclear contours result

ing from abnormal D N A  content and structure. Most low-grade 

carcinomas form well-defined tubules and may be difficult to  

distinguish from benign lesions, whereas high-grade carcinomas 

lose this capacity and invade as solid sheets o r single cells. 

Proliferation is evaluated by counting mitotic figures. The major

ity of HER2-positive and triple-negative carcinomas are highly 

proliferative, whereas ER-positive cancers show a wide range 

of proliferation.

Clinical Features

A s p rev iously  d iscussed , in  u nscreened  p o p u la tio n s  
(inc lud ing  y o u n g  w om en , for w h o m  screen ing  is n o t 
ind icated ) m ost b reast cancers are de tected  as a  palpab le  
m ass by the  affected  pa tien t. Such carcinom as are  a lm ost 
all invasive  a n d  are  typ ically  a t least 2 to  3 cm  in  size. 
A t least ha lf o f these cancers w ill a lread y  have  sp read  
to  reg ional ly m p h  nodes. In  o lder screened  p o p u la tions,
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app rox im ate ly  60% of b reast cancers a re  d iscovered  before 
sym ptom s are p resen t. A b o u t 20% are  in  situ  carcinom as. 
Invasive  carcinom as de tec ted  by  screen ing  in  o ld e r w o m en  
are  1 to  2 cm  in  size a n d  on ly  15% w ill have  m etastasized  
to  ly m p h  nodes. P a lpab le  cancers in  the o lder age g roup  
are  often  " in terv a l"  can cers—cancers th a t a p p e a r su d d en ly  
be tw een  screen ing  in tervals. U n d erstan d ab ly , in te rva l 
cancers generally  are  h igh ly  p ro lifera tive  a n d  u sually  are  
h ig h  grade.

The clinical ou tcom e for a w o m an  w ith  b reas t cancer 
can  be p red ic ted  based  on  the  m o lecu lar an d  m orpho log ic  
fea tu res o f the  cancer a n d  its stage a t the tim e of d iagnosis. 
Factors th a t influence ou tcom e inc lude  the follow ing:
• Biologic type. The biologic type  of cancer is ev a lu a ted  by 

a com bination  of h isto logic appearance, g rad e  (includ 
in g  p ro lifera tive  rate), expression  of h o rm o n e  recep tors, 
a n d  expression  of HER2.

Proliferation is ev a lu a ted  by m ito tic  co u n t a n d  is 
closely tied  to  responsiveness to  cytotoxic chem other
apy . This is because rap id ly  g ro w in g  cancer cells are 
m ore  sensitive to  agen ts  th a t dam ag e  D N A  o r o therw ise  
in terfere  w ith  cell d ivision.

Expression of estrogen or progesterone receptors p re 
d ic ts response  to  an ti-estrogen  therapy . The g ro w th  of 
ho rm o n e  recep to r-p o sitiv e  cancers can  be in h ib ited  for 
m an y  y ears  w ith  th e rap y  a n d  it is possib le  for pa tien ts  
to  su rv ive  for long  p erio d s w ith  d is tan t m etastases. 
H ow ever, resistance o ften  even tua lly  d e v e lo p s—in 
som e cancers because of m u ta tio n s  in  the gene for ER. 
In  contrast, there  is no  ta rg e ted  th e rap y  availab le for 
trip le -negative  cancers, w h ich  are  trea ted  w ith  chem o
th erapy . C ancers th a t do  n o t re sp o n d  to  in itial the rap y  
m etastasize  a n d  u su a lly  cause the  d e a th  of the  pa tien t.

Overexpression of HER2 is seen in  ab o u t 20% of b reast 
cancers. HER2 rem ains one of the best-characterized 
exam ples o f an  effective therapy  tha t is d irected  against a 
tum or-specific m olecular lesion. Before ta rgeted  therapy, 
w h ich  m ay  take the form  of blocking an tibodies o r sm all

m olecular inh ibitors o f HER2, outcom es w ere sim ilar to 
patien ts w ith  trip le-negative carcinom as. H ow ever, com 
plete response rates exceed 60% w h en  targeted  therapy  is 
com bined w ith  chem otherapy , an d  the outlook  for these 
patien ts has been  m arked ly  im proved.

• RNA expression profiling is a n ew er m eth o d  of subclas
sify ing cancers. For b reast cancers, m an y  of the genes 
tha t p red ic t p rognosis  a re  in vo lved  in  pro lifera tion . 
The g reatest clinical va lue  of these assays is their 
ab ility  to  iden tify  p a tien ts  w ith  slow -grow ing , an ti
estrogen-responsive  cancers w h o  can  be sp ared  the 
toxicity of chem otherapy .

• Tumor stage. "S tage" is a  m easu re  of the  ex ten t of tu m o r 
at the tim e of d iagnosis a n d  is im p o rtan t for all b iologic 
types o f carcinom a. It is based  o n  fea tu res o f the  p rim ary  
tu m o r (T), invo lvem en t o f reg ional ly m p h  n o d es (N), 
a n d  the  presence of d is tan t m etastases (M) (Fig. 19.30). 
The A JC C /U IC C  stag ing  system , u se d  in  the U nited  
S tates a n d  E urope, classifies tu m o rs as T1, T2, an d  T3 
based  on  the tu m o r size, w h ereas T4 tu m o rs have  u lcer
a tion  of the skin, invo lvem en t o f the deep  m uscles of 
the chest w all, o r are  clinically d iagnosed  as in flam m a
tory  carcinom a. The majority of cancers first metastasize to 
regional nodes, a n d  n o d a l inv o lv em en t is a  very  strong  
p rognostic  factor. L ym phatic  d ra in ag e  goes to  one or 
tw o sen tinel ly m p h  n o d es in  the axilla in  m ost patien ts. 
If these n o d es are no t involved , the rem ain in g  axillary 
nodes are  u sua lly  free of carcinom a. Sentinel node biopsy 
has becom e the s ta n d a rd  for assessing  n o d a l involve
m ent, rep lac ing  m ore  extensive ly m p h  n ode  dissections, 
w h ich  are associa ted  w ith  significant m orb id ity . Distant 
metastases (M) are  on ly  de tected  in  5% of new ly  d iag 
nosed  w om en . Stage 0 is CIS, w h ich  is associa ted  w ith  
su rv iva l ra tes g rea ter th a n  95%. Stage I inc ludes w o m en  
w ith  sm aller cancers an d  n o d es e ithe r free of carcinom a 
or w ith  on ly  very  sm all m icrom etastases. S urv ival is 
~ 8 6 % a t 10 years. C arcinom as are classified as Stage II 
e ither because of la rger tu m o r size or because of u p  to

Stage 0 

Stage 1

Stage 2

Stage 3

Stage 4

Follow-up time after diagnosis (months)

5 years 10 years 15 years 20 years

Fig. 19.30 Ten-year breast cancer specific survival according to AJCC stage for ER-positive and ER-negative cancers. Both stage and biologic type of cancer 
are important determinants of survival. ER-positive invasive cancers have improved survival over ER-negative cancers at all stages, but this advantage diminishes 
after 5 years because of late recurrences of ER-positive tumors. ( G r a p h  c o u r te s y  o f  D r .  S te p h a n ie  W o n g ;  d a t a  f r o m  SEER-18, 1992-2012. h t tp : / /s e e r . c a n c e r .g o v .)
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th ree  positive  nodes. S urv ival declines to  ~71% a t Stage 
II. S tage III is the g ro u p  of locally ad v an ced  cancers 
defined  by large  size, invo lvem en t of sk in  o r chest w all, 
o r by fo u r o r m ore  positive  nodes. O nly  ~54% of pa tien ts  
su rv ive 10 years. Stage IV is rese rv ed  for pa tien ts  w ith  
d is tan t m etastases, a n d  su rv iv a l is very  p o o r (~ 1 1 %). 
The m ost likely site o f a d is tan t recurrence varies w ith  
the biologic type  of cancer. T rip le-negative cancers an d  
HER2 cancers are  m ore  likely to  m etastasize  to  the  b rain  
an d  viscera, in  con trast to  ER -positive cancers, w h ich  
m ost o ften  m etastasize  to  bones (Table 19.7).

C om bin ing  stage a n d  biologic factors m ay  p ro v id e  a 
m ore  accurate  assessm en t o f ou tcom e. For exam ple, for 
each cancer stage, the su rv iva l of p a tien ts  w ith  ER -positive 
cancers is h igher th an  p a tien ts  w ith  E R -negative cancers 5 
years postd iagnosis, especially  for Stages III a n d  IV (Fig.
19.30) . It m u s t be no ted , how ever, th is ad v an tag e  d im in 
ishes w ith  tim e, w ith  p rogressively  sm aller differences 
being  seen  a t 10 years post-d iagnosis a n d  bey o n d  (Fig.
19.30) . This n a rro w in g  of su rv iva l d ifferences is exp la ined  
by tw o  factors. First, m ost d ea th s  from  ER -negative cancers 
h a p p e n  w ith in  5 years of d iagnosis (Fig. 19.31). W om en  
w h o  live beyond  th is  p o in t are  those w hose  tu m o rs have 
h ad  excellent responses to  trea tm en t, a n d  m an y  of these 
w o m en  m ay  be cu red . Second, a lth o u g h  the  g ro w th  
of ER -positive cancers is he ld  in  check for years by  an ti
e strogen  therapy , th is th e rap y  is n o t cu rative  a n d  these 
cancers m ay  even tua lly  becom e resis tan t to  treatm en t.

H istorically , v irtua lly  all w o m en  w ith  u n tre a te d  b reast 
cancer d ied  w ith in  3 to  4 years. H ow ever, g rea t s trides have 
been  m ad e  in  trea tm en t an d  n ow  80% of w o m en  w ith  b reast 
cancer w h o  receive o p tim al th e rap y  w ill survive.

E ndocrine th e rap y  w ith  tam oxifen  a n d  arom atase  inh ib 
ito rs is very  effective for ER -positive cancers, w h ich  m ay 
rem ain  d o rm a n t for m any  years.

T argeted  th e rap y  has the p rom ise  of be ing  m ore effec
tive a n d  less toxic th a n  conven tional chem otherapy  (Table

746 C H A P T E R  19 Female Genital System and Breast

Fig. I 9.3I Time to recurrence of breast cancers. The hazard ratio reflects 
the risk of recurrence of each molecular type of breast cancer at various 
points in time after diagnosis. ER-negative cancers usually recur within the 
first 8 years. Patients who survive beyond this interval are likely cured. In 
contrast, ER-positive cancers have a lower rate of recurrence, but remain at 
risk decades after the primary diagnosis.

19.8), as a lready  p ro v en  by  m ark ed  im p ro v em en t in  su r
v ival of w o m en  w ith  H ER 2-positive carcinom as follow 
in g  the  in tro d u c tio n  of the rap ies  th a t ta rge t HER2. N ew er 
app roaches to ta rg e ted  th e rap y  include inh ib ition  of a lte r
n a tive  D N A  rep a ir  p a th w a y s  in  B R C A -m utated cancers 
a n d  b lockage of the  PI3K -A K T-signaling p a th w ay . Im m u n e  
checkpo in t b lockade th e rap y  (C hap ter 6 ), is u n d e r  eva lu 
a tion  in  p a tien ts  w ith  b reast cancer. It is h o p ed  th a t such  
new  app ro ach es w ill im prove  ou tcom es in  sub types th a t 
cu rren tly  have a generally  p o o r p rognosis, such  as trip le  
negative  b reast cancer.

Table 19.8 Targeted T re a tm e n t of Breast C ancer

T arg e t T re a tm e n t Assay C o m m e n ts

ER Estrogen deprivation (oophorectomy, 
aromatase inhibitors)

Blockage of ER (tamoxifen)

IHC for nuclear ER Effective cytostatic (but not cytotoxic) 
therapy for ER-positive cancer

HER2 Antibodies to HER2
Cytotoxic therapy linked to HER2 antibody 
Tyrosine kinase inhibitors

IHC for membrane HER2 
ISH for HER2 gene 

amplification

Effective for HER2-positive cancers

Susceptibility to DNA 
damage resulting 
from BRCA 1 and 
BRCA2 mutations 
that cause defects 
in HRR

Chemotherapy with agents causing DNA 
damage that requires HRR (e.g., platinum 
agents)

Inhibition of alternative DNA repair pathway 
(poly-ADP ribose polymerase or PARP 
inhibitors)

Sequencing of B R C A /  and 
B R C A 2

May be effective for carcinomas arising 
in patients with germline B R C A /  or 2  

mutations or cancers with somatic 
loss of BRCA function

PI3K/AKT pathway Inhibition of proteins in the pathway Activating mutations or 
pathway activation— not 
yet validated

>80% of breast cancers have alterations 
in this pathway

Effectiveness of treatment not yet 
demonstrated

Immune checkpoint 
proteins

Blocking antibodies to PD-LI, PD-1, and 
other immune checkpoint proteins

IHC for immune checkpoint 
proteins— not yet validated

Under investigation in patients with 
triple-negative breast cancer

ER, Estrogen receptor; HR R , homologous recombination repair; IH C , immunohistochemistry; fS H , in situ hybridization.
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^ S U M M A R Y

B R E A S T C A R C IN O M A

• The lifetime risk of developing breast cancer for an American 

woman is 1 in 8.

• A  majority (75%) of breast cancers are diagnosed after the age 

of 50.

• The major risk factors for developing breast cancer are related 

to hormonal factors and inherited susceptibility.

• About 12% of all breast cancers are caused by identified germ

line mutations; B R C A I  and B R C A 2  genes account for one-half 

of the cases associated with single-gene mutations.

• DCIS is a precursor to  invasive ductal carcinoma and is most 

often found on mammographic screening as calcifications. 

W hen carcinoma develops in a woman with a previous diag

nosis of untreated DCIS, it is usually is an invasive ductal 

carcinoma in the same breast.

• LCIS is both a marker of increased risk and a precursor lesion. 

W hen carcinoma develops in a woman with a previous diag

nosis of LCIS, two-thirds are in the same breast and one-third 

is in the contralateral breast.

• Invasive carcinomas are classified according to histologic type 

and biologic type: ER-positive/HER2-negative, HER2-positive, 

and ER/PR/HER2-negative (triple-negative). The biologic types 

of cancer have important differences in patient characteris

tics, grade, mutation profile, metastatic pattern, response to  

therapy, time to  recurrence, and prognosis.

• Prognosis is dependent on the biologic type of tumor, stage, 

and the availability of treatment modalities.
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The endocrine system  is conprised  of a w idely  d istribu ted  
g roup  of organs tha t w ork  together to m ain ta in  the body 's  
m etabolic equilibrium , or hom eostasis. The cells of the endo 
crine system  achieve this by secreting m olecules, w h ich  are 
frequently  called hormones, tha t act on  target cells d istan t 
from  their site of synthesis. A  horm one typically is carried by 
the blood from  the endocrine g land  to  its target tissues. M ost 
horm ones a re  secreted in  response to other, so-called trophic, 
horm ones, w h ich  are p roduced  in  response to particular 
m etabolic needs. P roduction  of a horm one often dow nregu- 
lates the activity  of the g land  that secretes the stim ulating 
trophic horm one, a process know n  as feedback inhibition.

H orm o n es can  be classified in to  several b ro ad  catego
ries, based  on  the  n a tu re  of their receptors:
• Hormones that act by binding to cell surface receptors: This 

large  class o f co m p o u n d s  is com posed  o f tw o  groups: (1 ) 
p e p tid e  horm ones, such  as growth hormone a n d  insulin, 
an d  (2) sm all m olecules, such  as epinephrine. B inding  
of these ho rm ones to  cell surface recep to rs leads to 
an  increase in  in trace llu la r second messengers, such  as 
cyclic ad en o sin e  m o n o p h o sp h a te  (cAM P), inosito l 
1 ,4 ,5-trisphosphate (IP3), a n d  ion ized  calcium . E levated

levels of one or m ore  of these co m p o u n d s  can  activate 
in trace llu la r signaling  p a th w a y s  th a t m ay  s tim ula te  cell 
g ro w th  or d ifferen tia tion , o r a lte r cell function .

• Hormones that act by binding to intracellular receptors: 
M any lip id -so lub le  h o rm ones p ass  th ro u g h  the p lasm a 
m em brane  by d iffusion  to  in te rac t w ith  recep to rs in  the 
cytosol o r the nucleus. The re su ltin g  horm one-recep to r 
com plexes b in d  specifically to reg u la to ry  e lem en ts in  
D N A , thereby  affecting  the expression  of specific ta rge t 
genes. H orm o n es o f th is  type  inc lude  steroids (e.g., estro 
gen, p rogesterone, glucocorticoids), retinoids (v itam in  
A), a n d  thyroxine.

E ndocrine  d iseases generally  a re  caused  by: (1) under
production or overproduction of horm ones, w ith  associated  
biochem ical a n d  clinical consequences; (2 ) end-organ resis
tance to  the  effects of a horm one; o r (3) neoplasms, w hich  
m ay  be non functional o r m ay  be associa ted  w ith  o verp ro 
d uc tion  o r u n d e rp ro d u c tio n  of horm ones. In  m an y  set
tings, the s tu d y  of endocrine  d iseases relies heav ily  on  
biochem ical m easu rem en ts  o f the  levels of ho rm ones, their 
regu lato rs, a n d  o ther m etabolites.
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Pituitary

The p itu ita ry  g land  is a  sm all, bean -sh ap ed  s tru c tu re  th a t 
lies a t the base of the b ra in  w ith in  the confines of the 
sella turcica. It is in tim ate ly  re la ted  to  the  h y p o th a lam u s, 
w ith  w h ich  it is connected  by  a stalk, com posed  of axons 
ex ten d in g  from  the h y p o th a lam u s, a n d  a rich  venous 
p lexus co n stitu tin g  a p o rta l c irculation . A long  w ith  the 
h y p o th a lam u s, the  p itu ita ry  has a cen tra l ro le  in  the  reg u 
la tion  of m ost o f the o th e r endocrine  g lands. The p itu ita ry  
is com posed  of tw o  m orpho log ically  a n d  functionally  d is
tinc t com ponents: the  an te rio r lobe (adenohypophysis) and  
the  p o ste rio r lobe (neu rohypophysis). D iseases of the  p itu 
itary, accord ing ly , can  be d iv id ed  in to  those th a t p rim arily  
affect the  an te rio r lobe a n d  those  th a t p rim arily  affect the 
posterio r lobe.

T h e  a n te r io r  p itu ita ry ,  or a d e n o h y p o p h y s is , p ro du ces  

t ro p h ic  h o rm o n e s  th a t  s tim u la te  th e  p ro d u c t io n  o f  h o r

m o n es  f r o m  th e  th y ro id ,  a d re n a l, a n d  o th e r g la n d s . The
an te rio r p itu ita ry  is com posed  of ep ithelia l cells derived  
em bryologically  from  the  d eve lop ing  o ral cavity . In  rou tine  
h isto logic sections, a colorfu l a rray  o f cells con ta in ing  baso 
ph ilic  cy top lasm , eosinophilic  cy top lasm , or po o rly  sta in ing  
(chrom ophobic) cy top lasm  is p re sen t (Fig. 20.1). D etailed  
s tud ies  u s in g  e lectron  m icroscopy  a n d  im m unoh istochem 
ical techn iques have  d em o n stra ted  th a t the sta in ing  p ro p 
erties of these cells a re  re la ted  to  the  p resence of d ifferen t 
p o ly p ep tid e  ho rm ones w ith in  their cy top lasm  th a t contro l 
the activ ity  of o ther endocrine  g lands. T he release of these 
p itu ita ry  h o rm ones is u n d e r  the  contro l o f factors p ro d u ced  
in  the h y po tha lam us; w h ile  m ost h y p o tha lam ic  factors are  
stim u la to ry  a n d  p ro m o te  p itu ita ry  ho rm one release, o thers 
(e.g., som atosta tin  an d  dopam ine) a re  inh ib ito ry  (Fig. 20.2). 
R arely, signs an d  sym ptom s of p itu ita ry  d isease m ay  be 
caused  by  o v erp ro d u c tio n  o r u n d e rp ro d u c tio n  of h y p o th a 
lam ic factors, ra th e r th an  a p rim ary  p itu ita ry  abnorm ality .

S ym ptom s a n d  signs of p itu ita ry  d isease fall in to  the 
fo llow ing  categories:

Fig. 20.1 Normal anterior pituitary gland. The gland is populated by several 
distinct cell types that express different peptide hormones. These hormones 
are basophilic (blue), eosinophilic (red), or nonstaining in routine sections 
stained with hematoxylin and eosin, which allows the various cell types to 
be identified. Note also the presence of a fine reticulin network between 
the cells.

• Hyperpituitarism re la ted  effects: H y p e rp itu ita rism  arises 
from  excessive secretion  of troph ic  horm ones. It m ost 
o ften  resu lts  from  a n  anterior pituitary adenoma b u t also 
m ay  be caused  by o ther p itu ita ry  a n d  ex trap itu ita ry  
lesions, as d iscussed  later. The sym ptom s a n d  signs of 
h y p e rp itu ita rism  are  d iscussed  in  the  contex t of ind i
v id u a l tu m o rs la te r in  the  ch ap te r (see Table 20.1).

• Hypopituitarism re la ted  effects: H y p o p itu ita rism  is caused  
by  deficiency of troph ic  h o rm ones a n d  resu lts  from  a 
varie ty  of d estruc tive  p rocesses th a t m ay  dam age the 
p itu ita ry , in c lu d in g  ischem ic in jury , surgery , rad ia tion , 
a n d  in flam m ato ry  reactions. In  ad d itio n , nonfunctional 
p itu ita ry  ad en o m as m ay  encroach  u p o n  a n d  destroy  the 
n o rm al an te rio r p itu ita ry , causing  h y pop itu ita rism .

• Local mass effects: A m ong  the  earliest changes associ
a ted  w ith  p itu ita ry  neop lasm s are rad io g rap h ic  abno r
m alities o f the  sella turcica, in c lu d in g  sellar expansion , 
bony  erosion, a n d  d is ru p tio n  of the  d iap h rag m a  sellae. 
Because of the close p rox im ity  of the  optic  nerves an d  
ch iasm  to the  sella, ex p an d in g  p itu ita ry  lesions often  
com press decussa ting  fibers in  the op tic  chiasm . This 
can  give rise to  v isu a l field abnorm alities, classically 
in  the fo rm  of defects in  the la te ra l (tem poral) v isual 
f ie ld s—a so-called "b item p o ra l h em ianopsia". A s in  
the case of an y  ex p an d in g  in tracran ia l m ass, p itu ita ry  
tum ors m ay  p ro d u ce  signs a n d  sym ptom s of e levated  
in tracran ia l p ressu re , in c lu d in g  headache, nausea , a n d  
vom iting . P itu ita ry  n eop lasm s th a t ex tend  beyond  the 
sella turcica in to  the base of the  b ra in  p ro d u ce  se izures 
o r obstruc tive  h yd rocephalu s; invo lvem en t of cranial 
nerves can  re su lt in  cranial nerve palsy. O n occasion, 
acu te  hem orrhage  in to  a  p itu ita ry  n eo p lasm  is asso 
ciated  w ith  ra p id  en la rg em en t of the lesion  a n d  loss 
of consciousness, a situ a tio n  te rm ed  pituitary apoplexy. 
A cute p itu ita ry  apop lexy  m ay  be ra p id ly  fatal a n d  is 
therefore considered  to be a  neu ro su rg ica l em ergency.

ANTERIO R PITUITARY TUMORS

The m ost com m on cause of an te rio r p itu ita ry  d iso rd ers  
are  p itu ita ry  tum ors, m o st of w h ich  are  ben ign  adenom as. 
Som e of these p ro d u ce  h o rm ones a n d  re su lt in  endocrine  
abnorm alities, a n d  o thers  a re  non functional a n d  p ro d u ce  
m ass effects. W e d iscuss first the  general fea tu res of p itu 
ita ry  adenom as, th en  specific tum ors.

Pituitary Adenomas: General Features * •

T h e  m o st c o m m o n  cause o f h y p e rp itu ita r is m  is a  h o rm o n e -  

p ro d u c in g  a d e n o m a  a ris in g  in  th e  a n te rio r lo b e . O ther, less 
com m on, causes include hyperp lasia  an d  carcinom as of the 
an terio r p itu itary , secretion of horm ones by som e extrapi
tu itary  tum ors, a n d  certain  hypo thalam ic d isorders. Som e 
salient features of p itu ita ry  adenom as are as follows:
• Pituitary adenomas are classified on the basis of hormone(s) 

produced by the neoplastic cells, w h ich  are  de tec ted  by 
im m unohistochem ica l sta ins p e rfo rm ed  on  tissue sec
tions (Table 20.1).
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Fig. 20.2 The hypothalamic/pituitary axis. The hypothalamus regulates the secretion of hormones from the adenohypophysis (anterior pituitary gland) by 
releasing stimulatory (corticotropin-releasing hormone, CRH; growth hormone-releasing hormone, GHRH; gonadotropin-releasing hormone, GnRH; 
thyrotropin-releasing hormone (TRH) and inhibitory factors (growth hormone inhibitory hormone, GIH or somatostatin; prolactin inhibitory factor, PIF or 
dopamine). These in turn modulate the release of six hormones from the anterior pituitary: adrenocorticotropic hormone (ACTH or corticotropin); follicle- 
stimulating hormone (FSH); growth hormone (GH, or somatotropin); luteinizing hormone (LH); prolactin (PRL); and thyroid-stimulating hormone (TSH, or 
thyrotropin).

• P itu ita ry  ad en o m as can  be functional (ho rm one p ro d u c 
ing) o r nonfunctioning  (no t p ro d u c in g  horm one), o r silent 
(i.e., d em o n stra tio n  of ho rm o n e  p ro d u c tio n  a t the  tissue 
level only, w ith o u t clinical m an ifesta tions of ho rm one 
excess). B oth functional a n d  n o n func tion ing  p itu ita ry  
ad en o m as u sually  a re  com posed  of a single cell type 
an d  p ro d u ce  a t m ost a single p re d o m in a n t ho rm one, 
b u t there  are exceptions. Som e p itu ita ry  ad en o m as 
secrete tw o  d iffe ren t h o rm ones (g ro w th  ho rm o n e  and  
p ro lac tin  be ing  the m ost com m on com bination); rarely , 
p itu ita ry  ad en o m as are  p lu riho rm onal.

• P itu ita ry  ad en o m as are d esig n a ted  as microadenomas if 
they  are  less th a n  1  cm  in  d iam eter a n d  macroadenomas 
if they  exceed 1  cm  in  d iam eter.

• N onfu n c tio n in g  ad en o m as are likely to  com e to clini
cal a tten tio n  a t a la te r stage a n d  are, therefore, m ore 
likely to  be m acroadenom as. Because of the ir larger 
size, n o n func tion ing  ad en o m as m ay  encroach  u p o n  an d  
d estro y  ad jacen t an te rio r p itu ita ry  p arenchym a, lead ing  
to  h y p o p itu ita rism .

Pathogenesis

Several genetic abnorm alities associa ted  w ith  p itu ita ry
ad en o m as hav e  been  identified:
• G -p r o te in  m u ta tio n s  are  o ne  o f  th e  m o s t c o m m o n  

g e n o m ic  a lte ra tio n s  in  p itu i ta r y  a d en o m as. G -pro te ins 
p lay  a  critical ro le  in  signal transduction , transm it
ting  signals from  cell surface recep to rs e.g. g ro w th

Table 20.1 Classification of P itu ita ry  Adenom as

P itu ita ry  C e ll 
Type H o rm o n e A d e n o m a  Subtypes A ssociated  S y n d ro m e *

Lactotroph Prolactin Lactotroph adenoma 
Silent lactotroph adenoma

Galactorrhea and amenorrhea 
(in females)

Sexual dysfunction, infertility

Somatotroph GH Densely granulated somatotroph adenoma 
Sparsely granulated somatotroph adenoma 
Silent somatotroph adenoma

Gigantism (children) 
Acromegaly (adults)

Mammosomatotroph Prolactin, GH Mammosomatotroph adenomas Combined features of GH and 
prolactin excess

Corticotroph ACTH and other 
POMC-derived 
peptides

Densely granulated corticotroph adenoma 
Sparsely granulated corticotroph adenoma 
Silent corticotroph adenoma

Cushing syndrome 
Nelson syndrome

Thyrotroph TSH Thyrotroph adenomas 
Silent thyrotroph adenomas

Hyperthyroidism

Gonadotroph FSH, LH Gonadotroph adenomas
Silent gonadotroph adenomas (“null cell,” oncocytic adenomas)

Hypogonadism, mass effects, 
and hypopituitarism

ACTH, Adrenocorticotrophic hormone; FSH, follicle-stimulating hormone; GH, growth hormone; LH, luteinizing hormone; POMC, pro-opiomelanocortin; TSH, thyroid-stimulating
hormone.
*Note that nonfunctional (silent) adenomas in each category express the corresponding hormone(s) within the neoplastic cells, as determined by special immunohistochemical 
staining on tissues. However, these adenomas do not produce the associated clinical syndrome, and typically present with mass e ffe c ts  accompanied by h y p o p itu ita r is m  due to 
destruction of normal pituitary parenchyma. These features are particularly common with gonadotroph adenomas. Partially adapted from Asa SL, Essat S: The pathogenesis of 
pituitary tumors. Annu Rev Pathol 4:97, 2009.
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Ligand
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Fig. 20.3 G -protein signaling in endocrine neoplasia. Mutations that lead to 
G-protein hyperactivity are seen in a variety of endocrine neoplasms, includ
ing pituitary, thyroid, and parathyroid adenomas. G proteins play a critical 
role in signal transduction, transmitting signals from cell surface receptors 
(GHRH,TSH, or PTH receptor) to intracellular effectors (e.g., adenyl cyclase), 
which then generate second messengers (cAMP, cyclic adenosine monophos
phate). GDP, Guanosine diphosphate; G T P , guanosine triphosphate; P, inorganic 
phosphate.

h o rm o n e-re leas in g  ho rm one (GHRH) recep tor, to 
in trace llu la r effectors (e.g., ad en y l cyclase), w h ich  then  
genera te  second  m essengers (e.g., cAM P). G -pro te ins 
a re  hetero trim eric  p ro te ins, com posed  of a  specific 
a -su b u n it th a t b in d s  g u an in e  nucleo tides a n d  in ter
acts w ith  bo th  cell surface recep to rs a n d  in trace llu la r 
effectors (Fig. 20.3); the  P- a n d  y-subunits are nonco 
va len tly  b o u n d  to  the a -su b u n it. Gs is a stim u la to ry  G 
p ro te in  th a t h as  a p ivo ta l ro le  in  signal tran sd u c tio n  in  
several endocrine  organs, in c lu d in g  the  p itu ita ry . The 
a -su b u n it of G s (G sa) is encoded  by  the G N AS  gene. 
In  the  basal state, G s exists in  an  inactive state, w ith  
guanosine  d ip h o sp h a te  (GDP) b o u n d  to  the  guan ine  
n u c leo tide -b ind ing  site of G sa . O n  in terac tion  w ith  the 
lig an d -b o u n d  cell surface recep tor, GDP dissociates, and  
guanosine  trip h o sp h a te  (GTP) b in d s to  G sa , ac tivating  
the G  p ro te in . The activa tion  of G sa  resu lts  in  the  gener
a tio n  of cAM P, w h ich  is a p o ten t m itogenic  s tim u lu s in  
several endocrine  cells (e.g., p itu ita ry  so m ato tro p h s an d  
co rtico trophs, th y ro id  fo llicular cells, p a ra th y ro id  cells), 
p ro m o tin g  cellu lar p ro life ra tion  a n d  ho rm one syn the
sis a n d  secretion. N orm ally , G sa  ac tiva tion  is tran sien t 
because of a n  in trinsic  G TPase activ ity  in  the  a -su b u n it, 
w h ich  hyd ro ly zes GTP in to  GDP. Approximately 40% of 
somatotroph cell adenomas bear G N AS mutations that abro
gate the GTPase activity o f Gsa, leading to constitutive acti
vation o f Gsa, persistent generation o f cAM P, and unchecked 
cellular proliferation. G N A S  m u ta tio n s also  have  been 
described  in  a m in o rity  of co rtico troph  adenom as; b u t 
a re  absen t in  th y ro tro p h , lac to troph , a n d  g o n ad o tro p h

ad enom as, w h ich  arise from  cells w h o se  hypo tha lam ic  
release h o rm ones do  n o t signal v ia  cA M P -dependen t 
p a th w ay s.

• Approximately 5% o f pituitary adenomas arise as a result o f 
an inherited predisposition. F our genes have  been  iden ti
fied th u s  far as a cause of fam ilial p itu ita ry  adenom as: 
M EN 1, CDKN1B, PRKAR1A, a n d  AIP. These genes reg u 
late  tran sc rip tio n  a n d  the  cell cycle. O f note, som atic 
m u ta tio n s of these  fo u r genes are rare ly  en co u n te red  in  
sporad ic  p itu ita ry  adenom as.

• Molecular abnormalities associated w ith aggressive behavior 
include aberrations in cell cycle checkpoint genes, such  as 
overexp ression  of cyclin D1, m u ta tio n s  of TP53, and  
ep igenetic  silencing of the  re tinob lastom a gene (RB). In 
ad d itio n , ac tiva ting  m u ta tio n s of the  R A S  oncogene are  
observed  in  ra re  pituitary carcinomas. The functions of 
these genes w ere  d iscussed  in  C h ap te r 6 .

^  M O R P H O L O G Y

The usual pituitary adenoma is a well-circumscribed, soft lesion. 

Small tumors may be confined to the sella turcica, while larger 

lesions may compress the optic chiasm and adjacent structures 

(Fig. 20.4), erode the sella turcica and anterior clinoid processes, 

and extend locally into the cavernous and sphenoidal sinuses. 

In as many as 30% of cases, the adenomas are nonencapsulated 

and infiltrate adjacent bone, dura, and (uncommonly) brain. Foci 

of hemorrhage and/or necrosis are common in larger adenomas.

Pituitary adenomas are composed of relatively uniform, 

polygonal cells arrayed in sheets, cords, or papillae. Support

ing connective tissue, or reticulin, is sparse. The nuclei of the 

neoplastic cells may be uniform or pleomorphic. Th is  cel

lu la r m o n o m o rp h is m  and th e  absence o f a  s ignificant 

re ticu lin  n e tw o rk  distinguish p itu ita ry  adenom as fro m

Fig. 20.4 Pituitary adenoma. This massive, nonfunctioning adenoma has 
grown far beyond the confines of the sella turcica and has distorted the 
overlying brain. Nonfunctioning adenomas tend to be larger at the time of 
diagnosis than those that secrete a hormone.
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Fig. 20.5 Pituitary adenoma. The monomorphism of these cells contrasts 
with the admixture of cells seen in the normal anterior pituitary gland in 
Fig. 20.1. Note also the absence of the reticulin network.

non -neop lastic  a n te r io r  p itu ita ry  p aren ch ym a (Fig. 20.5). 

Mitotic activity usually is scanty. The cytoplasm of the constituent 

cells may be acidophilic, basophilic, or chromophobic, depending 

on the type and amount of secretory product within the cell, 

but it is fairly uniform throughout the neoplasm. The functional 

status of the adenoma cannot be predicted from its histologic 

appearance. Adenomas that harbor T P 5 3  mutations often dem

onstrate brisk mitotic activity and higher proliferation rates and 

are designated a typ ical aden om as because of their potential 

for aggressive behavior.

Ä S U M M A R Y

P IT U IT A R Y  A D E N O M A S :  G E N E R A L  FE A TU R ES

• The most common cause of hyperpituitarism is an anterior 

lobe pituitary adenoma.

• Pituitary adenomas can be macroadenomas (>1 cm in diam

eter) or microadenomas (<1 cm across), and on clinical evalu

ation, they can be functional or nonfunctioning.

• Macroadenomas may potentially lead to  mass effects, including 

visual disturbances.

• Functioning adenomas are associated with distinct endocrine 

signs and symptoms.

• Mutation of the G N A S  gene, which results in constitutive acti

vation of a stimulatory G protein, is one of the more common 

genetic alterations.

• The two distinctive morphologic features of most adenomas 

are their cellular monomorphism and absence of a reticulin 

network.

Functioning Adenomas and Hyperpituatarism

A den o m as arising  from  d iffe ren t p itu ita ry  cells p ro d u ce  
h o rm ones characteristic  of th a t cell type  a n d  cause clinical 
sy n d ro m es th a t reflect the activ ity  of the horm ones.

Lactotroph A denom as

P ro la c tin -s e c re tin g  la c to tro p h  ad e n o m a s  are th e  m o st 

f re q u e n t  ty p e  o f  h y p e r fu n c t io n in g  p itu i ta r y  a d e n o m a ,

a c c o u n tin g  fo r  a b o u t 30%  o f  a l l  c l in ic a lly  re c o g n ize d  

cases. They range  in  size from  m icroadenom as to  large, 
expansile  tu m o rs associa ted  w ith  considerab le  m ass effect. 
P ro lactin  is dem onstrab le  w ith in  the cy top lasm  of the  neo
p lastic  cells by  im m unohistochem ica l techniques. P ro lactin  
secretion  by  lac to tro p h  ad en o m as is h igh ly  efficient, such  
th a t ev en  m icroadenom as can  secrete sufficient ho rm one 
to induce  system ic sym ptom s.

Hyperprolactinemia causes am enorrhea, galactorrhea, 
loss of libido, an d  infertility. Because m anifesta tions of 
hyperp ro lac tinem ia  (e.g., am enorrhea) are obv ious in  p re 
m enopausa l w om en, p ro lactinom as are d iagnosed  a t an  
earlier stage in  w o m en  of rep roduc tive  age th a n  in  o thers 
w ith  these tum ors. By contrast, the effects of h y p erp ro 
lactinem ia are  subtle  in  m en  an d  o lder w om en, in  w h o m  
the tu m o r m ay  reach  a large size before com ing  to  clinical 
a tten tion . H yperp ro lac tinem ia  also is a  featu re  of o ther con
ditions, inc lud ing  p regnancy , h igh-dose estrogen  therapy, 
renal failure, hypo thyro id ism , hypo thalam ic lesions, and  
dopam ine-inh ib iting  d ru g s  (e.g., reserpine). In  add ition , 
any  m ass in  the  sup rase lla r com partm en t m ay  d is tu rb  the 
n o rm al inh ib ito ry  influence of h y p o th a lam u s on  pro lactin  
secretion, resu lting  in  h y p erp ro lac tin em ia—a m echanism  
k n o w n  as the stalk effect. Thus, m ild  elevations of serum  
pro lac tin  (<200 |ig /L )  in  a p a tien t w ith  a  p itu ita ry  adenom a 
do  n o t necessarily  ind icate a p ro lactin -secreting  neoplasm .

Som atotroph A denom as

G r o w th  h o rm o n e -s e c re t in g  s o m a to tro p h  ad e n o m a s  are  

th e  second  m o s t c o m m o n  ty p e  o f fu n c t io n in g  p itu ita r y  

a d e n o m a , a n d  cause g ig a n t is m  in  c h ild re n  or acro m eg 

a ly  in  a d u lts . Because the  clinical m an ifesta tions of excess 
g ro w th  ho rm one m ay  be subtle, so m ato tro p h  cell aden o 
m as m ay  be q u ite  large  by  the  tim e they  com e to clinical 
a tten tion . O n  m icroscopic exam ination , g ro w th  h o rm o n e - 
p ro d u c in g  ad en o m as are  com posed  of densely  o r sparsely  
g ran u la ted  cells, a n d  im m unohistochem ica l s ta in ing  dem 
o nstra tes g ro w th  ho rm one w ith in  the  cy top lasm  of the 
neop lastic  cells. Sm all am o u n ts  of im m unoreac tive  pro lac 
tin  o ften  are  p re sen t as w ell.

P e rsis ten t g ro w th  ho rm one excess s tim ula tes the 
hepa tic  secretion  of insu lin -like g ro w th  factor 1 (IGF1), 
w h ich  acts in  conjunction  w ith  g ro w th  ho rm o n e  to  induce  
o v erg ro w th  of bones a n d  m uscle. If a g ro w th  h o rm o n e- 
secreting  ad en o m a  develops before the ep iphyses close, 
as is the case in  p rep u b e rta l ch ild ren , excessive levels of 
g ro w th  ho rm one a n d  IGF1 re su lt in  gigantism. This cond i
tion  is charac terized  by  a generalized  increase in  b o d y  size, 
w ith  d isp ro p o rtio n a te ly  long  arm s a n d  legs. If e levated  
levels o f g ro w th  ho rm one a n d  IGF1 p ersis t o r develop  
after closure of the  ep iphyses, affected  in d iv id u a ls  develop  
acromegaly, in  w h ich  g ro w th  is m ost consp icuous in  soft 
tissues, skin, viscera, a n d  the bones of the face, hands, an d  
feet. E n largem en t o f the jaw  resu lts  in  its p ro tru s io n  (prog
nathism), b ro ad en in g  of the low er face, a n d  sep ara tio n  of 
the teeth . The h an d s  an d  feet a re  en larged , a n d  the  fingers 
are  b ro ad  a n d  sausage-like. In  m o st in stances g igan tism  is 
accom pan ied  by  ev idence of acrom egaly . These changes 
m ay  develop  slow ly over decades before b e ing  recognized , 
hence the ad en o m a m ay  be qu ite  large  before it is detected .

P ersis ten t g ro w th  ho rm one excess also  is associated  
w ith  m etabolic  abnorm alities, the m ost im p o rta n t of
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w h ich  is d iabetes m ellitus. This arises because of g ro w th  
h o rm o n e -in d u c e d  p erip h e ra l in su lin  resistance, w h ich  
"b lu n ts"  the  b o d y 's  response  to  e levated  g lucose levels 
(see " D iabetes M ellitus" , later). Failu re  to  su p p ress  g ro w th  
horm one p ro d u c tio n  in  response  to  a n  o ral load  of glucose 
is one of the m o st sensitive tests for acrom egaly . O ther 
m an ifesta tions of g ro w th  ho rm o n e  excess inc lude  gonadal 
dysfunction , genera lized  m uscle  w eakness, hypertension , 
a rth ritis , congestive h ea rt failure, a n d  a n  increased  risk  for 
gastro in testina l cancers.

C orticotroph A denom as

Excess p ro d u c t io n  o f  A C T H  b y  fu n c t io n in g  c o rtic o tro p h  

ad e n o m a s  lead s  to  a d re n a l h y p e rs e c re tio n  o f  co rtis o l 

a n d  th e  d e v e lo p m e n t o f  h y p e rc o rt is o lis m  (also k n o w n

as Cushing syndrome). C ush in g  sy n d ro m e (d iscussed  la ter 
w ith  d iseases of the a d ren a l g land) m ay  be caused  by  o ther 
cond itions as w ell. W h en  the hyperco rtiso lism  is caused  by 
excessive p ro d u c tio n  of A C TH  by the p itu ita ry , it is called 
Cushing disease after the n eu ro su rg eo n  H arvey  C ush in g  
w h o  first described  the d iso rder.

M ost co rtico troph  ad en o m as are  sm all (m icroadenom as) 
a t the tim e of d iagnosis. These ad en o m as sta in  positively  
w ith  period ic  acid-S chiff (PAS) stains, as a re su lt o f the accu
m u la tio n  of g lycosy lated  A C TH  p ro te in . A C TH  also  can 
be specifically de tected  by  im m unohistochem ica l m ethods. 
Large, clinically aggressive  co rtico troph  cell ad en o m as 
m ay  develop  after surg ical rem oval o f the  a d ren a l g lands 
for trea tm en t of C u sh in g  syndrom e. In  m ost in stances th is 
cond ition , k n o w n  as Nelson syndrome, resu lts  from  loss of 
the inh ib ito ry  effect o f a d ren a l corticostero ids o n  a p reex ist
in g  co rtico troph  m icroadenom a. Because the  ad ren a ls  are  
ab sen t in  in d iv id u a ls  w ith  N elson  syndrom e, hyperco rti
so lism  does n o t develop . Instead , p a tien ts  p re sen t w ith  the 
m ass effects of the  p itu ita ry  tum or. P atien ts w ith  C ush ing  
synd rom e o ften  have h y p e rp ig m en ted  sk in  because of 
increased  p ro d u c tio n  of m elanocyte  s tim u la tin g  horm one 
(M SH), w h ich  is deriv ed  from  the sam e p recu rso r as A CTH  
so its syn thesis accom panies th a t o f ACTH.

Other Anterior Pituitary Neoplasms

O ther p itu ita ry  ad en o m as are  associa ted  w ith  ho rm onal 
d iso rd ers  n o t considered  p a r t of h y p erp itu ita rism , o r are  
non functional a n d  do  n o t p ro d u ce  horm onal d istu rbances.
• Gonadotroph adenomas are  so n am ed  because they 

p ro d u ce  ho rm ones (luteinizing hormone [LH] a n d  follicle- 
stimulating hormone [FSH]) th a t ac t on  rep ro d u c tiv e  
o rgans (gonads). These ad en o m as can  be d ifficult to 
recognize because they  secrete ho rm ones inefficiently 
an d  variab ly  a n d  the  secretory  p ro d u c ts  u sua lly  do  n o t 
cause a recognizab le  clinical syndrom e. They are typ i
cally de tec ted  w h e n  the tu m o rs becom e large e n o u g h  to 
cause signs a n d  sym ptom s re la ted  to  local m ass effects, 
such  as im p a ired  v ision, headaches, d ip lop ia , o r p itu 
itary  apoplexy . The neop lastic  cells u sua lly  dem on 
stra te  im m unoreac tiv ity  for the com m on  g o n ad o tro p in  
a -su b u n it a n d  the  specific P-FSH a n d  P-LH subunits; 
FSH u sually  is the p re d o m in a n t secreted  horm one.

• Thyrotroph (thyroid-stimulating hormone [TSH]-producing) 
adenomas accoun t for a b o u t 1 % of all p itu ita ry  ad en o m as 
an d  constitu te  a ra re  cause of h y perthy ro id ism .

• Nonfunctioning pituitary adenomas are  a he terogeneous 
g ro u p  th a t constitu tes 25% to 30% of all p itu ita ry  tum ors. 
N o t su rp rising ly , the typ ical p resen ta tio n  is character
ized  by m ass effects. These lesions also  m ay  im p inge  
on  the res id u a l an te rio r p itu ita ry  a n d  p ro d u ce  hy p o 
p itu ita rism , w h ich  m ay  ap p e a r slow ly  d u e  to  g rad u a l 
en largem en t of the ad en o m a o r ab ru p tly  because of 
acu te  in tra tu m o ra l hem o rrh ag e  (p itu ita ry  apoplexy).

• Pituitary carcinomas are exceedingly rare. In  a d d itio n  to 
local ex tension  beyond  the sella turcica, these tum ors 
v irtu a lly  a lw ays m etastasize  to  d is tan t sites.

A  S U M M A R Y

H Y P E R P IT U IT A R IS M -A S S O C IA T E D  A D E N O M A S

• P r o l a c t i n o m a s :  amenorrhea, galactorrhea, loss of libido, and 

infertility

• G r o w t h  h o r m o n e  ( s o m a t o t r o p h  c e l l )  a d e n o m a s :  gigantism (chil

dren), acromegaly (adults), and impaired glucose tolerance and 

diabetes mellitus

• C o r t i c o t r o p h  c e l l  a d e n o m a s :  Cushing syndrome, hyperpigmentation

• All pituitary adenomas, particularly nonfunctioning adenomas, 

may be associated with mass effects and hypopituitarism. * •

HYPOPITUITARISM

C linically  significant h y p o p itu ita rism  m ay  occur w ith  
loss or absence of 75% or m ore  of the  an te rio r p itu ita ry  
p arenchym a. It m ay  be congenital (exceedingly rare) o r 
re su lt from  a w id e  range  o f acquired in trinsic  abnorm alities 
o f the p itu ita ry . Less frequen tly , d iso rd ers  th a t in terfere  
w ith  the delivery  of p itu ita ry  h o rm o n e-re leas in g  factors 
from  the h y po tha lam us, such  as hypo tha lam ic  tum ors, 
cause  h y p o fu n c tio n  of the an te rio r p itu ita ry . Hypopitu
itarism accompanied by evidence of posterior pituitary 
dysfunction in the form of diabetes insipidus (d iscussed  
later) is almost always of hypothalamic origin. M ost 
cases of an te rio r p itu ita ry  h y po function  are  caused  by  the 
follow ing:
• Tumors and other mass lesions (especially  non function ing  

p itu ita ry  adenom as)
• Ischemic necrosis of the anterior pituitary, called  Sheehan 

syndrome, o r p o s tp a rtu m  necrosis of the  an te rio r p itu 
itary, is the m ost com m on  fo rm  of clinically significant 
necrosis o f the  an te rio r p itu ita ry . D u rin g  p regnancy , the 
an te rio r p itu ita ry  en larges, m ain ly  because of a n  increase 
in  the size a n d  n u m b er of p ro lactin -secreting  cells. This 
h yperp lasia  is n o t accom pan ied  by a n  increase in  b lood 
su p p ly  from  the low -p ressu re  h y pophysea l p o rta l 
venous system . The en la rg ed  g land  is th u s  vu lnerab le  
to ischem ic in jury , especially  in  w o m en  w h o  experi
ence hypo ten sio n  d u rin g  the p e rip a rta l period . By con
trast, the posterio r p itu ita ry  receives its b lood  d irectly  
from  arte ria l b ranches a n d  is m u ch  less suscep tib le  to 
ischem ic in jury . P itu ita ry  necrosis a lso  m ay  occur in  the 
se tting  of d issem in a ted  in travascu la r coagulation , sickle 
cell anem ia, e levated  in tracran ia l p ressu re , traum atic  
in jury , an d  shock of any  origin.

• Iatrogenic causes inc lude  ab la tion  of the  p itu ita ry  by 
su rgery  o r rad ia tio n
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• O ther, less com m on causes of an te rio r p itu ita ry  hy p o 
function  inc lude  in flam m ato ry  lesions such  as sarco id 
osis o r tubercu losis, traum a, a n d  m etasta tic  tum ors 
invo lv ing  the p itu ita ry

The clinical m an ifesta tions of an te rio r p itu ita ry  hy p o 
function  d e p e n d  o n  the  specific h o rm ones th a t are lacking. 
In  ch ild ren , g ro w th  fa ilu re  (pituitary dwarfism) m ay  occur 
as a re su lt o f g ro w th  h o rm o n e  deficiency. G o n ad o tro p in  o r 
gonad o tro p in -re leasin g  ho rm o n e  (GnRH) deficiency leads 
to  am en o rrh ea  an d  infertility  in  w o m en  a n d  to  decreased  
lib ido, im potence, a n d  loss of pub ic  a n d  axillary  h a ir  in  
m en. TSH a n d  A C TH  deficiencies re su lt in  h y p o th y ro id ism  
a n d  h y p oad renalism , respectively  (d iscussed  later). P rolac
tin  deficiency resu lts  in  fa ilu re  of p o s tp a rtu m  lactation . The 
an te rio r p itu ita ry  also  is a rich  source of M SH, syn thesized  
from  the sam e p recu rso r m olecule th a t p ro d u ces ACTH; 
therefore, one of the  m an ifesta tions of h y p o p itu ita rism  is 
p a llo r o f sk in  from  loss of stim u la to ry  effects of M SH on  
m elanocytes.

POSTERIOR PITUITARY SYNDROMES

The po ste rio r p itu ita ry , o r neu ro h y p o p h y sis , is com posed  
of m odified  glial cells (te rm ed  pituicytes) a n d  axonal p ro 
cesses ex ten d in g  from  nerve  cell bod ies in  the  su p rao p 
tic a n d  p arav en tricu la r nucle i of the h y p o th a lam u s. The 
hypo tha lam ic  n eu ro n s  p ro d u ce  tw o pep tides: an ti-d iu re tic  
ho rm one (ADH) a n d  oxytocin. They are s to red  in  axon 
te rm inals in  the n e u ro h y p o p h y sis  a n d  re leased  in to  the 
c ircu la tion  in  response  to  ap p ro p ria te  stim uli. A D H  is a 
n o n ap ep tid e  ho rm o n e  syn thesized  p red o m in an tly  in  the 
sup rao p tic  nucleus. In  response  to  several d ifferen t stim uli, 
in c lu d in g  increased  p lasm a  osm otic  p ressu re , left a tria l 
d isten tion , exercise, a n d  certa in  em o tional states, A D H  is 
re leased  from  axon  te rm inals in  the n e u ro h y p o p h y sis  in to  
the general c irculation . The ho rm o n e  acts o n  the  collect
ing  tubu les  o f the  k id n ey  to  p ro m o te  the reso rp tio n  of 
free w ater. O xytocin  s tim ula tes the  con traction  of sm ooth

m uscle in  the p reg n an t u te ru s  an d  of m uscle  su rro u n d in g  
the lactiferous ducts of the m am m ary  g lands. Im p a irm en t 
of oxytocin  syn thesis a n d  release has no t been  associated  
w ith  significant clinical abnorm alities.

The clinically im p o rtan t po ste rio r p itu ita ry  synd rom es 
invo lve A D H  u n d e r- o r overp roduction .
• A D H  d e fic ie n c y  causes diabetes insipidus,  a  c o n d it io n  

c h a ra c te rize d  b y  excessive u r in a t io n  (p o ly u r ia )  d u e  

to  a n  in a b i l i ty  o f  th e  k id n e y  to  reso rb  w a te r  p ro p 

e r ly  f ro m  th e  u r in e . D iabetes in s ip id u s  can  re su lt from  
several causes, in c lu d in g  head  traum a, neop lasm s, and  
in flam m ato ry  d iso rd ers  of the h y p o th a lam u s a n d  p itu 
itary, a n d  from  surg ical p ro ced u res  invo lv ing  the hy p o 
tha lam us o r p itu ita ry . The cond ition  som etim es arises 
spon taneously  (idiopathic). D iabetes in s ip id u s  from  
A D H  deficiency is desig n a ted  central, to  d ifferen tiate  
it from  nephrogenic diabetes in sip idus, w h ich  is caused  
by  rena l tu b u la r un resp o n siv en ess  to  c ircu la ting  A D H . 
The clinical m an ifesta tions of bo th  d iseases are  sim ilar 
a n d  inc lude  the excretion  of large  vo lum es of d ilu te  
u rin e  w ith  a n  in ap p ro p ria te ly  low  specific grav ity . 
S erum  so d iu m  an d  osm olality  are increased  as a resu lt 
o f excessive rena l loss of free w a te r, re su ltin g  in  th irst 
a n d  po lyd ip sia . P a tien ts w h o  can  d rin k  w a te r  gener
ally  com pensa te  for u rin a ry  losses, b u t p a tien ts  w h o  
are  o b tu n d ed , b ed rid d en , or o therw ise  lim ited  in  their 
ab ility  to  o b ta in  w a te r  m ay  develop  life-th reaten ing  
dehy d ra tio n .

• T h e  s y n d ro m e  o f  in a p p ro p r ia te  A D H  (S IA D H )  secre

t io n  is ty p ic a lly  associated  w i th  A D H  excess, w h ic h  

causes re s o rp tio n  o f excessive a m o u n ts  o f  fre e  w a te r , 

re s u ltin g  in  h y p o n a tre m ia . C auses of SIADH include 
the secretion  of ectopic A D H  by m alignan t neop lasm s 
(particu larly  sm all-cell carcinom as of the lung), non 
neoplastic  d iseases of the lung, a n d  local in jury  to  the 
h y p o th a lam u s or neu rohypophysis . The clinical m ani
festations of SIADH are  d o m inated  by hyponatrem ia , 
cerebral edem a, an d  resu ltan t neuro log ic dysfunction . 
A lthough  total body  w a te r is increased, b lood  vo lum e 
rem ains norm al, a n d  perip h era l edem a does n o t develop.

Thyroid

The th y ro id  g lan d  consists of tw o  bu lky  la tera l lobes con
nected  by a re la tively  th in  isthm us, u su a lly  located  below  
an d  an te rio r to  the larynx. The th y ro id  g land  develops 
em bryologically  from  a n  evag in a tio n  of the develop ing  
p h a ry n g ea l ep ith e liu m  th a t descends from  the  fo ram en  
cecum  at the  base of the  tongue  to  its n o rm al p o sition  in  
the an te rio r neck. This p a tte rn  of descen t explains the occa
sional p resence of ectopic th y ro id  tissue, m ost com m only  
located  a t the  base of the to n g u e  (lingual thy ro id ) or at 
o ther sites abno rm ally  h ig h  in  the  neck.

The th y ro id  is d iv id ed  in to  lobules, each  com posed  of 
a b o u t 20 to  40 evenly  d isp ersed  follicles. The follicles are  
lined  by  cubo ida l to  low  co lum nar ep ithe lium , w h ich  is 
filled w ith  thy rog lobu lin , the io d in a ted  p recu rso r p ro te in  
of active thy ro id  horm one. In  response  to  troph ic  factors 
from  the  h y p o th a lam u s, TSH (also called  thyrotropin) is

re leased  by  th y ro tro p h s  in  the an te rio r p itu ita ry  in to  the 
c irculation . The b in d in g  of TSH to its recep to r o n  thy ro id  
fo llicu lar ep ithelia l cells resu lts  in  ac tiva tion  a n d  confor
m ational change in  the  recep tor, a llow ing  it to  associate 
w ith  a s tim u la to ry  G -p ro te in  (Fig. 20.6). A s illu stra ted  in  
Fig. 20.3, ac tiva tion  of s tim u la to ry  G -pro te in  resu lts  in  an  
increase in  in trace llu la r cA M P levels, w h ich  stim ulates 
th y ro id  ho rm one syn thesis a n d  release. T hyro id  follicu
la r ep ithelia l cells convert th y rog lobu lin  in to  thyroxine (T4) 
a n d  lesser am o u n ts  o f triiodothyronine (T3). T4 a n d  T3 are  
re leased  in to  the system ic c irculation , w h ere  m ost of these 
p e p tid e s  are b o u n d  to  c ircu la ting  p lasm a  p ro te ins, such  
as T4 -b in d in g  g lobulin , for tra n sp o rt to  p e rip h e ra l tissues. 
The b in d in g  p ro te in s  m ain ta in  the se ru m  u n b o u n d  (free) 
T3 a n d  T4 concen tra tions w ith in  n a rro w  lim its w h ile  en su r
in g  th a t the ho rm ones a re  read ily  availab le  to  the  tissues.
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Gene expression on

Fig. 20.6 Homeostasis in the hypothalamus-pituitary-thyroid axis and mech
anism of action of thyroid hormones. Secretion of thyroid hormones (T3 and 
T4) is controlled by trophic factors secreted by both the hypothalamus and 
the anterior pituitary gland. Decreased levels of T3 and T4 stimulate the 
release of thyrotropin-releasing hormone (TRH) from the hypothalamus and 
thyroid-stimulating hormone (TSH) from the anterior pituitary, causing T3 
and T4 levels to rise. Elevated T3 and T4 levels, in turn, suppress the secretion 
of both TRH and TSH. This relationship is termed a n e g a t iv e - fe e d b a c k  lo o p .  

TSH binds to the TSH receptor on the thyroid follicular epithelium, which 
causes activation of G proteins, release of cyclic AMP (cAMP), and cAMP
mediated synthesis and release of thyroid hormones (i.e., T3 and T4). In the 
periphery, T3 and T4 interact with the thyroid hormone receptor (TR) and 
form a complex that translocates to the nucleus and binds to so-called 
“thyroid response elements” (TREs) on target genes, thereby initiating 
transcription.

In  the p e riphery , the m ajority  of free T4  is d e io d in a ted  to 
T3; the la tte r b inds to  th y ro id  ho rm o n e  nuclear recep to rs 
in  ta rge t cells w ith  10-fold g rea ter affinity  th a n  T4  and  
has p ro p o rtio n a te ly  g rea ter activ ity . B inding  of thy ro id  
ho rm one to  its nuclear th y ro id  ho rm o n e  recep to r (TR) 
creates a horm one-recep to r com plex  th a t regu la tes the 
transc rip tion  of a subse t o f cellu lar genes. This p ro d u ces 
d iverse  cellu lar effects, in c lu d in g  increased  carb o h y d ra te  
an d  lip id  catabolism  a n d  p ro te in  syn thesis in  a w id e  range  
of cell types. The n e t resu lt o f these p rocesses is a n  increase 
in  the basal m etabolic  rate.

C linical recogn ition  of d iseases of the th y ro id  is im p o r
tant, because m o st a re  am enable  to  m edical o r surgical 
m anagem en t. Such d iseases inc lude  cond itions associated  
w ith  excessive release of th y ro id  h o rm ones (h y p erth y ro id 
ism ), th y ro id  ho rm o n e  deficiency (hypo thyro id ism ), and  
m ass lesions of the  thy ro id . C onsidered  nex t are  the clinical 
consequences of d is tu rb ed  th y ro id  function , fo llow ed  by 
an  overv iew  of the d iso rd ers  th a t generate  these prob lem s.

HYPERTHYROIDISM

T h y ro to x ic o s is  is a  h y p e rm e ta b o lic  state caused  b y  e le 

v a te d  c irc u la t in g  le v e ls  o f  fre e  T 3 a n d  T 4. Because it is 
caused  m o st com m only  by  h y p erfu n c tio n  of the thy ro id  
g land , thyrotoxicosis o ften  is re ferred  to  as hyperthyroidism. 
In  certa in  conditions, how ever, the o v e rsu p p ly  e ither is 
re la ted  to  excessive release of p re fo rm ed  th y ro id  ho rm one 
(e.g., in  thy ro id itis) o r com es from  a n  ex tra thy ro ida l source, 
ra th e r  th an  a h y p erfu n c tio n in g  g lan d  (Table 20.2). Thus, 
strictly speaking, hyperthyroidism is only one (albeit the most 
common) category of thyrotoxicosis. D esp ite  th is clear d is
tinction , the fo llow ing  d iscussion  ad h e res  to  the  com m on 
p ractice of u sin g  the  te rm s thyrotoxicosis an d  hyperthyroid
ism in terchangeably .

The th ree  m ost com m on  causes of thyrotoxicosis are  
associa ted  w ith  h y p erfu n c tio n  of the g land:
• D iffuse h y p erp lasia  o f the  th y ro id  associated  w ith  

G raves disease, a fo rm  of au to im m u n e  th y ro id  d isease 
(accounts for 85% of cases)

• H y p erfu n c tio n in g  ("toxic") m u ltin o d u la r goiter
• H yperfu n c tio n a l ("toxic") ad en o m a of the thy ro id

The clinical m an ifesta tions of thyro tox icosis are  p ro tean  
an d  are m ain ly  a ttrib u tab le  to the hypermetabolic state 
in d u ced  by  th y ro id  ho rm o n e  a n d  overactivity of the sympa
thetic nervous system:
• Constitutional symptoms: The sk in  of thyrotoxic ind i

v id u a ls  ten d s to  be soft, w arm , a n d  flu shed  because 
of increased  b lood  flow  an d  p erip h e ra l vaso d ila tio n  to 
increase h ea t loss; h ea t in to lerance a n d  excessive sw eat
ing  are  com m on. Increased  sym pathe tic  activ ity  and  
h yperm etabo lism  re su lt in  w e ig h t loss desp ite  increased  
appetite .

• Gastrointestinal: S tim ulation  of the  g u t resu lts  in  rap id  
tran sit tim e (hyperm otility ), w h ich  can  cause fa t m alab 
so rp tion  a n d  steatorrhea.

• Cardiac: P alp ita tions a n d  tachycard ia  are com m on  d u e  
to bo th  increased  card iac  contractility  a n d  increased

Table 20.2 Causes o f Thyrotoxicosis  

A ssociated  W ith  H y p e rth y ro id is m

P rim a ry

Diffuse toxic hyperplasia (Graves disease) 

Hyperfunctioning (“toxic”) multinodular goiter 

Hyperfunctioning (“toxic”) adenoma 

Iodine-induced hyperthyroidism

Secondary

TSH-secreting pituitary adenoma (rare)* *

N o t  A ssociated  W it h  H y p e rth y ro id is m

Granulomatous (de Quervain) thyroiditis ( p a in fu l )

Subacute lymphocytic thyroiditis ( p a in le s s )

Struma ovarii (ovarian teratoma with thyroid)

Factitious thyrotoxicosis (exogenous thyroxine intake)

TS H , Thyroid-stimulating hormone.
*Associated with increased TSH; all other causes of thyrotoxicosis associated with 
decreased TSH.
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Fig. 20.7 A patient with hyperthyroidism. A wide-eyed, staring gaze, caused 
by overactivity of the sympathetic nervous system, is one of the classic 
features of this disorder. In Graves disease, one of the most important causes 
of hyperthyroidism, accumulation of loose connective tissue behind the 
orbits also adds to the protuberant appearance of the eyes.

p erip h e ra l oxygen  requ irem en ts . O lder a d u lt pa tien ts  
w ith  p reex isting  h ea rt d isease m ay  develop  congestive 
h ea rt failure.

• Neuromuscular: P atien ts frequen tly  experience n erv o u s
ness, trem or, an d  irritab ility  d u e  to  the sym pathe tic  
overactiv ity . N early  50% develop  p rox im al m uscle 
w eakness  (thyroid myopathy).

• Ocular changes often  call a tten tio n  to  hy p erth y ro id ism . 
A  w ide , sta rin g  gaze a n d  lid  lag  are p re se n t because 
of sym pathe tic  ov erstim u la tio n  of the  su p e rio r tarsa l 
m uscle  (Muller's muscle), w h ich  functions a longside  the 
leva to r pa lp eb rae  superio ris  m uscle  to  raise the  u p p e r  
eyelid  (Fig. 20.7). H ow ever, fu llb low n  thyroid ophthal
mopathy associated  w ith  p ro p to sis  is a  fea tu re  seen  on ly  
in  G raves d isease (d iscussed  later).

• Thyroid storm d esignates the a b ru p t onse t of severe 
h y p erth y ro id ism . It occurs m ost o ften  in  p a tien ts  w ith  
G raves d isease a n d  p robab ly  resu lts  from  a n  acu te  ele
va tio n  in  catecholam ine levels, as m ig h t be encoun tered  
d u rin g  infection, su rgery , cessation  of an ti-th y ro id  m ed 
ication, o r any  fo rm  of stress. T hyro id  s to rm  is a m edical 
em ergency , as a significant n u m b er of u n tre a te d  p a tien ts  
die o f card iac a rrhy thm ias.

• Apathetic hyperthyroidism refers to  thyrotoxicosis occur
rin g  in  o lder adu lts , in  w h o m  the typical fea tu res of 
thy ro id  ho rm o n e  excess o ften  are b lu n ted . The u n d e r
ly ing  thy ro id  d isease is u sua lly  de tec ted  d u rin g  labora 
to ry  w o rk u p  for u n ex p la in ed  w e ig h t loss o r w o rsen in g  
card iovascu lar d isease.

The d iagnosis of h y p e rth y ro id ism  is based  o n  clinical 
fea tu res a n d  labo ra to ry  data . The measurement of serum 
TSH is the most useful single screening test for hyperthyroid
ism, because TSH levels are  decreased  even  a t the earliest 
stages, w h e n  the d isease m ay  still be subclinical. In  ra re  
cases o f p itu ita ry - or h y p o tha lam us-assoc ia ted  (secondary) 
hy p erth y ro id ism , TSH levels a re  e ither n o rm al o r ra ised . A 
low  TSH value  u sua lly  is associa ted  w ith  increased  levels 
of free T4. In  the  occasional patien t, h y p e rth y ro id ism  resu lts

p red o m in an tly  from  increased  c ircu la ting  levels of T3 (T3 
toxicosis). In  such  cases, free T4  levels m ay  be decreased , 
a n d  d irec t m easu rem en t of se ru m  T3  m ay  be usefu l. O nce 
the d iagnosis of thyro tox icosis has  been  confirm ed by  a 
com bination  of TSH a n d  free thy ro id  ho rm o n e  assays, 
m easu rem en t of rad ioac tive  iod ine  u p ta k e  by the thy ro id  
g land  can  be va luab le  in  d e te rm in in g  the  etiology. For 
exam ple, such  scans m ay  show  d iffusely  increased  u p tak e  
in  G raves disease, increased  u p tak e  in  a so litary  n o d u le  in  
toxic adenom a, o r decreased  u p tak e  in  thy ro id itis.

HYPOTHYROIDISM

H y p o th y r o id is m  is caused  b y  s tru c tu ra l or fu n c tio n a l 

d e ra n g e m e n ts  th a t  in te r fe re  w i th  th y r o id  h o rm o n e  p ro 

d u c tio n . This d iso rd e r m ay  be d iv id ed  in to  p rim ary  an d  
secondary  categories, d e p e n d in g  on  w h e th e r it arises from  
an  in trinsic  ab no rm ality  in  the th y ro id  o r from  h y p o th a 
lam ic or p itu ita ry  d isease (Table 20.3). P rim ary  h y p o th y 
ro id ism  can  be secondary  to  congenital, autoimmune, or 
iatrogenic causes.
• Genetic defects th a t p e rtu rb  th y ro id  d ev e lo p m en t (thy ro id  

dysgenesis) o r the syn thesis o f th y ro id  ho rm one (dys- 
horm onogenetic  goiter) a re  ra re  overall b u t the m ost 
com m on cause of congenita l h y p o th y ro id ism  in  the  U.S.

• Endemic deficiency of dietary iodine is typically  m an ifested  
by h y o th ry o id ism  early  in  ch ildhood  a n d  has been  also 
called  congenital, b u t is n o t caused  by  genetic defects. 
It is a com m on  cause of h y p o th y ro id ism  in  in fan ts an d  
ch ild ren  w o rld w id e .

• Autoimmune thyroid disease is a com m on cause of hy p o 
th y ro id ism  in  reg ions of the  w o rld  w h ere  iod ine  is 
su p p lem en ted  in  d ie ta ry  salt p ro d u c ts . The v as t m ajor
ity  of cases of au to im m u n e  h y p o th y ro id ism  are d u e  to 
H ash im o to  thyro id itis  (d iscussed  later).

• Iatrogenic hypothyroidism can  be caused  by e ither surgical 
o r rad ia tio n -in d u ced  ab la tion  of th y ro id  parenchym a, o r 
as a n  u n in te n d e d  ad v erse  effect of certa in  d rugs.

The clinical m an ifesta tions of h y p o th y ro id ism  include 
cre tin ism  a n d  m yxedem a.
• Cretinism refers to  h y p o th y ro id ism  d eve lop ing  in  

infancy or early  ch ildhood . This d iso rd e r fo rm erly  w as

Table 20.3 Causes o f Hypothyroidism

P rim a ry

Postablative
Surgery, radioiodine therapy, or external irradiation 

Autoimmune hypothyroidism 
Hashimoto thyroiditis*

Iodine deficiency*
Drugs (lithium, iodides, p-aminosalicylic acid)*
Congenital biosynthetic defect (dyshormonogenetic goiter) (rare)* 
Genetic defects in thyroid development (rare)
Thyroid hormone resistance syndrome (rare)

Secondary (C e n tra l)

Pituitary failure (rare)
Hypothalamic failure (rare)

*Associated with enlargement of thyroid (“goitrous hypothyroidism”). Hashimoto 
thyroiditis and postablative hypothyroidism account for the majority of cases of 
hypothyroidism in developed countries.
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fairly  com m on in  a reas of the w o rld  w h ere  d ie ta ry  
iod ine  deficiency is endem ic, in c lu d in g  m o u n ta in o u s 
a reas  such  as the H im alayas an d  the A ndes (endemic 
cretinism). It is now  m u ch  less freq u en t because of the 
w id e sp re a d  su p p lem en ta tio n  of salt w ith  iod ine. By 
con trast, enzym e defects th a t in terfere  w ith  thy ro id  
ho rm o n e  syn thesis are  a cause of sporadic cretinism. 
C linical fea tu res of c re tin ism  inc lude  im p a ired  develop 
m en t o f the  skeletal system  an d  cen tral n e rv o u s system , 
severe m en ta l re ta rd a tio n , sh o rt sta tu re , coarse facial 
featu res, a p ro tru d in g  tongue, a n d  um bilical h ern ia . The 
severity  of the m en ta l im p a irm en t in  c re tin ism  seem s 
to  be in fluenced  by the tim e of onse t o f the deficient 
sta te  in  u tero . N orm ally , m a te rn a l h o rm ones th a t are  
critical to  fetal b ra in  developm ent, in c lu d in g  T3 an d  
T4 cross the  p lacen ta . If m a te rn a l th y ro id  deficiency 
is p re sen t before the  d ev e lo p m en t of the fe ta l th y ro id  
g land , m en ta l re ta rd a tio n  is severe. By con trast, red u c 
tion  in  m ate rn a l th y ro id  h o rm ones la te r in  p regnancy , 
after the fetal th y ro id  has developed , a llow s no rm al 
b ra in  developm ent.

• H y p o th y ro id ism  in  o lder ch ild ren  an d  a d u lts  resu lts  in  
a  cond ition  k n o w n  as myxedema. The in itial sym ptom s 
include generalized  fatigue, apa thy , an d  m en tal slug
gishness, w h ich  m ay  m im ic depression . D ecreased sym 
pathetic  activity  resu lts  in  constipation  a n d  decreased 
sw eating . The skin is cool an d  pale because of decreased 
b lood  flow. R educed  cardiac o u tp u t contribu tes to 
shortness of b rea th  a n d  decreased  exercise capacity, 
tw o freq u en t com plain ts. T hyro id  horm ones regu late  
the transcrip tion  of several sarcolem m al genes, such  as 
calcium  ATPases, w hose  encoded  p ro d u c ts  are critical in  
m ain ta in in g  efficient cardiac o u tp u t. In  add ition , hypo 
th y ro id ism  p rom otes a n  a therogenic lip id  p ro file—an 
increase in  total cholesterol a n d  low -density  lipopro te in  
(LDL) levels — th a t m ay  con tribu te  to  the  adverse  card io 
vascu lar m orta lity  ra tes in  th is disease. H istologically, 
there is an  accum ulation  of m atrix  substances, such  as 
glycosam inoglycans a n d  hyalu ron ic  acid, in  skin, sub 
cu taneous tissue, a n d  viscera. This resu lts in  n o np itting  
edem a, b ro ad en in g  an d  coarsen ing  of facial features, 
en largem ent of the tongue, a n d  deepen ing  of the voice.

The d iagnosis of h y p o th y ro id ism  is based  on  labora 
to ry  evaluation . A s in  the  case of h y p erth y ro id ism , mea
surement of serum TSH is the most sensitive screening test. 
The se ru m  TSH concen tra tion  is increased  in  p rim ary  
h y p o th y ro id ism  because of a loss of feedback  inh ib ition  of 
th y ro trop in -re leasing  ho rm o n e  (TRH) a n d  TSH p ro d u c tio n  
by the  h y p o th a lam u s a n d  p itu ita ry , respectively . The TSH 
concen tra tion  is n o t increased  in  in d iv id u a ls  w ith  hy p o 
th y ro id ism  caused  by  p rim ary  h y p o tha lam ic  o r p itu ita ry  
d isease. S erum  T4  is decreased  in  p a tien ts  w ith  h y p o th y 
ro id ism  of an y  origin.

function  th a t a re n o t necessarily  associated  w ith  in flam m a
tion  (exem plified by G raves disease). W e d iscuss first the 
various fo rm s of thyro id itis.

T h y r o id it is  encom passes a  d iv e rse  g ro u p  o f  d is o rd ers  

c h a ra c te rize d  b y  som e fo r m  o f  th y r o id  in f la m m a tio n . This 
d iscussion  focuses o n  the th ree  m ost com m on  a n d  clini
cally significant sub types: (1) H ash im o to  thyro id itis , (2) 
g ran u lo m ato u s (de Q uervain ) thy ro id itis , a n d  (3) subacu te  
lym phocytic  thy ro id itis.

Chronic Lymphocytic (Hashimoto) Thyroiditis •
H a s h im o to  th y ro id it is  is  th e  m o s t c o m m o n  cause o f  

h y p o th y r o id is m  in  areas o f  th e  w o r ld  w h e re  io d in e  le v e ls  

are  s u ffic ie n t. It is charac terized  by  g rad u a l thy ro id  failure 
secondary  to  au to im m u n e  d estru c tio n  of the th y ro id  g land . 
It is m o st p rev a len t be tw een  45 a n d  65 years of age an d  is 
m ore  com m on in  w o m en  w ith  a fem ale to  m ale ra tio  of 
10 : 1 to  20 : 1. A lth o u g h  it is p rim arily  a d isease of o lder 
w om en, it can  occur a t an y  age, in c lu d in g  ch ildhood .

Pathogenesis

H a s h im o to  th y ro id it is  is  an  a u to im m u n e  d isease caused  

b y  a n  im m u n e  resp on se  to  th y r o id  a u to a n tig e n s  (C hap ter 
5). C ircu la ting  au to an tib o d ies  ag a in st thy ro id  an tigens 
a re  p re sen t in  the  v ast m ajority  o f patien ts. The im m u n e  
response  leads to  p rog ressive  d ep le tio n  of th y ro id  ep ithe 
lial cells associated  w ith  lym phocy tic  in filtrates a n d  fibro
sis. The inciting  even ts lead in g  to  the  au to im m u n e  response  
have n o t been  fu lly  e lucidated , b u t m u ltip le  im m unolog ic  
m echan ism s th a t m ay  con tribu te  to  thy ro id  cell dam age 
h av e  been  iden tified  (Fig. 20.8), in c lu d in g  the follow ing:
• C D 8 + cytotoxic T -ce ll-m ed ia ted  k illing  of th y ro id  ep i

thelial cells.
• C y tok ine-m ed ia ted  cell dea th . T-cell ac tiva tion  leads 

to the  p ro d u c tio n  of in flam m atory  cy tok ines such  as 
in terferon-y  in  the  th y ro id  g land , w ith  re su lta n t recru it
m en t an d  activa tion  of m acrophages an d  dam age  to 
follicles.

• B inding  of an ti- th y ro id  an tibod ies  (an ti-thyroglobulin , 
an d  an ti-th y ro id  perox idase  antibodies), fo llow ed 
by a n tib o d y -d ep en d en t ce ll-m ed ia ted  cytotoxicity  
(C hap ter 5).

The d isease a p p ea rs  to  have a significan t genetic com po
nent, based  o n  a concordance ra te  o f ab o u t 40% in  m ono 
zygotic tw ins a n d  the p resence of an ti-th y ro id  an tibod ies 
in  app rox im ate ly  50% of asym ptom atic  sib lings of affected 
patien ts. Increased  suscep tib ility  to  H ash im o to  thy ro id itis  
is associa ted  w ith  p o ly m o rp h ism s in  im m u n e  re g u la tio n - 
associated  genes, the m ost significant of w h ich  is the cyto
toxic T lym ph o cy te -asso c ia ted  antigen-4  gene (CTLA4), 
w hich  codes fo r a negative  reg u la to r of T-cell responses 
(C hap ter 5).

A U TO IM M U N E TH YR O ID  DISEASE

A u to im m u n ity  is the u n d e rly in g  cause of a  varie ty  of 
th y ro id  d iseases, w h ich  are  collectively re ferred  to  as auto
immune thyroid disease (AITD). These d iso rd ers  inc lude  thy 
ro id itis, a n d  an tib o d y -m ed ia ted  d istu rbances in  thy ro id

M O R P H O L O G Y

The thyroid usually is diffusely and symmetrically enlarged. 

Microscopic examination reveals widespread infiltration of the 

parenchyma by a m o n o n u c le a r in f la m m a to ry  in f iltra te  

containing small lymphocytes, plasma cells, and well-developed
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Fig. 20.8 Pathogenesis of Hashimoto thyroiditis. Breakdown of immune tolerance to thyroid autoantigens results in progressive autoimmune destruction of 
thyrocytes by infiltrating cytotoxic T cells, locally released cytokines, or antibody-dependent cytotoxicity.

g e rm in a l cen ters  (Fig. 20.9). The thyroid follicles are atrophic 

and are lined in many areas by epithelial cells distinguished by the 

presence of abundant eosinophilic, granular cytoplasm, termed 

H ü rth le , or oxyphil, cells. This is a metaplastic response of 

the normal low cuboidal follicular epithelium to ongoing injury; 

on ultrastructural examination, the Hürthle cells are character

ized by numerous prominent mitochondria. Interstitial connec

tive tissue is increased and may be abundant. Less commonly, 

the thyroid is small and atrophic as a result of more extensive 

fibrosis (fib ros ing  v a ria n t).

C lin ica l Features

H ash im o to  thy ro id itis  com es to  clinical a tten tio n  as pain
less enlargement of the thyroid, usually associated with some 
degree of hypothyroidism, often  in  a m idd le-age  w om an .

Fig. 20.9 Hashimoto thyroiditis. The thyroid parenchyma contains a dense 
lymphocytic infiltrate with germinal centers. Residual thyroid follicles lined 
by deeply eosinophilic Hurthle cells also are seen.

The en la rg em en t o f the g land  u su a lly  is sym m etric  an d  
diffuse, b u t in  som e cases it m ay  be sufficiently  local
ized  to  ra ise  susp ic ion  for neop lasm . In  the u su a l clinical 
course, h y p o th y ro id ism  develops g radually . In  som e cases, 
how ever, it m ay  be p reced ed  by tran s ien t thyrotoxicosis 
caused  by d isru p tio n  of th y ro id  follicles, w ith  secondary  
release of th y ro id  h o rm ones (hashitoxicosis). D u rin g  th is 
phase , free T4  a n d  T3  concen tra tions a re  elevated , TSH is 
d im in ished , a n d  rad ioac tive  iod ine u p ta k e  is decreased . 
A s h y p o th y ro id ism  supervenes, T4  a n d  T3  levels p rog res 
sively fall, accom pan ied  by  a com pensa to ry  increase in  
TSH. P a tien ts w ith  H ash im o to  thy ro id itis  o ften  have  other 
autoimmune diseases a n d  are  a t increased risk for the develop
ment of B-cell non-Hodgkin lymphomas (C hap ter 12), w h ich  
typically  arise w ith in  the th y ro id  g land . The re la tion 
sh ip  be tw een  H ash im o to  d isease an d  th y ro id  ep ithelia l 
cancers rem ains controversial, w ith  som e m orpho log ic  an d  
m olecu lar s tud ies  suggesting  a p red isp o sitio n  to  pap illa ry  
carcinom as.

Subacute Granulomatous 
(de Quervain) Thyroiditis
Subacute g ran u lo m ato u s thy ro id itis , also  k n o w n  as de 
Quervain thyroiditis, is m u ch  less com m on th a n  H ash im o to  
disease. De Q u erv a in  thy ro id itis  is m ost com m on be tw een  
30 an d  50 y ears  o f age and , like o th er fo rm s of thy ro id itis, 
occurs m ore  frequen tly  in  w o m en  th a n  in  m en. Subacute 
thy ro id itis  is b elieved  to  be caused  by  a v ira l in fection  o r an  
in flam m ato ry  p rocess triggered  by  v ira l infections, a n d  n o t 
by  a n  au to im m u n e  process. A  m ajority  of p a tien ts  have  a 
h isto ry  of a n  u p p e r-re sp ira to ry  in fection  shortly  before the 
o n se t o f thy ro id itis . U nlike in  au to im m u n e  th y ro id  d isease, 
the im m u n e  response  in  subacu te  g ran u lo m ato u s th y ro id 
itis is n o t se lf-perpe tua ting , so the p rocess spon taneously  
rem its.
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^  M O R P H O L O G Y

The gland is firm, with an intact capsule, and may be unilaterally 

or bilaterally enlarged. Histologic examination reveals disruption 

of thyroid follicles, extravasation of colloid, and infiltrating neu

trophils, which are replaced over time by lymphocytes, plasma 

cells, and macrophages. The extravasated colloid provokes an 

exuberant granulomatous reaction with giant cells, some con

taining fragments of colloid. Healing occurs by resolution of 

inflammation and fibrosis.

C lin ica l Features

The onse t of th is fo rm  of thy ro id itis  o ften  is acute. It is 
charac terized  by neck pain (particu larly  w ith  sw allow ing), 
fever, m alaise, a n d  variab le  en la rg em en t of the thy ro id . 
T ransien t h y p e rth y ro id ism  m ay  occur, as in  o ther cases 
of thy ro id itis, as a re su lt o f d is ru p tio n  of th y ro id  follicles 
a n d  release of excessive th y ro id  horm one. The leukocyte 
co u n t a n d  ery th rocy te  sed im en ta tio n  ra tes a re  increased . 
W ith  p rog ressio n  of the g lan d  destruc tion , a tran sien t 
h y p o th y ro id  phase  m ay  ensue. The cond ition  typically  is 
self-lim ited, w ith  m ost pa tien ts  re tu rn in g  to  a eu th y ro id  
sta te  w ith in  6  to  8  w eeks.

Subacute Lymphocytic Thyroiditis

Subacute  lym phocy tic  thy ro id itis  also  is k n o w n  as silent 
o r painless thyro id itis; in  a subse t of pa tien ts, the onse t 
fo llow s p reg n an cy  (postpartum thyroiditis). This d isease is 
m ost likely au to im m u n e  in  etiology, as c ircu la ting  an ti
th y ro id  an tibod ies a re  fo u n d  in  a m ajority  of patien ts. It 
m ostly  affects m id d le -ag ed  w om en , w h o  p re sen t w ith  a 
pain less neck  m ass o r fea tu res o f th y ro id  ho rm o n e  excess. 
The in itial p h ase  of thyrotoxicosis (w hich  is likely to  be 
secondary  to  thy ro id  tissue dam age) is fo llow ed by  re tu rn  
to a e u th y ro id  state  w ith in  a few  m onths. In  a m ino rity  of 
affected in d iv idua ls , the cond ition  even tua lly  p rogresses 
to  h y p o thy ro id ism . Except for possib le m ild  sym m etric  
en largem ent, the th y ro id  a p p ea rs  n o rm al on  gross inspec
tion. The h isto logic fea tu res  consist o f lym phocy tic  infiltra 
tion  a n d  hyp erp lastic  germ inal cen ters w ith in  the thy ro id  
parenchym a.

Other Forms of Thyroiditis
Riedel thyroiditis, a ra re  d iso rd e r th a t is a m an ifesta tion  
of IgG 4-related  d isease (C hap ter 5), is charac terized  by 
extensive fibrosis invo lv ing  the  th y ro id  a n d  con tiguous 
neck struc tu res. C linical ev a lu a tio n  d em o n stra tes  a h a rd  
an d  fixed th y ro id  m ass, s im u la ting  a th y ro id  neop lasm . It 
m ay  be associa ted  w ith  id iopath ic  fibrosis in  o ther sites in  
the body , such  as the  re tro p erito n eu m .

^ S U M M A R Y

T H Y R O ID IT IS

• Chronic lymphocytic (Hashimoto) thyroiditis is the most 

common cause of hypothyroidism in regions where dietary 

iodine levels are sufficient.

• Hashimoto thyroiditis is an autoimmune disease characterized 

by progressive destruction of thyroid parenchyma, Hürthle cell 

change, and mononuclear (lymphoplasmacytic) infiltrates, with 

or without extensive fibrosis.

• Multiple autoimmune mechanisms account for thyroid injury in 

Hashimoto disease, including cytotoxicity mediated by C D 8+  

T  cells, cytokines (IFN-y), and anti-thyroid antibodies.

• Subacute granulomatous (de Quervain) thyroiditis is a self

limited disease, probably secondary to  a viral infection, and is 

characterized by pain and the presence of a granulomatous 

inflammation in the thyroid.

• Subacute lymphocytic thyroiditis is a self-limited disease that 

often occurs after a pregnancy (postpartum thyroiditis), typi

cally is painless, and is characterized by lymphocytic inflamma

tion in the thyroid.

Graves Disease •

In  1835, R obert G raves rep o rte d  on  h is observa tions of a 
d isease  charac terized  by "v io len t a n d  lo n g  co n tin u ed  pa l
p ita tio n s  in  fem ales" associa ted  w ith  en la rg em en t of the 
th y ro id  g land . G ra v e s  d isease is th e  m o s t c o m m o n  cause  

o f  en d o g e n o u s  h y p e r th y ro id is m . It is charac terized  by a 
tr iad  of m anifestations:
• Thyrotoxicosis, caused  by a d iffusely  en larged , h y p er

functional th y ro id
• A n  in filtra tive  ophthalmopathy w ith  re su ltan t exoph tha l

m os, n o ted  in  as m an y  as 40% of pa tien ts
• A  localized, in filtrative dermopathy (som etim es desig 

n a te d  pretibial myxedema), seen  in  a m ino rity  of cases

G raves d isease has a p eak  incidence be tw een  20 an d  
40 years of age, w ith  w o m en  being  affected u p  to  seven  
tim es m ore  com m only  th an  m en. This is a  com m on  dis
o rder, estim ated  to  affect 1.5% to 2% of w o m en  in  the 
U n ited  States. G enetic factors a re  im p o rta n t in  G raves 
d isease; the incidence is increased  in  re la tives of affected 
patien ts, a n d  the concordance ra te  in  m onozygo tic  tw ins 
is as h ig h  as 60%. As w ith  o ther au to im m u n e  d iso rders, a 
genetic suscep tib ility  to  G raves d isease is associa ted  w ith  
the  p resence of certa in  h u m a n  leukocyte  an tig en  (HLA) 
h ap lo types, specifically HLA-DR3, an d  p o ly m o rp h ism s in  
genes w h o se  p ro d u c ts  regu la te  T-cell responses, inc lud 
in g  the  inh ib ito ry  T-cell recep to r CTLA-4 a n d  the ty rosine  
p h o sp h a ta se  PTPN22.

Pathogenesis

M a n y  m a n ife s ta tio n s  o f  G ra v e s  d isease are caused  b y  

a u to a n tib o d ie s  a g a in s t th e  T S H  re c e p to r th a t  b in d  to , 

a n d  s tim u la te , th y r o id  fo l l ic u la r  ce lls  in d e p e n d e n t  o f  

e n d o g e n o u s  tro p h ic  h o rm o n e s . M ultip le  au to an tib o d ies  
are  p ro d u ced  in  G raves disease, in c lu d in g  the  follow ing:
• Thyroid-stimulating immunoglobulin (TSI). This IgG  an ti

body  b in d s to  the TSH recep to r a n d  m im ics the action  
of TSH, s tim u la tin g  ad en y l cyclase, w ith  re su ltan t 
increased  release of th y ro id  horm ones. A lm ost all ind i
v id u a ls  w ith  G raves d isease hav e  detectab le am o u n ts  of 
th is au to an tib o d y , w h ich  is re la tively  specific for G raves 
disease.
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• Thyroid growth-stimulating immunoglobulins. A lso 
d irec ted  ag a in st the TSH recep tor, these an tibod ies have  
been  im p licated  in  the  p ro life ra tion  of thy ro id  follicular 
ep ithe lium .

• TSH-binding inhibitor immunoglobulins. These anti-TSH  
recep to r an tibod ies p rev en t TSH from  b in d in g  to  its 
recep to r o n  thy ro id  ep ithelia l cells an d  in  so d o in g  m ay  
in h ib it th y ro id  cell function . The coexistence o f stim u la t
ing  and  inh ib iting  im m un o g lo b u lin s  in  the se ru m  of the 
sam e p a tien t is n o t u n u su a l, a n d  m ay  exp lain  w h y  som e 
pa tien ts  d evelop  ep isodes of h y p o thy ro id ism .

A  T -ce ll-m ed ia ted  au to im m u n e  p h en o m en o n  also  is 
invo lved  in  the d ev e lo p m en t o f the infiltrative ophthalmopa
thy characteristic  of G raves disease. In  G raves o p h th a lm o p 
athy , the  vo lum e of the  re troo rb ita l connective tissues and  
ex traocu lar m uscles is increased  d u e  to  (1 ) m ark ed  infiltra 
tion  of the re tro o rb ita l space by  m o nonuclear cells, p re 
d o m inan tly  T cells; (2) in flam m atory  ed em a a n d  sw elling  
of ex traocu lar m uscles; (3) accum ula tion  of ex tracellu lar 
m atrix  com ponen ts, specifically hy d ro p h ilic  g lycosam ino- 
glycans such  as hyalu ron ic  acid  a n d  ch o n d ro itin  sulfate; 
an d  (4) increased  n u m b ers  of ad ipocy tes (fatty  infiltration). 
These changes d isp lace  the eyeball fo rw ard , po ten tia lly  
in te rfering  w ith  the function  of the ex traocu lar m uscles.

A u to im m u n e  thy ro id  d iseases th u s  sp a n  a  co n tin u u m  
in  w h ich  G raves disease, charac terized  by  hyperfu n c tio n  
of the thy ro id , lies a t  one ex trem e a n d  H ash im o to  disease, 
m an ifesting  as h y p o th y ro id ism , occupies the  o ther end . 
Som etim es h y p e rth y ro id ism  m ay  su p erv en e  on  preex ist
ing  H ash im o to  thyro id itis, w h ile  a t  o th e r tim es in d iv id u a ls  
w ith  G raves d isease  m ay  spon tan eo u sly  d evelop  thyro id  
hypofunction ; occasionally , H ash im o to  thy ro id itis  and  
G raves d isease m ay  coexist w ith in  a n  affected  k in d red . 
N o t su rp rising ly , there  is also  a n  e lem en t of h isto logic 
overlap  be tw een  the  au to im m u n e  thy ro id  d iso rd e rs  (m ost 
characteristically , p ro m in en t in tra th y ro id a l ly m p h o id  cell 
in filtrates w ith  germ inal cen ter form ation). In  b o th  d iso r
ders, the frequency  of o ther au to im m u n e  diseases, such  as 
system ic lu p u s  e ry them atosus, pern ic ious anem ia , type 1  

diabetes, a n d  A d d iso n  disease, is increased.

M O R P H O L O G Y

In the typical case of Graves disease, the thyroid gland is enlarged 

(usually symmetrically) due to  diffuse h yp e rtro p h y  and  

hyperp lasia  of thyroid follicular epithelial cells. The gland is 

usually smooth and soft, and its capsule is intact. On microscopic 

examination, the follicular epithelial cells in untreated cases are 

tall, columnar, and more crowded than usual. This crowding often 

results in the formation of small papillae, which project into the 

follicular lumen (Fig. 20.10). Such papillae lack fibrovascular cores, 

in contrast with those of papillary carcinoma. The colloid within 

the follicular lumen is pale, with scalloped margins. Lymphoid 

infiltrates, consisting predominantly of T  cells, with fewer B cells 

and mature plasma cells, are present throughout the interstitium; 

germinal centers are common.

Changes in extrathyroidal tissues include generalized lym

phoid hyperplasia. In individuals with ophthalmopathy, the 

tissues of the orbit are edematous because of the presence of

Fig. 20.10 Graves disease. The follicles are lined by tall columnar epithelial 
cells that are actively resorbing the colloid in the centers of the follicles, 
resulting in a “scalloped” appearance of the colloid.

hydrophilic glycosaminoglycans. In addition, there is infiltration by 

lymphocytes, mostly T  cells. Orbital muscles initially are edema

tous but may undergo fibrosis late in the course of the disease. 

The dermopathy, if present, is characterized by thickening of 

the dermis, as a result of deposition of glycosaminoglycans and 

lymphocyte infiltration.

C lin ica l Features

The clinical m an ifesta tions of G raves d isease  include those 
com m on to all fo rm s of thyro tox icosis (d iscussed  earlier), 
as w ell as those  associated  u n iq u e ly  w ith  G raves disease: 
diffuse hyperplasia of the thyroid, ophthalmopathy, a n d  dermop- 
athy. The d eg ree  of thyro toxicosis varies from  case to  case, 
an d  the  re la ted  changes m ay  som etim es be less consp icu 
ous th a n  o ther m an ifesta tions of the  disease. Increased  flow  
of b lood th ro u g h  the hyperac tive  g land  o ften  p ro d u ces  an  
au d ib le  b ru it. Sym pathetic  overactiv ity  p ro d u ces  a  charac
teristic w ide , sta rin g  gaze a n d  lid  lag. The o p h th a lm o p a th y  
of G raves d isease  resu lts  in  ab n o rm al p ro tru s io n  of the 
eyeball (exophthalmos). The exoph tha lm os m ay  p ersis t o r 
p rog ress  d esp ite  successful trea tm en t of the thyro tox ico 
sis, som etim es re su ltin g  in  corneal in jury . The ex traocu lar 
m uscles o ften  a re  w eak . The in filtra tive  d e rm o p a th y  m ost 
com m only  involves the sk in  overly ing  the shins, w h ere  it 
m an ifests as scaly th icken ing  a n d  in d u ra tio n  of the skin  
(pretib ial m yxedem a). The sk in  lesions m ay  be slightly  
p ig m en ted  p a p u le s  o r n o d u le s  an d  o ften  have  a n  o range 
peel texture. L aborato ry  find ings in  G raves d isease inc lude  
e levated  se ru m  free T4  an d  T3  a n d  d ep ressed  se ru m  TSH. 
Because of o ngo ing  s tim u la tion  of the th y ro id  follicles by 
TSIs, rad ioac tive  iod ine  u p tak e  is increased  diffusely.

A  S U M M A R Y

G R A V E S  DISEASE

• Graves disease, the most common cause of endogenous hyper

thyroidism, is characterized by the triad of thyrotoxicosis, oph

thalmopathy, and dermopathy.
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• Graves disease is an autoimmune disorder caused by autoanti

bodies to the TSH receptor that mimic TSH action and activate 

TSH receptors on thyroid epithelial cells.

• The thyroid in Graves disease is characterized by diffuse hyper

trophy and hyperplasia of follicles and lymphoid infiltrates; 

glycosaminoglycan deposition and lymphoid infiltrates are 

responsible for the ophthalmopathy and dermopathy.

• Laboratory features include elevations in serum free T 3 and T 4 

and decreased serum TSH. * •

DIFFUSE A N D  M ULTINO DULAR  
GOITER

E nlargem en t o f the  thy ro id , o r goiter, is the m ost com m on 
m an ifesta tion  of th y ro id  disease. D if fu s e  a n d  m u lt in o d u 

la r  g o ite rs  are th e  re s u lt  o f  im p a ire d  syn thes is  o f  th y ro id  

h o rm o n e , m ost o ften  caused  by  d ie ta ry  iod ine  deficiency. 
Im p a irm en t o f th y ro id  ho rm o n e  syn thesis leads to  a com 
p en sa to ry  rise  in  the  se ru m  TSH, w h ich  d rives the h y p er
tro p h y  a n d  h y p erp lasia  of th y ro id  fo llicular cells and , 
u ltim ately , en largem en t of the thy ro id  g land . The degree  
of th y ro id  en largem en t is p ro p o rtio n a l to  the level a n d  
d u ra tio n  of th y ro id  ho rm o n e  deficiency. These com pen 
satory  changes overcom e the ho rm one deficiency an d  
m a in ta in  a euthyroid m etabolic  sta te  in  the v ast m ajority  
of affected  in d iv id u a ls . H ow ever, if the u n d e rly in g  d is
o rd e r is severe (e.g., a congen ita l b iosyn thetic  defect), the 
com pensa to ry  responses m ay  be in ad eq u a te , re su ltin g  in  
goitrous hypothyroidism.

Pathogenesis

G oiters can  be endem ic  o r sporad ic.
• Endemic goiter occurs in  geograph ic  a reas w h ere  the 

d iet con ta ins little iod ine. The d esignation  endemic is 
u se d  w h e n  goiters a re  p re sen t in  m ore  th an  1 0 % of the 
p o p u la tio n  in  a  g iven  region. Such cond itions a re  p a r 
ticu larly  com m on in  m o u n ta in o u s  a reas  of the  w orld , 
in c lu d in g  the H im alayas a n d  the A ndes. W ith  increased

availab ility  of d ie ta ry  iod ine  supp lem en ta tion , the  fre
quency  a n d  severity  o f endem ic  go iter have  declined 
significantly.

• Sporadic goiter occurs less frequen tly  th an  endem ic 
goiter. The cond ition  is m ore  com m on  in  fem ales th a n  in  
m ales, w ith  a p eak  incidence in  p u b e rty  or y o u n g  a d u lt
hood , w h e n  there  is a n  increased  physio log ic d em an d  
for T4. Sporad ic  go iter m ay  be caused  by several cond i
tions, in c lu d in g  the excessive ingestion  of substances 
th a t in terfere  w ith  th y ro id  ho rm o n e  synthesis, such  as 
calcium  a n d  vegetab les belong ing  to  the Brassicaceae 
(also called  Cruciferae) fam ily  (e.g., cabbage, cauliflow er, 
B russels sp rou ts, tu rn ip s). In  o th e r instances go iter m ay  
re su lt from  in h erited  enzym atic  defects th a t in terfere  
w ith  th y ro id  ho rm o n e  syn thesis (dyshormonogenetic 
goiter). In  m o st cases, how ever, the cause of sporad ic  
go iter is n o t ap p aren t.

M O R P H O L O G Y

Early in its development, TSH-induced hypertrophy and hyperpla

sia of thyroid follicular cells usually result in diffuse, symmetric 

enlargement of the gland (d iffuse g o ite r ) . The follicles are 

lined by crowded columnar cells, which may pile up and form 

projections similar to those seen in Graves disease. If dietary 

iodine subsequently increases, or if the demands for thyroid 

hormone decrease, the follicular epithelium involutes to form 

an enlarged, colloid-rich gland (co llo id  g o ite r ) . The cut surface 

of the thyroid in such cases usually is brown, glassy-appearing, 

and translucent. On microscopic examination, the follicular epi

thelium may be hyperplastic in the early stages of disease or 

flattened and cuboidal during periods of involution. Colloid is 

abundant during the latter periods.

W ith  time, recurrent episodes of hyperplasia and involu

tion combine to produce a more irregular enlargement of the 

thyroid, termed m u ltin o d u la r g o iter. Virtually all long-standing 

diffuse goiters convert into multinodular goiters. Multinodular 

goiters are multilobulate, asymmetrically enlarged glands that 

may attain a massive size. On cut surface, irregular nodules 

containing variable amounts of brown, gelatinous colloid are

Fig. 20.11 Multinodular goiter. (A) Gross morphologic appearance. The coarsely nodular gland contains areas of fibrosis and cystic change. (B) Photomicro
graph of a specimen from a hyperplastic nodule, with compressed residual thyroid parenchyma on the periphery. The hyperplastic follicles contain abundant 
pink “colloid” within their lumina. Note the absence of a prominent capsule, a feature distinguishing such lesions from neoplasms of the thyroid. (B , C o u r te s y  

o f  D r .  W i l l i a m  W e s t r a ,  D e p a r t m e n t  o f  P a th o lo g y ,  J o h n s  H o p k in s  U n iv e r s it y ,  B a l t im o r e ,  M a r y la n d . )
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evident (Fig. 2 0 . I I A ). O lder lesions often show areas of fibrosis, 

hemorrhage, calcification, and cystic change. The microscopic 

appearance includes colloid-rich follicles lined by flattened, inac

tive epithelium and areas of follicular epithelial hypertrophy and 

hyperplasia, accompanied by the regressive changes just noted 

(see Fig. 2 0 . I I B ).

C lin ica l Features

The d o m in a n t clinical fea tu res of go iter a re  those  caused  
by  the m ass effects of the en la rg ed  g land . In  a d d itio n  to  the 
obv ious cosm etic p ro b lem  of a large  neck  m ass, go iters also 
m ay  cause a irw ay  obstruction , dysphag ia , a n d  com pres
sion  of large vessels in  the  neck a n d  u p p e r  tho rax  (so-called 
"su p e rio r  vena  cava synd rom e").

M u ltin o d u la r go iters typically  are  ho rm onally  silent, 
b u t a  m ino rity  (approx im ately  1 0 % over 1 0  years) m an i
fest w ith  thyrotoxicosis secondary  to  the  d ev e lo p m en t of 
a u to n o m o u s n o d u les  th a t p ro d u ce  thy ro id  ho rm o n e  inde 
p e n d e n t of TSH stim ulation . This condition , k n o w n  as toxic 
multinodular goiter or Plummer syndrome, is n o t accom pa
n ied  by the in filtra tive  o p h th a lm o p a th y  a n d  d erm o p a th y  
of G raves d isease-assoc ia ted  thyrotoxicosis. The incidence 
of m alignancy  in  long -stan d in g  m u ltin o d u la r go iters is low  
(<5%) b u t n o t zero, a n d  concern  for m alignancy  arises w ith  
goiters th a t d em o n stra te  su d d e n  changes in  size o r associ
a ted  sym ptom s (e.g., hoarseness).

TH YR O ID  NEOPLASMS

T hyro id  tu m o rs range  from  circum scribed , ben ign  aden o 
m as to  h igh ly  aggressive, anap lastic  carcinom as. F rom  a 
clinical stan d p o in t, the  possib ility  of a tu m o r is of m ajor 
concern  in  p a tien ts  w h o  p re sen t w ith  th y ro id  nodu les. For
tunate ly , the  o v erw h e lm in g  m ajority  of so litary  n o d u les  of 
the th y ro id  p rove  to  be e ithe r ben ign  ad en o m as or local
ized , non-neop lastic  cond itions (e.g., a d o m in an t n o d u le  
in  m u ltin o d u la r goiter, sim ple cysts, o r foci o f thyro id itis). 
C arcinom as of the  thy ro id , by  contrast, a re  uncom m on, 
accoun ting  for less th a n  1 % of so litary  th y ro id  nodu les. 
Several clinical criteria  p ro v id e  a clue to  the n a tu re  of a 
g iven  th y ro id  nodule:
• Solitary nodules, in  general, are  m ore  likely to  be neop las

tic th a n  are  m u ltip le  nodu les.
• Nodules in very young (<20 years) or very old (>70 years) 

individuals are m ore likely to  be neoplastic.
• Nodules in males are m ore  likely to  be neop lastic  th a n  are 

those in  fem ales.
• A  h isto ry  of radiation exposu re  is associa ted  w ith  an  

increased  incidence of th y ro id  m alignancy .
• N o d u le s  th a t take u p  rad ioac tive  iod ine  in  im ag ing  

s tu d ies  (hot nodules) are  m ore  likely to  be benign.

Such associations, how ever, are  of little significance in  
the ev a lu a tio n  of a g iven  pa tien t, in  w h o m  the tim ely  rec
ogn ition  of a m alignancy  m ay  be lifesaving. U ltim ately , 
m orpho log ic  eva lu a tio n  of a th y ro id  n o d u le  by fine-needle 
asp ira tion , com bined  w ith  the h isto logic s tu d y  of su rg i
cally resected  th y ro id  tissue, p ro v id e  the  m ost defin itive 
in fo rm ation  ab o u t the n a tu re  of the nodu le .

Adenomas

A d e n o m a s  o f  th e  th y r o id  are b e n ig n  n e o p la s m s  d e r iv e d  

f r o m  fo l l ic u la r  e p ith e liu m . Follicular ad en o m as usually  
a re  solitary . O n  clinical a n d  m orpho log ic  g ro u n d s, they 
m ay  be difficult to  d is tin g u ish  from  a d o m in an t n o d u le  
in  m u ltin o d u la r goiter, for exam ple, o r from  less com m on 
follicu lar carcinom as. A lth o u g h  the v as t m ajority  o f aden o 
m as are  nonfunctional, a sm all p ro p o rtio n  p ro d u ce  thy ro id  
h o rm ones (toxic adenomas), causing  clinically a p p a re n t thy 
rotoxicosis. In  general, fo llicular ad en o m as are n o t fo re ru n 
n ers  to carcinom as; nevertheless, sh a red  genetic  a lte ra tions 
su p p o rt the  possib ility  th a t a t least a su b se t of follicular 
carc inom as arise in  p reex isting  adenom as.

Pathogenesis

D r iv e r  m u ta tio n s  in  th e  T S H  re c e p to r s ig n a lin g  p a th w a y  

p la y  a n  im p o r ta n t  ro le  in  th e  p a th o g en e s is  o f  tox ic  

ad e n o m a s  (see Fig. 20.6). A ctivating  (gain-of-function) 
som atic m u ta tio n s in  one of tw o  com ponen ts o f th is sig
na lin g  s y s te m - m o s t  o ften  the gene encod ing  the TSH 
recep to r itself (TSHR) and , less com m only , the  a -su b u n it 
of Gs (GNAS)— a llow  follicular cells to  secrete thy ro id  
ho rm one in d e p e n d e n t o f TSH stim u la tion  (thy ro id  au to n 
om y). The re su lt of th is o v erab u n d an ce  is sym ptom atic  
hy p erth y ro id ism , w ith  a  "h o t"  thy ro id  n o d u le  seen on  
im ag ing  stud ies. O verall, som atic  m u ta tio n s  in  the  TSH 
recep to r signaling  p a th w ay  are  p re sen t in  sligh tly  over 
half o f toxic adenom as. N o t su rp rising ly , such  m u ta tio n s 
also  are obse rved  in  a su b se t o f a u to n o m o u s n o d u les  th a t 
give rise  to  toxic m u ltin o d u la r goiters, d iscussed  earlier. 
Thus, au to n o m y  in  b o th  toxic go iter a n d  toxic ad en o m as 
stem s from  the ab ility  o f fo llicular cells to  release thy ro id  
ho rm one in d e p e n d e n t of troph ic  factors (i.e., TSH). A 
m ino rity  of n o n func tion ing  fo llicular ad en o m as (<2 0 %) 
exhib it m u ta tio n s in  RAS or o ther o ther genes, genetic 
a lte ra tions th a t are sh a red  w ith  fo llicular carcinom as 
(d iscussed  later).

M O R P H O L O G Y

The typical thyroid adenoma is a so litary , spherical lesion that 

compresses the adjacent nonneoplastic thyroid. The neoplas

tic cells are demarcated from the adjacent parenchyma by a 

w e ll-d e fin e d , in ta c t capsule (Fig. 2 0 .I2A ). On microscopic 

examination, the constituent cells are arranged in uniform fol

licles that contain colloid (see Fig. 20 .I2B ). Occasionally, the 

neoplastic cells acquire brightly eosinophilic granular cytoplasm 

(oxyphil or Hurthle cell change) (Fig. 20.13). Similar to endocrine 

tumors at other anatomic sites, even benign follicular adeno

mas occasionally exhibit focal nuclear pleomorphism, atypia, 

and prominent nucleoli (e n d o c rin e  a typ ia ); by themselves, 

these features do not constitute evidence of malignancy. The 

hallmark of all follicular adenomas is the presence of an intact 

well-formed capsule encircling the tumor. C a re fu l eva luation  

o f th e  in te g rity  o f th e  capsule is th e re fo re  c ritica l in 

distinguishing fo llic u la r adenom as fro m  fo llic u la r carci

nom as, which demonstrate capsular and/or vascular invasion 

(discussed later).
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Fig. 20.12 Follicular adenoma of the thyroid gland. (A) A solitary, well- 
circumscribed nodule is visible in this gross specimen. (B) The photomicro
graph shows well-differentiated follicles resembling those of normal thyroid 
parenchyma.

C lin ica l Features

M ost ad en o m as of the  th y ro id  m an ifest as pa in less nodu les, 
o ften  d iscovered  d u rin g  a ro u tin e  physical exam ination . 
L arger m asses m ay  p ro d u ce  local sym ptom s such  as dif
ficulty  in  sw allow ing . In d iv id u a ls  w ith  toxic ad en o m as 
m ay  p re sen t w ith  fea tu res of thyrotoxicosis. A fter injection 
of rad ioac tive  iod ine, m ost ad en o m as take u p  iod ine  less 
av id ly  th an  no rm al th y ro id  parenchym a. O n  rad io n u c lid e  
scanning, therefore, ad en o m as a p p e a r as cold n o d u les  rela 
tive to  the  ad jacen t n o rm al thy ro id  g land . Toxic adenom as, 
how ever, ap p e a r as warm or hot n o d u les  in  the  scan. As 
m an y  as 1 0 % of cold n o d u le s  even tua lly  p rove  to  be m alig 
nan t. By contrast, m alignancy  is u n co m m o n  in  hot nodu les. 
E ssential techn iques u sed  in  the p reo p era tiv e  eva lua tion  
of su spec ted  ad en o m as are  u ltra so n o g rap h y  a n d  fine- 
need le  asp ira tio n  b iopsy . Because of the need  for eva lu 
a tin g  cap su la r in teg rity , the definitive diagnosis of thyroid 
adenoma can be made only after careful microscopic examination 
of the resected specimen. S uspected  ad en o m as of the  thy ro id  
are  therefore  rem o v ed  surgically  to  exclude m alignancy . 
T hyro id  ad en o m as carry  a n  excellent p rognosis  a n d  do  n o t 
recu r o r m etastasize.

Carcinomas

The detection  of sm all , clinically asym ptom atic  cancerous 
n o d u les  o f the  th y ro id  g land  has increased  d ram atica lly  
in  the U n ited  S tates over the  last few  years, largely  d u e  to 
the increasing  u se  o f th y ro id  u ltra so u n d  an d  o th e r im ag ing  
stud ies. N onetheless, d ea th s  from  thy ro id  cancer have  
rem ained  re la tively  stable d u rin g  th is  period , u n d ersco r
ing  the favorab le  ou tcom e for such  inciden ta lly  detected  
th y ro id  carcinom as (and  also  ra ising  questions ab o u t 
the  va lue  of de tec ting  clinically insign ifican t cancers). A 
fem ale p red o m in an ce  has been  n o ted  am o n g  p a tien ts  w h o  
develop  thy ro id  carcinom a in  the early  an d  m id d le  a d u lt 
years. By contrast, cases seen  in  ch ildhood  a n d  la te  a d u lt 
life a re  d is tr ib u ted  equally  be tw een  m ales a n d  fem ales. 
M ost thy ro id  carcinom as (except m ed u lla ry  carcinom as) 
are  deriv ed  from  the  th y ro id  fo llicu lar ep ithe lium , an d  
of these, the  v as t m ajority  a re  w ell-d iffe ren tia ted  lesions. 
The m ajor sub types of th y ro id  carcinom a an d  their relative 
frequencies are as follows:
• Papillary carcinoma (accounting  for m ore  th a n  85% of 

cases)
• Follicular carcinoma (5% to 15% of cases)
• Anaplastic (undifferentiated) carcinoma (<5% of cases)
• Medullary carcinoma (5% of cases)

Because of the  u n iq u e  clinical a n d  biologic fea tu res 
associated  w ith  each  type of th y ro id  carcinom a, these are  
described  separate ly . P resen ted  nex t is a n  overv iew  of the 
m olecu lar pa thogenesis of all th y ro id  cancers.

Pathogenesis

D istinct m o lecu lar even ts a re  invo lved  in  the  p a th o g en 
esis of the  fo u r m ajor v a rian ts  o f th y ro id  cancer. G enetic 
a lte ra tions in  the th ree  fo llicular ce ll-d e riv ed  m alignan 
cies a re  c lu ste red  a long  tw o  oncogenic p a th w a y s  th a t lie 
d o w n stream  of g ro w th  factor recep to rs a n d  RAS — the 
m itogen-activated  p ro te in  (M AP) k inase  p a th w ay  an d  
the  phosphatidy linosito l-3 -k inase  (P I-3K )/A K T p a th w ay

Fig. 20.13 Hurthle cell adenoma. On this high-power view, the tumor is 
composed of cells with abundant eosinophilic cytoplasm and small regular 
nuclei. ( C o u r te s y  o f  D r .  M a r y  S u n d a y , B r ig h a m  a n d  W o m e n ’s  H o s p i t a l ,  B o s to n ,  

M a s s a c h u s e t t s . )

http://ebooksmedicine.net

http://ebooksmedicine.net


Thyroid Neoplasms 765

Papillary carcinoma 
(fusion protein)

Follicular and 
anaplastic carcinoma 
(point mutations)

Papillary 
carcinoma 
(point mutations)

Follicular
carcinoma
(translocation)

Follicular and 
anaplastic carcinoma 
(point mutations and 

amplifications)

*PTEN

Follicular and 
anaplastic 
carcinoma 

(point mutations)

Altered gene 
expression, 
increased growth, 
altered differenti
ation

Fig. 20.14 Genetic alterations in follicular cell-derived malignancies of the 
thyroid gland.

(Fig. 20.14). In  n o rm al cells, these p a th w ay s  are transien tly  
ac tivated  by  b in d in g  of g ro w th  factors to  recep to r ty rosine  
k inases, w h ich  resu lts  in  signal transduction . In  thy ro id  
carcinom as, as w ith  m an y  so lid  cancers (C hap ter 6), gain- 
o f-function  m u ta tio n s  in  com ponen ts o f these p a th w ay s  
lead  to  constitu tive  activation , even  in  the absence of 
g ro w th  factors, th u s  p ro m o tin g  carcinogenesis.
• Papillary thyroid carcinomas. A c t iv a t io n  o f  th e  M A P  

k in a s e  p a th w a y  is a  fe a tu re  o f  m o s t p a p il la r y  carci

n om as. The m o st com m on m echan ism s of M A P k inase  
signaling  are: (1) rea rran g em en ts  in  genes th a t encode 
the recep to r ty rosine  k inases RET a n d  NTRK1 (neuro 
troph ic  ty rosine  k inase  recep to r 1); an d  (2) activating  
p o in t m u ta tio n s  in  BRAF, w h o se  p ro d u c t is a com po
n e n t o f the M A P k inase  p a th w ay  (see Fig. 20.14). O ne 
th ird  to  one half o f p ap illa ry  th y ro id  carcinom as harbo r 
a gain-of-function  m u ta tio n  in  BRAF, w h ich  is the m ost 
com m on d riv e r m u ta tio n  in  th is  neop lasm . Since chro 
m osom al rea rran g em en ts  of the  RET o r NTRK1 genes 
an d  m u ta tio n s of BRAF have  re d u n d a n t effects, p ap il
lary  th y ro id  carcinom as dem onstra te  e ither one o r the 
o ther m olecu lar abnorm ality , b u t n o t both .

• Follicular thyroid carcinomas. F o ll ic u la r  th y r o id  carc ino 

m as fre q u e n t ly  h a rb o r d r iv e r  m u ta tio n s  in  R A S  or in  

c o m p o n e n ts  o f  th e  P I3 K /A K T  s ig n a lin g  p a th w a y . Both 
gain-of-function  m u ta tio n  in  PI3K a n d  loss-of-function  
m u ta tio n s in  PTEN, a negative  reg u la to r of PI3K, are 
seen. RAS a n d  PI3K m u ta tio n s also  are fo u n d  in  ben ign  
fo llicular ad en o m as to  a n d  anap lastic  carcinom as (see

next) suggesting  a sh ared  h istogenesis. O ne th ird  to  one 
h a lf o f fo llicular carc inom as also  hav e  a u n iq u e  (2;3) 
(q13;p25) transloca tion  th a t d is ru p ts  PAX8, a  pa ired  
hom eobox  gene th a t is im p o rta n t in  th y ro id  develop 
m ent, a n d  the peroxisom e p ro life ra to r-ac tiv a ted  recep 
to r gene (PPARG), w hose  gene p ro d u c t is a  nuc lear 
ho rm one recep to r im p lica ted  in  te rm inal d ifferen tia tion  
of cells.

• Anaplastic carcinomas. T h e s e  h ig h ly  agg ress ive  tu m o rs  

can  arise  de n o v o  o r, m o re  c o m m o n ly , b y  p ro g res s io n  

o f  a  w e l l -d i f fe r e n t ia te d  p a p il la r y  or fo l l ic u la r  carci

n o m a . M olecular a lte ra tions p re sen t in  anap lastic  car
cinom as inc lude  those also  seen in  w ell-d ifferen tia ted  
carcinom as (e.g., RAS or PIK3CA m utations), as w ell 
as ad d itio n a l m u ta tio n s  th a t are  specific to  anap lastic  
carcinom a. The m o st com m on  of these u n iq u e  m u ta 
tions are loss-of-function  m u ta tio n s  in  TP53, w h ich  are  
believed  to  have  an  im p o rta n t ro le  in  the d ev e lo p m en t 
of anap lastic  carcinom as.

• Medullary thyroid carcinomas. In  co n trast w ith  the  sub 
types described  earlier, these  neop lasm s arise  from  the 
parafo llicu lar C cells, ra th e r  th a n  the fo llicular ep ithe 
lium . Fam ilial m ed u lla ry  th y ro id  carcinom as occur in  
multiple endocrine neoplasia type 2 (MEN-2) (see later) 
an d  are  associated  w ith  germ  line RET pro to -oncogene 
m u ta tio n s th a t lead  to  constitu tive  ac tiva tion  of the RET 
tyrosine  k inase  recep tor. RET m u ta tio n s  a re  also  seen in  
app rox im ate ly  one-half of non fam ilia l (sporadic) m ed 
u lla ry  thy ro id  cancers.

E n v ir o n m e n ta l  F acto rs. T h e  m a jo r  r is k  fac to r p re d is 

p o s in g  to  th y r o id  cancer is  expo sure  to  io n iz in g  ra d ia 

t io n , p a r t ic u la r ly  d u r in g  th e  f irs t 2 decades o f  l i fe .  In
k eep in g  w ith  th is find ing , there  w as a m ark ed  increase 
in  the incidence of pap illa ry  carcinom as am o n g  ch ild ren  
exposed  to  ion iz ing  rad ia tio n  after the  C hernoby l nuclear 
d isaste r in  1986. Deficiency of d ie ta ry  iod ine  (and  by  exten 
sion, an  association  w ith  goiter) is linked  w ith  a h igher 
frequency  of fo llicular carcinom as.

Papillary C arc inom a

A s m en tio n ed  earlier, pap illa ry  carcinom as are the m ost 
com m on fo rm  of thy ro id  cancer. These tu m o rs m ay  occur 
a t any  age, a n d  they  accoun t for the  v as t m ajority  o f thy ro id  
carcinom as associa ted  w ith  p rev io u s exposu re  to  ion iz ing  
rad ia tion .

^  M O R P H O L O G Y

Papillary carcinomas are solitary or multifocal lesions. Some 

tumors may be well circumscribed and encapsulated; others 

infiltrate the adjacent parenchyma and have ill-defined margins. 

The cut surface sometimes reveals papillary foci that point to  

the diagnosis (Fig. 2 0 .l5A ).The microscopic hallmarks of papillary 

neoplasms include the following:

• Branching pap illae  having a fibrovascular stalk covered by a 

single to  multiple layers of cuboidal epithelial cells (see Fig 

20. I5B). In most cases, the epithelium covering the papillae has 

well-differentiated, uniform, orderly cuboidal cells, but more 

pleomorphic or even anaplastic morphologies may be seen.
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Fig. 20.15 Papillary carcinoma of the thyroid gland. (A to C) A papillary carcinoma with grossly discernible papillary structures. In this particular example, 
well-formed papillae (B) are lined by cells with characteristic empty-appearing nuclei, sometimes termed O r p h a n  A n n ie  e y e  nuclei (C). (D) Cells obtained by 
fine-needle aspiration of a papillary carcinoma. Characteristic intranuclear inclusions are visible in some of the aspirated cells ( a r r o w s ) .  ( C o u r te s y  o f  D r .  S. 

G o k a s a la n ,  D e p a r t m e n t  o f  P a th o lo g y ,  U n iv e r s i t y  o f  T e x a s  S o u th w e s te rn  M e d ic a l  S c h o o l,  D a lla s ,  Texas.)

• Nuclei with finely dispersed chromatin, which imparts an opti

cally clear or empty appearance, giving rise to  the designa

tion ground-glass or O rp h a n  A n n ie  eye nuclei (see Fig 

20.I5B ). In addition, invaginations of the cytoplasm often give 

the appearance of intranuclear inclusions (“pseudo-inclusions”) 

or intranuclear grooves (see Fig. 2 0 .I5 D ). T h ese  n uc lear  

fea tu res  a re  sufficien t fo r  th e  diagnosis o f p ap illa ry  

carc ino m a, even in the absence of papillary architecture.

• Concentrically calcified structures termed p s a m m o m a  

bodies are often present within the lesion, usually within the 

cores of papillae. These structures are almost never found in 

follicular and medullary carcinomas.

• Foci of lymphatic invasion by tum or are often present, but 

involvement of blood vessels is relatively uncommon, particu

larly in smaller lesions. Metastases to adjacent cervical lymph 

nodes occur in up to  one-half of cases.

• There are over a dozen variants of papillary thyroid carcinoma, 

the most common of which is the so-called encapsulated  

fo llicu la r v a ria n t, comprised of follicles lined by cells harbor

ing nuclear features of papillary cancers (discussed earlier).

C lin ica l Features

P ap illa ry  carcinom as are non functional tum ors, so they 
m an ifest m ost o ften  as a pa in less m ass in  the neck, e ither 
w ith in  the  th y ro id  or as a m etastasis  in  a cervical ly m p h

node. A  p reo p era tiv e  d iagnosis u sua lly  can  be estab lished  
by  fine-needle asp ira tio n  based  o n  the  characteristic  nuc lear 
fea tu res  described  earlier. P ap illa ry  carcinom as are in d o 
len t lesions, w ith  10-year su rv iva l ra tes in  excess of 95%. Of 
in terest, the  p resence of iso la ted  cervical n o d e  m etastases 
does n o t have  a significant influence o n  p rognosis. In  a 
m in o rity  of patien ts, hem ato g en o u s m etastases a re  p re sen t 
a t the tim e of d iagnosis, m o st com m only  to  the lung . The 
long -te rm  su rv iva l o f p a tien ts  w ith  pap illa ry  th y ro id  cancer 
is d e p e n d e n t on  several factors, in c lu d in g  age (in  general, 
the  p rognosis  is less favorab le am o n g  p a tien ts  o lder than  
40 y ears  o f age), p resence of ex tra thy ro ida l extension, an d  
p resence of d is tan t m etastases (stage).

R ecent s tud ies  have  sh o w n  th a t fo llicular v a rian ts  of 
pap illa ry  carcinom a th a t lack evidence of invasion  have 
essen tia lly  no  p o ten tia l for m alig n an t behavior. In  recogni
tion  of this, fo rthcom ing  recom m endations from  the  W orld  
H ea lth  O rg an iza tio n  sug g est the nam e carcinom a shou ld  
be s tr ip p e d  from  these  tum ors, w h ich  w ill hencefo rth  be 
classified as ben ign  n eop lasm s to  p rev en t overtrea tm en t.

Follicular C arc inom a

Follicular carcinom as accoun t for 5% to 15% of p rim ary  
thy ro id  cancers. T hey are  m ore com m on in  w o m e n  (occur
rin g  in  a ra tio  o f 3 : 1) a n d  m an ifest a t an  o ld er age th a n  p a p 
illary  carcinom as, w ith  a p eak  incidence be tw een  40 a n d  60
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Fig. 20.16 Follicular carcinoma of the thyroid gland. A few of the glandular 
lumina contain recognizable colloid.

y ears  o f age. Follicular carc inom a is m ore  freq u en t in  areas 
w ith  d ie ta ry  iod ine  deficiency (accounting  for 25%-40% of 
th y ro id  cancers), w h ile  its incidence has e ither decreased  
o r rem ained  stable in  iod ine-sufficien t a reas  of the w orld .

M O R P H O L O G Y

On microscopic examination, most follicular carcinomas are 

composed of uniform cells forming small follicles, reminiscent of 

normal thyroid (Fig. 20.16); in other cases, follicular differentia

tion may be less apparent. As with follicular adenomas, Hurthle 

cell variants of follicular carcinomas may be seen. Follicular carci

nomas may be widely invasive, infiltrating the thyroid parenchyma 

and extrathyroidal soft tissues, or minimally invasive. The latter 

type are sharply demarcated lesions that may be impossible to  

distinguish from follicular adenomas on gross examination. T h e  

d istinction  b e tw een  fo llic u la r a d e n o m a  and c arc in o m a  

requ ires  extens ive  histologic sam pling  o f th e  tu m o r  

c apsu le-thy ro id  in te rfa c e , to  exc lude capsu lar a n d /o r  

vascu lar invasion (Fig. 20.17). As discussed earlier, invasive fol

licular lesions in which the nuclear features are typical of papillary 

carcinomas are regarded as follicular variants of papillary cancers.

C lin ica l Features

Follicular carcinom as m an ifest m ost frequen tly  as solitary 
cold thyroid nodules. In  ra re  cases, they  m ay  be hyperfu n c 
tional. These neop lasm s ten d  to  m etastasize  th ro u g h  the 
b loodstream  (hematogenous dissemination) to  the  lungs, bone, 
an d  liver. In  co n trast w ith  p ap illa ry  carcinom as, reg ional 
n o d a l m etastases a re  uncom m on . A s m an y  as one-half of 
pa tien ts  w ith  w id e ly  invasive  carcinom as succum b to their 
d isease w ith in  1 0  years, w h ile  less th an  1 0 % of pa tien ts  
w ith  m in im ally  invasive  fo llicular carcinom as d ie  w ith in  
the sam e tim e span . Follicular carc inom as are  trea ted  w ith  
surg ical excision. W ell-d ifferen tia ted  m etastases m ay  take 
u p  rad ioac tive  iodine, w h ich  can  be u se d  to  iden tify  an d  
also  ab la te  such  lesions.

A naplastic  C arcinom a

A naplastic  carcinom as are  u n d iffe ren tia ted  tu m o rs of the 
th y ro id  fo llicular ep ithe lium , accoun ting  for less th a n  5%

of thy ro id  tum ors. They are aggressive, w ith  a m orta lity  
ra te  ap p ro ach in g  100%. P atien ts w ith  anap lastic  carcinom a 
are  o lder th a n  those w ith  o th er types of th y ro id  cancer, 
w ith  a m ean  age of 65 years. A pprox im ate ly  o ne-fou rth  of 
p a tien ts  w ith  anap lastic  th y ro id  carcinom as have a history  
of a  w ell-d iffe ren tia ted  thy ro id  carcinom a, an d  an o th er 
o ne-fou rth  ha rb o r a  con cu rren t w ell-d iffe ren tia ted  tu m o r 
in  the resected  specim en.

M O R P H O L O G Y

Anaplastic carcinomas manifest as bulky masses that typically 

grow rapidly beyond the thyroid capsule into adjacent neck 

structures. On microscopic examination, these neoplasms are 

composed of highly anaplastic cells, which may be large and 

pleomorphic or spindle shaped and in some cases mixture of 

the two cell types.

Foci of papillary or follicular differentiation may be present 

in some tumors, suggesting origin from a better-differentiated 

carcinoma.

Fig. 20.17 Capsular invasion in follicular carcinoma. Evaluating the integrity 
of the capsule is critical in distinguishing follicular adenomas from follicular 
carcinomas. (A) In adenomas, a fibrous capsule, usually thin but occasionally 
more prominent, surrounds the neoplastic follicles and no capsular invasion 
is seen; compressed normal thyroid parenchyma usually is present external 
to the capsule ( to p ) .  (B) By contrast, follicular carcinomas demonstrate 
capsular invasion that may be minimal, as in this case, or widespread, with 
extension into local structures of the neck.
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C lin ica l Features

A naplastic  carcinom as g row  w ith  w ild  a b a n d o n  desp ite  
th erapy . M etastases to  d is tan t sites a re  com m on, b u t in  
m o st cases d e a th  occurs in  less th a n  1  y ear as a resu lt of 
aggressive  local g ro w th  a n d  com prom ise  o f v ita l s truc tu res  
in  the neck.

M e d u lla ry  C arcinom a

M edu llary  carcinom as of the th y ro id  are neuroendocrine 
tumors deriv ed  from  the parafo llicu lar cells, o r C cells, of 
the  thy ro id . Like no rm al C cells, m ed u lla ry  carcinom as 
secrete calcitonin, m easu rem en t o f w h ich  p lay s an  im p o r
ta n t role in  the  d iagnosis a n d  p ostopera tive  fo llow -up  of 
pa tien ts. In  som e cases, the  tu m o r cells e laborate  o ther 
p o ly p ep tid e  h o rm ones such  as som atosta tin , serotonin , 
an d  vasoactive in testina l pep tid e . M edu lla ry  carcinom as 
arise  sporadically in  ab o u t 70% of cases. The rem ain in g  30% 
are  familial, occu rring  in  the se tting  of m u ltip le  endocrine  
n eop lasia  (M EN) sy n d ro m e 2A o r 2B, o r fam ilial m ed u lla ry  
th y ro id  carcinom a w ith o u t an  associa ted  M EN  syndrom e, 
as d iscussed  later. B oth fam ilial a n d  sporad ic  m ed u lla ry  
form s are  associa ted  w ith  gain-of-function  d riv e r m u ta 
tions in  the RET recep to r ty rosine  k inase. Sporad ic  m ed 
u lla ry  carcinom as, as w ell as fam ilial cases w ith o u t an  
associated  M EN  syndrom e, occur in  adu lts , w ith  a  peak  
incidence in  the  fifth  a n d  sixth decades. C ases associated  
w ith  M EN-2A o r MEN-2B, by contrast, ten d  to  occur in  
y o u n g e r patien ts, in c lu d in g  ch ild ren .

M O R P H O L O G Y

Medullary carcinomas may arise as a solitary nodule or may 

manifest as multiple lesions involving both lobes of the thyroid. 

M u ltic e n tr ic ity  is particularly common in familial cases. Larger 

lesions often contain areas of necrosis and hemorrhage and 

may extend through the capsule of the thyroid. On microscopic 

examination, medullary carcinomas are composed of polygonal 

to  spindle-shaped cells, which may form nests, trabeculae, and 

even follicles. A m y lo id  deposits, derived from altered calcito

nin molecules, are present in the adjacent stroma in many cases 

(Fig. 20.18) and are a distinctive feature. Calcitonin is readily 

demonstrable both within the cytoplasm of the tum or cells 

and in the stromal amyloid by immunohistochemical methods. 

One of the characteristic features of familial medullary car

cinomas is the presence of m u ltic e n tr ic  C  cell h yperp la 

sia in the surrounding thyroid parenchyma, a feature usually 

absent in sporadic lesions. Foci of C cell hyperplasia are believed 

to represent the precursor lesions from which medullary 

carcinomas arise.

C lin ica l Features

In  sporad ic  cases, m edu lla ry  carcinom a m anifests m ost 
o ften  as a m ass in  the neck, som etim es associated w ith  
com pression  effects such as dysphag ia  or hoarseness. In 
som e instances the initial m anifestations are  caused  by 
the  secretion of a pep tide  horm one (e.g., d ia rrhea  caused 
by  the secretion of vasoactive in testinal pep tide). Screen
ing  of the p a tien t's  relatives for elevated  calcitonin levels

Fig. 20.18 Medullary carcinoma of the thyroid gland. These tumors typically 
contain amyloid, visible here as homogeneous extracellular material, derived 
from calcitonin molecules secreted by the neoplastic cells.

o r RET m utations perm its early  detection  of tum ors in  
fam ilial cases. A s d iscussed  later, all m em bers of M EN-2 
k in d red s carry ing  RET m utations are offered prophylactic  
thyroidectom ies to p reem p t the developm ent of m edu l
lary  carcinom as; often, the only  histologic find ing  in  the 
resected  thy ro id  of these asym ptom atic  carriers is the pres
ence of C cell hyperp lasia  or sm all (<1 cm) micromedullary 
carcinomas.

Ä S U M M A R Y

T H Y R O ID  N E O P L A S M S

• Most thyroid neoplasms manifest as s o l i t a r y  t h y r o i d  n o d u le s ,  but 

only 1% of all thyroid nodules are neoplastic.

• F o l l i c u la r  a d e n o m a s  are the most common benign neoplasms, 

while papillary carcinoma is the most common malignancy.

• Multiple genetic pathways are involved in t h y r o i d  c a r c in o g e n e s i s .  

Some of the driver mutations that are fairly unique to thyroid 

cancers include P A X 8 / P P A R G  fusion (in follicular carcinoma), 

chromosomal rearrangements involving the R E T  oncogene 

(in papillary cancers), and mutations of R E T  (in medullary 

carcinomas).

• F o l l i c u la r  a d e n o m a s  a n d  c a r c in o m a s  both are composed of well- 

differentiated follicular epithelial cells; the latter are distin

guished by presence of capsular and/or vascular invasion.

• P a p i l l a r y  c a r c in o m a s  are recognized by nuclear features (ground- 

glass nuclei, pseudoinclusions), even in the absence of papillae. 

These neoplasms typically metastasize by way of the lymphat

ics, but the prognosis is excellent.

• A n a p l a s t i c  c a r c in o m a s  are thought to arise by progression of 

more differentiated neoplasms. They are highly aggressive, uni

formly lethal cancers.

• M e d u l l a r y  c a n c e r s  are nonepithelial neoplasms arising from the 

parafollicular C cells and can occur in either sporadic (70%) 

or familial (30%) settings. Multicentricity and C cell hyperplasia 

are features of familial cases. Amyloid deposits are a charac

teristic histologic finding.
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Parathyroid Glands

The p a ra th y ro id  g lands are d e riv ed  developm en ta lly  from  
p h a ry n g ea l p ouches th a t also  give rise  to  the  thym us. They 
are  m ost com m only  located  in  close p rox im ity  to  the u p p e r  
a n d  low er po les o f each th y ro id  lobe b u t m ay  be found  
an y w h ere  a long  the  p a th w ay  of descen t of the p h a ry n 
geal pouches, in c lu d in g  the caro tid  sheath , the  thym us, 
a n d  e lsew here  in  the an te rio r m ed iastinum . M ost of the 
g lan d  is com posed  of chief cells w h ich  have  secretory  g ran 
u les con ta in ing  parathyroid hormone (PTH). Oxyphil cells are  
fo u n d  th ro u g h o u t the  n o rm al p a ra th y ro id  e ither singly or 
in  sm all clusters. They are  slightly  la rger th an  the  chief 
cells, have  acidophilic  cy top lasm , a n d  are  tigh tly  packed  
w ith  m itochondria .

P a ra th y ro id  g la n d s  are k e y  re g u la to rs  o f  c a lc iu m  

h om eo stas is . The activ ity  of the  p a ra th y ro id  g lands is 
con tro lled  by the level o f free (ionized) calcium  in  the 
b lood , ra th e r th a n  by troph ic  h o rm o n es secreted  by the 
h y p o th a lam u s a n d  p itu ita ry . N orm ally , decreased  levels 
o f free calcium  stim ula te  the syn thesis an d  secretion  of 
PTH , w h ich  has the fo llow ing  effects o n  its ta rge t tissues, 
the  k idneys an d  the bones:
• Increased  rena l tu b u la r reab so rp tio n  of calcium
• Increased  u rin a ry  p h o sp h a te  excretion, thereby  low er

in g  se ru m  p h o sp h a te  levels (since p h o sp h a te  b in d s to 
ion ized  calcium )

• Increased  conversion  of v itam in  D  to its active d ihy 
d roxy  fo rm  in  the k idneys, w h ich  in  tu rn  au g m en ts  
g astro in testina l calcium  abso rp tion

• E nhanced  osteoclastic activ ity  (i.e., bone reso rp tion , 
th u s re leasing  ion ized  calcium ), m ed ia ted  ind irec tly  by 
p ro m o tin g  the  d iffe ren tia tion  of osteoclast p ro g en ito r 
cells in to  m a tu re  osteoclasts

The n e t resu lt o f these  activ ities is a n  increase in  the 
level o f free calcium  in  the b lood , w h ich  inh ib its  PTH  secre
tion  from  chief cells. A bnorm alities o f the  p a ra th y ro id s  
include b o th  h y p erfu n c tio n  a n d  hypofunction . Tumors of 
the parathyroid glands, unlike thyroid tumors, usually come 
to attention because of excessive secretion of PTH, rather than 
mass effects.

HYPERPARATHYROIDISM

H y p e rp a ra th y ro id ism  occurs in  tw o  m ajor form s, primary 
an d  secondary, and , less com m only , as tertiary h y p e rp a ra 
thy ro id ism . The first cond ition  rep resen ts  a n  au tonom ous, 
sp o n tan eo u s o v erp ro d u c tio n  of PTH, w h ile  the la tte r tw o 
cond itions typically  occur as secondary  p h en o m en a  in  
pa tien ts  w ith  chronic ren a l insufficiency.

Primary Hyperparathyroidism

P r im a ry  h y p e rp a ra th y ro id is m  is a  c o m m o n  e n d o c rin e  

d is o rd e r a n d  a n  im p o r ta n t  cause o f  h yp e rc a lc e m ia . There 
w as a d ram atic  increase in  the  de tec tion  of cases in  the 
la tte r  half o f the  2 0 th  cen tu ry , m ain ly  d u e  to  ro u tin e  p e r
fo rm ance of se ru m  calcium  assays in  h o sp ita lized  patien ts. 
The frequency  of occurrence of the v a rio u s p a ra th y ro id

lesions u n d e rly in g  p rim ary  h y p e rp a ra th y ro id ism  is as
follow s:
• A d e n o m a —85% to 95%
• P rim ary  h y p erp lasia  (d iffuse o r n o d u la r) — 5% to 10%
• P ara th y ro id  carcinom a — 1%

Pathogenesis

A bnorm alities in  tw o  genes a re  com m only  associa ted  w ith
p a ra th y ro id  tum ors:
• Cyclin D1 gene rearrangements. C yclin  D1 is a  positive 

reg u la to r o f the cell cycle. A n inversion  on  chrom o
som e 11 repositions the cyclin D1 gene (norm ally  on  
1 1 q), so th a t it resides ad jacen t to  genom ic e lem en ts th a t 
regu la te  the  PTH gene (on 11p). These e lem en ts d rive  
abno rm al expression  of cyclin  D1 in  P T H -p roducing  
cells, lead in g  to  increased  p ro life ra tion  of these cells. 
B etw een 10% a n d  20% of ad en o m as hav e  th is  acqu ired  
genetic defect. C yclin  D1 is overexp ressed  in  app rox i
m ately  40% of p a ra th y ro id  adenom as, ind ica ting  the 
existence of ad d itio n a l m echan ism s th a t lead  to  its 
dysregu lation .

• MEN1 mutations. A pprox im ate ly  20% to 30% of sporad ic  
p a ra th y ro id  tu m o rs have m u ta tio n s  in  b o th  copies of the 
MEN1 tu m o r su p p resso r gene (see later). The sp ec tru m  
of MEN1 m u ta tio n s in  the sporad ic  tu m o rs is v irtua lly  
iden tical to  th a t in  fam ilial p a ra th y ro id  adenom as.

M O R P H O L O G Y

The morphologic changes in primary hyperparathyroidism include 

those in the parathyroid glands and in other organs affected by 

hypercalcemia. In 75% to 80% of cases, one of the parathyroid 

glands harbors a solitary ad e n o m a . The typical parathyroid 

adenoma is a well-circumscribed, soft, tan nodule, invested by a 

delicate capsule. By d e fin itio n , p ara th yro id  adenom as a re  

confined to  a  single gland (Fig. 20.19). The other glands are 

normal in size or somewhat shrunken, as a result of feedback

Fig. 20.19 Technetium-99 radionuclide scan demonstrates an area of 
increased uptake corresponding to the left inferior parathyroid gland ( a r r o w ) .  

This proved to be a parathyroid adenoma. Preoperative scintigraphy is useful 
in localizing and distinguishing adenomas from parathyroid hyperplasia, in 
which more than one gland will demonstrate increased uptake.
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Fig. 20.20 Chief cell parathyroid adenoma. (A) In this low-power view, a solitary hypercellular adenoma is delineated from the residual normocellular gland 
on the upper right. (B) High-power detail shows minimal variation in nuclear size and occasional follicle formation. ( C o u r te s y  o f  D r .  N ic o le  C ip r ia n i ,  D e p a r t m e n t  

o f  P a th o lo g y ,  U n iv e r s i t y  o f  C h ic a g o ,  C h ic a g o ,  I l l in o is . )

inhibition by elevated serum calcium. Most parathyroid adeno

mas weigh between 0.5 and 5 g. On microscopic examination, 

parathyroid adenomas are composed predominantly of chief cells 

(Fig. 20.20). A  rim of compressed, non-neoplastic parathyroid 

tissue, generally separated by a fibrous capsule, often is visible 

at the edge of the adenoma. The chief cells of the adenoma are 

larger and show greater nuclear size variability than normal chief 

cells. Cells with bizarre and pleomorphic nuclei are often seen 

within adenomas (so-called “en d o crin e  a ty p ia ”) and must not 

be taken as a sign of malignancy. Mitotic figures are rare. In con

trast with the normal parathyroid parenchyma, adipose tissue is 

inconspicuous within adenomas.

P ara th yro id  hyperp lasia  is typ ica lly  a  m u ltig la n d u la r  

process. In some cases, however, enlargement may be grossly 

apparent in only one or two glands, complicating the distinction 

between hyperplasia and adenoma. Microscopically, the most 

common pattern seen is that of chief cell hyperplasia, which may 

involve the glands in a diffuse or multinodular pattern. Less com

monly, the constituent cells contain abundant clear cytoplasm 

as a consequence of the accumulation of glycogen— a condition 

designated water-clear cell hyperplasia. As in the case of adeno

mas, stromal fat is inconspicuous within foci of hyperplasia.

P ara th yro id  carc inom as may be circumscribed lesions 

that are difficult to  distinguish from adenomas, or they may be 

clearly invasive neoplasms. These tumors enlarge one parathyroid 

gland and consist of gray-white, irregular masses that some

times exceed 10 g in weight. The cells usually are uniform and 

resemble normal parathyroid cells. They are arrayed in nodular 

or trabecular patterns. The tum or mass is usually enclosed by a 

dense, fibrous capsule. There is general agreement that a d iag

nosis o f c a rc in o m a based on cyto logic d e ta il is u n re li

able; invasion o f surround ing  tissues and m etastasis  a re  

th e  only  d e fin itive  c r ite r ia . Local recurrence occurs in one- 

third of cases, and more distant dissemination occurs in another 

one-third.

M orph o lo g ic  changes in o th e r  organs:

• S kele ta l changes include increased osteoclastic activity, which 

results in erosion of bone matrix and mobilization of calcium 

salts, particularly in the metaphyses of long tubular bones. Bone

resorption is accompanied by increased osteoblastic activity and 

the formation of new bone trabeculae. In more severe cases, 

the cortex is grossly thinned and the bone marrow contains 

increased amounts of fibrous tissue accompanied by foci of 

hemorrhage and cysts (osteitis  fibrosa cystica) (Chapter 21). 

Aggregates of osteoclasts, reactive giant cells, and hemorrhagic 

debris occasionally form masses that may be mistaken for neo

plasms (brow n tu m o rs  of hyperparathyroidism).

• Renal changes. PTH-induced hypercalcemia favors the 

formation of urinary tract stones (nep hro lith ias is ) as 

well as calcification of the renal interstitium and tubules

(nephrocalc inosis).

• M e ta s ta tic  calcification  secondary to hypercalcemia also 

may be seen in other sites, including the stomach, lungs, myo

cardium, and blood vessels.

C lin ica l Features

P rim ary  h y p e rp a ra th y ro id ism  u sua lly  is a d isease of 
a d u lts  an d  is m u ch  m ore com m on  in  w o m en  th a n  in  m en  
(gender ra tio  of nearly  4 : 1). The most common manifestation 
of primary hyperparathyroidism is an increase in serum ionized 
calcium. In  fact, p rim ary  h y p e rp a ra th y ro id ism  is the m ost 
com m on cause of clinically silent hypercalcemia. O ther con
d itions also  m ay  p ro d u ce  hypercalcem ia (Table 20.4). The 
m ost com m on cause of clinically a p p a re n t hypercalcem ia

Table 20.4 Causes o f H ypercalcem ia

Increased P T H D ecreased  P T H

Hyperparathyroidism Hypercalcemia of malignancy
Primary (adenoma > Osteolytic metastases

hyperplasia)* PTH-rP-mediated
Secondary! Vitamin D toxicity
Tertiary! Immobilization

Familial hypocalciuric Drugs (thiazide diuretics)
hypercalcemia Granulomatous diseases (sarcoidosis)

P T H , Parathyroid hormone; PTH-rP, PTH-related protein.
*Primary hyperparathyroidism is the most common cause of hypercalcemia overall. 
fSecondary and tertiary hyperparathyroidism are most commonly associated with 
progressive renal failure.
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in  a d u lts  is cancer, w h ich  can  cause hypercalcem ia th ro u g h  
a varie ty  of m echanism s, in c lu d in g  secretion  of PTH -like 
p o ly p ep tid es  a n d  osteolytic  bone m etastases (C hap ter 6 ). 
The p rognosis  for p a tien ts  w ith  m alignancy-associa ted  
hypercalcem ia is poor, because it o ften  occurs in  those 
w ith  ad v an ced  cancers. In  in d iv id u a ls  w ith  hypercalce 
m ia caused  by p a ra th y ro id  hyperfunction , se ru m  PTH  
is in ap p ro p ria te ly  elevated , w h ereas  se ru m  PTH  is low  
to undetec tab le  in  those w ith  hypercalcem ia caused  by 
n o n p a ra th y ro id  diseases, in c lu d in g  m alignancy . O ther lab
o ra to ry  a lte ra tions referab le to  PTH  excess inc lude  hy p o 
p h o sp h a tem ia  a n d  increased  u rin a ry  excretion  of bo th  
calcium  a n d  p h ospha te .

P rim ary  h y p e rp a ra th y ro id ism  trad itiona lly  has  been 
associated  w ith  a conste lla tion  of sym ptom s th a t inc lude  
painful bones, renal stones, abdominal groans, and psychic 
moans. Pain, secondary  to  fractu res o f bones w eak en ed  by 
o steoporosis  o r osteitis fibrosa cystica an d  re su ltin g  from  
renal stones, w ith  obstruc tive  u ro p a th y , w as at one tim e a 
p ro m in en t m an ifesta tion  of p rim ary  h y p erp ara th y ro id ism . 
Because se ru m  calcium  is n o w  rou tine ly  assessed  in  m ost 
pa tien ts  w h o  n eed  b lood  tests for u n re la ted  conditions, 
h y p e rp a ra th y ro id ism  is u sua lly  de tected  early  in  its course. 
H ence, m an y  of the classic clinical m an ifesta tions, p a rticu 
larly  those referab le to  bone a n d  rena l disease, are seen 
m u ch  less frequen tly . A d d itio n a l signs a n d  sym ptom s th a t 
m ay  be enco u n te red  in  som e cases inc lude  the follow ing:
• Gastrointestinal disturbances, in c lu d in g  constipation , 

nausea, pep tic  ulcers, pancreatitis, a n d  gallstones
• Central nervous system alterations, in c lu d in g  depression , 

le thargy , a n d  seizures
• Neuromuscular abnormalities, in c lu d in g  w eakness  and  

h y po ton ia
• Polyuria a n d  secondary  po ly d ip sia

A lth o u g h  som e of these a lte ra tions (e.g., p o ly u ria  an d  
m uscle w eakness) are clearly  re la ted  to  hypercalcem ia, the 
pa tho p h y sio lo g y  of m any  of the  o th e r m an ifesta tions of the 
d iso rd er rem ains po o rly  u n d ers to o d .

Secondary Hyperparathyroidism

S e c o n d a ry  h y p e rp a ra th y ro id is m  is caused  b y  ch ro n ic  

d e p re s s io n  o f  s e ru m  c a lc iu m  le v e ls , m o st o fte n  as a  re s u lt  

o f  re n a l fa i lu re ,  le a d in g  to  c o m p e n s a to ry  o v e ra c tiv ity  

o f  th e  p a ra th y ro id s . The m echan ism s by w h ich  chronic 
rena l fa ilu re  induces secondary  h y p e rp a ra th y ro id ism  are  
com plex a n d  n o t fu lly  u n d e rs to o d . C hronic rena l insuf
ficiency is associated  w ith  decreased  p h o sp h a te  excretion, 
w h ich  in  tu rn  resu lts  in  h y p erp h o sp h a tem ia . The e levated  
se ru m  p h o sp h a te  levels d irectly  d ep ress  se ru m  calcium  
levels. In  ad d itio n , loss of rena l a 1-hydroxy lase  activity , 
w h ich  is req u ired  for the syn thesis of the  active fo rm  of 
v itam in  D, reduces the in testina l ab so rp tio n  of calcium  
(C hap ter 8 ). These a lte ra tions cause chronic hypocalcem ia, 
w h ich  s tim ula tes the activ ity  of the p a ra th y ro id  g lands.

M O R P H O L O G Y

T h e  p ara th yro id  glands in secondary  h yp e rp a ra th y ro id 

ism  a re  hyperp lastic . As in primary hyperplasia, the degree of

glandular enlargement is not necessarily symmetric. On micro

scopic examination, the hyperplastic glands contain an increased 

number of chief cells, or cells with more abundant, clear cyto

plasm (w a te r-c le a r  cells), in a diffuse or multinodular distribu

tion. Fat cells are decreased in number. B one changes similar to  

those seen in primary hyperparathyroidism also may be present. 

M e ta s ta tic  ca lc ification  may be seen in many tissues.

C lin ica l Features

The clinical m an ifesta tions of secondary  h y p e rp a ra th y 
ro id ism  u sually  are d o m in a ted  by those re la ted  to  chronic 
ren a l failure. Bone abno rm alities (renal osteodystrophy) an d  
o th e r changes associa ted  w ith  PTH  excess are, in  general, 
less severe th a n  those seen  in  p rim ary  h y p e rp a ra th y 
ro id ism . S erum  calcium  rem ains n ear n o rm al because 
the com pensa to ry  increase in  PTH  levels su sta in s  se ru m  
calcium . The m etasta tic  calcification of b lood  vessels (sec
o n d a ry  to  h y p erp h o sp h a tem ia) occasionally  m ay  re su lt in  
significan t ischem ic dam ag e  to  sk in  a n d  o ther o rgans — a 
process re ferred  to  as calciphylaxis. In  a m ino rity  o f patien ts, 
p a ra th y ro id  activ ity  m ay  becom e a u to n o m o u s a n d  exces
sive, w ith  re su lta n t hypercalcem ia — a p rocess som etim es 
te rm ed  tertiary hyperparathyroidism. P ara thy ro idec tom y  
m ay  be necessary  to  contro l the h y p e rp a ra th y ro id ism  in 
such  patien ts.

^ S U M M A R Y

H Y P E R P A R A T H Y R O ID IS M

• Primary hyperparathyroidism is the most common cause of 

asymptomatic hypercalcemia.

• I n  a majority of cases, primary hyperparathyroidism is caused 

by a sporadic parathyroid adenoma and, less commonly, by 

parathyroid hyperplasia.

• Parathyroid adenomas are solitary, while hyperplasia typically 

is a multiglandular process.

• Skeletal manifestations of hyperparathyroidism include bone 

resorption, o s t e i t i s  f i b r o s a  c y s t i c a ,  and b r o w n  t u m o r s .  Renal 

changes include nephrolithiasis (stones) and nephrocalcinosis.

• Most cases of hyperparathyroidism are clinically silent because 

of early detection of hypercalcemia during routine blood 

testing.

• Secondary hyperparathyroidism is caused by hypercalcemia 

most often secondary to renal failure, and the parathyroid 

glands are hyperplastic.

• Malignancies are the most important cause of symptomatic 

hypercalcemia, which results from osteolytic metastases or 

release of PTH-related protein from nonparathyroid tumors. * •

HYPOPARATHYROIDISM

H y p o p ara th y ro id ism  is far less com m on  th a n  h y p e rp a ra 
thy ro id ism . The m ajor causes of h y p o p a ra th y ro id ism  
include the follow ing:
• Surgical ablation: The m ost com m on  cause is in ad v e rten t 

rem oval o f p a ra th y ro id s  d u rin g  thy ro idec tom y  o r o ther 
surg ical neck  dissections.
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• Congenital absence: This occurs in  conjunction w ith  thym ic 
ap lasia  (Di G eorge syndrom e) an d  cardiac defects, sec
o n d ary  to deletions on  chrom osom e 22q11.2 (C hapter 7).

• Autoimmune hypoparathyroidism: This is a hered ita ry  
p o ly g lan d u la r deficiency synd rom e aris in g  from  au to 
an tibod ies  to  m u ltip le  endocrine  o rgans (para thy ro id , 
thyro id , ad renals, a n d  pancreas). This co n d itio n  is 
caused  by m u ta tio n s in  the  autoimmune regulator (AIRE) 
gene a n d  is d iscussed  m ore ex tensively  later, in  the 
contex t of au to im m u n e  adrenalitis .
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The m ajor clinical m an ifesta tions of h y p o p a ra th y ro id 
ism  are secondary  to  hypocalcem ia. A cute cases (as m ay 
occur after surg ical ablation) m an ifest as increased neuro
muscular irritability (tingling , m uscle  spasm s, facial grim ac
ing, a n d  su sta ined  ca rp o p ed a l sp asm  o r tetany), cardiac 
arrhythmias, and , o n  occasion, increased intracranial pressure 
an d  seizures. M anifesta tions of chronic h y p o p a ra th y ro id 
ism  inc lude  cataracts, calcification of the cerebral basal 
ganglia, a n d  d en ta l abnorm alities.

Endocrine Pancreas

The endocrine pancreas consists of the islets of Langerhans, 
w h ich  contain  four m ajor cell ty p e s—beta, a lpha, delta, and  
PP (pancreatic po lypeptide) cells. The beta cell produces insulin, 
w hich  regulates glucose u tiliza tion  in  tissues a n d  reduces 
b lood  glucose levels, as w ill be detailed  in  the d iscussion of 
diabetes; the alpha cell secretes glucagon, w hich  raises glucose 
levels th ro u g h  its glycogenolytic activity  in  the liver; delta 
cells secrete somatostatin, w h ich  suppresses bo th  insu lin  and  
glucagon  release; an d  PP cells secrete pancreatic polypeptide, 
w hich  exerts several gastro in testinal effects, such  as stim u
la tion  of secretion of gastric an d  in testinal enzym es and  
inhibition  of in testinal m otility. The m ost im p o rtan t disease 
of the endocrine pancreas is diabetes m ellitus, caused  by 
deficient p roduc tion  or action  of insulin .

DIABETES MELLITUS

D ia b e te s  m e llitu s  is a  g ro u p  o f  m e ta b o lic  d is o rd e rs  char

a c te r iz e d  b y  h y p e rg ly c e m ia . H yperg lycem ia in  d iabetes 
(in  com m on  parlance, the  suffix "m ellitu s"  is o ften  n o t 
used) resu lts  from  defects in  in su lin  secretion, in su lin  
action, or, m o st com m only , bo th . The chronic hyp erg ly 
cem ia a n d  a tte n d a n t m etabolic  abnorm alities of d iabetes 
are  o ften  associa ted  w ith  secondary  dam age in  m u ltip le  
o rg a n  system s, especially  the  k idneys, eyes, nerves, an d  
b lood  vessels. I n  th e  U n ite d  S tates, d ia b e te s  is th e  le a d in g  

cause o f  en d -s tag e  re n a l d isease, a d u lt-o n s e t b lin d n e s s , 

a n d  n o n tra u m a tic  lo w e r -e x tre m ity  a m p u ta tio n s  re s u ltin g  

f r o m  a th ero sc le ros is  o f  a rte ries .

A ccord ing  to  the A m erican  D iabetes A ssociation, d ia 
betes affects over 29 m illion  ch ild ren  a n d  adu lts , o r 9.3% 
of the p o p u la tion , in  the  U n ited  States, nearly  one-th ird  
of w h o m  are  cu rren tly  u n a w a re  th a t they  have  hyp erg ly 
cem ia. A pprox im ate ly  1.4 m illion  new  cases of d iabetes 
are  d iag n o sed  each y ear in  the  U n ited  States, a n d  there  is 
a w id e  variab ility  in  p revalence  be tw een  d ifferen t ethn ic  
g roups. For exam ple, the  prevalence  of d iabetes in  A m eri
can  In d ia n /A la sk a n  N atives is a lm ost tw ice th a t o f C au 
casians. Increasing ly  seden ta ry  lifestyles a n d  p o o r ea ting  
hab its  hav e  co n tribu ted  to  the increases in  d iabetes an d  
obesity , w h ich  som e have  te rm ed  the diabesity epidemic. 
A staggering  8 6  m illion  a d u lts  in  the U n ited  States have  
prediabetes, w h ich  is defined  as elevated blood sugar that does 
not reach the criterion accepted for an outright diagnosis of dia
betes (d iscussed  next); in d iv id u a ls  w ith  p red iabe tes  have  
an  e leva ted  risk  for d ev e lo p m en t o f frank  d iabetes.

Diagnosis

Blood glucose is n o rm ally  m ain ta in ed  in  a very  n a rro w  
range, u sua lly  70 to 120 m g /d L . A ccord ing  to  the A m eri
can  D iabetes A ssociation  (ADA) a n d  the  W orld  H ea lth  
O rg an iza tio n  (W HO), d ia g n o s tic  c r ite r ia  fo r  d iab e te s  

in c lu d e  th e  fo llo w in g :

1. A  fasting  p lasm a  g lucose grea ter th a n  or equa l to 
126 m g /d L , a n d /o r

2. A  ra n d o m  p lasm a  glucose grea ter th a n  or equal to 
200 m g /d L  (in a p a tien t w ith  classic hyperg lycem ic 
signs, d iscussed  later), a n d /o r

3. A  2 -hour p lasm a  glucose g rea ter th an  o r equa l to 
200 m g /d L  d u rin g  a n  o ral glucose to lerance test w ith  
a  lo ad in g  dose of 75 gm , a n d /o r

4. A  glycated  hem oglob in  (HbA1C) level g rea ter th a n  or 
equa l to  6.5% (glycated  hem oglob in  is fu rth e r d iscussed  
u n d e r  chronic com plications of diabetes)

A ll tests, except the  ra n d o m  b lood  glucose test in  a 
p a tien t w ith  classic hyperg lycem ic signs, need  to  be 
rep ea ted  an d  confirm ed o n  a separa te  day. O f note, m any  
acu te  cond itions associa ted  w ith  stress, such  as severe 
infections, b u rn s, o r traum a, can  lead  to  tran sien t hyp erg ly 
cem ia d u e  to  secretion  of h o rm ones such  as catecholam ines 
an d  cortisol th a t oppose  the effects of insu lin . The d iagno 
sis of d iabetes requ ires persistence of hyperg lycem ia  fol
low ing  reso lu tio n  of the acu te  illness.

Im p a ir e d  g lucose to le ra n c e  (p re d ia b e te s ) is  d e fin e d  as:

1. A  fasting  p lasm a g lucose be tw een  100 a n d  125 m g /d L  
(" im p a ired  fasting  glucose"), a n d /o r

2. A  2 -hour p lasm a  glucose be tw een  140 an d  199 m g /d L  
d u rin g  an  o ral glucose to lerance test, a n d /o r

3. H bA 1C  level be tw een  5.7% a n d  6.4%

As m an y  as o ne-fou rth  of in d iv id u a ls  w ith  im p a ired  
glucose to lerance w ill develop  o v ert d iabetes in  the  nex t 
5 years, w ith  ad d itio n a l risk  factors such  as obesity  an d  
fam ily h isto ry  co m p o u n d in g  such  risk. In  ad d itio n , ind i
v id u a ls  w ith  p red iab e tes  have  an  e levated  risk  of card io 
vascu lar d isease.

C lassification

A lth o u g h  all fo rm s of d iabetes share  hyperg lycem ia 
as a com m on  feature, the u n d e rly in g  causes of h y p er
g lycem ia v ary  w idely . P rev ious classification schem es 
of d iabetes w ere  based  o n  age a t onse t o f the d isease
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Table 20.5 Sim plified Classification of Diabetes

1. T y p e  /  D ia b e te s

Beta cell destruction, usually leading to absolute insulin deficiency
2. T y p e  2  D ia b e te s

Combination of insulin resistance and beta cell dysfunction
3. G e n e t ic  D e fe c t s  o f  B e ta  C e ll F u n c t io n

Maturity-onset diabetes of the young (MODY) (see text)
Insulin gene mutations

4. G e n e t ic  D e fe c t s  in  I n s u l in  A c t io n  

Insulin receptor mutations
5. E x o c r in e  P a n c re a t ic  D e fe c t s  

Chronic pancreatitis 
Pancreatectomy
Cystic fibrosis 
Hemochromatosis

6. E n d o c r in o p a th ie s

Growth hormone excess (acromegaly)
Cushing syndrome
Hyperthyroidism
Pheochromocytoma

7. I n fe c t io n s

Cytomegalovirus infection 
Coxsackievirus B infection 
Congenital rubella

8. D r u g s  

Glucocorticoids 
Thyroid hormone 
p-Adrenergic agonists

9. G e s ta t io n a l  D ia b e te s

Diabetes associated with pregnancy

Modified from Diagnosis and classification of diabetes mellitus (American Diabetes 
Association). D ia b e te s  C a re  37:S8I-S90; 2014. * •

o r o n  the  m o d e  of therapy ; in  contrast, the  c u rren t eti- 
ologic classification reflects a g rea ter u n d e rs ta n d in g  
of the pa thogenesis o f each v a rian t (Table 20.5). The 
vast majority of cases of diabetes fall into one of two broad 
classes:
• Type 1 diabetes is an autoimmune disease characterized by 

pancreatic P-cell destruction and an absolute deficiency of 
insulin. It accounts for app rox im ate ly  5% to 10% of all 
cases, a n d  is the  m ost com m on  sub type  d iag n o sed  in  
pa tien ts  y o u n g e r th a n  2 0  y ea rs  o f age.

• Type 2 diabetes is caused by a combination of peripheral resis
tance to insulin action and an inadequate secretory response by 
the pancreatic P cells ("relative insulin deficiency"). A pprox 
im ately  90% to 95% of d iabetic  p a tien ts  hav e  type  2 
d iabetes, a n d  m any  of th em  are  overw eigh t. A lthough  
classically considered  "ad u lt-o n se t,"  the  p revalence of 
type 2  d iabetes in  ch ild ren  a n d  ado lescen ts is increasing  
a t a n  a la rm in g  pace d u e  to the  increasing  ra tes o f obesity  
in  these age g roups.

A  varie ty  o f m onogen ic  a n d  secondary  causes are 
responsib le  for the rem ain in g  cases (d iscussed  later). 
O f note, w h e n  com bined , m onogen ic  a n d  secondary  
form s of d iabetes accoun t for >1 0 % of d iabetes (w hich 
together m akes them  m ore com m on  th a n  type  1  d iabe
tes). A n  im p o rtan t p o in t is th a t a lth o u g h  the m ajor types 
of d iabetes arise by  d iffe ren t p a thogen ic  m echanism s, the 
long-term complications in kidneys, eyes, nerves, and blood 
vessels are the same and are the principal causes of morbidity 
and death.

Normal Insulin Physiology and 
Glucose Homeostasis

Before d iscussing  the  pa thogenesis  of the tw o  m ajor types 
of d iabetes, w e  briefly  rev iew  n o rm al in su lin  physio logy  
an d  g lucose m etabolism .

N o rm al g lucose hom eostasis  is tigh tly  reg u la ted  by th ree  
in te rre la ted  processes: (1 ) g lucose p ro d u c tio n  in  the liver; 
(2 ) g lucose u p ta k e  an d  u tiliza tio n  by  p erip h e ra l tissues, 
chiefly skeletal m uscle; a n d  (3) the actions of in su lin  and  
cou n te rreg u la to ry  h o rm ones (especially  glucagon).

T h e  p r in c ip a l fu n c tio n  o f  in s u lin  is to  increase th e  ra te  o f  

glucose tra n s p o rt in to  c e rta in  cells  in  th e  b o d y  (Fig. 20.21). 
These are the stria ted  m uscle cells (including m yocardial 
cells) and , to a lesser extent, ad ipocytes, rep resen ting  collec- 
li vely ab o u t tw o th irds of to tal body  w eight. G lucose up take  
in  o ther periphera l tissues, m ost notably  the  brain, is insulin 
independen t. In  m uscle cells, glucose is then  either stored  
as glycogen o r ox id ized  to generate adenosine  triphosphate  
(ATP) an d  m etabolic in term ed iates needed  for cell grow th. 
In ad ipose  tissue, glucose is m etabolized  to lipids, w hich 
are sto red  as fat. Besides p rom oting  lip id  synthesis (lipo- 
genesis), in su lin  also inhibits lip id  d eg radation  (lipolysis) in  
adipocytes. Sim ilarly, in su lin  prom otes am ino  acid up take  
an d  p ro te in  synthesis w hile  inhib iting  p ro te in  degradation . 
Thus, the m etabolic effects o f in su lin  can  be sum m arized  as 
anabolic, w ith  increased synthesis an d  reduced  d eg rada 
tion of glycogen, lipid, an d  protein . In  ad d itio n  to these 
m etabolic effects, insu lin  has several m itogenic functions, 
includ ing  in itiation  of D N A  synthesis in  certain  cells and  
stim ulation  of their g row th  an d  differentiation.

In s u l in  red uces  th e  p ro d u c t io n  o f  g lucose  f r o m  th e  

l iv e r . In su lin  a n d  g lucagon  have  o p p o sin g  regu la to ry  
effects o n  glucose hom eostasis. D u rin g  fasting states, low

Adipose tissue

I  Glucose uptake 

I  Lipogenesis 

I  Lipolysis

Striated muscle

I  Glucose uptake 

|  Glycogen synthesis 

|  Protein synthesis

t
Q

iGluconeogenesis 

t  Glycogen synthesis 

i  Lipogenesis

Fig. 20.21 Metabolic actions of insulin in striated muscle, adipose tissue, 
and liver.
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in su lin  a n d  h ig h  g lucagon  levels facilitate hepatic  glu- 
coneogenesis a n d  glycogenolysis (glycogen b reakdow n) 
w h ile  decreasing  g lycogen  synthesis, thereby  p rev en tin g  
hypoglycem ia. T hus, fasting  p lasm a g lucose levels are  
d e te rm in ed  p rim arily  by hepatic  g lucose o u tp u t. A fter a 
m eal, in su lin  levels rise  a n d  g lucagon  levels fall in  response  
to  the large  g lucose load.

T h e  m o s t im p o r ta n t  s tim u lu s  th a t  tr ig g e rs  in s u lin  

re lease  f r o m  p an c re a tic  b e ta  ce lls  is  g lucose  its e lf . O ral 
in take of food leads to  secretion  of m u ltip le  horm ones, 
no tab ly  the  incretins p ro d u c e d  by cells in  the in testines. 
These h o rm ones stim ula te  in su lin  secretion  from  beta 
cells, a n d  a lso  reduce  g lucagon  secretion  a n d  de lay  gastric 
em pty ing , w h ich  p rom otes  satiety . The incre tin  effect is 
significantly  b lu n te d  in  p a tien ts  w ith  type  2  d iabetes, an d  
resto rin g  incre tin  function  can  lead  to  im p ro v ed  glycem ic 
contro l a n d  loss of w e ig h t ( th ro u g h  re s to ra tio n  of satiety). 
These observa tions have  resu lted  in  the d ev e lo p m en t of 
new  classes o f d ru g s  for p a tien ts  w ith  type 2  d iabetes th a t 
m im ic incretins o r enhance the levels o f en d o g en o u s incre
tins th ro u g h  de lay ing  their d eg radation .

In  p e rip h e ra l tissues (skeletal m uscle  a n d  ad ipose  
tissue), secreted  in su lin  b in d s  to  the insulin receptor, trig 
gering  a  n u m b er of in trace llu la r responses th a t p ro m o te  
g lucose u p ta k e  a n d  p o s tp ra n d ia l glucose u tiliza tion , 
thereby  m a in ta in in g  g lucose hom eostasis. A bnorm alities 
a t v a rio u s p o in ts  a long  th is  com plex signaling  cascade, 
from  syn thesis a n d  release o f in su lin  by b eta  cells to  in su lin  
recep to r in teractions in  p e rip h e ra l tissues, can  re su lt in  the 
d iabetic  pheno type .

Pathogenesis of Type 1 Diabetes

T y p e  1 d ia b e te s  is a n  a u to im m u n e  d isease in  w h ic h  is le t  

d es tru c tio n  is caused  p r im a r i ly  b y  im m u n e  e ffe c to r ce lls  

re a c tin g  a g a in s t e n d o g e n o u s  b e ta  c e ll a n tig e n s . A lthough  
type  1  d iabetes is the  m ost com m on  fo rm  of d iabetes in  
ch ildhood , it is im p o rta n t to  rem em ber th a t it can  p re sen t 
a t any  age. M ost p a tien ts  w ith  type 1 d iabe tes d ep en d  
o n  exogenous in su lin  for surv ival; w ith o u t in su lin  they 
develop  serious m etabolic  com plications such  as ketoaci
dosis a n d  com a. A lth o u g h  the  clinical onse t o f type  1 d ia 
betes is ab ru p t, it re su lts  from  a  chronic au to im m u n e  a ttack  
on  beta  cells th a t u su a lly  sta rts  y ea rs  before the d isease 
becom es ev id en t (Fig. 20.22). The classic m an ifesta tions of 
the d isease (such as  ketoacidosis) occur late  in  its course, 
after m ore  th a n  90% of the beta  cells hav e  been  destroyed .

A s w ith  m ost au to im m u n e  d iseases, the p a th o g en 
esis o f type  1  d iabetes involves genetic  suscep tib ility  a n d  
en v iro n m en ta l factors. G enom e-w ide associa tion  stud ies 
h av e  iden tified  over 2 0  suscep tib ility  loci for type  1  d ia 
betes. O f these, the s trongest associa tion  is w ith  class II 
M H C  (HLA-DR) genes. B etw een 90% a n d  95% of w h ite  
p a tien ts  w ith  type  1 d iabetes have  HLA-DR3, or DR4, o r 
bo th , in  con trast w ith  a b o u t 40% of n o rm al subjects, an d  
40% to 50% of p a tien ts  are D R 3/D R 4 heterozygo tes, in  
con trast w ith  5% of n o rm al subjects. O f note, how ever, 
m ost in d iv id u a ls  w h o  in h e rit these H LA  alleles do  n o t 
develop  d iabetes, ind ica ting  th a t these genes con tribu te  
to  the d isease b u t do  no t, by  them selves, cause it. Several 
non-H L A  genes a lso  increase suscep tib ility  to  type 1 d ia 
betes, in c lu d in g  p o ly m o rp h ism s w ith in  the  gene encod ing

Fig. 20.22 Stages in the development of type 1 diabetes mellitus. The stages 
are listed from left to right, and hypothetical p cell mass is plotted against 
age. (F ro m  E is e n b a r th  G E : T y p e  /  d ia b e te s — a  c h r o n ic  a u to im m u n e  d is e a s e .  

N Engl J Med 3 / 4 : / 3 6 0 ,  / 9 8 6 . )

in su lin  itself, as w ell as CTLA4  an d  PTPN22. A s d iscussed  
in  C h ap te r 5, CTLA-4 is a n  inh ib ito ry  recep to r of T cells, 
an d  PTPN-22 is a p ro te in  ty rosine  phosphatase ; bo th  are  
th o u g h t to  inh ib it T-cell responses, so p o ly m o rp h ism s th a t 
in terfere  w ith  their functional activ ity  a re  expected  to  set 
the stage for excessive T-cell activation . P o lym orph ism s in  
the insulin  gene m ay  reduce  its expression  in  the  thym us, 
th u s red u c in g  the  e lim ination  of T cells reactive w ith  th is 
self p ro te in  (C hap ter 5).

A d d itio n a l ev idence suggests th a t en v iro n m en ta l factors, 
especially  infections, a re  in vo lved  in  type  1 d iabetes. It 
has been  p ro p o sed  th a t certa in  v iru ses (m um ps, rubella , 
a n d  coxsackie B v iruses, in  particu lar) m ay  be in itia ting  
triggers, p e rh a p s  because som e v ira l an tig en s  m im ic beta 
cell an tigens, lead in g  to  b y stan d e r dam age  to  the  islets, 
b u t th is idea  is n o t conclusively  estab lished . M ore recen t 
advances in  e luc ida ting  env ironm en ta l con tribu tions to  the 
p a thogenesis o f type  1  d iabe tes have  com e from  stud ies  
of the h u m a n  m icrobiom e. S tud ies in  d iabetic  ch ild ren  
have  sh o w n  ev idence for " in testin a l dysb iosis" (change 
in  com position  of u su a l com m ensal flora), w ith  red u c tio n  
in  d iversity  of the m icrobiom e, a n d  re d u ced  ab u n d an ce  of 
certa in  bacterial species d u rin g  p ro g ressio n  of subclinical 
to clinical stages of the  disease. W hether th is  is a cause or 
consequence of hyperg lycem ia  rem ains unclear.

T h e  fu n d a m e n ta l im m u n e  a b n o rm a lity  in  ty p e  1 d ia 

betes is a  fa i lu re  o f  s e lf-to le ra n c e  in  T  ce lls  specific  fo r  

b e ta  c e ll a n tig e n s . This fa ilu re  of to lerance m ay  resu lt 
from  som e com bination  of defective clonal de le tion  of 
self-reactive T cells in  the th y m u s a n d  abno rm alities of 
regu la to ry  T cells (Tregs) th a t no rm ally  d a m p e n  effector 
T-cell responses (C hap ter 5). O ne consequence of loss of 
self to lerance is the  p ro d u c tio n  of a u to a n tib o d ie s  ag a in st 
a  va rie ty  of be ta  cell an tigens, in c lu d in g  in su lin  a n d  the 
beta cell enzym e g lu tam ic ac id  decarboxylase, w h ich  are  
de tected  in  the  b lood  of 70% to 80% of patien ts. In  the  ra re  
cases in  w h ich  the  pancreatic  lesions have  been  exam ined
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Obesity
_______

Fig. 20.23 Development of type 2 diabetes. Insulin resistance associated 
with obesity is induced by adipokines, free fatty acids, and chronic inflamma
tion in adipose tissue. Pancreatic p cells compensate for insulin resistance 
by hypersecretion of insulin. However, at some point, p cell compensation is 
followed by p cell failure, and diabetes ensues. ( R e p r o d u c e d  w i th  p e r m is s io n  

f r o m  K a s u g a  M :  I n s u l in  r e s is ta n c e  a n d  p a n c r e a t ic  P - c e l l  fa i lu r e .  J Clin Invest 
1 1 6 : 1 7 5 6 , 2 0 0 6 . )

early  in  the  d isease process, the islets show  necrosis of 
be ta  cells an d  lym phocy tic  in filtra tion  (so-called "insu li- 
tis", described  later).

Pathogenesis of Type 2 Diabetes

T ype 2 d iabe tes is a  he terogeneous a n d  m ultifacto ria l 
com plex  d isease th a t invo lves in teractions of genetics, 
en v iro n m en ta l risk  factors, an d  in flam m ation . U nlike type
1  d iabetes, how ever, there  is n o  ev idence of a n  au to 
im m u n e  basis. T h e  tw o  defec ts  th a t  c h a ra c te rize  ty p e

2 d ia b e te s  are: (1) a  decreased  a b i l i t y  o f  p e r ip h e ra l  

tissues to  re s p o n d  to  in s u l in  ( in s u lin  res is tance) a n d  

(2) b e ta  c e ll d y s fu n c tio n  th a t  is  m a n ife s te d  as in a d e q u a te  

in s u lin  s e c re tio n  in  th e  face o f  in s u lin  res is tan ce  a n d  

h y p e rg ly c e m ia  (Fig. 20.23). In su lin  resistance p red a te s  the 
d ev e lo p m en t of hyperg lycem ia  a n d  u sua lly  is accom pa
n ied  by  com pensa to ry  beta  cell h y p erfu n c tio n  a n d  hyper- 
in su linem ia  in  the early  stages of the ev o lu tio n  of diabetes.

E n v ironm en ta l factors, such  as a seden ta ry  lifestyle an d  
d ie ta ry  hab its, unequ ivocally  p lay  a role, as described  in  
the  su b seq u en t d iscussion  of the  associa tion  w ith  obesity . 
G enetic factors also  are involved , as ev idenced  by a con
co rdance ra te  of 80% to 90% in  m onozygo tic  tw ins, w h ich  
is ev en  g rea ter th a n  th a t for type 1  d iabetes (approxim ately  
50% concordance ra tes in  tw ins), suggesting  p e rh a p s  an  
ev en  la rger genetic co m p o n en t in  type  2 d iabetes. A d d i
tional ev idence for a genetic basis has em erg ed  from  recen t

large-scale genom e-w ide associa tion  stud ies, w h ich  have  
iden tified  d ozens of suscep tib ility  loci called diabetogenic 
genes. U nlike type  1 d iabetes, how ever, the d isease is n o t 
lin k ed  to  genes invo lved  in  im m u n e  to lerance a n d  regu la 
tion  (e.g., HLA, CTLA4).

Insulin Resistance

I n s u l i n  r e s i s t a n c e  is  d e fin e d  as th e  fa i lu r e  o f  ta rg e t tissues  

to  re s p o n d  n o r m a lly  to  in s u lin .  The liver, skeletal m uscle, 
a n d  ad ipose  tissue are  the  m ajor tissues w h ere  in su lin  
resistance m anifests as follows:
• Failu re  to  inh ib it en d o g en o u s g lucose p ro d u c tio n  (glu- 

coneogenesis) in  the liver, w h ich  con tribu tes to  h igh  
fasting  b lood  g lucose levels

• A bnorm ally  low  glucose u p ta k e  an d  glycogen synthesis 
in  skeletal m uscle  fo llow ing  a m eal, w h ich  con tribu tes 
to a h igh  p o s tp ran d ia l b lood  glucose level

• Failu re  to  inh ib it ho rm one-sensitive  lipase  in  ad ipose  
tissue, lead in g  to  excess c ircu la ting  free fa tty  acids 
(FFAs), w hich , as w ill be d iscussed , exacerbates the state 
of in su lin  resistance

O besity and  Insulin Resistance

F e w  factors p la y  as im p o r ta n t  a  ro le  in  th e  d e v e lo p m e n t  

o f  in s u lin  resistance as o b es ity . The association of obesity 
w ith  type 2  d iabetes has been  recognized for decades, w ith  
visceral obesity being com m on in  a m ajority  of affected 
patien ts. Insu lin  resistance is p resen t even  w ith  sim ple 
obesity unaccom pan ied  by hyperglycem ia, ind icating  a 
fundam ental abnorm ality  of in su lin  signaling  in  states of 
fa t excess. The te rm  metabolic syndrome has been  app lied  to 
a  constellation of findings dom inated  by visceral obesity, 
accom panied by insu lin  resistance, glucose intolerance, and  
cardiovascular risk  factors such as hypertension  an d  abnor
m al lip id  profiles. Ind iv iduals w ith  m etabolic syndrom e are 
a t h igh  risk  for the developm ent of type 2  d iabetes.

It is n o t on ly  the  abso lu te  a m o u n t b u t also  the d is trib u 
tion  of bo d y  fa t th a t has a n  effect on  in su lin  sensitivity: 
central obesity  (abdom inal fat) is m ore  likely to  be associ
a ted  w ith  in su lin  resistance th a n  is p e rip h e ra l (g lu te a l/ 
subcu taneous) obesity . Obesity can adversely impact insulin 
sensitivity in numerous ways (see Fig. 20.23):
• Excess FFAs. C ross-sectional s tud ies  have  d em o n stra ted  

an  inverse  co rre la tion  b e tw een  fasting  p lasm a  FFAs an d  
in su lin  sensitiv ity . The level of in trace llu la r trig lycer
ides o ften  is m ark ed ly  increased  in  m uscle a n d  liver in  
obese in d iv iduals , p resu m ab ly  because excess circulat
ing  FFAs are  taken  u p  in to  these o rgans. C entra l ad ipose  
tissue is m ore  "lipo ly tic" th a n  p erip h e ra l ad ip o se  tissue, 
w h ich  m ig h t exp lain  the p a rticu la rly  de le te rious con
sequences of the  cen tra l p a tte rn  of fa t d istribu tion . 
In tracellu lar trig lycerides a n d  p ro d u c ts  of fa tty  acid 
m etabo lism  are  p o te n t inh ib ito rs of in su lin  signaling  
an d  re su lt in  a n  acq u ired  in su lin  resistance state.

• Adipokines. A d ipose  tissue is n o t m erely  a  passive  
sto rage d e p o t for fat; it a lso  is an  endocrine  o rg an  tha t 
releases ho rm ones in  response  to changes in  m etabolic 
sta tus. A  varie ty  of p ro te in s  secreted  in to  the  system ic 
c ircu la tion  by ad ip o se  tissue have been  iden tified  th a t 
are  k n o w n  collectively as adipokines (or adipose cytokines). 
Som e of these  p ro m o te  hyperg lycem ia, a n d  o thers (such 
as le p tin  a n d  ad iponectin ) decrease b lood  glucose, in
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p a r t  by  increasing  the in su lin  sensitiv ity  o f p e rip h era l 
tissues. A d iponectin  levels are decreased  in  obesity , 
th u s co n tribu ting  to  in su lin  resistance.

• Inflammation. O ver the p a s t several years, in flam m a
tion  has em erged  as a n  im p o rta n t co n trib u to r to  the 
p a thogenesis  of type  2 d iabetes. It is n o w  k n o w n  tha t 
a  perm issive  in flam m atory  m ilieu  (m ed ia ted  by p ro in 
flam m atory  cy tok ines th a t are secreted  in  response  to 
excess n u trien ts  such  as FFAs) resu lts  in  bo th  p e rip h 
era l in su lin  resistance a n d  beta  cell dysfunction  (dis
cussed  later). Excess FFAs w ith in  m acrophages an d  
be ta  cells can  activate  the  inflammasome, a m u ltip ro te in  
cy top lasm ic com plex  th a t leads to  secretion  of the cyto
k ine  in te rleu k in  (IL-1P; C h ap te r 5). IL -ip  stim ula tes the 
secretion  of ad d itio n a l p ro in flam m ato ry  cy tokines from  
m acrophages, islets, a n d  o ther cells, an d  IL-1 as w ell as 
o th e r cy tok ines p ro m o te  in su lin  resistance in  p e rip h e ra l 
tissues. T hus, excess FFAs can  im p ed e  in su lin  signal
in g  d irectly , as w ell as ind irectly  th ro u g h  the release of 
cytokines.

B eta  Cell Dysfunction

W hile in su lin  resistance by itself can  lead  to im p a ired  
g lucose tolerance, b e ta  c e ll d y s fu n c tio n  is a n  essen tia l 

c o m p o n e n t in  th e  d e v e lo p m e n t o f  o v e rt d ia b e tes . Beta cell 
function  actually  increases early  in  the d isease process in  
m ost p a tien ts  w ith  type  2  d iabetes, m ain ly  as a  com pensa
to ry  m easu re  to  coun te r in su lin  resistance a n d  m ain ta in  
euglycem ia. E ventually , how ever, be ta  cells a re  u nab le  to 
a d a p t to  the long -te rm  d em an d s  o f p e rip h e ra l in su lin  resis
tance, a n d  the  h yperin su linem ic  state  gives w ay  to  a state  
o f re la tive  in su lin  deficiency.

Several m echan ism s hav e  been  im p lica ted  in  causing  
beta cell dysfunction  in  type  2  d iabetes, in c lu d in g  the 
follow ing:
• Excess free fa tty  acids th a t com prom ise  beta  cell func

tion  a n d  a tten u a te  in su lin  release (lipotoxicity)
• C hronic  hyperg lycem ia  (glucotoxicity)
• A bnorm al incretin effect, lead in g  to  red u ced  secretion 

of h o rm ones th a t p ro m o te  in su lin  release (d iscussed  
earlier)

• A m ylo id  rep lacem en t of islets, p re se n t in  m ore  than  
90% of d iabetic  islets (see M orpho logy). It is unc lear 
w h e th e r the  am ylo id  is a cause o r effect of beta  cell 
"b u rn o u t."

• P o lym orph ism s associa ted  w ith  a n  increased  lifetim e 
risk  for type  2  d iabetes in  genes th a t con tro l in su lin  
secretion.

Monogenic Forms of Diabetes

T ype 1 a n d  type  2 d iabetes are  genetically  com plex, an d  
desp ite  the  associations w ith  m u ltip le  suscep tib ility  loci, 
no  single-gene defect (m utation ) can  accoun t for p re d is 
po sitio n  to  these  d iseases. By con trast, m onogen ic  form s 
of d iabetes (see Table 20.5) a re  unco m m o n  exam ples of the 
d iabetes occu rring  as a  resu lt of loss-of-function  m u ta tio n s 
w ith in  a single gene. Monogenic causes of diabetes inc lude  
p rim ary  defects in  beta cell function  a n d  in su lin  recep to r 
signaling . M onogenic d iabetes can  be classified b ased  on  
age of onse t in to  congenital early onset diabetes (m anifest
ing  in  the  n eonata l p eriod ) a n d  maturity onset diabetes of

the young (MODY), w h ich  develops beyond  the  neonata l 
p e rio d  b u t u su a lly  before 25 y ears  of age. Som e of the 
u n d e rly in g  causes of congenita l d iabetes inc lude  m u ta 
tions of the in su lin  gene itself, a n d  m u ta tio n s in  m itochon 
d ria l D N A  th a t lead  to  a synd rom e of m aterna lly  inherited  
d iabetes a n d  b ila tera l deafness (the m a te rn a l p a tte rn  of 
inheritance  be ing  a sine qua non of m itochondria l D N A  
m uta tions). R are instances of in su lin  recep to r m u ta tio n s 
th a t affect recep to r synthesis, in su lin  b ind ing , o r d o w n 
stream  signal tran sd u c tio n  can  cause severe in su lin  resis
tance, accom pan ied  by h y p erin su lin em ia  (d u e  to  lack of 
feedback  inh ibition) a n d  congenita l d iabetes. In  contrast, 
M ODY is caused  by m u ta tio n s  in  genes encod ing  factors 
d riv in g  beta cell func tion  (see Table 20.5), a n d  a t least 
superficially , ten d s  to  resem ble  u su a l type  2  d iabetes in  
m any  of its clinical featu res. Thus, it is n o t su rp ris in g  tha t 
the d iagnosis o f M ODY is o ften  m issed  in  in d iv id u a ls  w h o  
harb o r a n  u n d e rly in g  p a thogen ic  m u ta tion .

Other Subtypes of Diabetes * •

In  ad d itio n  to T ypes 1 a n d  2 an d  m onogen ic  form s of d ia 
betes, the  o ther b ro ad  sub types inc lude  secondary  d iabetes 
a n d  p reg n an cy -in d u ced  ("gesta tional") d iabetes. Second
ary  d iabetes arising  as a resu lt o f en docrinopa th ies  (for 
exam ple, C u sh in g  synd rom e o r g ro w th  ho rm o n e  excess) 
have  been  described  in  re levan t p o rtio n s of th is  chapter. 
H ere, w e  w ill briefly  d iscuss a  fo rm  of secondary  d iabetes 
arising  as a resu lt o f a  varie ty  of chronic exocrine p ancre 
atic d iseases ("pancreatogen ic" d iabetes), a n d  the  im p o r
tan t sub type  k n o w n  as gesta tional d iabetes.
• Gestational diabetes. A pprox im ate ly  5% of p regnancies 

occu rring  in  the  U n ited  S tates a re  com plicated  by h y p er
glycem ia. P regnancy  is a "d iabe togen ic" state  in  w h ich  
the p rev a ilin g  h o rm o n a l m ilieu  favors a  state  o f in su lin  
resistance. In  som e euglycem ic p reg n an t w o m en  th is 
can  give rise  to gesta tiona l d iabetes. W om en  w ith  p re 
gesta tional d iabetes (w here  hyperg lycem ia  is a lready  
p resen t in  the periconcep tion  period) have  a n  increased  
risk  for stillb irth  a n d  congenita l m alfo rm ations in  the 
fetus (C hap ter 7). Therefore, tigh t glycem ic contro l 
is n eed ed  early  in  p reg n an cy  to  p rev en t congenital 
defects, a n d  th ro u g h  the la te r trim esters o f p regnancy  
to p rev en t fetal o v erg ro w th  (m acrosom ia). The la tter 
occurs because m a te rn a l hyperg lycem ia  can  induce  
com pensa to ry  secretion  of insu lin -like  g ro w th  factors 
in  the  fetus. M ost p re g n an t w o m en  w h o  develop  ges
ta tional d iabetes req u ire  in su lin  for glycem ic control. 
G esta tional d iabetes typically  reso lves fo llow ing  deliv 
ery; how ever, there  is a n  e levated  risk  for develop ing  
o u trig h t d iabetes w ith in  the nex t ten  years (h ighest in  
the first five years after p regnancy), after w h ich  the  risk  
of d iabetes rev erts  to  tha t of w o m en  w ith o u t an teceden t 
gesta tional d iabetes.

• Pancreatogenic diabetes is defined  as hyperg lycem ia 
occurring  as a resu lt o f a  d iso rd e r of the exocrine p an 
creas (see Table 20.5). P ancreatogenic  d iabetes is he tero 
geneous, w ith  u n d e rly in g  causes ran g in g  from  cystic 
fibrosis, to  chronic pancreatitis, to  pancreatic  adenocar
cinom a. In  fact, ev idence suggests th a t approx im ate ly  
1 % of new -onse t d iabetes in  o lder a d u lts  is ac tually  a 
m an ifesta tion  of a n  occult pancreatic  adenocarcinom a.
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Acute Metabolic Complications of Diabetes

It is d ifficult to  d iscuss w ith  b rev ity  the d iverse  clinical p re 
sen ta tions of d iabetes m ellitus. W e w ill d iscuss the  m ost 
com m on  in itia l p re sen ta tio n  or m o d e  of d iagnosis for each 
of the tw o  m ajor sub types, fo llow ed by a d iscussion  of 
acu te  a n d  chronic com plications of d iabetes.

In itia l Presentation

In  the  in itial 1 o r 2 y ears  after m an ifesta tion  of o v ert type 
1  d iabe tes (referred  to  as the honeymoon period), exogenous 
in su lin  req u irem en ts  m ay  be m in im al because of resid u a l

in su lin  secretion, b u t even tua lly  the beta cell reserve  is 
ex hausted  a n d  exogenous in su lin  becom es essen tia l to 
con tro l hyperg lycem ia. A lth o u g h  be ta  cell d estru c tio n  is 
a g ra d u a l process, the tran sitio n  from  im p a ired  glucose 
to lerance to  o v ert d iabetes m ay  be ab ru p t, h e ra ld ed  by an  
even t associated  w ith  increased  in su lin  req u irem en ts  such  
as infection. The o n se t of d iabetes is m ark ed  by polyuria, 
polydipsia, polyphagia (know n  as the classic triad of diabetes), 
a n d  in  severe cases, ketoacidosis, a ll re su ltin g  from  m eta 
bolic d e ran g em en ts  (Fig. 20.24).

Since in su lin  is a m ajor anabolic  horm one, its deficiency 
has w id esp read  effects. The assim ila tion  of glucose in to

Islets of Langerhans

P cell destruction

I
Insulin deficiency and/or insulin resistance

Leads to decreased tissue glucose r 
utilization — ►  spillover into blood

Fig. 2 0 . 2 4  Sequence of metabolic derangements leading to diabetic coma in type 1 diabetes mellitus. An absolute insulin deficiency leads to a catabolic state, 
eventuating in ketoacidosis and severe volume depletion. These derangements bring about sufficient central nervous system compromise to cause coma and, 
eventually, death if left untreated.
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m uscle  a n d  ad ip o se  tissue is sh a rp ly  d im in ished  o r abol
ished . S torage of g lycogen in  liver a n d  m uscle ceases, 
a n d  reserves are d ep le ted  by g lycogenolysis. The resu l
ta n t hyperg lycem ia  exceeds the rena l th resh o ld  for reab 
so rp tion , a n d  glycosuria  ensues. The g lycosuria  induces 
osm otic  d iu resis  a n d  po lyuria , causing  the  loss of w a te r 
a n d  electrolytes. The rena l w a te r  loss com bined  w ith  
h yperosm olarity  d u e  to  increased  levels o f glucose in  the 
b lood  dep le tes in trace llu la r w a te r, triggering  osm orecep 
to rs in  the brain . This sequence of even ts generates in tense  
th irs t (po lyd ipsia). The deficiency of in su lin  leads to  the 
catabo lism  of p ro te in s  a n d  fats. G luconeogenic am ino  acids 
p ro d u c e d  by p ro teo lysis  a re  taken  u p  a n d  by the liver 
a n d  u sed  as b u ild in g  blocks for glucose. The ca tabo lism  
of p ro te in s  a n d  fats induces a negative  energy  balance, 
w h ich  in  tu rn  leads to  increasing  ap p e tite  (po lyphagia), 
th u s  com ple ting  the  classic triad . D esp ite  the  increased  
appetite , catabolic effects dom inate , re su ltin g  in  w e ig h t 
loss a n d  m uscle  w eakness. The combination of polyphagia 
and weight loss is paradoxical and should always point to the 
possibility of diabetes.

D iab e tic  Ketoacidosis and  H yperosm olar 

N on-keto tic  C om a

In  p a tien ts  w ith  type 1 d iabetes, significant dev ia tions from  
n o rm al d ie ta ry  in take, u n u su a l physical activ ity , infection, 
o r any  o th er fo rm s of stress m ay  w o rsen  the m etabolic 
im balance, lead in g  to  diabetic ketoacidosis. The plasma glucose 
usually is in the range of500 to 700 mg/dL as a re su lt o f abso 
lu te  in su lin  deficiency a n d  u n o p p o se d  effects of coun ter
reg u la to ry  ho rm ones (ep inephrine , g lucagon). The m ark ed  
hyperg lycem ia causes an  osm otic  d iu resis  a n d  d eh y d ra tio n  
characteristic  of the ketoacido tic  state. The second  m ajor 
effect is ac tiva tion  o f the ketogenic m ach inery . In su lin  defi
ciency leads to  ac tiva tion  o f h orm one-sensitive  lipase, w ith  
re su lta n t excessive b reak d o w n  of ad ip o se  stores, g iv ing 
rise to increased  FFAs, w h ich  are  ox id ized  by the  liver to 
p ro d u ce  ketones. K etogenesis is a n  ad ap tiv e  p h en o m en o n  
in  tim es of starvation , genera ting  ke tones as a source of 
energy  for co n su m p tio n  by  v ita l o rgans (e.g., the  brain). 
The ra te  a t w h ich  ke tones are fo rm ed  m ay  exceed the rate  
a t w h ich  they  can  be u sed  by  p erip h e ra l tissues, lead ing  
to  ke tonem ia  a n d  ke tonuria . If the u rin a ry  excretion  of 
ke tones is co m prom ised  by  d eh y d ra tio n , the  accum ula t
in g  ke tones decrease b lood  pH , re su ltin g  in  m etabolic 
acidosis.

T ype 2 d iabetes also  m ay  m an ifest w ith  p o ly u ria  an d  
po lyd ip sia . In  som e cases, m ed ical a tten tio n  is so u g h t 
because of u n ex p la in ed  w eakness  or w e ig h t loss. Most 
frequently, however, the diagnosis is made after routine blood 
or urine testing in asymptomatic individuals. In  the  decom 
p e n sa ted  state, p a tien ts  w ith  type 2  d iabetes m ay  develop  
hyperosmolar nonketotic coma. This synd rom e is eng en d ered  
by  severe d eh y d ra tio n  re su ltin g  fro m  su sta in ed  osm otic 
d iu resis  a n d  u rin a ry  flu id  loss d u e  to chronic hyp erg ly 
cem ia. Typically, the affected in d iv id u a l is a n  o lder a d u lt 
d iabetic  w h o  is d isab led  by  a stroke o r a n  infection  a n d  is 
u n ab le  to  m ain ta in  ad eq u a te  w a te r  in take. The absence of 
ketoacidosis a n d  its sym ptom s (nausea, vom iting , resp ira 
to ry  difficulties) delays recogn ition  of the seriousness of 
the  s itu a tio n  un til the  onse t o f severe d eh y d ra tio n  and  
com a.

Chronic Complications of Diabetes

T h e  m o r b id ity  assoc ia ted  w i th  lo n g -s ta n d in g  d iab e te s  

o f  a n y  ty p e  re s u lts  f r o m  th e  c h ro n ic  c o m p lic a tio n s  o f  

h y p e rg ly c e m ia , a n d  the resu ltin g  dam age  in d u ced  in  bo th  
large- an d  m ed iu m -sized  m u scu la r a rte ries (d iabetic m acro 
vascu lar disease) a n d  sm all-vessels (d iabetic m icrovascu lar 
disease). M acrovascu lar d isease causes accelerated  a th e ro 
sclerosis am o n g  diabetics, re su ltin g  in  increased  m yocar
d ial infarction , stroke, an d  low er-ex trem ity  ischem ia. The 
effects o f m icrovascu lar d isease a re  m ost p ro fo u n d  in  the 
retina, k idneys, a n d  p e rip h e ra l nerves, resu ltin g  in  d ia 
betic re tinopa thy , n ep h ro p a th y , a n d  n eu ro p a th y , respec
tively  (Fig. 20.25). The pa tho log ic  find ings in  these tissues 
an d  the ir clinical consequences a re  described  next. There 
is ex trem e variab ility  am o n g  p a tien ts  in  the  tim e of onse t 
of these com plications, their severity , a n d  the pa rticu la r 
o rg an  o r o rgans involved . In  in d iv id u a ls  w ith  tig h t contro l 
of their d iabetes, the  o n se t m ay  be de layed  (hence the need  
for tigh t contro l of hyperglycem ia).

Pathogenesis o f  Chronic Com plications o f  D iabetes

The pa thogenesis of the lo n g -te rm  com plications of d ia 
betes is m ultifactorial, a lth o u g h  p e rsis ten t hyperg lycem ia 
(glucotoxicity) seem s to  be a key m ed ia to r. A t least three 
d istinct m etabolic  p a th w a y s  seem  to be invo lved  in  the 
p a thogenesis  of long -te rm  com plications; it is likely th a t all 
of th e m  p lay  a role in  a tissue-specific m anner.
1. Formation of advanced glycation end products (AGEs). 

AG Es are  fo rm ed  as a  re su lt of n o nenzym atic  reac
tions be tw een  in trace llu la r g lucose-derived  p recu rso rs  
(glyoxal, m ethylg lyoxal, a n d  3-deoxyglucosone) a n d  the 
am ino  g ro u p s  of p ro te ins. The ra te  o f AGE fo rm ation  is 
greatly  accelera ted  by hyperg lycem ia. AGEs b in d  to  a 
specific recep to r (RAGE), w h ich  is expressed  o n  inflam 
m ato ry  cells (m acrophages an d  T  cells), en d o th e liu m  
an d  vascu lar sm oo th  m uscle. The d e trim en ta l effects of 
AGE-RAGE signaling  w ith in  the vascu lar co m p artm en t 
inc lude  the follow ing:
• Release of cy tokines a n d  g ro w th  factors, inc lud ing  

tran sfo rm in g  g ro w th  factor P (TGFP), w h ich  leads 
to deposition  of excess b asem en t m em brane  m ate 
rial, a n d  vascu lar endo the lia l g ro w th  factor (VEGF), 
im p licated  in  d iabetic  re tin o p a th y  (d iscussed  later)

• G enera tion  of reactive oxygen species (ROS) in  endo 
thelial cells

• Increased  procoagulant activity o n  endo the lia l cells 
a n d  m acrophages

• E nhanced  proliferation of vascular smooth muscle cells 
and synthesis of extracellular matrix
In  a d d itio n  to recep to r-m ed ia ted  effects, AGEs can 

directly cross-link extracellular matrix proteins. These cross- 
linked  p ro te in s  can  trap  o th e r p lasm a  or in te rstitia l p ro 
teins; for exam ple, low -density  lip o p ro te in  (LDL) gets 
tra p p e d  w ith in  A G E-m odified large-vessel w alls, accel
e ra ting  a therosclerosis (C hap ter 10), w h ile  a lb u m in  can 
be tra p p e d  w ith in  cap illary  w alls, accoun ting  in  p a r t  for 
the b asem en t m em brane  th icken ing  th a t is characteristic  
of d iabetic  m ic roang iopathy  (d iscussed  later).

2. Activation of protein kinase C. A ctivation  of in tracellu 
lar p ro te in  k inase  C (PKC) by  calcium  ions a n d  the 
second m essenger d iacylglycerol (DAG) is an  im p o rtan t
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Fig. 20.25 Long-term complications of diabetes.

signal tran sd u c tio n  p a th w a y  in  m an y  cellu lar system s. 
In trace llu la r hyperg lycem ia  can  stim ula te  the de  novo  
syn thesis  o f D A G  from  glycolytic in te rm ed ia tes  an d  
hence cause ac tiva tion  of PKC. The d o w n stream  effects 
of PKC ac tiva tion  are  n u m ero u s  a n d  inc lude  p ro d u c tio n  
of proangiogenic molecules such  as vascu lar endo the lia l 
g ro w th  factor (VEGF), im p licated  in  the  neovascu lar
iza tio n  seen  in  d iabetic  re tinopa thy , a n d  p rofibrogenic 
m olecu les such  as transfo rm ing  g ro w th  factor P, lead in g  
to  increased  dep o sitio n  o f extracellu lar m atrix  a n d  base
m en t m em brane  m aterial.

3. Disturbances in polyol pathways. In  som e tissues th a t do  
n o t req u ire  in su lin  for g lucose tra n sp o rt (e.g., nerves, 
lens, k idneys, b lood  vessels), hyperg lycem ia  leads to 
an  increase in  in trace llu la r glucose th a t is th en  m etab 
o lized  by the  enzym e a ldose  red u c tase  to  sorbito l, a 
polyol, a n d  even tua lly  to  fructose, in  a reaction  tha t 
u ses N A D P H  (the red u ced  fo rm  of n ico tinam ide  
d inucleo tide  pho sp h a te ) as a cofactor. N A D P H  also 
is req u ired  by the  enzym e g lu ta th ione  reductase  in  a 
reaction  th a t regenera tes red u ced  g lu ta th io n e  (GSH). 
A s described  in  C h ap te r 2, GSH is one of the im p o rtan t 
an ti-ox idan t m echan ism s in  the cell, a n d  reductions in  
GSH increase cellu lar suscep tib ility  to  oxidative stress. 
In  neu rons, p e rsis ten t hyperg lycem ia ap p ears  to  be the 
m ajor u n d e rly in g  cause of diabetic  n eu ro p a th y  (glucose 
neurotoxicity).

M O R P H O L O G Y

The most important morphologic changes are related to the 

many late systemic complications of diabetes. These changes are 

seen in both type 1 and type 2 diabetes (see Fig. 20.25).

Pancreas. Lesions in the pancreas are inconstant. One or 

more of the following alterations may be present:

• R eduction  in th e  n u m b e r and size o f islets. This change 

most often is seen in type 1 diabetes, particularly with rapidly 

advancing disease. Most of the islets are small, inconspicuous, 

and not easily detected.

• Leukocytic  in filtra te s  in th e  islets (insulitis) are principally 

composed of T  lymphocytes (Fig. 20.26A). They are most often 

seen type 1 diabetes at the time of clinical presentation.

• A m y lo id  deposition  w ith in  islets in ty p e  2 d iabetes  

begins in and around capillaries and between cells. A t advanced 

stages, the islets may be virtually obliterated (see Fig. 20.26B); 

fibrosis also may be observed. Similar lesions may be found in 

older nondiabetics, apparently as part of normal aging.

• A n  increase in th e  n u m b e r and size o f islets, espe

cially ch aracte ris tic  o f n on d iabetic  new borns o f d ia 

b etic  m o th e rs . Presumably, fetal islets undergo hyperplasia 

in response to the maternal hyperglycemia.

D ia b e tic  m acrovascu lar disease. The hallmark of dia

betic macrovascular disease is acce le ra ted  atherosclerosis
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Fig. 20.26 (A) Autoimmune insulitis in a human pancreatic explant. Arrows point to inflammation surrounding islet of Langerhans, while the surrounding 
acinar structures are essentially normal. (P h o to g r a p h  p r o v id e d  b y  D r .  M a r t h a  C a m p b e l l - T h o m p s o n ,  J D R F  N e t w o r k  f o r  P a n c re a t ic  O rg a n  D o n o r s ,  U n iv e r s i t y  o f  F lo r id a . ,  

G a in e s v i l le ,  F lo r id a . )  (B) Amyloidosis of a pancreatic islet in type 2 diabetes. Amyloidosis typically is observed late in the natural history of this form of diabetes, 
with islet inflammation noted at earlier observations.

affecting the aorta and large- and medium-sized arteries. Except 

for its greater severity and earlier age at onset, atherosclerosis in 

diabetics is indistinguishable from that in nondiabetics (Chapter 

10). M yocard ia l in fa rc tion , caused by a therosclerosis  of 

th e  c o ro n ary  a rte rie s , is th e  m o st c o m m o n  cause of 

d eath  in d iabetics. Significantly, it is almost as common in 

diabetic women as in diabetic men. By contrast, myocardial infarc

tion is uncommon in nondiabetic women of reproductive age. 

G a n g re n e  o f th e  lo w e r e x tre m itie s , as a result of advanced 

vascular disease, is about 100 times more common in individuals 

with diabetes than in the general population. The larger renal 

arteries also are subject to severe atherosclerosis, but the most 

damaging effect of diabetes on the kidneys is exerted at the 

level of the glomeruli and the microcirculation, as discussed later.

H ya lin e  a rte rio losc lero s is , the vascular lesion associated 

with hypertension (Chapters 10 and 14), is both more prevalent 

and more severe in diabetics than in nondiabetics, but it is not 

specific for diabetes and may be seen in older adults who do not 

suffer from either diabetes or hypertension. It takes the form of 

an amorphous, hyaline thickening of the wall of the arterioles, 

which causes narrowing of the lumen (Fig. 20.27). N o t surpris

ingly, in diabetic patients, its severity is related not only to the 

duration of the disease but also to  the presence or absence of 

hypertension.

D ia b e tic  m icroang iopathy . One of the most consistent 

morphologic features of diabetes is d iffuse th icken in g  of 

b asem en t m e m b ra n e s . The thickening is most evident in 

the capillaries of the skin, skeletal muscle, retina, renal glomeruli, 

and renal medulla. However, it also may be seen in nonvascular 

structures such as renal tubules, the Bowman capsule, peripheral 

nerves, and placenta. By both light and electron microscopy, the 

basal lamina separating parenchymal or endothelial cells from the 

surrounding tissue is markedly thickened by concentric layers of 

hyaline material composed predominantly of type IV collagen 

(Fig. 20.28). O f note, despite the increase in the thickness of base

ment membranes, diabetic capillaries are leaky, leading to extrav

asation of plasma proteins. T h e  m ic ro an g io p a th y  underlies  

th e  d e v e lo p m en t o f d iab etic  nep hrop ath y , re tino pathy ,

and som e fo rm s  o f n europathy. An indistinguishable 

microangiopathy can be found in aged nondiabetic patients, 

but rarely to the extent seen in individuals with long-standing 

diabetes.

D ia b e tic  n ephropathy. The kidneys are prime targets of 

diabetes (see also Chapter 14). Renal failure is second only to  

myocardial infarction as a cause of death from this disease. The 

lesions include mainly: (1) glomerular lesions; (2) renal vascu

lar lesions, principally arteriolosclerosis; and (3) pyelonephritis, 

including necrotizing papillitis.

The most important g lo m e ru la r  lesions are capillary 

basement membrane thickening, diffuse mesangial sclerosis, and 

nodular glomerulosclerosis. The glomerular capillary basement 

membranes are thickened along their entire length. This change 

can be detected by electron microscopy within a few years of

Fig. 20.27 Severe renal hyaline arteriolosclerosis in a periodic acid-Schiff 
stained specimen. Note the markedly thickened, tortuous afferent arteriole. 
The amorphous nature of the thickened vascular wall is evident. ( C o u r te s y  o f  

D r . M .A .  V e n k a ta c h a la m ,  D e p a r t m e n t  o f  P a th o lo g y ,  U n iv e r s i t y  o f  T e x a s  H e a l t h  

S c ie n c e  C e n te r ,  S a n  A n to n io ,  T e x a s .)
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Fig. 20.28 Renal cortex showing thickening of tubular basement mem
branes in a specimen from a diabetic patient. (Periodic acid-Schiff stain.)

Fig. 20.30 Nodular glomerulosclerosis in a renal specimen from a patient 
with long-standing diabetes. ( C o u r te s y  o f  D r .  L is a Y e r ia n ,  D e p a r t m e n t  o f  P a th o lo g y ,  

U n iv e r s i t y  o f  C h ic a g o ,  C h ic a g o ,  I l l in o is . )

the onset of diabetes, sometimes without any associated change 

in renal function (Fig. 20.29).

D iffuse m esangial sclerosis refers to an increase in mesan

gial matrix associated with mesangial cell proliferation and base

ment membrane thickening. It is found in most individuals with 

disease of more than 10 years’ duration. W hen glomerulosclero

sis is severe, patients develop the nephrotic syndrome, character

ized by proteinuria, hypoalbuminemia, and edema (Chapter 14).

N o d u la r  g lom eruloscleros is  (Kimmelstiel-Wilson lesion) 

is a distinctive glomerular lesion characterized by ball-like depos

its of a laminated matrix in the periphery of the glomerulus 

(Fig. 20.30). These nodules are PAS-positive and usually contain 

trapped mesangial cells. Nodular glomerulosclerosis is encoun

tered in approximately 15% to 30% of individuals with long-term 

diabetes and is a major contributor to  renal dysfunction. Diffuse

Fig. 20.29 Renal glomerulus showing markedly thickened glomerular base
ment membrane (B ) in a diabetic. L, Glomerular capillary lumen; U, urinary 
space. ( C o u r te s y  o f  D r .  M ic h a e l  K a s h g a r ia n ,  D e p a r t m e n t  o f  P a th o lo g y ,  Y a le  U n iv e r 

s i t y  S c h o o l o f  M e d ic in e ,  N e w  H a v e n ,  C o n n e c t ic u t . )

mesangial sclerosis also may be seen in association with old age 

and hypertension; by contrast, the nodular form of glomerulo

sclerosis is virtually pathognomonic of diabetes. Both the diffuse 

and the nodular forms of glomerulosclerosis induce sufficient 

ischemia to  cause scarring of the kidneys, manifested by a finely 

granular-appearing cortical surface (Fig. 20.31).

Renal a therosclerosis  and a rte rio losc lero s is  consti

tu te  p a r t  o f th e  m acrovascu lar disease seen in d iabetics. 

The kidney is one of the most frequently and severely affected 

organs; the changes in the arteries and arterioles are similar 

to  those found throughout the body. Hyaline arteriolosclerosis 

affects not only the afferent but also the efferent arterioles. 

Such efferent arteriolosclerosis is rarely if ever encountered in 

individuals who do not have diabetes.

Fig. 20.31 Nephrosclerosis in a patient with long-standing diabetes. The 
bisected kidney demonstrates diffuse granular transformation of the surface 
( le f t )  and marked thinning of the cortex ( r ig h t ) .  Additional features include 
some irregular depressions, the result of pyelonephritis, and an incidental 
cortical cyst ( f a r  r ig h t ) .
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Fig. 20.32 Characteristic morphologic changes of diabetic retinopathy. Fea
tures include advanced proliferative retinopathy with retinal hemorrhages, 
exudates, neovascularization, and tractional retinal detachment ( lo w e r - r ig h t  

c o r n e r ) .  ( C o u r te s y  o f  D r .  R a je n d r a  A p te ,  W a s h in g to n  U n iv e r s i t y  S c h o o l o f  M e d ic in e ,  

S t  L o u is , Missouri.)

consequences, including blindness, especially if it involves the 

macula. Vitreous hemorrhages may result from the rupture of 

newly formed capillaries; the subsequent organization of the hem

orrhage can pull the retina off its substratum (retinal detachment).

D ia b e tic  n europathy. The central and peripheral nervous 

systems are not spared by diabetes. The most frequent pattern 

of involvement is that of a peripheral, symmetric neuropathy of 

the lower extremities affecting both m otor and sensory function, 

particularly the latter. O ther forms include autonomic neuropa

thy, which produces disturbances in bowel and bladder function 

and sometimes sexual impotence, and diabetic mononeuropathy, 

which may manifest as sudden footdrop or wristdrop or isolated 

cranial nerve palsies. The neurologic changes may be the result 

of microangiopathy and increased permeability of the capillaries 

that supply the nerves, as well as direct axonal damage.

Clinical Features o f  Chronic D iabetes

A s the  p rev io u s d iscussion  has em phasized , type  1 an d  
type  2  d iabetes are  d istinct pathophysio log ic  en tities w ith  
the  com m on m an ifesta tion  of hyperg lycem ia. Table 20.6 
sum m arizes  som e of the  clinical, genetic a n d  h is to p a th o 
logic fea tu res th a t d is tin g u ish  the  tw o  d iseases. N o nethe 
less, as p rev iously  s ta ted , the long -te rm  sequela of bo th  
types 1  a n d  2  d iabetes, arising  as a re su lt o f uncon tro lled

P ye lo neph ritis  is an acute or chronic inflammation of the 

kidneys that usually begins in the interstitial tissue and then 

spreads to  involve the tubules. Both the acute and chronic forms 

of this disease occur in nondiabetics as well as in diabetics are 

more common in individuals with diabetes, and once affected, 

diabetics also tend to have more severe involvement. One special 

pattern of acute pyelonephritis, n e c ro tiz in g  pap illitis  (or pap

illary necrosis), is much more prevalent in diabetics than in 

nondiabetics.

O c u la r  com plica tio n s  o f d iabetes . Visual impairment, 

sometimes even total blindness, is one of the more feared con

sequences of long-standing diabetes. T h e  o cu la r invo lvem ent 

m ay ta k e  th e  fo rm  o f re tino pa thy , c a ta ra c t fo rm a tio n , o r  

g lau com a. Retinopathy, the most common pattern, consists of 

a constellation of changes that together are considered by many 

ophthalmologists to  be virtually diagnostic of the disease. The 

lesion in the retina takes two forms: nonproliferative retinopathy 

and proliferative retinopathy.

N o n p ro life ra tiv e  re tin o p a th y  includes intraretinal or pre

retinal hemorrhages, retinal exudates, microaneurysms, venous 

dilations, edema, and, most importantly, thickening of the retinal 

capillaries (microangiopathy). The retinal exudates can be “soft” 

(microinfarcts) or “hard” (deposits of plasma proteins and lipids) 

(Fig. 20.32). The microaneurysms are discrete saccular dilations 

of retinal choroidal capillaries that appear through the ophthal

moscope as small red dots. Dilations tend to occur at focal 

points of weakening, resulting from loss of pericytes. Retinal 

edema presumably results from excessive capillary permeability. 

Underlying all of these changes is the microangiopathy, which is 

thought to lead to  loss of capillary pericytes and hence to focal 

weakening of capillary structure.

The so-called p ro life ra tiv e  re tin o p a th y  is a process of 

neovascularization and fibrosis. This lesion leads to serious

Table 20.6 Type 1 Versus Type 2 Diabetes Mellitus

Type 1 D iab e tes  
M ellitus Type 2 D ia b e te s  M ellitus

Clinical

Onset usually in childhood 
and adolescence

Onset usually in adulthood;
increasing incidence in childhood 
and adolescence

Normal weight or weight loss 
preceding diagnosis

Vast majority of patients are obese
(80%)

Progressive decrease in insulin 
levels

Increased blood insulin (early); 
normal or moderate decrease in 
insulin (late)

Circulating islet autoantibodies No islet autoantibodies

Diabetic ketoacidosis in 
absence of insulin therapy

Nonketotic hyperosmolar coma

G enetics

Major linkage to MHC class I 
and II genes; also linked to 
polymorphisms in C T L A 4  

and P T P N 2 2

No HLA linkage; linkage to 
candidate diabetogenic and 
obesity-related genes

Pathogenesis

Breakdown in self-tolerance 
to islet autoantigens

Insulin resistance in peripheral 
tissues, failure of compensation by 
beta cells

Multiple obesity-associated factors 
(circulating nonesterified fatty 
acids, inflammatory mediators, 
adipocytokines) linked to 
pathogenesis of insulin resistance

Pathology

Autoimmune “insulitis” Amyloid deposition in islets (late)

Beta cell depletion, islet 
atrophy

Mild beta cell depletion

H L A , Human leukocyte antigen; M H C , major histocompatibility complex.
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o r poo rly  con tro lled  hyperg lycem ia, a re  sim ilar, a n d  are  
responsib le  for m u ch  of the m o rb id ity  a n d  m orta lity  in  
d iabetics. In  m ost in stances these  com plications ap p ea r 
app rox im ate ly  15 to  20 years after the o n se t of hyp erg ly 
cem ia. The m ajor chronic com plications of the  d isease are  
described  next.
• Macrovascular complications, such as myocardial infarction, 

renal vascular insufficiency, and cerebrovascular accidents, 
are the most common causes of mortality in long-standing 
diabetes. D iabetics have  a tw o  to  four tim es greater 
incidence o f co ronary  a rte ry  disease, a n d  a fourfo ld  
h ig h er risk  of d ea th  from  card iovascu lar com plications, 
th an  nondiabetics. D iabetes is o ften  accom pan ied  by 
u n d e rly in g  cond itions th a t favor the d ev e lo p m en t of 
adverse  card iovascu lar events, in c lu d in g  h y pertension  
a n d  d yslip idem ia  (see earlie r d iscussion  on  m etabolic 
syndrom e). The h a llm ark  of card iovascu lar d isease is 
accelerated  atherosclerosis o f the large- a n d  m ed iu m 
sized  arte ries (i.e., m acrovascu lar d isease). The im p o r
tance o f obesity  in  the p a thogenesis o f in su lin  resistance 
has a lread y  been  d iscussed , b u t it also is a n  in d e p e n d e n t 
risk  factor for d ev e lo p m en t o f atherosclerosis.

• Diabetic nephropathy is a leading cause of end-stage renal 
disease in the United States. The earliest m an ifesta tion  
of d iabetic  n ep h ro p a th y  is the app earan ce  o f sm all 
am o u n ts  o f a lb u m in  in  the  u rin e  (>30 b u t <300 m g /  
day). W ith o u t specific in te rven tions, approx im ate ly  
80% of p a tien ts  w ith  type  1 d iabetes a n d  20% to 40% of 
those w ith  type  2  d iabe tes w ill develop  o v e rt n e p h ro p a 
thy  w ith  m acro a lb u m in u ria  (excretion of >300 m g /d a y )  
over the en su in g  10 to 15 years, u sua lly  accom pan ied  by 
the ap p earan ce  of hypertension . The p rog ression  from  
o v e rt n e p h ro p a th y  to end -stage  rena l d isease is h ighly  
variab le  a n d  is ev idenced  by a p rog ressive  d ro p  in  glo
m eru la r filtra tion  rate. By 20 years after d iagnosis, m ore  
th a n  75% of in d iv id u a ls  w ith  type  1 d iabetes an d  ab o u t 
2 0 % of those w ith  type 2  d iabetes w ith  o v e rt n e p h ro p a 
thy  w ill develop  end -stage  rena l disease, necessita ting  
d ialysis o r  rena l transp lan ta tion .

• Visual impairment, sometimes even total blindness, is one of 
the more feared consequences of long-standing diabetes. Dia
betes is the fou rth  lead ing  cause of acqu ired  b lindness in  
the U nited  States. A pproxim ately  60% to 80% of patien ts 
develop som e form  of d iabetic re tinopathy  approxim ately  
15 to 20 years after diagnosis. The fundam en ta l lesion 
of re tin o p a th y —neovascu lariza tion—is attribu tab le  to 
hypoxia-induced  overexpression of VEGF in  the retina. 
C u rren t trea tm en t for this condition  includes in trav itre 
ous injection of anti-angiogenic agents. In  ad d itio n  to 
retinopathy , d iabetic patien ts also have a n  increased 
p ropensity  for g laucom a an d  cataract form ation, bo th  of 
w hich  contribu te  to v isual im pairm en t in  diabetes.

• Diabetic neuropathy can  p ro d u ce  a varie ty  of clinical syn
d rom es, afflicting the cen tra l n e rv o u s system , p e rip h era l 
sensorim oto r nerves, a n d  au tonom ic  n erv o u s system . 
The m ost freq u en t p a tte rn  of nerve  inv o lv em en t is a 
d ista l sym m etric  p o ly n eu ro p a th y  o f the  low er ex trem i
ties th a t affects b o th  m o to r a n d  sensory  function , p a r 
ticu larly  the la tte r (C hap ter 22). O ver tim e, the  u p p e r  
ex trem ities m ay  be in vo lved  as w ell, th u s  ap p ro x im at
ing  a "g love  a n d  stock ing" p a tte rn  of p o ly n eu ro p a th y . 
O ther fo rm s include au tonom ic  n eu ro p a th y , w h ich

p ro d u ces  d is tu rbances in  bow el a n d  b la d d e r function  
a n d  som etim es sexual im potence, an d  diabetic  m ono 
n eu ro p a th y , w h ich  m ay  m an ifest as su d d e n  foo td rop , 
w ris td ro p , o r iso la ted  cran ia l nerve  palsies.

• D iabetic p a tien ts  are p lag u ed  by a n  increased susceptibil
ity to infections of the skin, tuberculosis, pneumonia, and 
pyelonephritis. Infections cause ab o u t 5% of diabetes- 
re la ted  deaths. In  a n  in d iv id u a l w ith  d iabetic  n eu ro p a 
thy, a triv ia l infection  in  a toe m ay  be the first ev en t in  a 
lo n g  succession o f com plications (gangrene, bacterem ia, 
pneu m o n ia ) th a t m ay  u ltim ate ly  lead  to  death .

Several large-scale p ro spec tive  s tud ies  have  convinc
ing ly  d em o n stra ted  th a t the m icrovascu lar com plications, 
an d  the associa ted  m o rb id ity  a n d  m orta lity , from  d iabetes 
a re  a tte n u a te d  by stric t glycem ic contro l. For p a tien ts  w ith  
type  1  d iabetes, in su lin  rep lacem en t th e rap y  is the  m ain 
stay  of trea tm en t, w h ile  nonpharm aco log ic  ap p roaches 
such  as d ie ta ry  restric tions a n d  exercise (w hich  im proves 
in su lin  sensitiv ity) are o ften  the "firs t line of defense" for 
type  2 d iabetes. M ost p a tien ts  w ith  type  2 d iabe tes ev en tu 
ally  req u ire  the rapeu tic  in te rv en tio n  to  reduce  hyperg lyce
m ia. G lycem ic con tro l is assessed  clinically by  m easu rin g  
the  percen tage  of g lycosy lated  hem oglobin , also  kn o w n  
as HbA1C, w h ich  is fo rm ed  by n o nenzym atic  a d d itio n  of 
g lucose m oieties to  hem oglob in  in  re d  cells. U nlike b lood 
g lucose levels, H bA 1C  is a m easu re  of glycem ic contro l 
over long  p e rio d s  of tim e (2-3 m onths) a n d  is relatively  
unaffected  by day -to -day  varia tions. The A D A  recom 
m e n d s  m ain tenance  of H bA 1C  levels a t less th a n  7% to 
reduce  the risk  for long -te rm  com plications. In  add ition , 
d iabetics need  to  m ain ta in  LDL a n d  H D L cholestero l an d  
trig lycerides a t op tim al levels to  red u ce  the risk  for m ac
rovascu lar com plications. The a d o p tio n  of a hea lthy  and  
active lifestyle rem ains one o f the  best defenses ag a in st th is 
m o d ern  d ay  scourge.

A  S U M M A R Y

D IA B E T E S  M E L L IT U S : P A T H O G E N E S IS  A N D  L O N G 

T E R M  C O M P L IC A T IO N S

• Type 1 diabetes is an autoimmune disease characterized by 

progressive destruction of islet beta cells, leading to absolute 

insulin deficiency. Both autoreactive T  cells and autoantibodies 

are involved.

• Type 2 diabetes is caused by insulin resistance and beta cell 

dysfunction, resulting in relative insulin deficiency. Autoimmu

nity is not involved.

• Obesity has an important relationship with insulin resistance 

(and hence type 2 diabetes), mediated by various factors, 

including excess free fatty acids, aberrant levels of adipokines, 

and an altered inflammatory milieu within adipose tissue.

• Monogenic forms of diabetes are uncommon and are caused 

by single-gene defects that result in primary beta cell dys

function or lead to  abnormalities of insulin-insulin receptor 

signaling.

• The long-term complications of diabetes are similar in all types 

and affect mainly blood vessels, and the kidneys, nerves, and eyes. 

The development of these complications is attributed to three 

underlying mechanisms: formation of AGEs, activation of PKC, 

and disturbances in polyol pathways leading to oxidative stress.
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PANCREATIC NEURO ENDO CRINE  
TUMORS

Pancreatic neuroendocrine tumors (PanNETs), also  k n o w n  as 
islet cell tumors, are  ra re  in  com parison  w ith  tu m o rs of the 
exocrine pancreas, accoun ting  for on ly  2 % of all pancre 
atic neop lasm s. P anN E T s are  m ost com m on  in  a d u lts  an d  
m ay  be single o r m ultifocal; w h e n  they  are  m alignan t, the 
liver is the m o st com m on site of m etastases. These tum ors 
have  a p ro p en sity  to  e laborate  pancreatic  horm ones, b u t 
som e are nonfunctional. The la tte r typically  a re  la rger a t 
the tim e of d iagnosis, since they  com e to clinical a tten 
tion  la te r in  their n a tu ra l h isto ry  th a n  functional PanN ETs, 
w h ich  o ften  p re sen t w ith  sym ptom s re la ted  to  excessive 
ho rm one p roduction . A ll PanN ETs, w ith  the  exception  of 
in su linom as (see later), a re  re g a rd ed  as h av in g  m alig n an t 
po ten tia l, a n d  in  fact, 60% to 90% of P anN E T s m an ifest 
w ith  o vertly  m alig n an t fea tu res o f biologic aggressiveness, 
such  as invasion  in to  local tissues or d is ta n t m etastases. 
The tu m o rs frequen tly  have  m u ta tio n s  in  tu m o r su p p res 
sor genes MEN1 a n d  PTEN, o r inac tiva ting  m u ta tio n s 
in  genes (e.g. ATRX) w hose  p ro d u c ts  m ain ta in  telom ere 
length .

Insulinomas

Beta cell tu m o rs (insu linom as) are the m ost com m on 
type  of PanN E T  a n d  e laborate  sufficient in su lin  to  induce  
attacks of hypog lycem ia w h e n  b lood  g lucose levels fall 
below  50 m g /d L . These a ttacks m an ifest as confusion, 
stupo r, a n d  loss o f consciousness. T hey are p rec ip ita ted  
by fasting  o r exercise a n d  are  p ro m p tly  re lieved  by  feed ing  
o r p a ren te ra l ad m in is tra tio n  of glucose. M ost in su linom as 
are  cu red  by surg ical resection.

M O R P H O L O G Y

The majority of insulinomas are identified while they are small 

(<2 cm in diameter) and localized to the pancreas. Most are 

solitary lesions, although multifocal tumors or tumors ectopic 

to  the pancreas may be encountered. Malignancy in insulinomas 

occurs in less than 10% of cases, and is diagnosed on the basis 

of local invasion or metastases. On histologic examination, the 

benign tumors look remarkably like giant islets, with preserva

tion of the regular cords of monotonous cells and their ori

entation to  the vasculature. Malignant lesions also tend to  be 

well-differentiated and may be deceptively encapsulated. D e p o 

sition  o f am ylo id  is a characteristic feature of many insulino

mas (Fig. 20.33). Under the electron microscope, neoplastic beta 

cells, like their normal counterparts, display distinctive round 

granules.

Fig. 20.33 Pancreatic neuroendocrine tumor (PanNET), also called is le t  c e l l 

tu m o r .  The neoplastic cells are monotonous in appearance and demonstrate 
minimal pleomorphism or mitotic activity. There is abundant amyloid deposi
tion, characteristic of an insulinoma.

Gastrinomas
M arked  hypersecretion  of gastrin  usually  has its o rig in  in  
gastrin -p roducing  tum ors (gastrinomas), w hich  are ju s t as 
likely to arise in  the d u o d e n u m  an d  peripancreatic  soft 
tissues as in  the pancreas (the so-called "gastrinom a tri
angle"). The Zollinger-Ellison syndrome refers to the association 
of pancreatic islet cell lesions with hypersecretion of gastric acid 
and severe peptic ulceration, p resen t in  90% to 95% of patien ts 
w ith  gastrinom as. H ypergastrinem ia from  a pancreatic or 
du o d en a l tu m o r stim ulates extrem e gastric acid secretion, 
w hich, in  tu rn , causes peptic ulceration. The d uodenal and  
gastric ulcers often  are m ultiple; a lthough  they are identi
cal to those found  in  the general popu lation , they often  are 
unresponsive  to u su a l therapy . In  addition , u lcers m ay  occur 
in  u n u su a l locations such as the jejunum ; w h en  intractable 
jejunal ulcers are  found , Zollinger-Ellison syndrom e should  
be considered. M ore th an  one-half of affected patien ts have 
d iarrhea; in  30%, it is the p resen ting  m anifestation.

M O R P H O L O G Y

Gastrinomas may arise in the pancreas, the peripancreatic region, or 

the wall of the duodenum. O v e r  one-ha lf o f gastrin -producing  

tu m o rs  a re  locally invasive o r  have a lready  m etastasized  

a t  th e  t im e  o f diagnosis. In approximately 25% of patients, gas

trinomas arise in conjunction with other endocrine tumors, thus 

conforming to the MEN-1 syndrome (discussed later); M E N -1- 

associated gastrinomas frequently are multifocal, while sporadic 

gastrinomas usually are single. As with insulin-secreting tumors of 

the pancreas, gastrin-producing tumors are histologically bland and 

rarely exhibit marked anaplasia.

Adrenal Cortex

The ad ren a l g lan d s are  p a ire d  endocrine  o rgans consist
ing  of tw o reg ions, the  cortex  a n d  m edu lla , w h ich  differ 
in  their developm en t, struc tu re , a n d  function . The cortex

consists o f th ree  layers o f d istinct cell types. B eneath  the 
capsu le  of the ad ren a l g land  is the  n a rro w  layer o f zona  
g lom eru losa . A n  equally  n a rro w  zona  re ticu laris  ab u ts  the
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m edu lla . In te rv en in g  is the b ro ad  zo n a  fasciculata, w h ich  
m akes u p  ab o u t 75% of the to ta l cortex.

The ad ren a l cortex syn thesizes th ree  d ifferen t types of 
stero ids:
• Glucocorticoids (principally  cortisol), syn thesized  p ri

m arily  in  the  zo n a  fasciculata, w ith  a sm all con tribu tion  
from  the zona  re ticu laris

• Mineralocorticoids, the m o st im p o rtan t being  a ldoste 
rone, g enera ted  in  the  zona  g lom eru losa

• Sex steroids (estrogens a n d  androgens), p ro d u c e d  largely  
in  the zona  re ticu laris

The adrenal medulla is com posed  of chrom affin  cells, 
w h ich  syn thesize  a n d  secrete catecholamines, m ain ly  ep i
n eph rine . This section  deals first w ith  d iso rd ers  o f the 
a d ren a l cortex a n d  th en  of the m edu lla . D iseases of the 
a d ren a l cortex  can  be conven ien tly  d iv id ed  in to  those  asso 
c ia ted  w ith  cortical h y p erfu n c tio n  or hypofunction .

A D R ENO CO RTICAL
HYPERFUNCTION:
HYPERADRENALISM

T here a re  th ree  d istinctive  h y p e rad ren a l clinical syn 
d rom es, each  caused  by  ab n o rm al p ro d u c tio n  of one or

m ore of the  h o rm ones p ro d u c e d  by  the  th ree  layers of the 
cortex:
• Cushing syndrome, charac terized  by  a n  excess of cortiso l
• Hyperaldosteronism, caused  by  a n  excess of m ineralocor- 

ticoid
• Adrenogenital or virilizing syndromes, caused  by an  excess 

o f an d ro g en s

The clinical fea tu res of som e of these synd rom es show  
som e sim ilarities because of the  shared  functions o f ad ren a l 
stero ids.

Hypercortisolism: Cushing Syndrome * •

H y p e rc o r t is o lis m  (C u s h in g  s y n d ro m e ) is caused  b y  e le 

v a te d  g lu c o c o rtic o id  le v e ls . In  clinical p ractice, the vast 
m ajority  of cases of C ush in g  synd rom e are  the resu lt of 
ad m in is tra tio n  of exogenous g lucocortico ids (iatrogenic). 
The rem ain in g  cases a re  endogenous, a n d  the th ree  m ost 
com m on  d iso rd ers  a re  as follow s (Fig. 20.34):
• P rim ary  h y p o th a lam ic-p itu ita ry  d iseases associated  

w ith  hypersecre tion  of A CTH
• Secretion of ectopic A C TH  by n o n p itu ita ry  neop lasm s
• P rim ary  ad renocortica l n eop lasm s (adenom a o r carci

nom a) and , rarely , p rim ary  cortical hy p erp lasia

Primary hypothalamic-pituitary disease associated with 
hypersecretion of ACTH, also  k n o w n  as Cushing disease,

PITUITARY CUSHING SYNDROME

Cortisol

Adrenal hyperplasia

PARANEOPLASTIC CUSHING SYNDROME

ACTH
Cortisol

Lung cancer 
(or other nonendocrine 

cancer)

Adrenal hyperplasia

ADRENAL CUSHING SYNDROME

Cortisol Cortisol

Tumor Nodular hyperplasia

IATROGENIC CUSHING SYNDROME

Fig. 20.34 Schematic representation of the various forms of Cushing syndrome: The three endogenous forms, as well as the more common exogenous 
(iatrogenic) form. A C T H , Adrenocorticotropic hormone.

http://ebooksmedicine.net

http://ebooksmedicine.net


786 C H A P T E R  20 Endocrine System

accoun ts for app rox im ate ly  70% of cases of spon taneous, 
en d o g en o u s  C u sh in g  syndrom e. The prevalence  of th is 
d iso rd e r is a b o u t fo u r tim es h igher am o n g  w o m en  than  
am o n g  m en, a n d  it occurs m ost frequen tly  d u rin g  y o u n g  
a d u lth o o d  (the tw en ties a n d  th irties). In  the  v as t m ajority  of 
cases, the pituitary gland contains an ACTH-producing micro
adenoma th a t does n o t p ro d u ce  m ass effects in  the brain . In 
som e cases there  is a m ic roadenom a a n d  rarely , the an te 
rio r p itu ita ry  con tains a reas  of corticotroph cell hyperplasia 
w ith o u t a  d iscre te  adenom a. C ortico troph  cell hy p erp lasia  
m ay  be p rim ary  or, m u ch  less com m only , secondary  to 
excessive A C TH  release by  a h y p o tha lam ic  co rtico trop in 
re leasing  ho rm o n e  (C R H )-p ro d u c in g  tum or. The ad ren a l 
g lands in  p a tien ts  w ith  C ush in g  d isease show  variab le  
degrees of b ila tera l n o d u la r  cortical h yperp lasia  (d iscussed  
later), secondary  to  the e leva ted  levels of A C TH  ("A CTH - 
d e p en d en t"  C ush in g  syndrom e). The cortical hy p erp lasia  
is, in  tu rn , responsib le  for the  hypercortiso lism .

Secretion of ectopic ACTH by n o n p itu ita ry  tum ors 
accounts for ab o u t 10% of cases of C ush in g  syndrom e. In 
m any  instances the responsib le  tu m o r is a  small-cell carci
noma of the lung, a lth o u g h  o th er n eop lasm s, in c lu d in g  carci
no ids, m ed u lla ry  carcinom as of the  thy ro id , a n d  PanN ETs, 
have been  associa ted  w ith  the syndrom e. In  a d d itio n  to 
tum ors th a t e laborate  ectopic A CTH , occasional n eu ro en 
docrine neop lasm s p ro d u ce  ectopic CRH, w hich , in  tu rn , 
causes A C TH  secretion  a n d  hypercortiso lism . A s in  the 
p itu ita ry  v arian t, the  a d re n a l g lan d s u n d e rg o  b ilateral 
cortical h yperp lasia  secondary  to  e leva ted  A CTH , b u t the 
ra p id  do w n h ill course of p a tien ts  w ith  these cancers often  
cu ts sh o rt the  a d re n a l en largem ent.

Primary adrenal neoplasms, such  as ad ren a l ad en o m a 
a n d  carcinom a, a n d  rare ly , primary cortical hyperplasia, are  
responsib le  for ab o u t 15% to 20% of cases of en d o g en o u s 
C u sh in g  syndrom e, also  desig n a ted  ACTH-independent 
Cushing syndrome, because the  ad ren a ls  function  a u to n o 
m ously . The b iochem ical h a llm ark  of a d ren a l C ush in g  syn 
d rom e is e leva ted  levels o f cortisol a n d  low  se ru m  levels 
of ACTH . In  m ost cases, ad ren a l C ush in g  synd rom e is 
caused  by a u n ila te ra l ad renoco rtica l neop lasm , w h ich  
m ay  be ben ign  (adenom a) o r m alig n an t (carcinom a). 
P rim ary  cortical h yperp lasia  o f the  a d ren a l cortices is a 
ra re  cause of C u sh in g  syndrom e. T here a re  tw o  varian ts  
of th is entity; the  first p resen ts  as m acronodu les  of v a ry in g  
sizes (typically  less th a n  3 cm  in  d iam eter) a n d  the second 
as m icronodu les (1-3 m m ).

M O R P H O L O G Y

The main lesions of Cushing syndrome are found in the pitu

itary and adrenal glands. The p itu ita ry  in Cushing syndrome 

shows changes that vary with different causes. The most 

common alteration, resulting from high levels of endogenous or 

exogenous glucocorticoids, is termed Crooke hyaline change. 

In this condition, the normal granular, basophilic cytoplasm of 

the ACTH-producing cells in the anterior pituitary is replaced 

by homogeneous, lightly basophilic material. This alteration is 

the result of the accumulation of intermediate keratin filaments 

in the cytoplasm. In pituitary Cushing syndrome, there is an 

adenoma (described under diseases of the pituitary).

Fig. 20.35 Diffuse hyperplasia of the adrenal gland ( b o t to m )  contrasted with 
a normal adrenal gland ( to p ) . In a cross-section, the adrenal cortex is yellow 
and thickened, and a subtle nodularity is evident. The abnormal gland was 
from a patient with ACTH-dependent Cushing syndrome, in whom both 
adrenal glands were diffusely hyperplastic. A C T H ,  Adrenocorticotropic 
hormone.

Morphologic changes in the adrenal glands also depend on the 

cause of the hypercortisolism and include: (1) cortical atrophy, 

(2) diffuse hyperplasia, (3) macronodular or micronodular hyper

plasia, or (4) an adenoma or carcinoma.

In patients in whom the syndrome results from exogenous 

glucocorticoids, suppression of endogenous A C TH  results in 

bilateral co rtic a l a trophy, due to a lack of stimulation of the 

zona fasciculata and zona reticularis by A CTH.The zona glomeru- 

losa is of normal thickness in such cases, because this portion 

of the cortex functions independently of A C TH . In cases of 

endogenous hypercortisolism, by contrast, the adrenals either 

are hyperplastic or contain a cortical neoplasm.

D iffuse hyperp lasia  is found in patients with A C TH - 

dependent Cushing syndrome (Fig. 20.35). Both glands are 

enlarged, either subtly or markedly, each weighing up to  30 g. 

The adrenal cortex is diffusely thickened and variably nodular, 

although the latter is not as pronounced as in cases of A C TH - 

independent nodular hyperplasia. The yellow color of diffusely 

hyperplastic glands derives from the presence of lip id -rich  cells, 

which appear vacuolated under the microscope.

In p r im a ry  c o rtica l hyperp lasia , the cortex is replaced 

almost entirely by m acron od ules  or 1- to 3-mm darkly pig

mented m icron od ules  (Fig. 20.36). The pigment is believed to  

be lipofuscin, a wear-and-tear pigment (Chapter 2).

Fun ctio na l adenom as o r  carc inom as of the adrenal 

cortex are not morphologically distinct from nonfunctioning 

adrenal neoplasms (discussed later). Both the benign and malig

nant lesions are more common in women in their thirties to  

fifties.Adrenocortical adenom as are yellow tumors surrounded 

by thin or well-developed capsules, and most weigh less than 30 g 

(Fig. 20.37A). On microscopic examination, they are composed 

of cells similar to those encountered in the normal zona fascicu

lata (see Fig. 20.37B). The carc inom as associated with Cushing 

syndrome, by contrast, tend to  be larger than the adenomas.
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Fig. 20.36 (A) Primary pigmented nodular adrenocortical hyperplasia showing prominent pigmented nodules in the adrenal gland. (B) On histologic examina
tion, the nodules are composed of cells containing lipofuscin pigment, seen in the right part of the field. ( P h o to g r a p h s  c o u r te s y  o f  D r .  A id a n  C a rn e y ,  D e p a r t m e n t  

o f  M e d ic in e ,  M a y o  C l in ic ,  R o c h e s te r ,  M in n e s o ta . )

These tumors are nonencapsulated masses frequently exceeding 

200 to 300 g in weight, having all of the anaplastic characteris

tics of cancer, as detailed later. W ith  functioning tumors, both 

benign and malignant, the adjacent adrenal cortex and that of the 

contralateral adrenal gland are atrophic, as a result of suppres

sion of endogenous AC TH  by high cortisol levels.

C lin ica l Features

The signs a n d  sym ptom s of C u sh in g  sy n d ro m e rep re 
sen t a n  exaggera tion  of the  k n o w n  actions of g lucocorti
coids. C ush in g  sy n d ro m e u su a lly  develops g rad u a lly  and , 
like m an y  o ther endocrine  abnorm alities, m ay  be qu ite  
sub tle  in  its early  stages. A  m ajor exception  to  th is in sid i
ous onse t is C ush in g  synd rom e associa ted  w ith  sm all
cell carcinom as of the  lung , w h e n  the ra p id  course  of the 
u n d e rly in g  d isease p rec ludes d ev e lo p m en t of m an y  of the

characteristic  features. Early m an ifesta tions of C ush in g  
sy n d ro m e inc lude  hypertension a n d  weight gain. W ith  tim e, 
the m ore  characteristic  cen tripe ta l red is trib u tio n  of ad ipose  
tissue becom es ap p aren t, w ith  re su lta n t trunca l obesity , 
"m o o n  facies," a n d  accum ula tion  of fa t in  the  posterio r 
neck an d  back ("buffalo  h u m p "). H ypercortiso lism  causes 
selective a tro p h y  of fast-tw itch  (type II) m yofibers, w ith  
re su ltan t decreased  m uscle  m ass an d  p rox im al lim b w eak 
ness. G lucocorticoids induce  g luconeogenesis a n d  inh ib it 
the u p tak e  of glucose by cells, re su ltin g  in  secondary  d ia
betes w ith  its a tte n d a n t hyperglycemia, glucosuria, a n d  poly
dipsia. The catabolic effects of in su lin  resistance on  p ro te in s  
cause loss o f collagen. T hus, the sk in  is th in , fragile, and  
easily  b ru ised ; cutaneous striae are  p articu larly  com m on  in  
the ab d o m in a l a rea  (Fig. 20.38). C ortiso l also  has d iverse  
effects on  calcium  m etabo lism  th a t lead  to reso rp tio n  of 
bone, w h ich  resu lts  in  the  d ev e lo p m en t o f osteoporosis, w ith  
consequen t increased  suscep tib ility  to  fractures. Because

Fig. 20.37 Adrenocortical adenoma. (A) The adenoma is distinguished from nodular hyperplasia by its solitary, circumscribed nature. The functional status 
of an adrenocortical adenoma cannot be predicted from its gross or microscopic appearance. (B) Histologic features of an adrenal cortical adenoma. The 
neoplastic cells are vacuolated because of the presence of intracytoplasmic lipid. There is mild nuclear pleomorphism. Mitotic activity and necrosis are not 
seen.
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Fig.20.38 A patient with Cushing syndrome. Characteristic features include 
central obesity, “moon facies,” and abdominal striae. ( R e p r o d u c e d  w i th  p e r m is 

s io n  f r o m  L lo y d  RV, e t  a l : Atlas of nontumor pathology: endocrine diseases. 
W a s h in g to n ,  D C ,  A m e r ic a n  R e g is t r y  o f  P a th o lo g y ,  2 0 0 2 . )

glucocortico ids su p p ress  the im m u n e  response, pa tien ts  
w ith  C ush in g  synd rom e also  a re  a t increased  risk  for a 
va rie ty  of infections. A d d itio n a l m an ifesta tions inc lude  
hirsutism a n d  menstrual abnormalities, as w ell as a n u m b er 
of psychiatric symptoms in c lu d in g  m ood  sw ings, dep res 
sion, a n d  fran k  psychosis. E x traad renal C ush in g  synd rom e 
caused  by  p itu ita ry  o r ectopic A C TH  secretion  u sually  is 
associa ted  w ith  increased  sk in  p ig m en ta tio n  secondary  to 
m elanocy te-stim ula ting  activ ity  in  the A C TH  p recu rso r 
m olecule.

In  p itu ita ry  a n d  ectopic C ush in g  syndrom e, A CTH  
levels are e levated  a n d  the u rin e  is charac terized  by h igh  
levels o f excreted  corticostero ids. In  con trast, A C TH  levels 
a re  low  in  C ush ing  synd rom e secondary  to  a d ren a l tum ors.

f t  S U M M A R Y

H Y P E R C O R T IS O L IS M  (C U S H IN G  S Y N D R O M E )

• The most common cause of hypercortisolism is exogenous 

administration of steroids.

• Endogenous hypercortisolism most often is secondary to an 

ACTH-producing pituitary microadenoma ( C u s h i n g  d is e a s e ) ,  

followed by primary adrenal neoplasms ( A C T H - in d e p e n d e n t  

hypercortisolism) and paraneoplastic A C TH  production by 

tumors (e.g., small-cell lung cancer).

• The morphologic features in the adrenal include bilateral cor

tical atrophy (in exogenous steroid-induced disease), bilateral 

diffuse or nodular hyperplasia (most common finding in endog

enous Cushing syndrome), or an adrenocortical neoplasm.

Hyperaldosteronism

H y p e ra ld o s te ro n is m  is  th e  g en e ric  te r m  fo r  a  g ro u p  

o f  c lo s e ly  re la te d  c o n d it io n s  c h a ra c te rize d  b y  ch ro n ic  

excess a ld o s te ro n e  secre tio n . H y p era ld o ste ro n ism  m ay  be 
p rim ary , o r it m ay  be secondary  to  a n  ex traad ren a l cause.

Primary hyperaldosteronism refers to  a u to n o m o u s over
p ro d u c tio n  of a ldosterone  w ith  re su lta n t su p p ress io n  of 
the  ren in -ang io tensin  system  a n d  decreased  p lasm a  ren in  
activ ity . The causes of p rim ary  h y p era ld o ste ro n ism  are as 
fo llow s (Fig. 20.39):
• Bilateral idiopathic hyperaldosteronism, charac terized  by 

b ila tera l n o d u la r  hy p erp lasia  o f the  ad ren a l g lands. 
This is the m ost com m on  u n d e rly in g  cause of p rim ary  
h y pera ldoste ron ism , accoun ting  for ab o u t 60% of 
cases. The p a thogenesis  o f id iopath ic  h y p era ld o ste r
on ism  is unclear, a lth o u g h  a subse t harbo rs g erm  line 
m u ta tio n s in  the KCNJ5 gene, w h ich  encodes a p o tas 
s iu m  channel p ro te in  th a t is expressed  in  the ad ren a l 
g land .

• Adrenocortical neoplasm, e ithe r a n  a ldo ste ro n e-p ro d u c in g  
ad en o m a (the m ost com m on  cause) or, rarely , a n  ad re 
nocortical carcinom a. In  app rox im ate ly  35% of cases, 
p rim ary  h y p era ld o ste ro n ism  is caused  by  a so litary  
a ldosterone-secreting  adenom a, a cond ition  re ferred  
to as Conn syndrome. Som atic m u ta tio n s  of KCNJ5 (see 
earlier) are also  p re sen t in  a  subse t o f a ldosterone- 
secreting  adenom as.

• R arely, fam ilial h y p era ld o ste ro n ism  m ay  re su lt from  a 
genetic defect th a t leads to  overactiv ity  of the aldosterone 
synthase gene, CYP11B2.

PRIMARY HYPERALDOSTERONISM

Most common 
cause

Idiopathic
hyperaldosteronism

Second most 
common cause

Adenoma

Aldosterone

Renal
tubule

K moves from 
bloodstream into 
tubule and is excreted

Blood
vessel

Na is reabsorbed 
from tubular urine 
back into 
bloodstream

HYPERTENSION

Fig. 20.39 The major causes of primary hyperaldosteronism and its princi
pal effects on the kidney.

http://ebooksmedicine.net

http://ebooksmedicine.net


Adrenocortical Hyperfunction: Hyperadrenalism 789

In  secondary hyperaldosteronism, a ldosterone  release 
occurs in  response  to  ac tiva tion  of the  ren in -ang io tensin  
system . This cond ition  is charac terized  by  increased levels 
of plasma renin an d  is enco u n te red  in  associa tion  w ith  the 
follow ing:
• D ecreased  ren a l p e rfu sio n  (arterio lar nephrosclerosis, 

ren a l a rte ry  stenosis)
• A rteria l hypovo lem ia  a n d  ed em a (congestive h ea rt 

failure, cirrhosis, neph ro tic  syndrom e)
• P regnancy  (caused  by  es trogen -induced  increases in  

p lasm a ren in  substra te)

M O R P H O L O G Y

A ld o s te ro n e -p ro d u c in g  adenom as are almost always soli

tary, small (<2 cm in diameter), well-circumscribed lesions. They 

are bright yellow on cut section and, surprisingly, are composed 

of lipid-laden cortical cells more closely resembling fasciculata 

cells than glomerulosa cells (the normal source of aldosterone). 

In general, the cells tend to be uniform in size and shape; occa

sionally there is some nuclear and cellular pleomorphism. A  

characteristic feature of aldosterone-producing adenomas is 

the presence of eosinophilic, laminated cytoplasmic inclusions, 

known as s p i r o n o l a c t o n e  b o d i e s .  These typically are found 

after treatment with the anti-hypertensive agent spironolactone, 

which is the drug of choice in primary hyperaldosteronism. In 

contrast with cortical adenomas associated with Cushing syn

drome, those associated with hyperaldosteronism do not usually 

suppress A C TH  secretion.Therefore, the adjacent adrenal cortex 

and that of the contralateral gland are not atrophic. B ila te ra l 

id io path ic  hyperp lasia  is marked by diffuse or focal hyperpla

sia of cells resembling those of the normal zona glomerulosa.

C lin ica l Features

The most important clinical consequence of hyperaldoster
onism is hypertension. W ith  an  estim ated  prevalence  rate  
o f 5% to 10% am o n g  unse lec ted  hyp erten siv e  patien ts, 
p rim ary  h y p era ld o ste ro n ism  m ay  be the m ost com m on 
cause of secondary  h y p erten sio n  (i.e., h y p erten sio n  sec
o n d a ry  to  an  iden tifiab le cause). The long-te rm  effects 
of h y p era ld o ste ro n ism -in d u ced  h y p erten sio n  are  card io 
vascu lar com prom ise  (e.g., left v en tricu lar h y p e rtro p h y  
an d  red u ced  d iasto lic  vo lum es) a n d  a n  increase in  the 
prevalence  of ad v erse  even ts such  as stroke a n d  m yocar
d ia l infarction . Hypokalemia resu lts  from  ren a l p o tassiu m  
w astin g  and , w h e n  p resen t, can  cause a varie ty  of n eu 
ro m u scu la r m an ifesta tions, in c lu d in g  w eakness, p a resth e 
sias, v isua l d istu rbances, a n d  occasionally  frank  tetany. 
H ypo k a lem ia  w as  considered  a m a n d a to ry  fea tu re  of 
p rim ary  h ypera ldosteron ism , b u t a lm ost 50% of norm o- 
kalem ic p a tien ts  a re  now  being  d iag n o sed  largely  d u e  to 
early  detection .

In  p rim ary  h ypera ldosteron ism , the  th e rap y  varies 
accord ing  to  cause. A denom as are  am enab le  to surgical 
excision. By con trast, surg ical in te rv en tio n  is n o t very  ben 
eficial in  p a tien ts  w ith  p rim ary  h y p era ld o ste ro n ism  d u e  
to b ila tera l hyperp lasia , w h ich  o ften  occurs in  ch ild ren  
an d  y o u n g  adu lts . These p a tien ts  are  best m an ag ed  m ed i
cally w ith  a n  aldosterone antagonist such  as sp ironolactone. 
The trea tm en t of secondary  h y p era ld o ste ro n ism  rests on

correcting  the  u n d e rly in g  cause of the  ren in -ang io tensin  
system  hyperstim u la tion .

Adrenogenital Syndromes
A d re n o g e n ita l syn d ro m e s  re fe r  to  a  g ro u p  o f  d is o rd ers  

caused  b y  a n d ro g e n  excess, w h ic h  m a y  s te m  f r o m  a  

n u m b e r  o f  e tio lo g ie s , in c lu d in g  p r im a r y  g o n a d a l d is o r

ders  a n d  severa l p r im a r y  a d re n a l d is o rd e rs . The ad ren a l 
cortex  secretes tw o  co m p o u n d s  — d eh y d ro ep ian d ro s te ro n e  
a n d  a n d ro s te n e d io n e —w h ich  req u ire  conversion  to  testos
terone in  p e rip h e ra l tissues for their and rogen ic  effects. 
U nlike g o n ad a l an d ro g en s, a d ren a l an d ro g e n  fo rm ation  is 
reg u la ted  by  ACTH; thus, excessive secretion  can  p re sen t 
as a n  iso la ted  synd rom e o r in  com bination  w ith  fea tu res 
of C u sh in g  disease. The a d ren a l causes of a n d ro g en  excess 
include adrenocortical neoplasms a n d  a n  unco m m o n  g roup  
of d iso rd ers  collectively desig n a ted  congenital adrenal 
hyperplasia (CAH). A drenocortical neop lasm s associated  
w ith  sym ptom s of a n d ro g en  excess (virilization) are  m ore 
likely to  be carcinom as th an  adenom as. They are  m or
phologically  iden tical to  o ther functional o r nonfunctional 
cortical neoplasm s.

C A H  re p resen ts  a  g ro u p  o f  a u to s o m a l recessive  d is 

o rd ers , each c h a ra c te rize d  b y  a  h e re d ita ry  d e fe c t in  a n  

e n z y m e  in v o lv e d  in  a d re n a l s te ro id  b io s y n th e s is , p a r

t ic u la r ly  co rtis o l. In  these conditions, decreased  cortiso l 
p ro d u c tio n  resu lts  in  a com pensa to ry  increase in  A C TH  
secretion  d u e  to  absence of feedback  inh ib ition . The resu l
tan t ad ren a l hy p erp lasia  causes increased  p ro d u c tio n  of 
cortiso l p recu rso r stero ids, w h ich  are  th en  channeled  in to  
syn thesis of an d ro g en s  w ith  v iriliz ing  activ ity . C erta in  
enzym e defects also  m ay  im p a ir a ldosterone  secretion, 
a d d in g  salt loss to  the v iriliz ing  syndrom e. The most 
common enzymatic defect in CAH is 21-hydroxylase deficiency, 
w h ich  accounts for m ore  th a n  90% of cases. 21-hydroxylase 
deficiency m ay  range  in  degree  from  a to ta l lack to  a m ild  
loss, d e p e n d in g  o n  the  n a tu re  of the u n d e rly in g  m u ta tion . 
In  the a d ren a l g lands cortisol, a ldosterone  an d  sex stero ids 
are  syn thesized  from  cholestero l th ro u g h  vario u s in te rm e
diates. 2 1 -hydroxy lase  is req u ired  for syn thesis of cortiso l 
an d  a ldosterone  b u t n o t sex stero ids. T hus, a deficiency 
of th is enzym e red u ces cortiso l a n d  a ldosterone  syn thesis 
an d  sh u n ts  the  com m on  p recu rso rs  in to  the sex stero id  
p a thw ay .

M O R P H O L O G Y

In all cases of C A H , the adrenals are hyperp lastic  b ila te ra lly , 

sometimes expanding to  10 to  15 times their normal weights. 

The adrenal cortex is thickened and nodular, and on cut section, 

the widened cortex appears brown as a result of depletion of 

lipid. The proliferating cells mostly are compact, eosinophilic cells 

intermixed with lipid-laden clear cells. Hyperplasia of cortico- 

troph (ACTH-producing) cells is present in the anterior pituitary 

in most patients.

C lin ica l Features

The clinical m an ifesta tions of C A H  are  d e te rm in ed  by 
the specific enzym e deficiency a n d  inc lude  abnorm alities
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re la ted  to a n d ro g en  excess, w ith  o r w ith o u t a ldosterone  
a n d  glucocorticoid  deficiency. D ep en d in g  o n  the n a tu re  
a n d  severity  of the enzym atic  defect, the o n se t of clinical 
sym ptom s m ay  occur in  the  p e rin a ta l period , la te r ch ild 
hood , o r (less com m only) ad u lth o o d .

In  21-hydroxylase deficiency, excessive and rogen ic  
activ ity  causes signs o f m ascu lin iza tion  in  fem ales, ran g in g  
from  clitoral h y p e rtro p h y  a n d  p se u d o h e rm a p h ro d itism  in 
in fan ts to  o ligom enorrhea, h irsu tism , an d  acne in  p o s tp u 
berta l girls. In  m ales, a n d ro g en  excess is associa ted  w ith  
en la rg em en t of the ex ternal gen ita lia  a n d  o th e r evidence 
of p recocious p u b e rty  in  y o u n g  pa tien ts. M ost m en  w ith  
C A H  are  fertile b u t som e h av e  failu re of L eydig  cell devel
o p m e n t a n d  o ligosperm ia. In  app rox im ate ly  o n e-th ird  of 
in d iv id u a ls  w ith  2 1 -hydroxy lase  deficiency, the enzym atic  
defect is severe e n o u g h  to  p ro d u ce  a ldosterone  deficiency, 
w ith  re su ltan t salt (sod ium ) w asting . C oncom itan t cortiso l 
deficiency places in d iv id u a ls  w ith  C A H  a t risk  for acu te  
a d ren a l insufficiency (d iscussed  later).

C A H  shou ld  be su spec ted  in  any  neonate  w ith  am big 
u o u s  genitalia. Severe enzym e deficiency in  infancy can 
be a life -th rea ten ing  condition , w ith  vom iting , d eh y d ra 
tion, a n d  salt w asting . In  the  m ild er varian ts, w o m en  m ay 
p re se n t w ith  d e layed  m enarche, o ligom enorrhea, o r h irsu t
ism . In  all cases, an  a n d ro g en -p ro d u c in g  o varian  n eop lasm  
m u s t be excluded . T rea tm en t of C A H  is w ith  exogenous 
g lucocorticoids, w h ich , in  ad d itio n  to p ro v id in g  ad eq u a te  
levels o f glucocorticoids, also  su p p ress  A C TH  levels, 
thereby  decreasing  the  excessive syn thesis o f the stero id  
h o rm ones responsib le  for m an y  of the clinical abnorm ali
ties. M ineralocortico id  su p p lem en ta tio n  is req u ired  in  the 
sa lt-w asting  v arian ts  of C A H .

®  S U M M A R Y

A D R E N O G E N IT A L  S Y N D R O M E S

• The adrenal cortex can secrete excess androgens in either of 

two settings: adrenocortical neoplasms (usually v i r i l i z i n g  carci

nomas) or congenital adrenal hyperplasia (C A H ).

• CAH consists of a group of autosomal recessive disorders 

characterized by defects in steroid biosynthesis, usually corti

sol; the most common subtype is caused by deficiency of the 

enzyme 21-hydroxylase.

• Reduction in cortisol production causes a compensatory 

increase in AC TH  secretion, which in turn stimulates androgen 

production. Androgens have virilizing effects, including mas- 

culinization in females (ambiguous genitalia, oligomenorrhea, 

hirsutism), precocious puberty in males, and, in some instances, 

salt (sodium) wasting and hypotension.

• Bilateral hyperplasia of the adrenal cortex is characteristic.

ADRENAL INSUFFICIENCY

A d re n o c o r tic a l in s u ff ic ie n c y , or h y p o fu n c t io n , m a y  be  

caused  b y  e ith e r  p r im a r y  a d re n a l d isease (p r im a ry  h y p o -  

a d re n a lis m ) or d ecreased  s tim u la t io n  o f  th e  a d re n a ls  

re s u lt in g  f r o m  A C T H  d e fic ie n c y  (seco nd ary  h y p o a d re -  

n a lis m ). P rim ary  ad renocortica l insufficiency m ay  be acute 
(called adrenal crisis), o r chronic (Addison disease).

Table 20.7 Causes o f A drenal Insufficiency 

A c u te

Waterhouse-Friderichsen syndrome 

Sudden withdrawal of long-term corticosteroid therapy 

Stress in patients with underlying chronic adrenal insufficiency 

C h ro n ic

Autoimmune adrenalitis (60%-70% of cases in developed countries)—  
includes APSI ( A IR E  mutations) and APS2 (polygenic)

Infections
Tuberculosis
Acquired immunodeficiency syndrome 
Fungal infections 

Hemochromatosis 

Sarcoidosis 

Systemic amyloidosis 

Metastatic disease

A P S I, APS2, Autoimmune polyendocrine syndrome types I and 2; AIRE, autoimmune 
regulator gene.

Acute Adrenocortical Insufficiency
A cute  ad renocortical insufficiency occurs m ost com m only  
in  the clinical se ttings lis ted  in  Table 20.7. In d iv id u a ls  
w ith  chronic ad renocortica l insufficiency m ay  develop  an  
acu te  crisis after an y  stress th a t taxes the ir lim ited  p hysi
ologic reserves. In  p a tien ts  m a in ta in ed  o n  exogenous 
corticostero ids, ra p id  w ith d ra w a l of ste ro id s or fa ilu re  to 
increase stero id  doses in  response  to  a n  acu te  stress m ay 
p rec ip ita te  a sim ilar a d ren a l crisis, because of the  inability  
of the  a troph ic  ad ren a ls  to  p ro d u ce  g lucocorticoid  ho r
m ones. Massive adrenal hemorrhage m ay  d estro y  en o u g h  of 
the ad ren a l cortex  to cause acu te  ad renocortica l insuffi
ciency. This cond ition  m ay  occur in  p a tien ts  m ain ta ined  
on  an ti-coagu lan t th erapy , in  p ostopera tive  p a tien ts  w h o  
develop  d issem inated  in travascu la r coagulation , d u rin g  
p regnancy , a n d  in  p a tien ts  suffering  from  o v erw helm ing  
sepsis; in  the la tte r setting , it is k n o w n  as the  Waterhouse- 
Friderichsen syndrome (Fig. 20.40). This ca tastroph ic  syn
d ro m e is classically associa ted  w ith  Neisseria meningitidis 
sep ticem ia b u t can  also  be caused  by o th e r organism s. 
W aterhouse-F riderichsen  synd rom e can  occur a t an y  age 
b u t is som ew h at m ore  com m on  in  ch ild ren . The basis for 
the  a d ren a l h em o rrh ag e  is u n certa in  b u t m ay  be a ttrib 
u tab le  to  d irec t bacterial seed ing  of sm all vessels in  the 
ad renal, the d ev e lo p m en t o f d issem in a ted  in travascu la r 
coagu la tion  (C hap ter 4), en d o tox in -induced  vasculitis, o r 
som e fo rm  of hypersensitiv ity  vasculitis.

Chronic Adrenocortical Insufficiency:
Addison Disease * •

A d d is o n  d isease, or c h ro n ic  a d re n o c o rtic a l in s u ff ic ie n c y ,  

is  a n  u n c o m m o n  d is o rd e r re s u lt in g  f r o m  p ro g ress ive  

d e s tru c tio n  o f  th e  a d re n a l c o rte x . M ore th an  90% of all
cases are a ttribu tab le  to  one of four d iso rders: autoimmune 
adrenalitis, tuberculosis, the  acquired immune deficiency syn
drome (AIDS), o r metastatic cancer (see Table 20.7).
• Autoimmune adrenalitis accoun ts for 60% to 70% of cases 

an d  is by  far the m o st com m on  cause of p rim ary  ad ren a l 
insufficiency in  coun tries w h e re  in fectious causes are
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Fig. 20.40 Waterhouse-Friderichsen syndrome. Bilateral adrenal hemor
rhage in an infant with overwhelming sepsis, resulting in acute adrenal insuf
ficiency. At autopsy, the adrenal glands were grossly hemorrhagic and 
shrunken; in this photomicrograph, little residual cortical architecture is 
discernible.

uncom m on. A s the n am e im plies, there  is au to im m u n e  
d estruc tion  of s te ro id -p ro d u c in g  cells, an d  au to an ti
bod ies to  several key stero idogen ic  enzym es have  been 
de tected  in  affected  pa tien ts. A u to im m u n e  ad renalitis  
m ay  occur in  association  w ith  several d istinc t au to 
im m u n e  po lyendocrine  synd rom es (APS). The best char
ac terized  o f these is APS1, w h ich  is caused  by m u ta tio n s 
in  the  autoimmune regulator (AIRE) gene o n  chrom osom e 
21. It is charac terized  by m ucocu taneous cand id iasis  
an d  abno rm alities o f skin, d en ta l enam el, a n d  nails 
(ectoderm al d y strophy ) occurring  in  associa tion  w ith  
a com bination  of organ-specific au to im m u n e  d iso rd ers  
th a t re su lt in  d estru c tio n  of ta rge t o rgans. The AIRE 
p ro te in  is invo lved  in  the expression  of tissue an tigens 
in  the th y m u s a n d  the e lim ination  of T cells specific 
for these an tigens (C hap ter 5). In d iv id u a ls  w ith  APS1 
develop  au to an tib o d ies  aga in st IL-17 a n d  IL-22, w h ich  
are  the  p rin c ip a l effector cy tokines secreted  by TH17 
T cells (C hap ter 5). Because these tw o TH17-derived 
cy tok ines a re  crucial for defense ag a in st fungal infec
tions, affected p a tien ts  develop  chronic m ucocu taneous 
candid iasis.

• Infections, p articu la rly  tubercu losis  an d  those  p ro d u ced  
by fungi, a lso  m ay  cause p rim ary  chronic ad renoco rti
cal insufficiency. T ubercu lous ad renalitis , w h ich  once 
accoun ted  for as m any  as 90% of cases of A d d iso n  
disease, has becom e less com m on w ith  im p ro v ed  
an ti-tubercu lo sis  therapy . W ith  the resu rgence  of 
tubercu losis  m ain ly  because of H IV  infection  a n d  im m u 
nodeficiency, th is cause of ad ren a l deficiency m u s t be 
borne  in  m ind . W h en  p resen t, tubercu lo u s ad renalitis  
u sua lly  is associa ted  w ith  active in fection  in  o ther sites, 
p articu larly  the lu n g s  a n d  gen ito u rin a ry  tract. A m ong  
fungi, d issem inated  infections caused  by  Histoplasma 
capsulatum a n d  Coccidioides immitis also  m ay  re su lt in  
chronic ad renocortica l insufficiency. P atien ts w ith  AIDS 
are  a t risk  for the d ev e lo p m en t o f ad ren a l insufficiency

from  several o ther in fectious (cytom egalovirus, Myco
bacterium avium-intracellulare) a n d  non in fectious (K aposi 
sarcom a) com plications of the ir d isease.

• Metastatic neoplasms invo lv ing  the ad ren a ls  a re  ano th er 
p o ten tia l cause of ad ren a l insufficiency. The ad ren a ls  
a re  a fairly  com m on  site for m etastases in  p a tien ts  w ith  
d issem in a ted  carcinom as, w h ich  som etim es destroy  
sufficient a d ren a l cortex  to  p ro d u ce  a degree  of ad ren a l 
insufficiency. C arcinom as of the lu n g  a n d  b reast are  the 
source of a m ajority  of m etastases in  the ad renals.

Secondary Adrenocortical Insufficiency
A ny d iso rd e r o f the h y p o th a lam u s a n d  p itu ita ry  th a t 
red u ces the o u tp u t o f A CTH , such  as m etasta tic  cancer, 
infection, infarction , o r irrad ia tion , leads to  a synd rom e 
of h y p o ad ren a lism  hav in g  m any  sim ilarities to  A d d iso n  
disease. A C TH  deficiency m ay  occur alone, b u t in  som e 
instances, it is on ly  one p a r t of p an h y p o p itu ita rism , 
associa ted  w ith  m u ltip le  p itu ita ry  ho rm o n e  deficien
cies. In  p a tien ts  w ith  p rim ary  disease, the d estru c tio n  of 
the a d ren a l cortex  p rev en ts  a response  to  exogenously  
ad m in iste red  A C TH  in  the fo rm  of increased  p lasm a 
levels o f cortisol. By contrast, secondary  ad renocortical 
insufficiency is charac terized  by  low  se ru m  A C TH  a n d  a 
p ro m p t rise in  p lasm a  cortiso l levels in  response  to  A C TH  
adm in istra tion .

^  M O R P H O L O G Y

The appearance of the adrenal glands varies with the cause of 

the adrenocortical insufficiency. In secondary  hypoadrenal- 

ism , the adrenals are reduced to  small, flattened structures 

that usually retain their yellow color because of a small amount 

of residual lipid. A  uniform, thin rim of atrophic yellow cortex 

surrounds a central, intact medulla. Histologic evaluation reveals 

atrophy of cortical cells with loss of cytoplasmic lipid, particularly 

in the zona fasciculata and zona reticularis. P r im a ry  a u to 

im m u n e  ad ren a litis  is characterized by irregularly shrunken 

glands, which may be exceedingly difficult to  identify within the 

suprarenal adipose tissue. On histologic examination, the cortex 

contains only scattered residual cortical cells in a collapsed 

network of connective tissue. A  variable lymphoid infiltrate is 

present in the cortex and may extend into the subjacent medulla 

(Fig. 20.41). The medulla is otherwise preserved. In tuberculosis  

o r  fungal diseases, the adrenal architecture may be effaced 

by a granulomatous inflammatory reaction identical to  that 

encountered in other sites of infection. W hen hypoadrenalism is 

caused by m e ta s ta tic  ca rc ino m a, the adrenals are enlarged, 

and their normal architecture is obscured by the infiltrating 

neoplasm.

C lin ica l Features

In  general, clinical m an ifesta tions of ad renocortica l insuf
ficiency do  n o t ap p e a r u n til a t least 90% of the  ad ren a l 
cortex has been  com prom ised . The in itia l m an ifesta tions 
o ften  inc lude  p rog ressive  w eakness  a n d  easy  fatigability , 
w h ich  m ay  be d ism issed  as nonspecific com plain ts. Gastro
intestinal disturbances are com m on  a n d  include anorexia, 
nausea, vom iting , w e ig h t loss, a n d  d iarrhea . In  pa tien ts
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Fig. 20.41 Autoimmune adrenalitis. In addition to loss of all but a subcap
sular rim of cortical cells, there is an extensive mononuclear cell infiltrate.

w ith  p rim ary  ad ren a l disease, increased  levels o f A C TH  
p recu rso r ho rm o n e  stim ula te  m elanocytes, w ith  re su ltan t 
hyperpigmentation of the  skin  a n d  m ucosal surfaces. The 
face, axillae, n ipp les, areolae, a n d  p e rin eu m  are  p a rticu 
larly  com m on  sites o f h y p erp ig m en ta tio n . By contrast, 
h y p erp ig m en ta tio n  is n o t seen  in  p a tien ts  w ith  second 
a ry  ad renocortical insufficiency because m elano trop ic  
ho rm o n e  levels a re  n o t increased . D ecreased  m ineralo- 
corticoid  (aldosterone) activ ity  in  p a tien ts  w ith  p rim ary  
a d ren a l insufficiency resu lts  in  p o ta ss iu m  re ten tio n  an d  
so d iu m  loss, w ith  co nsequen t hyperkalemia, hyponatre
mia, volume depletion, a n d  hypotension, w h ereas secondary  
h y p o ad ren a lism  is charac terized  by deficien t cortiso l and  
a n d ro g en  o u tp u t b u t n o rm al o r near-no rm al a ldosterone  
synthesis. H ypog lycem ia occasionally  m ay  occur as a 
resu lt o f glucocorticoid  deficiency a n d  im p a ired  gluco- 
neogenesis. It is m ore  com m on  in  in fan ts a n d  ch ild ren  
th a n  adu lts . S tresses such  as infections, traum a, o r su r
gical p ro ced u res  in  affected  p a tien ts  m ay  p rec ip ita te  an  
acu te  a d ren a l crisis, m an ifested  by  in tractab le  vom iting , 
abdom ina l pain , hypo tension , com a, a n d  vascu lar collapse. 
D eath  fo llow s rap id ly  un less corticostero ids are  rep laced  
im m ediate ly .

Ä S U M M A R Y

A D R E N O C O R T IC A L  IN S U F F IC IE N C Y  

(H Y P O A D R E N A L IS M )

• Primary adrenocortical insufficiency can be acute (Waterhouse- 
Friderichsen syndrome) or chronic (Addison disease).

• Chronic adrenal insufficiency in the Western world most often 
is secondary to  autoimmune adrenalitis, which occurs in the 
context of autoimmune polyendocrine syndromes.

• Tuberculosis and infections due to opportunistic pathogens 
associated with the human immunodeficiency virus and tumors 
metastatic to  the adrenals are the other important causes of 
chronic hypoadrenalism.

• Patients typically present with fatigue, weakness, and gastro
intestinal disturbances. Primary adrenocortical insufficiency 
also is characterized by high ACTH levels with associated skin 
pigmentation.

AD R EN O C O R TIC A L NEOPLASMS

It shou ld  be ev id en t from  the  d iscussion  of ad renocortical 
h y p erfu n c tio n  th a t functional ad ren a l neop lasm s m ay  be 
responsib le  for an y  of the  v a rio u s fo rm s of h y p erad re - 
nalism . W h ile  fu n c tio n a l ad e n o m a s  are m o s t c o m m o n ly  

assoc ia ted  w i th  h y p e ra ld o s te ro n is m  a n d  w i t h  C u s h in g  

s y n d ro m e , a  v i r i l i z in g  n e o p la s m  is m o re  l ik e ly  to  b e  a  

c a rc in o m a . N o t all ad renocortica l neop lasm s, how ever, 
e labora te  ste ro id  horm ones. D e term ination  of w h e th e r  a 
cortical neop lasm  is functional o r n o t is based  on  clinical 
eva lu a tio n  a n d  m easu rem en t o f the h o rm o n e  o r its m etabo 
lites in  the  laborato ry .

M O R P H O L O G Y

A d re n o c o rtic a l adenom as were described earlier in the dis
cussions of Cushing syndrome and hyperaldosteronism. Most 
cortical adenomas do not cause hyperfunction and usually are 
encountered as incidental findings at the time of autopsy or 
during abdominal imaging for an unrelated cause. In fact, the half
facetious appellation of “ adrena l in c id e n ta lo m a ” has crept 
into the medical lexicon to  describe these incidentally discovered 
tumors. On cut surface, adenomas usually are yellow to yellow- 
brown, owing to  the presence of lipid within the neoplastic cells 
(see Fig. 20.37). As a general rule they are small, averaging 1 to 
2 cm in diameter. On microscopic examination, adenomas are 
composed of cells similar to  those populating the normal adrenal 
cortex. As with other endocrine tumors, pleomorphism may be 
encountered in benign tumors and is not a reliable marker of 
malignancy.

A d re n o c o rtic a l carc inom as are rare neoplasms that may 
occur at any age, including in childhood. Two rare inherited 
causes of adrenal cortical carcinomas are Li-Fraumeni syndrome 
(Chapter 6 ) and Beckwith-Wiedemann syndrome (Chapter 7). In 
most cases, adrenocortical carcinomas are large, invasive lesions 
that efface the native adrenal gland. On cut surface, adrenocorti
cal carcinomas typically are variegated, poorly demarcated lesions 
containing areas of necrosis, hemorrhage, and cystic change (Fig. 
20.42). Microscopic examination typically shows these tumors

Fig. 20.42 Adrenal carcinoma. The tumor dwarfs the kidney and com
presses the upper pole. It is largely hemorrhagic and necrotic.

http://ebooksmedicine.net

http://ebooksmedicine.net


Tumors of the Adrenal Medulla 793

to  be composed of well-differentiated cells resembling those 

seen in cortical adenomas or bizarre, pleomorphic cells, which 

may be difficult to  distinguish from those of an undifferentiated 

carcinoma metastatic to  the adrenal gland (Fig. 20.43). Adrenal 

cancers have a strong tendency to  invade the adrenal vein, vena 

cava, and lymphatics. Metastases to  regional and periaortic nodes 

are common, as is distant hematogenous spread to  the lungs and 

other viscera. Bone metastases are unusual. The median patient 

survival is about 2 years. O f note, carc inom as m e ta s ta tic  to  

th e  adrena l c o r te x  a re  s ign ificantly  m o re  fre q u e n t than  

a  p r im a ry  a d re n o c o rtic a l ca rc ino m a.

Fig. 20.43 Adrenal carcinoma with marked anaplasia.

Adrenal Medulla

The a d ren a l m ed u lla  is em bryologically , functionally , an d  
s tru c tu ra lly  d istinct from  the  ad ren a l cortex. It is p o p u la ted  
by  cells de rived  from  the  n eu ra l crest (chrom affin  cells) an d  
the ir su p p o rtin g  (susten tacu lar) cells. The chromaffin cells 
are  so n am ed  because of the ir b row n-b lack  color after expo
su re  to  p o ta ss iu m  d ich rom ate . They synthesize  a n d  secrete 
catecholam ines in  response  to  signals from  p regang lion ic  
nerve  fibers in  the  sym pathe tic  n e rv o u s system . S im ilar 
collections of cells are d is tr ib u ted  th ro u g h o u t the body  in  
the ex traad ren a l p a rag an g lio n  system . The m o st im p o r
tan t d iseases of the  a d ren a l m ed u lla  a re  neop lasm s, w h ich  
include b o th  n eu ro n a l neop lasm s (includ ing  neu rob lasto 
m as a n d  m ore  m a tu re  gang lion  cell tum ors) a n d  neop lasm s 
com posed  of chrom affin  cells (pheochrom ocytom as).

TUMORS OF THE ADRENAL  
MEDULLA

Pheochromocytoma * •

P h e o c h ro m o c yto m a s  are  n eo p la s m s  c o m p o sed  o f  ch ro 

m a f f in  ce lls , w h ic h , l ik e  th e ir  n o n n e o p la s tic  c o u n te r

p a rts , s y n th e s ize  a n d  re lease  ca te c h o la m in e s  a n d , in  

som e cases, o th e r p e p t id e  h o rm o n e s . These tu m o rs are  
of special im portance  because, a lth o u g h  uncom m on , they 
(like a ldosterone-secreting  adenom as) give rise to  a su rg i
cally correctable fo rm  of hypertension .

P heochrom ocy tom as u su a lly  subscribe to  a  conven ien t 
" ru le  o f 1 0 s":
• 10% of pheochromocytomas are extraadrenal, occu rring  in  

sites such  as the  o rg an  of Z uckerkand l a n d  the  caro tid  
body , w h ere  they  u sua lly  are called  paragangliomas, 
ra th e r  th a n  pheochrom ocy tom as.

• 10% of adrenal pheochromocytomas are bilateral; th is p ro 
p o rtio n  m ay  rise to  50% in  cases th a t a re associa ted  w ith  
fam ilial syndrom es.

• 10% of adrenal pheochromocytomas are malignant, a lth o u g h  
the associated  h y p erten sio n  rep resen ts  a  serious an d  
po ten tia lly  le tha l com plication  of ev en  ben ign  tum ors.

F rank  m alignancy  is som ew h at m ore  com m on  in  tum ors 
a ris in g  in  ex traad ren a l sites.

• 10% of adrenal pheochromocytomas are not associated with 
hypertension. O f the  90% th a t p re sen t w ith  h ypertension , 
app rox im ate ly  tw o -th ird s  hav e  "paroxysm al" ep isodes 
associa ted  w ith  su d d e n  rise in  b lood  p ressu re  a n d  pa l
p ita tions, w h ich  can, o n  occasion, be fatal.

O ne  "trad itio n a l"  10% ru le  th a t has  since been  m od i
fied p e rta in s  to  fam ilial cases. It is now  recogn ized  tha t 
as many as 25% of individuals with pheochromocytomas and 
paragangliomas harbor a germ line mutation in  one of a t least 
six k n o w n  genes, in c lu d in g  RET, w h ich  causes type  2 M EN  
synd rom es (described  later); NF1, w h ich  causes type 1 
neu ro fib rom atosis  (C hap ter 22); VHL, w h ich  causes von  
H ippe l-L indau  d isease (C hap ters 14 a n d  23); a n d  three 
genes encod ing  su b u n its  w ith in  the succinate d eh y d ro 
genase com plex (SDHB, SDHC, a n d  SDHD), w h ich  is 
invo lved  in  m ito ch o n d ria l e lectron  tra n sp o rt an d  oxygen  
sensing. It is p o s tu la ted  th a t loss of function  in  one o r m ore  
of these su b u n its  leads to  stab iliza tion  of the transcrip tion  
factor hypox ia-inducib le  factor 1a  (HIF-1a ), p ro m o tin g  
tum origenesis.

M O R P H O L O G Y

Pheochromocytomas range in size from small, circumscribed 

lesions confined to the adrenal to  large, hemorrhagic masses 

weighing several kilograms. On cut surface, smaller pheochro- 

mocytomas are yellow-tan, well-defined lesions that compress 

the adjacent adrenal gland (Fig. 20.44). Larger lesions tend to  be 

hemorrhagic, necrotic, and cystic and typically efface the adrenal 

gland. Incubation of the fresh tissue with potassium dichromate 

solutions turns the tum or dark brown, as noted earlier.

On microscopic examination, pheochromocytomas are com

posed of polygonal to  spindle-shaped chromaffin cells and their 

supporting cells, compartmentalized into small nests, by a rich 

vascular network (Fig. 20.45). The cytoplasm of the neoplastic 

cells often has a finely granular appearance, highlighted by a
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Fig. 20.44 Pheochromocytoma. The tumor is enclosed within an attenuated 
cortex and demonstrates areas of hemorrhage. The comma-shaped residual 
adrenal gland is seen ( lo w e r  p o r t io n ) .

variety of silver stains, because of the presence of granules 

containing catecholamines. Electron microscopy reveals variable 

numbers of membrane-bound, electron-dense granules, rep

resenting catecholamines and sometimes other peptides. The 

nuclei of the neoplastic cells are often quite pleomorphic. Both 

capsular and vascular invasion, as well as cellular pleomorphism, 

may be encountered in some benign lesions. T h e re fo re , th e  

d efin itive  diagnosis o f m alignancy in p heoch ro m o c y to -  

m as is based on th e  p resence o f m etastases. These may 

involve regional lymph nodes as well as more distant sites, includ

ing liver, lung, and bone.

C lin ica l Features

The dominant clinical manifestation of pheochromocytoma is 
hypertension, observed in 90% of patients. A pprox im ately  
tw o -th ird s  of p a tien ts  w ith  h y p erten sio n  dem o n stra te  
paroxysm al ep isodes, w h ich  are  described  as a n  ab rup t, 
p rec ip ito u s e levation  in  b lood  p ressu re , associated  w ith  
tachycard ia , pa lp ita tions, headache, sw eating , trem or, an d  
a sense of app reh en sio n . These ep isodes m ay  also  be asso 
ciated  w ith  p a in  in  the ab d o m en  o r chest, nausea , a n d  vom 
iting . Iso la ted  paroxysm al ep isodes of h y p erten sio n  occur 
in  few er th a n  half o f patien ts; m ore  com m only, pa tien ts  
dem o n stra te  a chronic, su sta in ed  e leva tion  in  b lood  p res 
su re  p u n c tu a te d  by  the afo rem en tioned  paroxysm s. The 
elevations of b lood  p ressu re  are  in d u ced  by the su d d e n

release of catecholam ines th a t m ay  acu te ly  p rec ip ita te  con
gestive h eart failure, p u lm o n ary  edem a, m yocard ia l infarc
tion, v en tricu lar fibrillation, a n d  cerebrovascu lar accidents. 
The card iac com plications have been  a ttr ib u ted  to  w h a t has 
been  called  catecholamine cardiomyopathy, o r catecholamine- 
induced myocardial instability and ventricular arrhythmias. In 
som e cases, pheochrom ocy tom as secrete o th e r horm ones 
such  as A C TH  a n d  som atosta tin  an d  m ay  therefore  be 
associated  w ith  clinical fea tu res  re la ted  to  the  effects of 
these a n d  o ther p ep tid e  horm ones. The labo ra to ry  d iagno 
sis is based  o n  d em o n stra tio n  of increased  u rin a ry  excre
tion  of free catecholam ines a n d  the ir m etabolites, such  as 
van illy lm andelic  acid  a n d  m etaneph rines. Iso la ted  ben ign  
pheochrom ocy tom as are  trea ted  w ith  surg ical excision. 
W ith  m ultifocal lesions, long -te rm  m edical trea tm en t for 
h y p e rten s io n  m ay  be requ ired .

Neuroblastoma and Other Neuronal Neoplasms
N eu ro b lasto m a is the m ost com m on ex tracran ia l solid 
tu m o r of ch ildhood . These neop lasm s occur m ost com 
m on ly  d u r in g  the  first 5 y ears  o f life an d  m ay  arise  d u rin g  
infancy. N eu ro b lasto m as m ay  occur an y w h ere  in  the sym 
pathe tic  n e rv o u s system  a n d  occasionally  w ith in  the  brain , 
b u t they  are m o st com m on  in  the abdom en; a m ajority  of 
these tu m o rs arise in  e ither the a d ren a l m ed u lla  o r the 
re tro p erito n ea l sym pathe tic  ganglia. M ost neu rob lasto 
m as are sporad ic , a lth o u g h  fam ilial cases also  have  been 
described . These tu m o rs are  d iscussed  in  C h ap te r 7, a long  
w ith  o ther p ed ia tric  neoplasm s.

Fig. 20.45 Photomicrograph of pheochromocytoma, demonstrating charac
teristic nests of cells with abundant cytoplasm. Granules containing cate
cholamine are not visible in this preparation. It is not uncommon to find 
bizarre cells (such as the one in the center of this image), even in pheochro- 
mocytomas that are benign.
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Multiple Endocrine Neoplasia (MEN) Syndromes

T h e  M E N  s y n d ro m e s  are a  g ro u p  o f  in h e r ite d  d iseases  

caused  b y  p ro life ra t iv e  les io n s  (h y p e rp la s ia s , ad e n o m a s , 

a n d  carc ino m as) o f  m u lt ip le  e n d o c rin e  o rgans. Like o ther 
in h e rited  cancer d iso rd ers  (C hap ter 6 ), endocrine  tum ors 
a ris in g  in  the contex t o f M EN  synd rom es have  certa in  d is
tinctive fea tu res th a t a re  n o t sh ared  w ith  their sporad ic  
coun terparts:
• These tu m o rs occur a t a y o u n g e r age th a n  th a t typical 

for sporad ic  cancers.
• T hey arise in  m u ltip le  endocrine  organs, e ither synchro 

n ously  (at the  sam e tim e) or m etach ronously  (at differ
en t tim es).

• E ven  in  one o rgan , the tu m o rs o ften  are m ultifocal.
• The tu m o rs u sua lly  a re  p reced ed  by  an  asym ptom atic  

stage of endocrine  h y p erp lasia  invo lv ing  the cell of 
o rig in  of the tu m o r (e.g., pa tien ts  w ith  M EN-2 a lm ost 
un iversa lly  d em o n stra te  C cell h y p erp lasia  in  the thy ro id  
p a ren ch y m a ad jacen t to  m ed u lla ry  th y ro id  carcinom as).

• These tu m o rs are  u sua lly  m ore aggressive  a n d  recur 
in  a  h igher p ro p o rtio n  of cases th an  sim ilar endocrine  
tum ors th a t occur sporad ically .

MULTIPLE ENDO CRINE  
NEOPLASIA TYPE 1

M E N -1  s y n d ro m e  is caused  b y  g e rm  l in e  m u ta tio n s  in  th e  

M E N 1  tu m o r  sup presso r g en e , w h ic h  encodes a  p ro te in  

c a lle d  M e n in . M en in  is a  co m p o n en t o f several d ifferen t 
transc rip tion  factor com plexes, a n d  loss of M enin  function  
leads to  d e reg u la tio n  of the co rresp o n d in g  b in d in g  p a rt
ners, p ro m o tin g  endocrine  neoplasia . O rgans m o st com 
m only  in vo lved  are  the  p a ra th y ro id , the pancreas, a n d  the 
p itu ita ry  — the "3 Ps."
• Parathyroid. Primary hyperparathyroidism is the m ost 

com m on  m an ifesta tion  of M EN - 1  (80%-95% of patien ts) 
an d  is the in itial m an ifesta tion  of the  d iso rd e r in  m ost 
pa tien ts, a p p ea rin g  in  a lm ost all by  40 to  50 years of 
age. P a ra th y ro id  abnorm alities inc lude  h y p erp lasia  an d  
adenom as.

• Pancreas. E ndocrine  tu m o rs of the pancreas are the 
lead in g  cause of d e a th  in  M EN-1. These tu m o rs usua lly  
a re  aggressive  a n d  p re sen t w ith  m etasta tic  disease. P an 
creatic endocrine  tu m o rs o ften  are  functional (i.e., secrete 
horm ones). Zollinger-E llison synd rom e, associa ted  w ith  
gastrinom as, a n d  hypoglycem ia, associated  w ith  insu li
nom as, a re  com m on endocrine  m anifesta tions.

• Pituitary. The m ost freq u en t p itu ita ry  tu m o r in  pa tien ts  
w ith  M EN-1 synd rom e is a p ro lactin -secreting  m ac
roadenom a. In  som e cases, acrom egaly  d evelops in  
association  w ith  som ato trop in -secre ting  tum ors.

MULTIPLE ENDO CRINE  
NEOPLASIA TYPE 2

M EN-2 synd rom e actually  com prises tw o  d istinct 
g ro u p s  of d iso rd ers  th a t are  un ified  by  the  occurrence 
of activa ting  (i.e., gain-of-function) m u ta tio n s of the  R E T

pro to -oncogene a t ch rom osom al locus 10q11.2. A  strong  
geno ty p e-p h en o ty p e  co rre la tion  has been  recogn ized  for 
the M EN-2 syndrom es, a n d  differences in  m u ta tio n  p a t
terns accoun t for the  variab le  fea tu res  in  the tw o  subtypes. 
M EN-2 is in h e rited  in  a n  au to som al d o m in an t pa tte rn .

Multiple Endocrine Neoplasia Type 2A
O rgans com m only  invo lved  in  M EN -2A  include the 
follow ing:
• Thyroid: M edu llary  carcinom a of the th y ro id  develops 

in  v irtu a lly  all u n tre a te d  cases, a n d  the tu m o rs usua lly  
occur in  the first 2 decades o f life. The tu m o rs com m only  
are  m ultifocal, a n d  foci o f C cell hy p erp lasia  can  be 
fo u n d  in  the  ad jacen t thy ro id . Familial medullary thyroid 
cancer is seen  in  a v a rian t o f M EN-2A, w ith o u t the  o ther 
characteristic  m an ifesta tions lis ted  here. In  com parison  
w ith  M EN-2, fam ilial m ed u lla ry  carcinom a typically  
occurs a t a n  o lder age an d  follow s a m ore in d o len t 
course.

• Adrenal medulla: A d ren a l pheoch rom ocy tom as develop  
in  50% of the patien ts; fo rtunate ly , no  m ore th a n  10% of 
these tu m o rs are  m alignant.

• P ara th y ro id .A p p ro x im a te ly  10% to 20% of pa tien ts  
develop  p a ra th y ro id  g land  h y p erp lasia  w ith  m anifes
ta tions of p rim ary  h y p erp ara th y ro id ism .

Multiple Endocrine Neoplasia Type 2B

A single am ino  acid  change in  RET, d istinc t from  the m u ta 
tions th a t are  seen  in  M EN-2A, seem s to  be responsib le  for 
v irtu a lly  all cases of MEN-2B. P atien ts develop  m ed u lla ry  
thy ro id  carcinom as, w h ich  are  u sua lly  m ultifocal a n d  m ore 
aggressive  th a n  in  M EN-2A, a n d  pheochrom ocy tom as. 
MEN-2B has the fo llow ing  distinctive  features:
• Primary hyperparathyroidism does not develop in  pa tien ts  

w ith  MEN-2B.
• Extraendocrine manifestations are characteristic  in  

pa tien ts  w ith  MEN-2B. These include gang lioneu rom as 
of m ucosal sites (gastro in testinal tract, lips, tongue) an d  
a marfanoid habitus, in  w h ich  overly  long  bones of the 
axial skele ton  give a n  app earan ce  resem bling  th a t in  
M arfan  synd rom e (C hap ter 7).

Before the ad v e n t of genetic testing , relatives of p a tien ts  
w ith  the  M EN-2 sy n d ro m e w ere  screened  w ith  an n u a l bio
chem ical tests, w h ich  o ften  lacked  sensitiv ity . N ow , ro u tin e  
genetic testing  iden tifies RET m u ta tio n  carriers earlier and  
m ore reliab ly  in  M EN-2 k in d red s. A ll in d iv id u a ls  carry ing  
germ  line RET m u ta tio n s are ad v ised  to  have  p rophy lac tic  
thy ro idec tom y to p re v e n t the inev itab le  d ev e lo p m en t of 
m ed u lla ry  carcinom as.
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Bone

BASIC STRUCTURE A N D  FU N C TIO N  
OF BONE

The functions of bone inc lude  m echanical su p p o rt, tran s
m ission  of forces g enera ted  by  m uscles, p ro tec tio n  of 
viscera, m inera l hom eostasis, a n d  p ro v id in g  a  n iche for the 
p ro d u c tio n  of b lood  cells. The constituen ts o f bone include 
a n  ex tracellu lar m atrix  a n d  specialized  cells responsib le  for 
p ro d u c tio n  a n d  m ain tenance  of the  m atrix .

Matrix

B o n e  m a tr ix  is  c o m p o sed  o f  a n  o rg an ic  c o m p o n e n t k n o w n  

as o s te o id  (35% ) a n d  a  m in e ra l c o m p o n e n t (65% ). E m bed
d e d  w ith in  the bone m atrix  are  a varie ty  of bone cells 
in c lu d in g  osteocytes th a t lay d o w n  bone a n d  osteoclasts 
th a t reabsorb  bone. These tw o  cells types m a in ta in  bone 
hom eostasis. O steo id  is m ad e  u p  p red o m in an tly  of type  I

collagen w ith  sm aller am o u n ts  of g lycosam inoglycans an d  
o th e r p ro te ins. The un ique  feature of bone m atrix , its h a rd 
ness, is im p arted  by the inorganic m oiety  hydroxyapatite  
(Ca10[PO 4 ]6[OH]2). The bone m atrix  is syn thesized in  one of 
tw o histologic form s, w o v en  or lam ellar (Fig. 21.1). W oven 
bone is p ro d u ced  rap id ly , such as d u rin g  fetal developm ent 
o r fracture repair, b u t the h ap h aza rd  a rrangem en t of collagen 
fibers im parts  less structu ral in tegrity  than  the parallel col
lagen fibers in  slow ly p ro d u ced  lam ellar bone. In  an  adu lt, 
the p resence of w oven  bone is alw ays abnorm al, b u t it is n o t 
specific for any  particu lar bone disease. A  cross section of a 
typical long  bone show s a dense ou ter cortex an d  a central 
m edu lla  com posed  of bony  trabeculae separated  by m arrow .

Cells * •
Bone con tains th ree  m ajor cell types:
• Osteoblasts, located  o n  the surface of the  m atrix , syn the

size, tra n sp o rt a n d  assem ble bone m atrix  a n d  regu late
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R g .2 l . l  Woven bone (A) is more cellular and disorganized than lamellar bone (B).

its m inera liza tion  (Fig. 21.2A). They are d e riv ed  from  
m esenchym al stem  cells th a t a re  located  u n d e r  the 
p e rio s teu m  in  the  d eve lop ing  bone a n d  add itio n a lly  in  
the  m ed u lla ry  space la te r in  life.

Fig. 21.2 (A) Active osteoblasts synthesizing bone matrix. The surrounding 
spindle cells represent osteoprogenitor cells. (B) Two osteoclasts resorbing 
bone.

• Osteocytes, located  w ith in  the bone, are in terconnected  
by  a n  in tricate  n e tw o rk  of cy top lasm ic processes 
th ro u g h  tunnels  k n o w n  as canaliculi. O steocytes he lp  to 
con tro l calcium  a n d  p h o sp h a te  levels, detect m echan i
cal forces, a n d  transla te  th em  in to  biologic activ ity  — a 
p rocess called  m echano transduction .

• Osteoclasts, located  on  the surface of bone, are special
ized  m u ltin u c lea ted  m acrophages, de rived  from  cir
cu la ting  m onocytes, w h ich  are  responsib le  for bone 
reso rp tio n  (Fig. 21.2B). By m eans of cell surface inte- 
grins, osteoclasts a ttach  to  bone m atrix  an d  create a 
sealed  ex tracellu lar trench  (reso rp tion  p it). The cells 
secrete acid  an d  n eu tra l p ro teases (p redom inan tly  
m atrix  m eta llop ro teases [M MPs]) in to  the p it, a n d  these 
enzym es reso rb  the bone.

Development

D u r in g  e m b ry o g e n es is , lo n g  b on es  d e v e lo p  f r o m  a  car

t i la g e  m o ld  b y  th e  process o f  e n d o c h o n d ra l o ss ification .

A cartilage m o ld  (anlagen) is syn thesized  by m esenchy 
m al p recu rso r cells. A t ap p rox im ate ly  8  w eek s ' gestation , 
the  cen tra l p o rtio n  of the  an lagen  is reso rbed , creating  
the  m ed u lla ry  canal. S im ultaneously , a t m id sh aft (diaphy- 
sis), o steoblasts beg in  to  d ep o sit the cortex  b en ea th  the 
p e rio s teu m  p ro d u c in g  the  primary center of ossification 
a n d  g row ing  the  bone rad ia lly . A t each  lo n g itu d in a l 
en d  (epiphysis), en d o ch o n d ra l ossification  p roceeds in  a 
cen trifugal fash ion  (secondary center of ossification). E ven tu 
ally, a p la te  of the  cartilage becom es en tra p p e d  be tw een  
the  tw o  ex p an d in g  cen ters o f ossification, fo rm ing  
the  physis or growth plate (Fig. 21.3). The chondrocy tes 
w ith in  the  g ro w th  p la te  u n d e rg o  sequen tia l pro lifera tion , 
h y p e rtro p h y , a n d  apop tosis . In  the  reg ion  of apop tosis  
the  m atrix  m ineralizes an d  is in v ad ed  by capillaries, 
p ro v id in g  the  n u trien ts  for osteoblasts, w h ich  syn the
size osteo id . This p rocess p ro d u ces  lo n g itu d in a l bone 
g row th .

In tra m e m b ra n o u s  o ss ifica tio n , b y  con tras t, is  re s p o n 

s ib le  fo r  th e  d e v e lo p m e n t o f  f la t  b ones. Bones of the 
c ran ium , for exam ple, a re  fo rm ed  by  osteoblasts d irectly
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Fig. 21.3 Active growth plate with ongoing endochondral ossification. 1, 
Reserve zone. 2, Zone of proliferation. 3, Zone of hypertrophy. 4, Zone of 
mineralization. 5, Primary spongiosa.

from  a fib rous layer o f tissue, w ith o u t cartilage an lagen . 
The en la rg em en t of flat bones is ach ieved  by dep o sitio n  of 
n ew  bone on  a p reex isting  surface.

Homeostasis and Remodeling

T h e  a d u lt  s k e le to n  ap p ears  static  b u t  is  a c tu a lly  con

s ta n tly  tu r n in g  o ver in  a  t ig h t ly  re g u la te d  process k n o w n  

as re m o d e lin g . R em odeling  takes place a t a  m icroscopic 
locus k n o w n  as the bone (or basic) m u lticellu lar u n it 
(BMU), w h ich  consists o f a u n it  of co u p led  o steob last an d  
osteoclast activ ity  o n  the bone surface.

T h e  events  a t th e  B M U  are re g u la te d  b y  c e ll -c e l l  

in te ra c tio n s  a n d  c y to k in e s  (Fig. 21.4). A n  im p o rta n t sig
naling  p a th w ay  th a t con tro ls rem ode ling  invo lves three 
factors: (1) the  tran sm em b ran e  recep to r activato r o f N F-kB 
(RANK), w h ich  is expressed  on  osteoclast p recurso rs; (2) 
R A N K  ligand  (RANKL), w h ich  is expressed  on  osteoblasts 
a n d  m arro w  strom al cells; a n d  (3) o steop ro tegerin  (OPG), 
a  secreted  "decoy" recep to r m ad e  by  osteoblasts th a t can 
block RA N K  in terac tion  w ith  RANKL. RA N K  signaling  
activates the tran sc rip tio n  factor N F-k B, w h ich  is essen
tial fo r the  genera tion  a n d  su rv iva l of osteoclasts. O ther 
im p o rta n t p a th w a y s  inc lude  m onocyte-co lony  s tim u la ting  
factor (M-CSF), p ro d u ced  by osteoblasts. W N T  p ro te in s  
p ro d u c e d  by  various cells b in d  to  the LRP5 a n d  LRP 6  

recep to rs on  osteoblasts a n d  trigger the p ro d u c tio n  of 
OPG. The im portance  of these p a th w ay s  is p ro v en  by rare  
b u t in fo rm ative  germ line  m u ta tio n s  in  the  OPG, RANK, 
RANKL, a n d  LRP5 genes, w h ich  cause severe d istu rbances 
of bone m etabo lism  (described  later).

Bone reso rp tio n  or bone fo rm atio n  can  be favo red  by 
tip p in g  the RA N K -to-O PG  ratio . System ic factors th a t affect 
th is  balance inc lude  horm ones, v itam in  D, in flam m atory

cytokines (e.g., IL-1), a n d  g ro w th  factors (e.g., bone m or
phogenetic  factors). The m echan ism s are  com plex, b u t 
p a ra th y ro id  ho rm o n e  (PTH), IL-1, a n d  g lucocorticoids 
p ro m o te  osteoclast d iffe ren tia tion  a n d  bone tu rnover. In 
con trast, BM Ps a n d  sex h o rm ones (estrogen, testosterone) 
generally  block osteoclast d iffe ren tia tion  o r activ ity  by 
fav o rin g  O PG  expression.

P e a k  b o n e  m ass is a c h ie v e d  in  e a r ly  a d u lth o o d  a fte r  

th e  cessation  o f  s k e le ta l g ro w th . This set p o in t is de ter
m in ed  by  m any  factors, in c lu d in g  p o ly m o rp h ism s in  
the  v itam in  D  a n d  L R P 5 /6  recep tors, n u tritio n , an d  
physical activity . B eginning in  the fo u rth  decade, reso rp 
tion  exceeds fo rm ation , resu ltin g  in  a decline in  skeletal 
m ass.

C O NG ENITAL DISORDERS OF BONE 
A N D  CARTILAGE

C ongen ita l abnorm alities o f the  skele ton  frequen tly  resu lt 
from  in h erited  m u ta tio n s  an d  first becom e m an ifest

Fig. 21.4 Paracrine molecular mechanisms that regulate osteoclast forma
tion and function. Osteoclasts are derived from the same mononuclear cells 
that differentiate into macrophages. Osteoblast/stromal cell membrane- 
associated RANKL binds to its receptor RANK located on the cell surface 
of osteoclast precursors. This interaction in the background of macrophage 
colony-stimulating factor (M-CSF) causes the precursor cells to produce 
functional osteoclasts. Stromal cells also secrete osteoprotegerin (OPG), 
which acts as a “decoy” receptor for RANKL, preventing it from binding the 
RANK receptor on osteoclast precursors. Consequently, OPG prevents 
bone resorption by inhibiting osteoclast differentiation.
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d u rin g  the early  stages of bone form ation . The spec trum  
of d eve lopm en ta l d iso rd ers  o f bone is b road , an d  the clas
sification system  is n o t s tan d a rd ized . H ere  w e  w ill cat
egorize  the m ajor d iseases accord ing  to  the ir perceived  
pathogenesis.

C ongenital anom alies can result from  loca lized  abnor
m alities in  the m igration and condensation  o f m esen 
chym e (dysostosis) or g lob a l d isorganization  o f b one and,/ 
or cartilage (dysplasia). D ysostoses re su lt from  defects in  
the  fo rm ation  of m esenchym al condensa tions a n d  the ir d if
fe ren tia tion  in to  the cartilage anlage. The m ost com m on 
form s include the  com plete  absence of a bone o r a d ig it 
(aplasia), ex tra  bones or d ig its (supernumerary digit), an d  
ab n o rm al fu sion  o f bones (e.g., syndactyly, craniosynostosis). 
G enetic a lte ra tions th a t affect hom eobox  genes, cytokines, 
a n d  cy tok ine recep to rs a re  especially  com m on  am o n g  the 
dysostoses. In  contrast, dysp lasias  arise  from  m u ta tio n s in  
genes th a t con tro l d ev e lo p m en t o r rem ode ling  o f the en tire  
skeleton. It is im p o rtan t to  no te  that, as for d eve lopm en ta l 
anom alies in  o ther tissues, the  te rm  dysplasia im plies abno r
m al g ro w th  ra th e r th a n  a p rem a lig n an t lesion as u sed  in  
the  contex t of neop lasia  (C hap ter 6 ).

M ore th a n  350 skeletal dysostoses an d  dysp lasias, m ost 
o f th em  ex trem ely  rare, have  been  described . E xam ples of 
d iseases w ith  defined  genetic abnorm alities are d iscussed  
below . N ote  th a t va rio u s p o in t m u ta tio n s  in  a single gene 
(e.g., COL2A1) can  resu lt in  d iffe ren t p heno types, w h ereas 
m u ta tio n s  in  d iverse  genes (e.g., LRP5, RANKL) can  give 
rise  to  sim ilar clinical pheno types.

Achondroplasia

A chondroplasia, the m ost com m on skeletal d ysp lasia  
and a major cause o f dwarfism , is an autosom al dom inant 
disorder resu lting  from  retarded cartilage grow th. The
d isease  is caused  by  gain-of-function  m u ta tio n s  in  fibro
b last g ro w th  factor recep to r 3 (FGFR3). N orm ally , FGF 
inh ib its  en d o ch o n d ra l g row th . FGFR3 m u ta tio n  resu lts  
in  a constitu tive ly  active recep to r, thereby  exaggerating  
th is  effect a n d  su p p ress in g  g row th . A pprox im ate ly  90% of 
cases stem  from  new  m uta tions, a lm ost all o f w h ich  occur 
in  the p a te rn a l allele. Affected in d iv id u a ls  have sho rtened  
p rox im al extrem ities, a tru n k  of re la tively  no rm al leng th , 
and  an  en larged  head  w ith  b u lg in g  fo rehead  an d  con
sp icuous dep ressio n  of the ro o t of the nose. The skeletal 
abnorm alities are  u sua lly  n o t associated  w ith  changes in  
longevity , in telligence, o r rep ro d u c tiv e  status.

Thanatophoric Dysplasia

Thanatophoric dysplasia, the m ost com m on lethal form  
o f dwarfism , results from  d im in ish ed  proliferation of  
chondrocytes and d isorganization  in  the zone o f prolif
eration. It a lso  is caused  by gain-of-function  m u ta tio n s in  
FGFR3, a lbeit ones th a t are  d istinc t from  those th a t cause 
achondrop lasia . It occurs in  ab o u t 1 of every  20,000 live 
b irths. A ffected in d iv id u a ls  have m icrom elic sho rten 
ing  of the lim bs, fron ta l bossing, re la tive  m acrocephaly , 
a sm all chest cavity , an d  a bell-shaped  abdom en . The 
u n d e rd ev e lo p ed  thoracic cavity  leads to  resp ira to ry  insuf
ficiency, an d  these  in d iv id u a ls  u sua lly  d ie  a t b irth  o r soon 
thereafter.
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Type I Collagen Diseases 
(Osteogenesis Imperfecta)

O steogen esis im perfecta (OI), the m ost com m on inher
ited  disorder o f connective tissu e, is a phenotyp ically  
diverse disorder caused by deficiencies in  the syn th esis  
o f type I collagen. OI p rinc ipa lly  affects bone a n d  o ther 
tissues rich  in  type  I co llagen (joints, eyes, ears, skin, an d  
teeth). It u sua lly  resu lts  from  au to som al d o m in a n t m u ta 
tions in  the genes th a t encode the  a 1  a n d  a 2  chains of type 
I collagen. These defects cause m isfo ld ing  of the  m u ta ted  
collagen p o lypep tides , an d  they in terfere w ith  the p ro p e r 
assem bly  of w ild -ty p e  co llagen chains (a dominant negative 
loss of function).

The fundam ental abnorm ality in  OI is too little  bone, 
resu ltin g  in  extrem e skeleta l fragility. O ther find ings 
include b lue  sclerae caused  by decreased  collagen content, 
m ak in g  the sclera tran slu cen t an d  a llow ing  p a rtia l v isu 
a liza tion  of the u n d e rly in g  choroid; h ea rin g  loss re la ted  
to a senso rineu ra l deficit an d  im p ed ed  co nduc tion  d u e  to 
abnorm alities in  the  bones of the m id d le  ear; an d  d en ta l 
im perfections (sm all, m isshapen , an d  b lue-yellow  teeth) 
secondary  to  a deficiency in  den tin .

O I can  be sep ara ted  in to  m u ltip le  clinical su b ty p es th a t 
vary  w id e ly  in  severity . The type  2 v a rian t is a t one end  
of the  sp ec tru m  an d  is un ifo rm ly  fatal in  u te ro  o r d u rin g  
the p e rin a ta l period . In  contrast, in d iv id u a ls  w ith  the type
1  fo rm  have a no rm al life sp an  d esp ite  a  suscep tib ility  to 
fractures, p articu larly  d u r in g  ch ildhood .

Osteopetrosis

O steopetrosis, also k n ow n  as marble bone disease, refers 
to a group o f rare genetic d iseases that are character
ized  by reduced b one resorption and d iffu se  sym m etric 
skeletal sclerosis resu ltin g  from  im paired form ation or 
fu n ction  o f osteoclasts. The te rm  osteopetrosis reflects the 
stonelike q uality  of the  bones. H ow ever, the  bones are  
abnorm ally  brittle  and  frac tu re  easily, like a piece of chalk. 
O steopetrosis  is classified in to  v a rian ts  based  o n  bo th  the 
m ode of inheritance  and  the  severity  o f clinical findings.

M ost of the  m u ta tio n s  u n d e rly in g  o steopetrosis  in terfere  
w ith  the p rocess o f acid ification  of the  osteoclast reso rp 
tion  p it, w h ich  is req u ired  for the d isso lu tio n  of calcium  
h y d roxyapa tite  w ith in  the m atrix . These include au to so 
m al recessive m u ta tio n s in  the enzym e carbonic an h y d rase
2 (CA2), o r m u ta tio n s in  the TCIRG1 gene, w h ich  encodes 
a  com ponen t of a vacuo lar A TPase th a t h e lp s  to  m ain 
ta in  acid ic p H  in  osteoclasts, w h ich  is essen tia l for b reak 
in g  d o w n  bone. Bones in vo lved  by  o steopetrosis  lack a 
m ed u lla ry  canal, an d  the en d s  of long  bones are  bu lbous 
(E rlenm eyer flask deform ity) an d  m isshapen . The neu ra l 
fo ram ina are  sm all an d  com press ex iting  nerves. The 
p rim ary  spongiosa, w h ich  is no rm ally  rem oved  d u r in g  
g row th , persists  an d  fills the  m ed u lla ry  cavity , leav ing  no  
room  for the hem atopo ietic  m arrow .

Severe in fan tile  o steopetrosis  is au to som al recessive 
and  is o ften  fa ta l because of leukopen ia , d esp ite  exten 
sive ex tram ed u lla ry  hem atopo iesis  th a t can  lead  to  p ro m i
n e n t hepatosp lenom egaly . The m ild  au to som al d o m in an t 
fo rm  m ay  n o t be de tec ted  un til adolescence o r ad u lth o o d , 
w h e n  it is d iscovered  on  rad io g rap h ic  s tud ies  for repea ted
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fractures. These in d iv id u a ls  also  m ay  have  m ild  cranial 
nerve  deficits a n d  anem ia.

^ S U M M A R Y

C O N G E N IT A L  D IS O R D E R S  O F  B O N E  A N D  

C A R T IL A G E

Abnormalities in a single bone or a localized group of bones are 

called dysostoses and arise from defects in the migration and 

condensation of mesenchyme. They manifest as absent, super

numerary, or abnormally fused bones. Global disorganizations 

of bone and/or cartilage are called dysplasias. Developmental 

abnormalities can be categorized by the associated genetic defect.

• FGFR3 mutations are responsible for achondroplasia and than

atophoric dysplasia, both of which manifest as dwarfism.

• Mutations in the genes for type I collagen underlie most types 

of osteogenesis imperfecta (brittle bone disease), character

ized by defective bone formation and skeletal fragility.

• Mutations in C A 2  and T C I R G I  result in osteopetrosis (in which 

bones are hard but brittle) and renal tubular acidosis.

Genetic factors

Physical___
activity

PEAK BONE MASS ■ Nutrition

MENOPAUSE
• Decreased serum estrogen
• Increased IL-1, IL-6,

TNF levels
• Increased expression of 

RANK, RANKL
• Increased osteoclast activity

AGING
• Decreased replicative activity 

of osteoprogenitor cells
• Decreased synthetic activity 

of osteoblasts
• Decreased biologic activity of 

matrix-bound growth factors
• Reduced physical activity

V
A

OSTEOPOROSIS

Fig. 21.5 Pathophysiology of postmenopausal and senile osteoporosis (see 
text).

METABOLIC DISORDERS OF BONE

Osteopenia and Osteoporosis

T h e  te r m  o s t e o p e n i a  re fe rs  to  decreased  b o n e  m ass, w h i le  

o s t e o p o r o s i s  is  d e fin e d  as o s te o p e n ia  th a t  is  severe e n o u g h  

to  s ig n ific a n tly  increase  th e  r is k  o f  fra c tu re . R ad iog raph i
cally, o steoporosis  is co nsidered  bone m ass a t least 2.5 
s ta n d a rd  dev ia tions below  m ean  p eak  bone m ass, w h ereas 
o steopen ia  is 1 to  2.5 s ta n d a rd  dev ia tions below  the m ean. 
The d iso rd e r m ay  be localized  or generalized  (involv ing  
the  en tire  skeleton). A lth o u g h  o steoporosis  can  be second 
ary  to  endocrine  d iso rd ers  (e.g., hyperthy ro id ism ), gastro 
in testina l d iso rd ers  (e.g., m alnu trition ), or d ru g s  (e.g., 
corticosteroids), m o st o steoporosis  is p rim ary .

T h e  m o s t c o m m o n  fo rm s  o f  o steoporosis  are th e  s e n ile  

a n d  p o s tm e n o p a u s a l ty p e s . The fo llow ing  d iscussion  
relates largely  to  these fo rm s of osteoporosis.

Pathogenesis

P eak  bone m ass is ach ieved  d u r in g  y o u n g  ad u lth o o d . Its 
m ag n itu d e  is in fluenced  by h ered ita ry  factors, especially  
p o ly m o rp h ism s in  the genes th a t influence bone m etabo 
lism  (d iscussed  later). P hysical activ ity , m uscle  s treng th , 
diet, a n d  h o rm ona l sta te  also  m ake im p o rta n t con tribu tions. 
A fter m axim al skeletal m ass is a tta ined , bone tu rn o v e r con
tin u es w ith  a n e t deficit in  bone fo rm ation  re su ltin g  in  an  
average  loss o f 0.7% of bone m ass p e r  year. A lth o u g h  m u ch  
rem ains u n k n o w n , d iscoveries in  the  m o lecu lar b io logy  of 
bone fo rm ation  a n d  reso rp tio n  have p ro v id e d  n ew  insigh ts 
in to  the pa thogenesis  of o steoporosis  (Fig. 21.5):
• Age-related changes. O steob lasts from  o lder in d iv id u a ls  

have red u ced  pro life ra tive  a n d  b iosyn thetic  p o ten tia l 
an d  re d u ced  response  to  g ro w th  factors com pared  to 
osteoblasts in  y o u n g e r in d iv idua ls . The n e t re su lt is a 
d im in ished  capacity  to  m ake bone. This fo rm  of osteo 
porosis, k n o w n  as senile osteoporosis, is ca tegorized  as a 
low-turnover osteoporosis.

Reduced physical activity. The decreased  physical activ 
ity  th a t is associa ted  w ith  n o rm al ag ing  con tribu tes to 
senile osteoporosis. M echanical forces stim ula te  no rm al 
bone rem ode ling  as ev idenced  by  bone loss in  a n  im m o
bilized  or p a ra ly zed  ex trem ity . The type  of exercise is 
im p o rtan t, as load  m ag n itu d e  in fluences bone density  
m ore th a n  the  n u m b er of load  cycles. T hus, resistance 
exercises such  as w e ig h t tra in in g  are  m ore effective 
stim uli for increasing  bone m ass th an  repe titive  en d u r
ance activ ities such  as bicycling.
Genetic factors. Single gene defects (e.g., LRP5 m u ta 
tions) accoun t for on ly  a sm all fraction  of osteoporosis 
cases. P o ly m o rp h ism s in  o ther genes have been  linked  
to o steoporosis  by  genom e-w ide associa tion  stud ies, in  
p a rticu la r genes in  the W n t signaling  p a thw ay .
Calcium nutritional state. A dolescen ts (particu larly  girls) 
tend  to  have low  d ie ta ry  calcium  in take, a  factor th a t 
restric ts p eak  bone m ass. C alc ium  deficiency, increased  
PT H  concentra tions, a n d  red u ced  levels o f v itam in  
D  also  m ay  p lay  a ro le  in  the d ev e lo p m en t o f senile 
osteoporosis.
Hormonal influences. In  the decade  after m enopause , 
yearly  red u c tio n s in  bone m ass m ay  be as m u ch  as 2 % 
of cortical bone an d  9% of m ed u lla ry  bone. Estrogen 
deficiency p lays the m ajor role in  th is p h en o m en o n  and  
close to  40% of p o stm en o p au sa l w o m en  are  affected 
by osteoporosis. D ecreased  estrogen  levels after m eno 
p au se  increase b o th  bone reso rp tio n  a n d  fo rm ation  b u t 
the la tte r does n o t keep  u p  w ith  the  form er, lead in g  
to high-turnover osteoporosis. The decreased  estrogen  
m ay  increase secretion  of in flam m atory  cy tok ines by 
m onocytes. These cy tokines stim ula te  osteoclast recru it
m en t a n d  activ ity  by increasing  the levels of RANKL, 
d im in ish in g  the  expression  of OPG, decreasing  osteo 
clast p ro lifera tion , a n d  p re v en tin g  osteoclast a p o p to 
sis. C y tok ines such  as IL-6 , TN F-a , a n d  IL-1 also  have  
been  im p licated  in  p o stm en o p au sa l osteoporosis, e ither 
in d ep en d en tly  o r as d o w n stream  m ed ia to rs  o f estrogen  
signaling.
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Fig. 21.6 Osteoporotic vertebral body ( r ig h t )  shortened by compression 
fractures compared with a normal vertebral body ( le f t ) .  Note that the osteo
porotic vertebra has a characteristic loss of horizontal trabeculae and thick
ened vertical trabeculae.

^  M O R P H O L O G Y

T h e  h a llm a rk  o f osteoporosis is h isto logically n o rm a l 

bone th a t  is decreased in q u an tity . The entire skeleton is 

affected in postmenopausal and senile osteoporosis, but certain 

bones tend to be more severely impacted. In postmenopausal 

osteoporosis the increase in osteoclast activity affects mainly 

bones or portions of bones that have increased surface area, 

such as the cancellous compartment of vertebral bodies (Fig 

21.6). The trabecular plates become perforated, thinned, and 

lose their interconnections (Fig. 21.7), leading to  progressive 

microfractures and eventual vertebral collapse.

C lin ica l C o u rs e

The clinical m an ifesta tions of osteoporosis d ep e n d  on  
w h ich  bones are invo lved . V ertebral fractu res th a t fre
q u en tly  occur in  the thoracic a n d  lu m b ar reg ions are  
pain fu l, and , w h e n  m ultip le , can  cause significant loss of 
h e ig h t a n d  various deform ities, in c lu d in g  lu m b ar lordosis 
a n d  kyphoscoliosis. The im m obility  fo llow ing  frac tu res of 
the  fem oral neck, pelv is, o r sp ine  resu lts  in  com plications

Fig. 2 I .7 In advanced osteoporosis, both the trabecular bone of the medulla 
( b o t to m )  and the cortical bone ( t o p )  are markedly thinned.

such  as p u lm o n ary  em bolism  a n d  p neum on ia , accoun ting  
for 40,000 to 50,000 d ea th s  p e r  year.

O steoporosis  canno t be reliab ly  de tec ted  in  p la in  rad io 
g rap h s  u n til 30% to 40% of the  bone m ass is lost, an d  
m easu rem en t o f b lood  levels o f calcium , p h o sp h o ru s , an d  
alkaline p h o sp h a ta se  a re  n o t d iagnostic . O steoporosis  is 
th u s  a  d ifficult cond ition  to  screen for in  asym ptom atic  
people. The best es tim ates o f bone loss, aside  from  biopsy  
(w hich  is ra re ly  perfo rm ed), are specialized  rad io g rap h ic  
im ag ing  techniques, such  as dual-energy  x-ray abso rp ti
om etry  a n d  q u an tita tiv e  co m p u ted  to m ography , b o th  of 
w h ich  m easu re  bone density .

The p rev en tio n  a n d  trea tm en t o f senile a n d  postm eno 
p au sa l o steoporosis  includes exercise, a p p ro p ria te  calcium  
a n d  v itam in  D  in take, a n d  pharm aco log ic  agen ts  th a t 
decrease reso rp tio n  (b isphosphonates). B isphosphonates 
reduce  osteoclast activ ity  an d  induce  osteoclast apop tosis . 
D enosum ab , a n  anti-R A N K L an tib o d y  th a t blocks osteo 
clast ac tivation , has  sh o w n  p rom ise  in  trea tin g  som e form s 
of p o stm en o p au sa l osteoporosis. The m ajor challenge in  
p h a rm aco th e rap y  of o steoporosis  has  been  the inability  
to u n co u p le  bone fo rm ation  a n d  reso rp tion . N ovel agen ts 
are  cu rren tly  u n d e rg o in g  clinical trials in  a n  a tte m p t to 
overcom e th is  lim itation . A lth o u g h  m en o p au sa l ho rm one 
th e rap y  has been  u sed  to  p re v e n t fracture , com plications, 
p articu larly  deep  ven o u s th rom bosis a n d  stroke, have  
p ro m p te d  the  search  for m ore  selective estrogen  recep to r 
m odu la to rs.

Rickets and Osteomalacia
B o th  r ic k e ts  a n d  o s te o m a lac ia  are m a n ife s ta tio n s  o f  

v ita m in  D  d e fic ie n c y  or its  a b n o rm a l m e ta b o lis m

(de ta iled  in  C h ap te r 8 ). Rickets refers to the d iso rd e r in  
ch ild ren , in  w h o m  it in terferes w ith  the  dep o sitio n  of bone 
in  the g ro w th  p la tes. Osteomalacia is the a d u lt coun te rpart, 
in  w h ich  bone fo rm ed  d u rin g  rem ode ling  is u n d e rm in e r
alized , re su ltin g  in  a p red isp o sitio n  to  fractures. The fun 
dam en ta l defect is a n  im p a irm en t o f m inera liza tion  a n d  a 
re su ltan t accum ula tion  of u n m in era lized  m atrix .

Hyperparathyroidism * •

Excess p ro d u c t io n  a n d  a c tiv ity  o f  P T H  re s u lt  in  in c reased  

osteoclast a c tiv ity , b o n e  re s o rp tio n , a n d  o s te o p e n ia .
A lth o u g h  the  en tire  skele ton  is affected, the osteope
n ia  in  som e bones (e.g., pha langes) is m ore  consp icuous 
rad iog raph ica lly . Iso la ted  h y p e rp a ra th y ro id ism  peaks in  
m id d le  a d u lth o o d  a n d  slightly  earlie r if p resen tin g  as a 
co m p o n en t of m u ltip le  endocrine  neop lasia  (M EN, types I 
a n d  IIA).

Pathogenesis

A s d iscussed  in  C h ap te r 20, PTH  p lay s a  cen tra l ro le  in  
calcium  hom eostasis  th ro u g h  the  fo llow ing  effects:
• O steoclast activation , increasing  bone reso rp tion , an d  

calcium  m obilization . PTH  m ed ia tes  the effect ind irectly  
by increased  RANKL expression  o n  osteoblasts.

• Increased  reso rp tio n  of calcium  by the  rena l tubules.
• Increased  u rin a ry  excretion  of p h osphates .
• Increased  syn thesis  o f active v itam in  D, 1,25(OH)2-D, by 

the k idneys, w h ich  in  tu rn  enhances calcium  abso rp tion
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from  the g u t an d  m obilizes bone calcium  by  in d u c in g  
RANKL o n  osteoblasts.

The n e t re su lt of the actions of PTH  is an  elevation  
in  se ru m  calcium , w hich , u n d e r  n o rm al circum stances, 
inh ib its  fu rth e r PTH  p ro d u c tio n . H ow ever, excessive or 
in ap p ro p ria te  levels of PTH  can  resu lt from  au to n o m o u s 
p a ra th y ro id  secretion  (primary hyperparathyroidism) or can 
occur in  the se tting  of u n d e rly in g  ren a l d isease (second
ary hyperparathyroidism) (see C h ap te r 20). PTH  is d irectly  
responsib le  for the bone changes seen  in  p rim ary  h y p er
p a ra th y ro id ism . A bnorm alities stem m ing  from  chronic 
rena l insufficiency th a t con tribu te  to  bone d isease in  second 
ary  h y p e rp a ra th y ro id ism  include in ad eq u a te  1,25-(OH)2-D 
synthesis, h y p erp h o sp h a tem ia , m etabolic  acidosis, an d  
a lu m in u m  dep o sitio n  in  bone (in those u n d e rg o in g  renal 
dialsysis).

M O R P H O L O G Y

Symptomatic, untreated primary hyperparathyroidism manifests 

with three interrelated skeletal abnormalities: osteoporosis, 

brow n tu m o rs , and oste itis  fibrosa cystica. Osteoporosis is 

generalized, but is most severe in the phalanges, vertebrae, and 

proximal femur. Osteoclasts may tunnel into and dissect centrally 

along the length of the trabeculae, creating the appearance of 

railroad tracks and producing what is known as d i s s e c t i n g  o s t e 

i t i s  (Fig. 21.8). The marrow spaces around the affected surfaces 

are replaced by fibrovascular tissue. The correlative radiographic 

finding is a decrease in bone density.

The bone loss predisposes to microfractures and second

ary hemorrhages that elicit an influx of macrophages and an 

ingrowth of reparative fibrous tissue, creating a mass of reactive 

tissue, known as a brown tu m o r  (Fig. 21.9). The brown color is 

the result of the vascularity, hemorrhage, and hemosiderin. These 

lesions often undergo cystic degeneration. The combination of 

increased bone cell activity, peritrabecular fibrosis, and cystic 

brown tumors is the hallmark of severe hyperparathyroidism and 

is known as genera lized  osteitis fibrosa cystica.

Fig. 21.8 Hyperparathyroidism with osteoclasts boring into the center of 
the trabecula resembling a train track (dissecting osteitis).

Fig. 2 I .9 Resected rib, harboring an expansile brown tumor adjacent to the 
costal cartilage.

C lin ica l C o u rs e

A s bone m ass decreases, affected  p a tien ts  a re  increasing ly  
suscep tib le  to  fractures, bone defo rm ation , a n d  jo in t p ro b 
lem s. O steitis fibrosa cystica is n o w  rare ly  encoun tered  
because h y p e rp a ra th y ro id ism  is u sua lly  d iagnosed  on  
ro u tin e  b lood  tests a n d  trea ted  a t a n  early  stage. R estora
tion  of PTH  levels to  no rm al can  com plete ly  reverse  the 
bone changes. Secondary  h y p e rp a ra th y ro id ism  is usua lly  
n o t as severe or as p ro lo n g ed  as p rim ary  h y p e rp a ra th y 
ro id ism , hence the  skeletal abnorm alities tend  to  be m ilder.

Ä S U M M A R Y

M E T A B O L IC  D IS O R D E R S  O F  B O N E

• O s te o p e n ia  and osteoporosis represent histologically 

normal bone that is decreased in quantity. In osteoporosis the 

bone loss is sufficiently severe to  significantly increase the risk 

of fracture. The disease is very common, with marked mor

bidity and mortality from fractures. Multiple factors including 

peak bone mass, age, activity, genetics, nutrition, and hormonal 

influences contribute to its pathogenesis.

• O s te o m a la c ia  is characterized by bone that is insufficiently 

mineralized. In the developing skeleton, the manifestations are 

characterized by a condition known as rickets.

• H y p e rp a ra th yro id is m  arises from either autonomous or 

compensatory hypersecretion of PTH and can lead to osteo 

porosis, b row n tu m o rs , and osteitis  fibrosa cystica. 

However, in developed countries, where early diagnosis is the 

norm, these manifestations are rarely seen.

PAGET DISEASE OF BONE (OSTEITIS 
DEFORMANS)

P ag et d isease is a  c o n d it io n  o f  in c re as e d , b u t  d is o rd e re d  

a n d  s tru c tu ra lly  u n s o u n d , b o n e . This u n iq u e  skeletal 
d isease  can  be d iv id ed  in to  th ree  sequen tia l phases: (1 ) an  
in itia l osteolytic  stage, (2 ) a m ixed  osteoclastic - osteoblastic 
stage, w h ich  en d s  w ith  a p red o m in an ce  of osteoblastic 
activ ity  an d  evolves in to  (3) a final b u rn e d -o u t qu iescen t 
osteosclerotic  stage (Fig. 21.10).
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Fig. 21.10 Diagrammatic representation of Paget disease of bone demon
strating the three phases in the evolution of the disease.

P aget d isease u sua lly  beg ins in  la te  ad u lth o o d . A n 
estim ated  1% of the U.S. p o p u la tio n  o ld e r th a n  age 40 is 
affected. A n  in trig u in g  aspec t is the  s trik ing  geographic  
va ria tio n  in  the  prevalence. P aget d isease is relatively  
com m on  in  w h ites  in  E ngland , France, A ustria , reg ions of 
G erm any , A ustra lia , N ew  Z ealand , a n d  the U n ited  States. 
In  con trast, the  d isease is ra re  in  the native  p o p u la tio n s  of 
Scandinavia, C hina, Japan, a n d  Africa.

Pathogenesis

C u rren t ev idence suggests bo th  genetic a n d  env ironm en ta l 
causes of P aget d isease. A pprox im ate ly  50% of fam ilial 
P aget d isease an d  10% of sporad ic  cases h a rb o r m u ta tio n s 
in  the  SQ STM 1  gene. The m u ta tio n s increase the activ ity  of

N F -kB, w hich , in  tu rn  increases osteoclast activ ity . A ctivat
in g  m u ta tio n s  in  R A N K  a n d  inac tiva ting  m u ta tio n s in  OPG  
accoun t for som e cases of juven ile  P aget disease. The geo
g raph ic  d is trib u tio n  is suggestive  of som e env ironm en ta l 
influence. O f no te  in  th is regard , cell cu ltu re  s tud ies  have  
sh o w n  th a t infection  of osteoclast p recu rso rs  w ith  v iru ses 
such  as m easles o r o th e r R N A  v iru ses  a lte rs v itam in  D 
sensitiv ity  a n d  IL - 6  secretion, b o th  of w h ich  can  lead  to 
increased  bone reso rp tion .

M O R P H O L O G Y

Paget disease shows remarkable histologic variation through

out time and from site to  site. T h e  h a llm a rk , seen in th e  

sc lero tic  phase, is a  m osaic p a tte rn  o f la m e lla r  bone

(Fig. 21.11). The jigsaw puzzle-like appearance is produced by 

unusually p ro m in e n t c e m e n t lines, which join haphazardly 

oriented units of lamellar bone. In the sclerotic phase, the bone 

is thickened but lacks structural stability making it vulnerable to  

deformation and fracture. The findings during the other phases 

are less specific. The initial lytic phase is characterized by numer

ous large osteoclasts and resorption pits. The osteoclasts may 

have 100 or more nuclei. Osteoclasts persist in the mixed phase, 

but many of the bone surfaces are also lined by prominent 

osteoblasts.

C lin ica l C o u rs e

P aget d isease is monostotic in  ab o u t 15% of cases a n d  polyos
totic in  the rem ainder. The axial skele ton  o r p rox im al fem ur 
is invo lved  in  u p  to  80% of cases. M ost cases are asy m p 
tom atic  a n d  are d iscovered  as a n  inc iden ta l rad io g rap h ic  
find ing . P a in  localized  to the affected  bone is a com m on 
sym ptom . P a in  is caused  by m icro fractu res o r by  bone 
o v erg ro w th  th a t com presses sp ina l a n d  cran ial n erve  roots. 
E n largem en t of the craniofacial skele ton  m ay  p ro d u ce  leon- 
tiasis ossea (lion face) a n d  a c ran iu m  so heavy  th a t is dif
ficult for the  p e rso n  to ho ld  the  h ead  erect. The w eakened  
Pagetic  bone m ay  lead  to  invag in a tio n  of the  sku ll base 
(platybasia) an d  com pression  of the  p o ste rio r fossa. W eigh t 
bearing  causes an te rio r bow in g  of the  fem urs an d  tibiae

Fig. 21.11 Mosaic pattern of lamellar bone pathognomonic of Paget disease.
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a n d  d isto rts  the  fem oral heads, resu ltin g  in  the develop 
m en t o f severe secondary osteoarthritis. Chalk stick-type frac
tures are  an o th er freq u en t com plication  a n d  u sually  occur 
in  the long  bones of the low er extrem ities. C om pression  
frac tu res of the sp ine  resu lt in  sp ina l co rd  in ju ry  an d  the 
d ev e lo p m en t o f kyphosis. The d iagnosis can  frequen tly  be 
m ad e  from  the rad io g rap h ic  findings. M any affected ind i
v id u a ls  have e leva ted  se ru m  alka line  p h o sp h a ta se  levels 
b u t n o rm al se ru m  calcium  a n d  p h o sp h o ru s.

A  v a r ie ty  o f  tu m o r  a n d  tu m o r lik e  c o n d itio n s  d e v e lo p  

in  P ag etic  b o n e . S econdary  osteosarcom a occurs in  
less th a n  1% of all in d iv id u a ls  w ith  P aget disease, b u t 
a p p ea rs  in  5% to 10% of those w ith  severe polyosto tic  
disease. In  the absence of m alig n an t transfo rm ation , P aget 
d isease is u sua lly  n o t a serious or life -th reaten ing  disease. 
M ost affected  in d iv id u a ls  have  m ild  sym ptom s th a t a re  
read ily  su p p ressed  by  trea tm en t w ith  calcitonin  a n d  
b isphosphonates.

0-1 day 
Organizing 
hematoma

Resorption Activation 
Proliferation 

0-2 weeks - Soft callus

FRACTURES

A  fra c tu re  is  d e fin e d  as loss o f  b o n e  in te g r ity  re s u ltin g  

f r o m  m e c h a n ic a l in ju r y  a n d /o r  d im in is h e d  b o n e  s tre n g th .

F ractu res are the m ost com m on  pa tho log ic  cond itions 
affecting  bone. The fo llow ing  qualifiers describe fractu re  
types a n d  affect treatm ent:
• Sim ple: the  overly ing  sk in  is in tact
• C o m p o u n d : the bone com m unicates w ith  the  skin 

surface
• C om m inu ted : the bone is fragm en ted
• D isplaced: the  en d s of the bone a t the fractu re  site are  

n o t a ligned
• Stress: a slow ly d eve lop ing  fractu re  th a t follow s a 

p e rio d  of increased  physical activ ity  in  w h ich  the bone 
is subjected  to  repe titive  loads

• G reenstick: ex tend ing  on ly  partia lly  th ro u g h  the bone, 
com m on in  in fan ts w h e n  bones are soft

• Pathologic: invo lv ing  bone w eak en ed  by a n  u n d erly in g  
d isease process, such  as a tu m o r

Healing of Fractures
F ractu re  rep a ir  involves reg u la ted  expression  of a m u lti
tu d e  of genes a n d  can  be sep ara ted  in to  o v erlap p in g  stages 
w ith  p a rticu la r m olecu lar, biochem ical, histologic, an d  bio
m echanical features.

Im m ed ia te ly  after fracture, ru p tu re  of b lood  vessels 
resu lts  in  a hem atom a, w h ich  fills the fractu re  gap  and  
su rro u n d s  the  a rea  of bone in jury  (Fig. 21.12). The c lo tted  
b lood  p ro v id es  a fib rin  m esh , sealing  off the  fractu re  site 
a n d  creating  a scaffold for the in flux  of in flam m atory  cells 
an d  the in g ro w th  of fib roblasts an d  new  capillaries. S im ul
taneously , d e g ran u la ted  p la te le ts  a n d  m ig ra tin g  inflam 
m ato ry  cells release PDGF, TGF-P, FGF, a n d  o th er factors 
th a t activate  o s teop rogen ito r cells in  the  perio steum , m ed 
u lla ry  cavity , an d  su rro u n d in g  soft tissues a n d  stim ula te  
osteoclastic a n d  osteoblastic  activity . By the en d  of the 
first w eek , a  m ass of p red o m in an tly  uncalcified  tissue — 
called  soft callus o r procallus—provides anchorage be tw een  
the  en d s  of the frac tu red  bones. A fter ap p rox im ate ly  2 
w eeks, the  soft callus is transfo rm ed  in to  a bony callus. The

Rg.21.12 The reaction to a fracture begins with an organizing hematoma. 
Within two weeks, the two ends of the bone are bridged by a fibrin mesh- 
work in which osteoclasts, osteoblasts, and chondrocytes differentiate from 
precursors. These cells produce cartilage and bone matrix, which, with ade
quate immobilization, remodels into normal lamellar bone.
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ac tiva ted  o steop rogen ito r cells d ep o sit woven bone. In  som e 
cases, the  ac tiva ted  m esenchym al cells in  the soft tissues 
an d  bone su rro u n d in g  the fractu re  line a lso  d ifferen tia te  
in to  chondrocy tes th a t m ake  fibrocartilage a n d  hyaline  car
tilage. The new ly  fo rm ed  cartilage a long  the frac tu re  line 
u n d erg o es  en d o ch o n d ra l ossification, fo rm ing  a con tigu 
ous n e tw o rk  of bone w ith  new ly  d ep o sited  bone trabeculae 
in  the  m edu lla  a n d  b en ea th  the perio steum . In  th is fashion, 
the frac tu red  en d s  are  b rid g ed  (Fig. 21.12).

As the callus m atu re s  a n d  is subjected  to  w e ig h t
bearing  forces, p o rtio n s th a t a re  n o t physically  stressed  
are  reso rbed . This rem ode ling  reduces the size of the callus 
u n til the  shape  a n d  o u tline  of the frac tu red  bone are  rees
tab lished  as lamellar bone. The hea ling  p rocess is com plete  
w ith  resto ra tio n  of the m ed u lla ry  cavity.

The sequence of even ts  in  the  healing  of a fractu re  can 
be easily  im p ed ed  o r blocked. D isp laced  a n d  com m inu ted  
fractu res frequen tly  re su lt in  som e deform ity . In ad eq u a te  
im m obiliza tion  perm its  m o v em en t o f the callus a n d  p re 
ven ts its n o rm al m atu ra tio n , re su ltin g  in  delayed union or 
nonunion. If a n o n u n io n  persists, the m alfo rm ed  callus 
u n d erg o es  cystic degenera tion , a n d  the lu m in a l surface 
m ay  becom e lined  by synovial-like cells, crea ting  a false 
jo in t o r pseudoarthrosis. Infection  of the frac tu re  site, espe
cially com m on  in  o p e n  fractures, is a serious obstacle to 
healing . M aln u tritio n  a n d  skeletal dysp lasia  also  h in d e r 
fractu re  healing.
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OSTEONECROSIS (AVASCULAR 
NECROSIS)

O steonecrosis  re fe rs  to  in fa rc t io n  (isch em ic  necrosis) o f  

b o n e  a n d  m a rro w  cells. A diverse set of conditions p re 
d isposes to  bone ischem ia, inc lud ing  vascu lar in jury  (e.g., 
traum a, vasculitis), d ru g s  (e.g., corticosteroids), system ic 
disease (sickle cell crisis), an d  rad ia tion . In  ab o u t 25% of 
cases, the cause is u n know n . The th ree  suspected  m echa
n ism s causing  osteonecrosis a re  m echanical d isru p tio n  of 
vessels, th rom botic  occlusion, an d  ex travascu lar com pres
sion. O steonecrosis has  a w id e  age range  b u t peaks in  the 
30s to  50s a n d  accounts for ab o u t 10% of h ip  rep lacem ents 
in  the U n ited  States.

M O R P H O L O G Y

Regardless of etiology, medullary infarcts are geographic and 

involve the trabecular bone and marrow. The cortex is usually 

not affected because of its collateral blood flow. In subchondral 

infarcts, a triangular or wedge-shaped segment of tissue that has 

the subchondral bone plate as its base undergoes necrosis. The 

overlying articular cartilage remains viable, as it can access nutri

ents that are present in synovial fluid. Microscopically, dead bone 

is recognized by empty lacunae surrounded by necrotic adipo

cytes that frequently rupture. In the healing response, osteoclasts 

resorb the necrotic trabeculae. Trabeculae that remain act as 

scaffolding for the deposition of new bone in a process known 

as creeping substitution. In subchondral infarcts, the pace of this 

substitution is too slow to be effective, so there is collapse of 

the necrotic bone and distortion, fracture, and even sloughing of 

the articular cartilage (Fig. 21.13).

Fig. 21.13 Femoral head with a subchondral, wedge-shaped pale yellow area 
of osteonecrosis ( a r r o w ) .  The space between the overlying articular cartilage 
and bone is caused by trabecular compression fractures without repair.

C lin ica l C o u rs e

The sym ptom s d e p e n d  o n  the location  an d  ex ten t of infarct. 
Typically, su bchondra l in farcts cause p a in  th a t is in itially  
associa ted  on ly  w ith  activ ity  b u t then  becom es constan t. 
S ubchondra l infarcts o ften  collapse a n d  m ay  lead  to  severe, 
secondary  o steoarth ritis . T rea tm en t ranges from  conserva
tive m easu res  (lim ited  w e ig h t bearing , im m obilization) to 
surgery .

OSTEOMYELITIS

O s te o m y e lit is  d en o tes  in f la m m a tio n  o f  b o n e  a n d  m a rro w ,  

v ir tu a l ly  a lw a y s  secon dary  to  in fe c t io n . O steom yelitis 
m ay  be a com plication  of any  system ic in fection  b u t fre
q u en tly  m anifests as a  p rim ary  so litary  focus o f disease. All 
types of o rgan ism s, in c lu d in g  v iruses, parasites, fungi, an d  
bacteria, can  p ro d u ce  osteom yelitis, b u t infections caused  
by certa in  pyogen ic  bacteria  an d  m ycobacteria  a re  the m ost 
com m on.

Pyogenic Osteomyelitis

Pyogenic osteom yelitis is a lm ost a lw ays caused  by  bacteria  
an d  rare ly  by  fungi. O rgan ism s m ay  reach  the bone by 
(1 ) hem ato g en o u s sp read , (2 ) ex tension  from  a con tiguous 
site, a n d  (3) d irec t im p lan ta tio n  after co m p o u n d  fractu res 
o r o rth o p ed ic  p rocedu res. In  o therw ise  hea lthy  ch ild ren , 
m ost osteom yelitis is h em ato g en o u s in  o rig in  a n d  develops 
in  the long  bones. In  adu lts , how ever, o steom yelitis m ore  
often  occurs as a com plication  of o p en  fractures, surgical 
p rocedu res, a n d  in fections of the feet in  d iabetics.

Staphylococcus aureus is responsib le  for 80% to 90% of 
the cases of cu ltu re-positive  pyogen ic  osteom yelitis. These 
o rgan ism s express cell w all p ro te in s  th a t b in d  to  bone 
m atrix  com ponen ts  such  as co llagen a n d  facilitate ad h e r
ence to bone. Escherichia coli, Pseudomonas, a n d  Klebsiella are  
m ore frequen tly  iso la ted  from  in d iv id u a ls  w ith  gen itou ri
na ry  trac t infections o r w ho  are  in trav en o u s d ru g  abusers. 
M ixed bacterial infections are seen  in  the se tting  of d irect
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sp read , inocu la tion  of o rgan ism s d u rin g  su rgery , or in to  
o p e n  fractures. In  the n eo n a ta l period , Haemophilus influ
enzae a n d  g ro u p  B streptococci are freq u en t pa thogens, 
an d  in d iv id u a ls  w ith  sickle cell d isease are p red isp o sed  to 
Salmonella infection. In  a lm ost 50% of suspec ted  cases, no  
o rgan ism s can  be iso lated .

The osseous v ascu lar c irculation , w h ich  varies w ith  age, 
de term ines the location  of in fection  in  m ost long  bones. 
In  in fan ts a n d  adu lts , vascu lar com m un ica tion  allow s 
the sp read  o f in fection  be tw een  the m etaphysis a n d  the 
ep iphysis. By contrast, the avascu lar g ro w th  p la te  in  the 
child  in te rru p ts  infection  sp re a d  be tw een  the m etaphysis 
an d  ep iphysis.

^  M O R P H O L O G Y

Changes associated with osteomyelitis depend on the stage 

(acute, subacute, or chronic) and location of the infection. In the 

acute phase, bacteria proliferate and induce a neutrophilic inflam

matory reaction. Necrosis of bone cells and marrow ensues 

within the first 48 hours. The bacteria and inflammation spread 

longitudinally and radially throughout the Haversian systems to  

reach the periosteum. In children, the periosteum is loosely 

attached to  the cortex. Thus, sizable subperiosteal abscess may 

form that dissect for long distances along the bone surface. 

Lifting of the periosteum further impairs the blood supply to  

the affected region, contributing to the necrosis. The dead bone 

is known as a s e q u e s t r u m .  Rupture of the periosteum leads to  

a soft tissue abscess, which can channel to the skin, creating a 

draining sinus. Sometimes the sequestrum crumbles, releasing 

fragments that pass through the sinus tract.

In infants (and uncommonly in adults), epiphyseal infection 

may spread through the articular surface or along capsular and 

tendoligamentous insertions into a joint, producing septic or 

suppurative arthritis, which can cause destruction of the articular 

cartilage and permanent disability.

A fter the first week, chronic inflammatory cells release 

cytokines that stimulate osteoclastic bone resorption, ingrowth 

of fibrous tissue, and the deposition of reactive bone at the 

periphery. The newly deposited bone can form a shell of living 

tissue, known as an invo lucrum , around the segment of devital

ized infected bone (Fig. 21.14). The histologic findings of chronic 

osteomyelitis are more protean but typically involve marrow  

fibrosis, sequestrum, and an inflammatory infiltrate of lympho

cytes and plasma cells.

C lin ica l C o u rs e

H em ato g en o u s osteom yelitis som etim es m an ifests as an  
acu te  system ic illness w ith  m alaise, fever, chills, leukocyto 
sis, a n d  m ark ed  th ro b b in g  p a in  over the  affected reg ion . In 
o th e r instances the p re sen ta tio n  is subtle, w ith  on ly  unex 
p la in ed  fever (m ost o ften  in  infants) o r localized  p a in  (m ost 
o ften  in  adu lts). The d iagnosis is strong ly  suggested  by 
the  characteristic  rad io g rap h ic  find ings of a lytic focus of 
bone d estru c tio n  su rro u n d e d  by  a zone of sclerosis. B iopsy 
a n d  bone cu ltu res  a re  req u ired  to  iden tify  the  p a th o g en  in  
m ost instances. The com bination  of an tib io tics a n d  surgical 
d ra inage  is u su a lly  curative.

In  5% to 25% of cases, acu te  osteom yelitis fails to  resolve 
a n d  persists  as chronic infection. C hronic  in fections m ay

Fig. 21.14 Resected femur in a person with draining osteomyelitis. The 
drainage tract in the subperiosteal shell of viable new bone (involucrum) 
shows the inner native necrotic cortex (sequestrum).

develop  w h e n  there  is delay  in  d iagnosis, extensive bone 
necrosis, in ad eq u a te  an tib io tic  th e rap y  o r su rg ical deb ride 
m ent, o r w eak en ed  host defenses. The course  of chronic 
in fections m ay  be p u n c tu a te d  by  acu te  flare-ups; these 
are  u su a lly  sp o n tan eo u s a n d  m ay  occur after y ea rs  of 
do rm ancy . O ther com plications of chronic osteom yelitis 
include pa tho log ic  fracture , secondary  am ylo idosis, endo 
carditis, sepsis, a n d  the d ev e lo p m en t o f sq u am o u s cell 
carcinom a in  the d ra in in g  s inus tracts a n d  sarcom a in  the 
infected  bone.

Mycobacterial Osteomyelitis
M ycobacterial osteom yelitis, h isto rically  a p ro b lem  in 
develop ing  countries, has increased  in  incidence in  the 
d ev eloped  w o rld  because of im m ig ra tio n  p a tte rn s  an d  
im m u n o co m p ro m ised  pa tien ts. O verall, app rox im ate ly  1% 
to 3% of in d iv id u a ls  w ith  p u lm o n ary  o r ex trap u lm o n ary  
tubercu losis  exh ib it osseous infection.

The o rgan ism s are  u su a lly  b lood  borne  a n d  orig inate  
from  a focus of active v isceral d isease d u rin g  the in itial 
stages of p rim ary  infection. D irect ex tension  (e.g., from  a 
p u lm o n ary  focus in to  a rib  o r from  tracheobronch ial nodes 
in to  ad jacen t vertebrae) also  m ay  occur. The bone infection  
m ay  p ers is t for y ears  before be ing  recognized . Typically, 
affected in d iv id u a ls  p re sen t w ith  localized  pain , low -grade  
fevers, chills, an d  w e ig h t loss. Infection  is u sua lly  so litary  
except in  im m u n o co m p ro m ised  in d iv iduals . The histologic 
find ings, nam ely  caseous necrosis a n d  g ranu lom as, are  
typ ical o f tubercu losis. M ycobacterial o steom yelitis ten d s to 
be m ore destruc tive  a n d  resis tan t to  con tro l th an  pyogenic  
osteom yelitis.

T u b e rc u lo u s  s p o n d y lit is  (P o tt d isease) is  a  d e s tru c tiv e  

in fe c t io n  o f  v e rte b ra e . The sp ine is invo lved  in  40% of 
cases of m ycobacterial osteom yelitis. The infection  b reaks 
th ro u g h  in te rverteb ra l discs to  affect m u ltip le  verteb rae  
an d  ex tends in to  the  soft tissues. D estruc tion  of discs an d  
verteb rae  frequen tly  resu lts  in  p e rm a n e n t com pression
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frac tu res th a t p ro d u ce  scoliosis o r k yphosis a n d  neuro log ic  
deficits secondary  to  sp ina l co rd  a n d  nerve  com pression .

BONE TUMORS A N D  TUMORLIKE  
LESIONS

The ra rity  o f p rim ary  bone tu m o rs a n d  the o ften -d isfiguring  
su rg ery  req u ired  to  trea t a bone m alignancy  m ake  th is 
g ro u p  of d iso rd e rs  especially  challenging. A b o u t 2400 
p rim ary  bone sarcom as are d iag n o sed  ann u a lly  in  the 
U n ited  States. T herapy  a im s to op tim ize  su rv iva l w h ile  
m a in ta in in g  the fu n c tio n  of affected  body  parts . The p re 
d ilection  of specific types of tu m o rs for certa in  age g ro u p s 
an d  p articu la r ana tom ic  sites p ro v id es im p o rta n t d iagnos
tic clues. For exam ple, osteosarcom a peaks d u rin g  ado 
lescence a n d  m ost frequen tly  involves the knee, w h ereas 
chond rosarcom a affects o ld e r a d u lts  a n d  involves the 
pelv is a n d  p rox im al extrem ities.

Bone tu m o rs m ay  p re sen t in  a n u m b er of w ays. The 
m ore com m on  ben ig n  lesions are o ften  asym ptom atic  
inc iden ta l find ings. M any tum ors, how ever, p ro d u ce  p a in  
o r a s low -grow ing  m ass. In  som e circum stances the first 
h in t o f a tu m o r 's  p resence is a pa tho log ic  fracture. R adio
g raph ic  im ag ing  s tud ies  h av e  a n  im p o rtan t ro le  in  d iag 
nosing  these lesions. In  a d d itio n  to  p ro v id in g  the exact 
location  an d  ex ten t of the  tum or, im ag ing  s tud ies  can 
detect fea tu res  th a t n a rro w  the  d iagnostic  possib ilities. 
In  a lm ost all instances b iopsy  is necessary  fo r defin itive 
d iagnosis.

W hen  possib le, bone tu m o rs are classified accord ing  to 
the  n o rm al cell o r m atrix  they  p roduce . Lesions th a t do  n o t 
h av e  n o rm al tissue co u n te rp a rts  are  g ro u p ed  accord ing  to 
the ir c lin icopathologic fea tu res  (Table 21.1). Benign tumors 
greatly outnumber their malignant counterparts an d  occur w ith

grea test frequency  w ith in  the  first th ree  decades of life. In 
o lder adu lts , a bone tu m o r is m ore  likely to  be m alignan t.

Bone-Forming Tumors

T um ors in  th is category  all p ro d u ce  u n m in era lized  osteo id  
or m inera lized  w o v en  bone.

O steoid O steom a and  O steoblastom a

O s te o id  o s teo m a a n d  o ste o b la s to m a  are  b e n ig n  b o n e -  

p ro d u c in g  tu m o rs  th a t  h av e  s im ila r  h is to lo g ic  fe a tu re s  

b u t  d if fe r  c lin ic a l ly  a n d  ra d io g ra p h ic a lly . O steo id  osteo 
m as are, by  defin ition , less th a n  2  cm  in  d iam eter, an d  
are  m ost com m on  in  y o u n g  m en. A bou t 50% of cases 
involve the  fem u r o r tibia, w h e re in  they  typically  arise  in  
the cortex. U sually , there  is a th ick  rim  of reactive cortical 
bone th a t m ay  be the  on ly  clue rad iograph ica lly . D esp ite  
their sm all size, they  p re sen t w ith  severe no c tu rn a l p a in  
th a t is re lieved  by asp irin  a n d  o th e r n o n ste ro id a l an ti
in flam m ato ry  agents. The p a in  is p robab ly  caused  by  p ros
tag lan d in  E2  p ro d u c e d  by osteoblasts. O steob lastom a is 
larger th an  2  cm  an d  invo lves the  p o ste rio r com ponen ts 
of the verteb rae  (lam inae a n d  pedicles) m ore  frequen tly . 
The p a in  is u n resp o n siv e  to  asp irin , an d  the tu m o r u sua lly  
does n o t induce  a m ark ed  bony  reaction . O steo id  osteom a 
is frequen tly  trea ted  by  rad io frequency  ablation , w h ereas 
osteob lastom a is u sua lly  cu re tted  or excised. M alignan t 
transfo rm ation  is rare.

M O R P H O L O G Y

Osteoid osteoma and osteoblastoma are round-to-oval masses 

of hemorrhagic gritty tan tissue. They are well circumscribed 

and composed of randomly interconnecting delicate trabeculae

Table 21.1 Classification of Selected P rim ary  Bone Tum ors

C a te g o ry B ehav io r T u m o r Type
C o m m o n
Locations A g e (y r) M o rp h o lo g y

Cartilage forming Benign Osteochondroma Metaphysis of long 
bones

10-30 Bony excrescence with cartilage cap

— — Chondroma Small bones of hands 
and feet

30-50 Circumscribed hyaline cartilage nodule 
in medulla

Malignant Chondrosarcoma
(conventional)

Pelvis, shoulder 40-60 Extends from medulla through cortex 
into soft tissue, chondrocytes with 
increased cellularity and atypia

Bone forming Benign Osteoid osteoma Metaphysis of long 
bones

10-20 Cortical, interlacing microtrabeculae 
of woven bone

Osteoblastoma Vertebral column 10-20 Posterior elements of vertebra, 
histology similar to osteoid 
osteoma

Malignant Osteosarcoma Metaphysis of distal 
femur, proximal tibia

10-20 Extends from medulla to lift 
periosteum, malignant cells 
producing woven bone

Unknown origin Benign Giant cell tumor Epiphysis of long 
bones

20-40 Destroys medulla and cortex, sheets 
of osteoclasts

— — Aneurysmal bone 
cyst

Proximal tibia, distal 
femur, vertebra

10-20 Vertebral body, hemorrhagic spaces 
separated by cellular, fibrous septae

— Malignant Ewing sarcoma Diaphysis of long 
bones

10-20 Sheets of primitive small round cells

Adapted from Unni KK, Inwards CY: D a h lin S  B one Tum ors, ed 6. Philadelphia, 2010, Lippincott-Williams & Wilki ns; by permission of Mayo Foundation.
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of woven bone that are prominently rimmed by a single layer of 

osteoblasts (Fig. 21.15). The stroma surrounding the neoplastic 

bone consists of loose connective tissue that contains many 

dilated and congested capillaries. The relatively small size, well- 

defined margins, and benign cytologic features of the neoplastic 

osteoblasts help distinguish these tumors from osteosarcoma. 

Osteoid osteomas elicit the formation of a large amount of 

reactive bone, which encircles the lesion.

O steosarcom a

O s teo sarco m a is a  m a lig n a n t  tu m o r th a t  p ro d u ce s  o steo id  

m a tr ix  or m in e ra l iz e d  b o n e . E xclud ing  hem atopo ietic  
tu m o rs (m yelom a an d  lym phom a), osteosarcom a is the  m ost 
com m on  p rim ary  m alig n an t tu m o r of bone. O steosarcom a 
has a b im odal age d istribu tion ; 75% of osteosarcom as occur 
in  p e rso n s y o u n g e r th a n  20 y ears  of age. The sm aller second 
p eak  occurs in  o lder adu lts , w h o  frequen tly  suffer from  con
d itions k n o w n  to p red isp o se  to  osteosarcom a, such  as P aget 
disease, bone infarcts, a n d  p rev io u s rad ia tion . These are  
re ferred  to  as secondary  osteosarcom as. O verall, m en  are  
m ore  com m only  affected th a n  w o m en  (1.6:1). The m ost 
com m on sites in  ado lescen ts a re the m etap h y sea l reg ions of 
the d ista l fem u r a n d  p rox im al tibia.

O steosarcom as p re sen t as pain fu l, p rogressively  en larg 
in g  m asses. S om etim es a pa tho log ic  frac tu re  is the first 
ind ication . R ad iog raphs u sua lly  show  a large, destructive , 
m ixed  lytic a n d  sclerotic m ass w ith  in filtrative m arg in s 
(Fig. 21.16). The tu m o r frequen tly  b reaks th ro u g h  the cortex 
an d  lifts the perio steum , re su ltin g  in  reactive subperio stea l 
bone fo rm ation . The tr ian g u la r sh ad o w  betw een  the  cortex 
an d  ra ised  en d s  of perio steum , k n o w n  rad iog raph ica lly  as 
Codman triangle, is ind icative  of an  aggressive  tum or, b u t 
is n o t p a thognom on ic  of osteosarcom a.

Pathogenesis

A pprox im ate ly  70% of osteosarcom as have  acqu ired  
genetic abno rm alities such  as com plex  s tru c tu ra l an d  
n u m erica l ch rom osom al aberra tions. M olecular stud ies 
have  sh o w n  th a t these tu m o rs u sua lly  have  m u ta tio n s  in  
w ell-know n  tu m o r su p p resso rs  a n d  oncogenes:
• RB is a critical negative  reg u la to r o f the  cell cycle.

P a tien ts  w ith  germ line  m u ta tio n s  in  RB have  a  1000-fold

Fig. 21.15 Osteoid osteoma composed of haphazardly interconnecting tra
beculae of woven bone that are rimmed by prominent osteoblasts. The 
intertrabecular spaces are filled by vascularized loose connective tissue.

Fig. 2 I . I6  Distal femoral osteosarcoma with prominent bone formation 
extending into the soft tissues. The periosteum, which has been lifted, has 
laid down a triangular shell of reactive bone known as a Codman triangle 
( a r r o w ) .

increased  risk  of osteosarcom a, a n d  som atic RB m u ta 
tions are p re sen t in  u p  to  70% of sporad ic  osteosarcom as.

• TP53 is a  gene w hose  p ro d u c t functions as the g u a rd 
ian  of genom ic in teg rity  by  p ro m o tin g  D N A  rep a ir  and  
apop tosis  of irreversib ly  d am ag ed  cells. P atien ts w ith  
L i-F raum eni synd rom e, w h o  have  germ line  TP53 gene 
m u ta tions, have  a greatly  e levated  incidence of osteo 
sarcom a, a n d  abnorm alities th a t in terfere  w ith  p53 func
tion  are  com m on in  sporad ic  tum ors.

• CD KN2A  is inac tiva ted  in  m an y  osteosarcom as. This 
gene encodes tw o  tu m o r supp resso rs, p16 (a negative  
reg u la to r of cyc lin -dependen t kinases) a n d  p14 (w hich 
au g m en ts  p53 function).

• M D M 2  a n d  CDK4, w h ich  are  cell cycle reg u la to rs  tha t 
inh ib it p53 a n d  RB function , respectively , are overex
p ressed  in  m an y  low -g rade  osteosarcom as.

It also  is n o tew o rth y  th a t osteosarcom as peak  in  inci
dence a ro u n d  the tim e of the  ado lescen t g ro w th  sp u r t an d  
occur m ost frequen tly  in  the reg ion  of the  g ro w th  p la te  in  
bones w ith  the fastest g row th . The increased  p ro life ra tion  
a t these  sites m ay  p red isp o se  to  o steosarcom a developm en t.

^  M O R P H O L O G Y

Osteosarcomas are bulky tumors that are gritty, gray-white, 

and often contain areas of hemorrhage and cystic degeneration 

(Fig. 21.17). The tumors frequently destroy the surrounding cor

tices and produce soft tissue masses. They spread extensively 

in the medullary canal, infiltrating and replacing the marrow.
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Fig. 21.17 Osteosarcoma of the proximal tibia. The tan-white tumor fills 
most of the medullary cavity of the metaphysis and proximal diaphysis. It has 
infiltrated through the cortex, lifted the periosteum, and formed soft tissue 
masses on both sides of the bone.

Infrequently they penetrate the epiphyseal plate or enter the 

joint.

T h e  fo rm a tio n  o f osteoid  m a tr ix  o r  m in e ra lize d  bone  

by m a lig n an t tu m o r  cells is diagnostic o f o steosarco m a

(Fig. 21.18). The neoplastic bone usually has a fine, lacelike config

uration but also may be deposited in broad sheets or as primitive 

trabeculae. The tum or cells vary in size and shape ( p l e o m o r p h i c )  

and frequently have large hyperchromatic nuclei. Bizarre tum or 

giant cells, vascular invasion, and necrosis are common. Mitotic 

activity is high, including abnormal forms (e.g., tripolar mitoses).

C lin ica l C o u rs e

O steosarcom a is trea ted  w ith  a m u ltim o d a lity  ap p ro ach  
th a t consists o f (1 ) n eo ad ju v an t chem otherapy , (2 ) surgery ,

Fig. 2 I . I 8 Fine, lacelike pattern of neoplastic bone produced by anaplastic 
malignant tumor cells in an osteosarcoma. Note the abnormal mitotic figure 
( a r r o w ) .

a n d  (3) chem otherapy . The a m o u n t of chem otherapy- 
in d u ced  necrosis fo u n d  a t surg ical resection  is a n  im p o r
ta n t p rognostic  finding. These aggressive  neop lasm s sp read  
hem ato g en o u sly  to  the  lungs. A lth o u g h  the  p rognosis  has 
im p ro v ed  substan tia lly  since the  ad v e n t o f chem otherapy , 
w ith  5-year su rv iva l ra tes reach ing  60% to 70% in  pa tien ts  
w ith o u t detectib le  m etastases a t  in itia l d iagnosis, the 
ou tcom e for p a tien ts  w ith  m etastases, recu rren t d isease, 
o r secondary  osteosarcom a is still poor.

Cartilage-Forming Tumors

These tu m o rs are  charac terized  by the  fo rm ation  o f hyaline  
cartilage. B enign cartilag inous tu m o rs a re  m u ch  m ore 
com m on th a n  m alig n an t ones.

O steochondrom a

O s te o c h o n d ro m a , k n o w n  c lin ic a l ly  as exostosis, is  a  

b e n ig n  c a rtila g e -c a p p e d  tu m o r  th a t  is  a tta c h e d  to  th e  

u n d e r ly in g  s k e le to n  b y  a  b o n y  s ta lk . A bou t 85% are  
solitary . The rem a in d e r are seen  as p a r t  of the multiple 
hereditary exostoses syndrome (see later). Solitary osteochon 
d ro m as are u sua lly  first d iag n o sed  in  late  adolescence an d  
early  a d u lth o o d , b u t m u ltip le  o steochondrom as becom e 
a p p a re n t d u rin g  ch ildhood . M en  are  affected  th ree  tim es 
m ore  o ften  th a n  w om en . O steochondrom as develop  in  
bones of en d o ch o n d ra l o rig in  a n d  arise  from  the m etap h y 
sis n ea r the g ro w th  p la te  of long  tu b u la r bones, especially  
n ear the knee (Fig. 21.19). They p re sen t as slow -grow ing  
m asses, w h ich  can  be p a in fu l if they  im p inge  o n  a nerve 
o r if the  sta lk  is frac tu red . In  m any  cases they  are detected  
inciden ta lly . In  m u ltip le  h e red ita ry  exostoses, the u n d e r
ly ing  bones m ay  be b o w ed  a n d  sho rtened , reflecting  an  
associa ted  d is tu rbance  in  ep iphysea l g row th .

Pathogenesis

H ered ita ry  exostoses are  associa ted  w ith  germ line loss-of- 
function  m u ta tio n s  in  e ithe r the EXT1  o r the  EXT2  gene 
a n d  su b seq u en t loss o f the  rem ain in g  w ild -ty p e  allele in  
chond rocy tes of the g ro w th  p late . R educed  expression  of 
EXT1 o r EXT2  a lso  has been  observed  in  sporad ic  osteo 
chond rom as. These genes encode enzym es th a t syn the
size h e p a ra n  sulfate  g lycosam inoglycans. The red u ced  or 
ab n o rm al g lycosam inoglycans m ay  p rev en t n o rm al d iffu 
sion of H ed g eh o g  factors, w h ich  are  local reg u la to rs  of 
cartilage g row th , thereby  d is ru p tin g  chondrocy te  differ
en tia tion  a n d  skeletal developm ent.

^  M O R P H O L O G Y

Osteochondromas are sessile or pedunculated, and they range in 

size from 1 to 20 cm. The cap is composed of benign hyaline car

tilage (Fig. 21.20) and is covered peripherally by perichondrium. 

The cartilage has the appearance of a disorganized growth plate 

and undergoes endochondral ossification, with the newly made 

bone forming the inner portion of the head and stalk. The cortex 

of the stalk merges with the cortex of the host bone resulting 

in continuity between the medulla of the osteochondroma and 

the host bone.
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Cartilage 

—  Bone 

Marrow

R g . 2 1 . 1 9  The development of an osteochondroma, beginning with an outgrowth from the epiphyseal cartilage.

Fig. 21.20 Osteochondroma. (A) Radiograph of an osteochondroma arising from the distal femur ( a r r o w ) .  (B) The cartilage cap has the histologic appearance 
of disorganized growth plate-like cartilage.

C lin ica l C o u rs e

O steochondrom as u sually  stop  g ro w in g  a t the  tim e of 
g ro w th  p la te  closure. S ym ptom atic  tu m o rs are cu red  by 
sim ple  excision. R arely  in  sporad ic  cases, b u t m ore  com 
m on ly  in  those w ith  m u ltip le  h e red ita ry  exostosis (5% - 
2 0 %), o s teochondrom as p ro g ress  to  chondrosarcom a.

C hondrom a

C h o n d ro m a s  are  b e n ig n  tu m o rs  o f  h y a lin e  c a rtilag e  th a t  

u s u a lly  occur in  b on es  o f  e n d o c h o n d ra l o r ig in . They arise 
w ith in  the m ed u lla ry  cav ity  (enchondroma) o r on  the cor
tical surface (juxtacortical chondroma). E nchondrom as are  
u sua lly  d iag n o sed  in  in d iv id u a ls  20 to  50 years of age. 
Typically, they  ap p e a r as so litary  m etap h y sea l lesions of 
the tu b u la r bones of the  h an d s  a n d  feet. The rad io g rap h ic  
fea tu res consist o f a  circum scribed  lucency w ith  cen tra l 
irreg u la r calcifications, a sclerotic rim , a n d  an  in tac t cortex 
(Fig. 21.21). Ollier disease a n d  Maffucci syndrome are  d isor
de rs  charac terized  by  m u ltip le  en ch o n d ro m as (enchondro 
m atosis). M affucci synd rom e also  is associa ted  w ith  o ther 
ra re  tum ors.

M ost encho n d ro m as of large  bones are asy m p to m 
atic a n d  are  de tec ted  inciden tally . O ccasionally , they  are 
p a in fu l a n d  cause pa tho log ic  fracture . The tu m o rs in

Fig. 2 I .2 I Enchondroma of the proximal phalanx. The radiolucent nodule 
of cartilage with central calcification thins but does not penetrate the cortex.

http://ebooksmedicine.net

http://ebooksmedicine.net


encho n d ro m ato sis  m ay  be n u m ero u s  a n d  large, p ro d u c 
in g  severe deform ities, especially  of the  digits.

Pathogenesis

H eterozygous gain  of function m utations in  the IDH1 and  
IDH2 genes, coding for the enzym es isocitrate dehydroge
nases, have been identified in  the chondrocytes of syndrom ic 
and  solitary enchondrom as. Patients w ith  enchondrom a 
syndrom es are m osaics, harboring  IDH m utations in  only 
a subset of otherw ise norm al cells th roughou t their bodies. 
The m utations confer a new  enzym atic activity on  the IDH 
proteins tha t leads to the synthesis of 2-hydroxyglutarate. As 
discussed in  C hap ter 6 , this so-called "oncom etabolite" inter
feres w ith  regulation  of D N A  m ethylation  an d  is also im pli
cated in  certain  glial tum ors an d  a subset of acute m yeloid 
leukem ias.

812 C H A P T E R  21 Bones, Joints, and Soft Tissue Tumors

M O R P H O L O G Y

Enchondromas are usually smaller than 3 cm and are gray- 

blue and translucent. They are composed of well-circumscribed 

nodules of hyaline cartilage containing benign chondrocytes (Fig. 

2 l.2 2 ).The peripheral portion of the nodules may undergo endo

chondral ossification, and the center can calcify and infarct. Syn

dromic enchondromas are sometimes more cellular with more 

atypia than sporadic enchondromas.

C lin ica l C o u rs e

The g ro w th  p o ten tia l of ch o n d ro m as is lim ited . T rea tm en t 
d e p e n d s  o n  the  clinical situ a tio n  a n d  u sually  includes 
observ a tio n  o r curettage. Solitary ch o n d ro m as rarely  
u n d e rg o  sarcom atous transfo rm ation , b u t those  associated  
w ith  encho n d ro m ato sis  do  so m ore frequen tly . In d iv id u 
als w ith  M affucci synd rom e also  are  a t risk  of develop ing  
o ther neop lasm s, in c lu d in g  b ra in  gliom as.

C hondrosarcom a

C h o n d ro s a rc o m a s  are m a lig n a n t  tu m o rs  th a t  p ro d u ce  

c a rtilag e . They are  subclassified  in to  conventional (hya
line ca rtilag e-p ro d u c in g ), dedifferentiated, clear cell, an d

Fig. 21.22 Enchondroma composed of a nodule of hyaline cartilage encased 
by a thin layer of reactive bone.

mesenchymal types. A pprox im ate ly  90% of chondrosarco 
m as are  o f the  conven tional type. C hondrosarcom a is ab o u t 
half as com m on  as osteosarcom a. In d iv id u a ls  w ith  conven 
tional chond rosarcom a are u sua lly  in  their 40s o r older. 
These tu m o rs affect m en  tw ice as frequen tly  as w om en . 
The clear cell a n d  especially  the m esenchym al varian ts  
occur in  ch ild ren  a n d  y o u n g  adu lts . C h ondrosarcom as 
com m only  arise in  the axial skeleton, especially  the pelvis, 
shou lder, a n d  ribs. U nlike ben ign  enchondrom a, the d ista l 
ex trem ities a re  rare ly  invo lved . O n  im aging , the calcified 
cartilage ap p ea rs  as foci of flocculent densities th a t m ay 
destroy  the  cortex a n d  fo rm  a soft tissue m ass. A b o u t 15% 
of conven tional chond rosarcom as are secondary , a rising  
from  a p reex isting  en ch o n d ro m a o r osteochondrom a.

Pathogenesis

A lth o u g h  chondrosarcom as are genetically  heterogeneous, 
a few  rep roduc ib le  abnorm alities have been  iden tified . 
C hondrosarcom as a ris in g  in  m u ltip le  o steochondrom a 
sy n d ro m e exhib it m u ta tio n s in  the  EXT genes, a n d  bo th  
chond rom atosis-re la ted  a n d  sporad ic  chond rosarcom as 
m ay  have  IDH1 an d  IDH2 m uta tions. M u ta tio n  of the  col
lagen  COL2A1 gene a n d  silencing of the  CDKN2A tu m o r

^  M O R P H O L O G Y

C o n ven tio n a l chondrosarcom as are large bulky tumors 

composed of nodules of glistening gray-white, translucent carti

lage, along with gelatinous or myxoid areas (Fig. 2 I.2 3A ). Spotty 

calcifications are typically present, and central necrosis may 

create cystic spaces. The tum or spreads through the cortex 

into surrounding muscle or fat. Histologically, the cartilage infil

trates the marrow space and entraps normal bony trabeculae 

(Fig. 2 I.23B ). The tumors vary in cellularity, cytologic atypia, and 

mitotic activity and are assigned a grade from I to 3. Grade I 

tumors have relatively low cellularity, and the chondrocytes have 

plump vesicular nuclei with small nucleoli. By contrast, grade 3 

chondrosarcomas are characterized by high cellularity, extreme 

pleomorphism with bizarre tum or giant cells, and mitoses.

su p p resso r gene by D N A  m eth y la tio n  are  also  relatively  
com m on in  sporad ic  tum ors.

C lin ica l C o u rs e

C hondrosarcom as u sua lly  p re sen t as pain fu l, p rog res 
sively en la rg in g  m asses. T um or g rade  p red ic ts  outcom e, 
w h ich  ranges from  80% 5-year su rv iv a l for G rade  1 tum ors 
to  43% for G rade  3 tum ors. G rade  1 chond rosarcom as 
rare ly  m etastasize , w h ereas  70% of g rade  3 tu m o rs sp read  
hem atogenously , especially  to  the lungs. The trea tm en t of 
conven tional chond rosarcom a is w id e  surg ical excision. 
The m esenchym al a n d  d ed iffe ren tia ted  tu m o rs are also 
excised  a n d  are ad d itio n a lly  trea ted  w ith  chem otherapy  
because of their m ore aggressive clinical course.

Tumors of Unknown Origin

Ewing S arcom a

E w in g  sarcom a is a  m a lig n a n t  tu m o r c o m p o sed  o f  p r im i 

t iv e  ro u n d  ce lls  w i t h  v a ry in g  degrees o f  n e u ro e c to d e rm a l
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Fig. 21.23 Chondrosarcoma. (A) Nodules of hyaline and myxoid cartilage permeating throughout the medullary cavity, growing through the cortex, and 
forming a relatively well-circumscribed soft tissue mass. (B) Conventional chondrosarcoma entraps native lamellar bone as a confluent mass of cartilage.

d if fe r e n t ia t io n  a n d  a  ch aracte ris tic  m o le c u la r  s ig n a tu re

(see later). E ntities p rev iously  classified as p r im it iv e  n e u 

ro e c to d e rm a l tu m o r  (PNET) a n d  A skin  tu m o r have  been 
un ified  in to  the  single category  of E w ing  sarcom a.

E w ing  sarcom a accoun ts for app rox im ate ly  10% of 
p rim ary  m alig n an t bone tu m o rs a n d  follow s osteosarcom a 
as the second  m o st com m on  bone sarcom a in  ch ild ren . 
O f all bone sarcom as, E w ing  sarcom as have  the y o u n g 
est average  age a t p resen ta tio n  (80% are  y o u n g e r th an  2 0  

years). Boys are  affected slightly  m ore frequen tly  than  
girls, a n d  there  is a  p red ilec tion  for C aucasians. The tum ors 
u su a lly  arise in  the d iap h y sis  o f long  tu b u la r bones b u t 
20% are  extraskeletal. They p re sen t as pa in fu l en larg ing  
m asses, a n d  the affected  site is frequen tly  tender, w arm , 
a n d  sw ollen. P la in  ra d io g rap h s  show  a destruc tive  lytic 
tu m o r w ith  pe rm ea tive  m arg in s th a t ex tends in to  the  su r
ro u n d in g  soft tissues. The characteristic  perio stea l reaction  
p ro d u ces  layers of reactive bone d eposited  in  a n  onion-skin 
fashion.

Pathogenesis

The v ast m ajority  (85%) of E w ing  sarcom as con ta in  a bal
anced  (11;22) (q24;q12) transloca tion  genera ting  in -fram e 
fu sion  of the EW SR1  gene on  ch rom osom e 22 to  the  FLI1 
gene o n  chrom osom e 11. V arian t translocations fuse 
EW SR1  to  o th e r m em bers  of the  ETS tran sc rip tio n  factor 
fam ily. H o w  EWS fusion  p ro te in s  con tribu te  to transfo r
m ation  rem ains unse ttled ; effects o n  transcrip tion , R N A  
splicing, a n d  the cell cycle m ach inery  have  all been  p ro 
posed . S im ilarly, the cell o f o rig in  still rem ains to  be iden 
tified; the  lead in g  can d id a tes  are  m esenchym al stem  cells 
an d  p rim itiv e  neu ro ec to d erm al cells.

M O R P H O L O G Y

Arising in the medullary cavity, Ewing sarcoma usually invades 

the cortex, periosteum, and soft tissue. The tum or is soft, tan- 

white, and frequently contains areas of hemorrhage and necrosis. 

It is one of the small, round blue cell tumors found in children 

(Chapter 7). Like other tumors in this group, Ewing sarcoma 

is composed of sheets of uniform small, round cells that are

slightly larger and more cohesive than lymphocytes (Fig. 21.24). 

They have scant cytoplasm, which may appear clear because it 

is rich in glycogen. Hom er-W right rosettes (round groupings of 

cells with a central fibrillary core) may be present and indicate 

a greater degree of neuroectodermal differentiation. The tum or 

cells do not produce bone or cartilage.

C lin ica l C o u rs e

E w ing  sarcom as are  aggressive  m alignancies trea ted  w ith  
n eo ad ju v an t ch em otherapy  fo llow ed  by surg ical excision 
w ith  o r w ith o u t rad ia tion . W ith  chem otherapy , 5-year 
su rv iv a l of 75% a n d  long-te rm  cure  in  50% of p a tien ts  is 
possible.

G ian t Cell Tum or

G ian t cell tu m o r is so n am ed  because m u lt in u c le a te d  

o steo c las t-typ e  g ia n t  ce lls  d o m in a te  th e  h is to lo g y . It is a
locally aggressive  neop lasm  th a t a lm ost exclusively affects 
adu lts . G ian t cell tu m o rs arise in  the ep iphyses of long  
bones, m ost com m only  the d ista l fem u r a n d  p rox im al tibia. 
The typical location  of these tu m o rs n ear jo in ts  frequen tly

Fig. 21.24 Ewing sarcoma composed of sheets of small round cells with 
small amounts of clear cytoplasm.
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causes a rth ritis-like  sym ptom s. O ccasionally , they  p re sen t 
w ith  pa tho log ic  fractures.

Pathogenesis

E xperim en tal ev idence suggests th a t the neop lastic  cells of 
the  g ian t cell tu m o r are  o steob last p recurso rs, w h ich  rep re 
sen t on ly  a m ino rity  of the  cells in  the tum or. The neop las
tic cells express h ig h  levels o f RANKL, w h ich  p rom otes  
the p ro life ra tion  a n d  d iffe ren tia tion  of n o rm al osteoclast 
p recu rso rs  in to  osteoclasts. The osteoclasts in  tu rn  cause 
localized  b u t h igh ly  d estruc tive  reso rp tio n  of bone.

M O R P H O L O G Y

Giant cell tumors often destroy the overlying cortex, producing 

a bulging soft tissue mass delineated by a thin shell of reactive 

bone (Fig. 21.25). Grossly, they are red-brown masses that fre

quently undergo cystic degeneration. Microscopically, the tum or 

conspicuously lacks bone or cartilage, consisting of numerous 

osteoclast-type giant cells with 100 or more nuclei with uniform, 

oval mononuclear tum or cells in between (Fig. 21.26).

814 C H A P T E R  21 Bones, Joints, and Soft Tissue Tumors

C lin ica l C o u rs e

G ian t cell tu m o rs are  typically  trea ted  w ith  curettage, b u t 
40% to 60% recu r locally. U p to  4% of tu m o rs m etastasize  to 
the lungs, b u t these som etim es spon tan eo u sly  reg ress an d  
they  are  se ldom  fatal. The RANKL inh ib ito r, D enosum ab , 
has sh o w n  p ro m ise  in  trea tin g  g ian t cell tum or.

A neurysm al Bone Cyst

A neu ry sm al bone cyst (ABC) is a ben ign  tu m o r charac
te rized  by m u ltilocu la ted  b lood-filled  cystic spaces. ABC 
generally  occurs d u r in g  the  first 2  decades of life a n d  has

Fig. 21.25 Radiographically, giant cell tumor of the proximal fibula is pre
dominantly lytic, expansile with destruction of the cortex. A pathologic 
fracture is also present.

Fig. 21.26 Giant cell tumor illustrating an abundance of multinucleated giant 
cells with background mononuclear stromal cells.

n o  sex p red ilection . It m ost frequen tly  develops in  the 
m etaphysis  o f lo n g  bones a n d  the  po ste rio r e lem en ts of 
v e rteb ra l bodies. P a in  a n d  sw elling  are  com m on.

R adiographically , ABC is u sua lly  a n  eccentric, expans
ile, lytic, m etap h y sea l lesion  w ith  w ell-defined  m arg in s 
(Fig. 21.27A). C o m p u ted  to m o g rap h y  an d  m agnetic  reso 
nance im ag ing  m ay  d em o n stra te  in te rn a l sep ta  a n d  char
acteristic  flu id-flu id  levels (Fig. 21.27B).

Pathogenesis

The sp in d le -sh ap ed  cells o f p rim ary  ABC frequen tly  dem 
o n stra te  rea rran g em en ts  of ch rom osom e 17p13 resu lting  
in  fu sion  of the cod ing  reg ion  of USP6 to the regu la to ry  
e lem en ts of genes th a t are h igh ly  exp ressed  in  osteo 
b lasts, lead in g  to  USP 6  overexpression . USP6 encodes 
an  enzym e th a t rem oves u b iq u itin  resid u es from  p ro 
teins (a deub iqu itinase). It is p ro p o sed  th a t increased  
USP 6  exp ression  enhances the activ ity  of the transcrip 
tion  factor N F-k B. Increased  N F-k B activ ity  m ay  u p reg u - 
late  m atrix  m etallop ro teases, lead in g  to  cystic reso rp tio n  
of bone.

M O R P H O L O G Y

Aneurysmal bone cyst consists of multiple blood-filled cystic 

spaces separated by thin, tan-white septae (Fig. 21.28). The septae 

are composed of plump uniform fibroblasts, multinucleated 

osteoclast-like giant cells, and reactive woven bone, but they are 

not covered by endothelium.

C lin ica l C o u rs e

The trea tm en t o f ABC is surgical. C u re ttage  is effective 
w ith  low  risk  of recurrence.

Lesions Simulating Primary Neoplasms

Nonossifying Fibrom a

N o n o s s ify in g  f ib ro m a  (N O F )  is a  b e n ig n , l ik e ly  reac

t iv e ,  m e s e n c h y m a l p ro li fe ra t io n  th a t  m a y  b e  p re s e n t in
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Fig. 21.27 (A) Coronal computed axial tomography scan showing eccentric aneurysmal bone cyst of tibia. The soft tissue component is delineated by a thin 
rim of reactive subperiosteal bone. (B) Axial magnetic resonance image demonstrating characteristic fluid-fluid levels ( a r r o w ) .

as m a n y  as 50%  o f  c h ild re n  a n d  y o u n g  a d u lts  a g e d  2 -2 5  

years . It is sy nonym ous w ith  f ib ro u s  c o rtic a l d e fe c t or 
m e ta p h y s e a l f ib ro u s  d e fe c t if localized  to  the  cortex  or 
m edu lla , respectively . The v as t m ajority  arises eccentri
cally in  the m etap h y sis  o f the d is ta l fem u r a n d  p rox im al 
tibia. P la in  ra d io g rap h s  show  a sharp ly  dem arca ted  oval 
rad io lucency  w ith  the long  axis para lle l to  the cortex (Fig. 
21.29). The find ings a re  sufficiently  specific o n  p la in  rad i
o g rap h y  th a t b iopsy  is rare ly  necessary . N O Fs fo rm  gray 
to yellow -b row n  cellu lar lesions con ta in ing  fibrob lasts an d  
m acrophages. The cytologically  b lan d  fibrob lasts are  fre
quen tly  a rran g ed  in  a  s to rifo rm  (pinw heel) p a tte rn , an d  
the m acrophages m ay  take the fo rm  of c lu ste red  cells w ith  
foam y cy top lasm  or m u ltin u c lea ted  g ian t cells (Fig. 21.30). 
H em o sid erin  is com m only  p resen t. M ost sm all N O Fs 
u n d e rg o  sp o n tan eo u s reso lu tion  w ith in  several years.

Fig. 21.28 Aneurysmal bone cyst with blood-filled cystic space surrounded 
by a fibrous wall containing proliferating fibroblasts, reactive woven bone, 
and osteoclast-type giant cells.

Fibrous Dysplasia

F ib ro u s  d y s p la s ia  is a  b e n ig n  tu m o r th a t  has b e e n  l ik e n e d  

to  a  lo c a liz e d  d e v e lo p m e n ta l a rres t o f  b o n e  con s titu e n ts .

The lesions arise d u r in g  skeletal developm ent, a n d  they 
ap p e a r in  several d istinctive  b u t som etim es o v erlap p in g  
clinical pa tte rns:
• Monostotic: invo lv em en t o f a single bone
• Polyostotic: invo lvem en t o f m u ltip le  bones

Fig. 21.29 Nonossifying fibroma of the distal tibia metaphysis producing an 
eccentric lobulated radiolucency surrounded by a sclerotic margin.
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• Mazabraud syndrome: fib rous dysp lasia  a n d  soft tissue 
m yxom a

• McCune-Albright syndrome: po lyosto tic  fib rous dys
p lasia , café-au-lait sk in  p igm enta tions, a n d  endocrine  
abnorm alities, especially  p recocious p u b e rty

Pathogenesis

A ll of the  afo rem en tioned  v arian ts  re su lt from  a som atic 
gain-of-function  m u ta tio n  in  GNAS1, the  gene th a t is also 
m u ta te d  in  p itu ita ry  ad en o m as (C hap ter 20). The m u ta 
tions p ro d u ce  a constitu tively  active Gs-p ro te in  th a t p ro 
m o tes  cellu lar p ro life ra tion  by increasing  cellu lar levels 
o f cAM P. The p h en o ty p e  d e p en d s  o n  the stage of em bryo 
genesis w h e n  the  m u ta tio n  is acqu ired  a n d  o n  the fate 
o f the cell h a rb o rin g  the m utation . A  m u ta tio n  d u rin g  
early  em bryogenesis p ro d u ces the M cC une-A lbrigh t syn 
d rom e, w h ereas a m u ta tio n  d u rin g  o r after fo rm ation  of the 
skele ton  in  a n  o steob last p recu rso r resu lts  in  m onosto tic  
fib rous dysp lasia . The skeletal m an ifesta tions arise  from  
a cA M P -m ed ia ted  in te rru p tio n  of n o rm al osteoblast 
d ifferen tiation .

M O R P H O L O G Y

The lesions of fibrous dysplasia are well circumscribed, intra

medullary, and vary greatly in size. Larger lesions expand and 

distort the bone. The lesional tissue is composed of curvilinear 

trabeculae of woven bone surrounded by a moderately cellular 

fibroblastic proliferation. The trabeculae lack prominent osteo

blastic rimming (Fig. 21.31). Cystic degeneration, hemorrhage, 

and foamy macrophages are other common findings.

Polyosto tic  fib rous dysp lasia  m ay  con tinue  to  cause 
p rob lem s in to  ad u lth o o d . If it involves the lim b gird les, 
it can  cause c ripp ling  defo rm ities a n d  fractures. The 
McCune-Albright syndrome u sua lly  p resen ts  w ith  preco 
cious sexual developm ent, m ost o ften  in  girls. The skel
etal m an ifesta tions a re  m an ag ed  as for o th e r polyosto tic  
fibrous dysp lasia , w h ereas the endocrinopa th ies  are  
trea ted  m edically .

Metastatic Tumors
M e ta s ta tic  tu m o rs  g re a tly  o u tn u m b e r  p r im a r y  b o n e  

cancers. The p a th w ay s  of tu m o r sp read  to  bone inc lude  (1) 
d irec t extension, (2 ) ly m phatic  o r h em atogenous d issem i
nation , an d  (3) in tra sp in a l seed ing  (via the B atson p lexus of 
veins). A ny  cancer can  sp read  to  bone, b u t in  a d u lts  m ore  
th a n  75% of skeletal m etastases o rig ina te  from  cancers of 
the prosta te , breast, k idney , an d  lung . In  ch ild ren , m etas- 
tases to  bone orig ina te  from  neu rob lastom a, W ilm s tum or, 
an d  rhabdom yosarcom a.

Skeletal m etastases are typ ically  m ultifocal a n d  involve 
the axial skeleton, especially  the  verteb ra l co lum n. The 
rad io g rap h ic  app earan ce  of m etastases m ay  be p u re ly  lytic 
(bone destroy ing), p u re ly  blastic (bone form ing), o r mixed. 
B idirectional in teractions be tw een  m etasta tic  cancer cells 
an d  na tive  bone cells accoun t for the  changes th a t m an i
fest in  the bone m atrix . T um or cells secrete substances 
such  as p ro stag lan d in s, cytokines, a n d  PTH -like p ep tid e  
th a t u p reg u la te  RANKL o n  osteoblasts a n d  strom al cells 
thereby  s tim u la ting  osteoclast activ ity . A t the sam e tim e, 
tu m o r cell g ro w th  is su p p o rte d  by the release of m atrix- 
b o u n d  g ro w th  factors (e.g., TGF-P, IGF-1, a n d  FGF) as bone 
is resorbed . T um or cells secreting  W N T  p ro te in s  th a t stim 
u la te  osteoblastic  bone fo rm ation  m ay  p ro d u ce  sclerotic 
m etastases.

The presence of bone m etastases carries a  p o o r p ro g n o 
sis. T herapeu tic  op tio n s include system ic chem otherapy , 
rad ia tion , a n d  b isphosphona tes . Surgery  m ay  be necessary  
to  stabilize pa tho log ic  fractures.

C lin ica l C o u rs e

M onosto tic  fib rous dysp lasia  o ften  stops en la rg in g  a t 
the  tim e of g ro w th  p la te  closure. The lesion is frequen tly  
asym ptom atic  an d  is u sua lly  d iscovered  inciden tally , b u t it 
m ay  cause pa in , fracture , a n d  discrepancies in  lim b length . 
S ym ptom atic  lesions a re  cu red  by  curettage.

Fig. 21.31 Fibrous dysplasia composed of curvilinear trabeculae of woven 
bone that lack conspicuous osteoblastic rimming and arise in a background 
of fibrous tissue.

Fig. 21.30 Storiform pattern created by benign spindle cells with scattered 
osteoclast-type giant cells characteristic of a fibrous cortical defect.
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Ä s U M M A R Y

B O N E  T U M O R S  A N D  T U M O R L IK E  L E S IO N S

P r im a ry  bone tu m o rs  a re  classified accord ing  to  th e  cell 

o f orig in  o r  th e  m a tr ix  th a t  th e y  p ro du ce . The remainder 

is grouped according to clinicopathologic features. Most primary 

bone tumors are benign. Metastases, especially from lung, pros

tate, kidneys, and breast, are far more common than primary 

bone neoplasms.

Major categories of primary bone tumors include 

• B one fo rm in g : Osteoblastoma and osteoid osteoma consist 

of benign osteoblasts that synthesize osteoid. Osteosarcoma

is an aggressive tum or of malignant osteoblasts, predominantly 

occurring in adolescents.

• C a rtila g e  fo rm in g : Osteochondroma is an exostosis with 

a cartilage cap. Sporadic and syndromic forms arise from 

mutations in the E X T  genes. Chondromas are benign tumors 

producing hyaline cartilage, usually arising in the digits. Chon

drosarcomas are malignant tumors of chondroid cells that 

involve the axial skeleton in adults.

• Ew ing sarcom as are aggressive, malignant, small round cell 

tumors most often associated with t ( l l;2 2 ) .

• F ibrous dysplasia is an example of a disorder caused by 

gain-of-function mutations that occur during development.

Joints

Joints a llow  m o vem en t w h ile  p ro v id in g  m echanical sta
b ility . They are  classified as solid (nonsynovial) a n d  cavi- 
tated (synovial). The solid  jo in ts, a lso  k n o w n  as synarthroses, 
p ro v id e  s tru c tu ra l in teg rity  a n d  allow  on ly  m in im al m ove
m en t. They lack a jo in t space a n d  are  g ro u p ed  accord ing  
to  the type  of connective tissue (fibrous tissue or cartilage) 
th a t b rid g es the en d s of the  bones. F ibrous synarth roses  
include the cran ial su tu re s  a n d  the b o n d s  b e tw een  roo ts 
o f tee th  a n d  the  jaw bones. C artilag inous synarth roses  (syn
chondroses) are  rep resen ted  by  the sym physes be tw een  
the s te rn u m  a n d  the ribs an d  b e tw een  bones of the  pelvis. 
S ynovial jo in ts, in  contrast, hav e  a jo in t space th a t allow s 
for a  w id e  ran g e  of m otion . S ynovial m em branes enclose 
these jo in ts. The m em branes a re  lined  by type A  synovio 
cytes th a t are  specialized  m acrophages w ith  phagocytic  
activ ity  a n d  type  B synoviocytes th a t are sim ilar to  fibro
b lasts an d  syn thesize  hyalu ron ic  acid  a n d  v ario u s p ro te ins. 
The synovial lin ing  lacks a b asem en t m em brane , w h ich  
a llow s for efficient exchange of n u trien ts , w astes, an d  
gases be tw een  b lood  a n d  synovial fluid. Synovial flu id  is 
a p lasm a filtrate con ta in ing  hyalu ron ic  acid  p ro d u c e d  by 
synovial cells th a t acts as a v iscous lu b rican t a n d  p ro v id es 
n u tritio n  for the a rticu la r cartilage.

H yaline  cartilage is a u n iq u e  connective tissue ideally  
su ited  to  serve as an  elastic shock absorber a n d  w ear- 
res is tan t surface. It lacks a b lood  supp ly , lym phatic  d ra in 
age, a n d  innerva tion . H yaline  cartilage is com posed  of 
w a te r  (70%), type  II co llagen (10%), p ro teog lycans (8 %), 
an d  chondrocytes. The co llagen resists tensile  stresses and  
transm its  vertical loads. The w a te r a n d  p ro teog lycans resist 
com pression  a n d  lim it friction. The chondrocy tes syn the
size the m atrix  as w ell as enzym atically  d igest it. C h o n d ro 
cytes secrete deg rad a tiv e  enzym es in  inactive form s an d  
en rich  the m atrix  w ith  enzym e inh ibitors.

ARTHRITIS

Osteoarthritis

O s te o a rth r it is  (O A ) ,  a lso  c a lle d  d e g e n e ra tiv e  jo in t  

disease, is  c h a ra c te rize d  b y  d e g e n e ra tio n  o f  c a rtila g e  th a t

re s u lts  in  s tru c tu ra l a n d  fu n c tio n a l fa i lu re  o f  s y n o v ia l 

jo in ts . It is the m ost com m on  d isease of jo in ts. A lthough  
the  te rm  osteoarthritis im plies a n  in flam m ato ry  d isease, it 
is considered  a n  in trinsic  d iso rd e r o f cartilage in  w h ich  
chondrocy tes re sp o n d  to  b iochem ical a n d  m echanical 
stresses re su ltin g  in  the  b rea k d o w n  of the  m atrix  an d  
fa ilu re  of its repa ir. N everthe less there  is little d o u b t th a t 
in flam m ato ry  m ed ia to rs  (described  later) w hose  release 
is triggered  by  jo in t in ju ry  p e rp e tu a te  a n d  w o rsen  the 
dam age.

In  m ost instances O A  a p p ea rs  insid iously , w ith o u t 
a p p a re n t in itia ting  cause, as a n  ag in g  p h en o m en o n  (idio
pathic or primary osteoarthritis). In  these cases the d isease 
is u su a lly  o ligoarticu lar (affects few  joints). In  ab o u t 5% 
of cases, O A  ap p ea rs  in  y o u n g e r in d iv id u a ls  w ith  som e 
p red isp o sin g  condition , such  as jo in t deform ity , a p rev io u s 
jo in t in jury , o r a n  u n d e rly in g  system ic d isease th a t p laces 
jo in ts  a t risk. In  these se ttings the d isease is called  secondary 
osteoarthritis. The prevalence  o f O A  increases exponen tia lly  
bey o n d  the  age of 50, a n d  ab o u t 40% of peop le  o lder than  
70 are affected.

Pathogenesis

T h e  les io n s  o f  O A  s te m  f ro m  d e g e n e ra tio n  o f th e  a rtic u 

la r  c a rtilag e  a n d  its  d is o rd e re d  re p a ir . A rticu lar cartilage 
serves as a low -friction  surface th a t transm its loads to the 
u n d erly in g  bone. C artilage resists com pression  th ro u g h  the 
viscoelastic p roperties  of the extracellu lar m atrix  (princi
pally  type II collagen, proteoglycans, a n d  w ater) secreted 
by  chondrocytes. R epeated  b iom echanical stress contrib 
u tes to  developm en t of OA, b u t genetic factors, includ ing  
genes encod ing  com ponen ts o f the m atrix  an d  signaling  
m olecules, also p lay  a role. These factors are  th o u g h t to 
p red ispose  to  chondrocyte  injury, w h ich  in  tu rn  leads to 
a lte ra tion  of the extracellu lar m atrix  (Fig. 21.32). A lthough  
chondrocytes pro liferate  a n d  con tinuously  syn thesize and  
secrete proteoglycans, d eg rad a tio n  u ltim ately  exceeds 
synthesis, an d  the  com position  of p ro teoglycans changes 
as the disease progresses. M eanw hile , M M Ps secreted  by 
chondrocytes d eg rade  the type II collagen netw ork . C yto
k ines a n d  diffusible factors from  chondrocytes an d  syno
v ial cells, particu larly  TGF-P (w hich induces M M Ps), TNF,
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prostag land ins, a n d  nitric  oxide, have been  im plicated  in  
O A  (Fig. 21.32). Chronic, low -level in flam m ation  contrib 
u tes  to  the p rog ression  of the d isease. U ltim ately, chon
d rocyte loss a n d  a severely d eg rad ed  m atrix  m ark  the late 
stage of the disease.

C lin ica l C o u rs e  

•  M O R P H O L O G Y

In the early stages of OA, chondrocytes proliferate, forming 

clusters. Concurrently, the w ater content of the matrix increases 

and the concentration of proteoglycans decreases. The normally 

horizontally arranged collagen type II fibers are cleaved, yield

ing fissures and clefts at the articular surface (Fig. 21.33). This

1. CHONDROCYTE INJURY
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2. EARLY OSTEOARTHRITIS

Fig. 21.32 Schematic view of osteoarthritis (OA). OA is thought to be initi
ated by chondrocyte injury (1) in a genetically predisposed patient leading 
to changes in the extracellular matrix. (2) Although chondrocytes may pro
liferate and attempt to repair damaged matrix, continued degradation 
exceeds repair in early OA. (3) Late OA is evidenced by loss of both matrix 
and chondrocytes with subchondral bone damage.

manifests as a granular soft articular surface. Eventually, full

thickness portions of the cartilage are sloughed. The dislodged 

pieces of cartilage and subchondral bone tumble into the joint, 

forming loose bodies ( j o i n t  m ic e ) .  The exposed subchondral 

bone plate becomes the new articular surface, and friction with 

the opposing surface burnishes the exposed bone, giving it the 

appearance of polished ivory ( b o n e  e b u r n a t i o n )  (Fig. 21.33). Small 

fractures through the articulating bone are common, and the 

fracture gaps allow synovial fluid to be forced into the subchon

dral regions in a one-way, ball valve-like mechanism forming 

fibrous-walled cysts. Outgrowths ( o s t e o p h y t e s )  develop at the 

margins of the articular surface and are capped by fibrocartilage 

and hyaline cartilage that gradually ossify. The synovium is usually 

only mildly congested and fibrotic, and it may have scattered 

chronic inflammatory cells.

P rim ary  O A  u sually  p resen ts  in  p a tien ts  they  are in  their 
50s. If a  y o u n g  p e rso n  has significant m an ifesta tions o f OA, 
a  search  for som e u n d e rly in g  cause shou ld  be m ade . C har
acteristic  sym ptom s inc lude  jo in t p a in  th a t w o rsen s w ith  
use, m o rn in g  stiffness, crep itus, a n d  lim ita tion  of range  
of m ovem ent. Im p in g em en t o n  sp ina l fo ram ina by osteo 
ph y tes  resu lts  in  cervical a n d  lu m b ar nerve  roo t com pres
sion a n d  rad icu la r pain , m uscle spasm s, m uscle  a trophy , 
a n d  neuro log ic  deficits. The jo in ts  com m only  invo lved  
inc lude  the h ip s  (Fig. 21.34), knees, low er lu m b ar an d  cer
v ical verteb rae , p rox im al a n d  d ista l in te rp h a lan g ea l jo in ts  
of the fingers, first carpo m etacarp a l jo in ts, a n d  first tarso 
m e ta ta rsa l jo in ts. Heberden nodes, p ro m in en t o steophy tes a t 
the d ista l in te rp h a lan g ea l jo in ts, are  com m on  in  w o m en  (bu t 
n o t in  m en). W ith  tim e, jo in t defo rm ity  can  occur, b u t un like  
rh eu m ato id  a rth ritis  (d iscussed  next), jo in t fu sion  does n o t 
take p lace (Fig. 21.35). The level of d isease severity  detected  
rad iograph ically , how ever, does n o t correlate  w ell w ith  
p a in  a n d  d isability . T here are still no  satisfactory  m eans of 
p rev en tin g  p rim ary  OA, a n d  there  a re  no  effective m eth o d s 
of h a lting  its p rogression . T herapy  includes m an ag em en t 
o f pain , N SA ID s to  reduce  in flam m ation , in tra -articu lar 
corticosteroids, activ ity  m odification , and , for severe cases, 
a rth rop lasty .

Rheumatoid Arthritis

R h e u m a to id  a r th r it is  (R A ) is a  ch ro n ic  in f la m m a to ry  

d is o rd e r o f  a u to im m u n e  o r ig in  th a t  p r in c ip a lly  a ttacks  

th e  jo in ts , p ro d u c in g  a  n o n s u p p u ra tiv e  p ro life ra t iv e  

a n d  in f la m m a to ry  s y n o v itis . RA o ften  p rog resses  to  the 
d estruc tion  of the  a rticu la r cartilage and , in  som e cases 
anky losis  (adhesion) o f the  jo in ts. E x traarticu lar lesions 
m ay  occur in  the  skin, heart, b lood  vessels, a n d  lungs. The 
prevalence  in  the U n ited  S tates is app rox im ate ly  1%, an d  
it is th ree  tim es m ore com m on  in  w o m en  th a n  in  m en. The 
peak  incidence is in  the  th ird  th ro u g h  fifth  decades of life.

Pathogenesis

As in  o ther au to im m u n e  d iseases, genetic  p red isp o sitio n  
an d  env ironm en ta l factors con tribu te  to  the developm en t, 
p rogression , a n d  chronicity  of the  disease. The patho log ic  
changes are m ed ia ted  by an tibod ies ag a in st self-antigens
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Fig. 21.33 Osteoarthritis. (A) Histologic demonstration of the characteristic fibrillation of the articular cartilage. (B) Eburnated articular surface exposing 
subchondral bone (1), subchondral cyst (2), and residual articular cartilage (3).

a n d  in flam m ation  caused  by  cytokines, p red o m in an tly  
secreted  by  CD4+ T cells (Fig. 21.36).

C D 4 + T  h e lp e r  (T H) ce lls  m a y  in it ia te  th e  a u to im m u n e  

resp on se  in  R A  b y  re a c tin g  w i t h  a n  a rth r ito g e n , p e rh a p s  

m ic ro b ia l or a  c h e m ic a lly  m o d if ie d  s e lf-a n tig e n . The T 
cells p ro d u ce  cy tokines th a t stim ula te  o th e r in flam m atory  
cells to  effect tissue injury:
• IFN-y from  TH1 cells ac tivates m acrophages a n d  syno

vial cells.
• IL-17 from  TH17 cells recru its  n eu tro p h ils  a n d  m onocytes.

Fig. 21.34 Severe osteoarthritis of the hip. The joint space is narrowed, and 
there is subchondral sclerosis with scattered oval radiolucent cysts and 
peripheral osteophyte lipping ( a r r o w s ) .

• RANKL expressed  o n  activa ted  T cells s tim ula tes osteo 
clasts a n d  bone reso rp tion .

• TN F a n d  IL-1 from  m acrophages s tim ula te  resid en t 
synov ial cells to  secrete p ro teases th a t destroy  hyaline 
cartilage.

O f these, TNF has been  m ost firm ly  im p licated  in  the 
p a thogenesis o f RA, a n d  TNF an tagon ists  have  p ro v ed  to 
be effective therap ies for the d isease (see later).

T h e  s y n o v iu m  o f  R A  con ta in s  g e rm in a l centers  w i th  

secon dary  fo ll ic le s  a n d  a b u n d a n t p la s m a  ce lls  th a t  

p ro d u ce  a n tib o d ie s , som e o f  w h ic h  m a y  b e  a g a in s t s e lf

a n tig e n s . M any of the se ru m  au to an tib o d ies  de tected  in  
pa tien ts  a re  specific for citrullinated peptides in  w h ich  arg i
n ine  resid u es a re  p osttransla tiona lly  converted  to  citru lline. 
In  RA, com plexes of an tibod ies w ith  c itru llina ted  fibrino
gen, type II collagen, a -eno lase , a n d  v im en tin  d ep o sit in  
the jo in ts. E vidence suggests th a t the an ti-c itru llina ted  
p ro te in  an tibod ies  (ACPA) in  com bination  w ith  a T cell 
response  to  the c itru llina ted  p ro te in s  con tribu te  to  d isease 
chronicity . A pprox im ate ly  30% of RA p a tien ts  do  n o t have  
A C PA  in  the  b lood. A b o u t 80% of p a tien ts  have  se ru m  
IgM  o r IgA  au to an tib o d ies  th a t b in d  to  the Fc po rtions 
of their o w n  IgG. These au to an tib o d ies  a re  called  rheu
matoid factor a n d  m ay  also  d ep o sit in  jo in ts  as im m u n e  
com plexes, a lth o u g h  they  are n o t un ifo rm ly  p re sen t in  all 
pa tien ts  w ith  RA an d  can  be fo u n d  in  p a tien ts  w ith o u t the 
disease.

I t  is  e s tim a te d  th a t  50%  o f  th e  r is k  o f  d e v e lo p in g  R A  is  

re la te d  to  in h e r ite d  g en e tic  s u s c e p tib ility . The H LA  class 
II locus is associa ted  w ith  A C PA -positive RA. Evidence 
suggests th a t a n  ep itope  o n  a c itru llina ted  p ro te in , v incu- 
lin, m im ics a n  ep ito p e  on  m any  m icrobes an d  is the ta rge t 
of CD4+ T cells w h e n  p re sen ted  by p red isp o sin g  HLA -D Q  
alleles. A  second  gene linked  to  RA, PTPN22, encodes a 
p ro te in  ty rosine  p h o sp h a ta se  th a t is p o s tu la ted  to  inh ib it 
T cell activation . N u m ero u s  o th er genetic associations have  
been  rep o rted .

M a n y  c a n d id a te  e n v iro n m e n ta l fac tors  w h o s e  a n tig e n s  

p ro m o te  a u to im m u n ity  h a v e  b e e n  p o s tu la te d . A t least 
70% of RA pa tien ts  have  A C PA  in  their b lood, w h ich  m ay
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Fig. 21.36 Major processes involved in the pathogenesis of rheumatoid 
arthritis.

be p ro d u ced  d u rin g  in flam m ation . In su lts  such  as infection  
(inc lud ing  periodon titis) a n d  sm oking  m ay  p ro m o te  citrul- 
lina tion  of self-proteins, crea ting  new  ep ito p es th a t trigger 
au to im m u n e  reactions.

T h e  in f la m m a tio n  lo c a lize s  to  th e  jo in t ,  re c ru it in g  

m acro p h ag es  a n d  tr ig g e r in g  a c tiv a tio n  a n d /o r  p ro life ra 

t io n  o f  s y n o v ia l ce lls , c h o n d ro cy tes , a n d  fib ro b la s ts . The
p ro d u c tio n  of p ro teo ly tic  enzym es a n d  cy tokines contrib 
u tes to  the d estru c tio n  of cartilage and , th ro u g h  increased  
osteoclast activity , bone (Fig. 21.36).

M O R P H O L O G Y

RA typically manifests as symmetric arthritis principally affect

ing the small joints of the hands and feet. Grossly, the synovium 

becomes edematous, thickened, and hyperplastic, transforming 

its smooth contour to  one covered by delicate and bulbous villi 

(Fig. 2 I.3 7 A -B ). The characteristic histologic features include (1) 

synovial cell hyperp lasia  and proliferation; (2) dense in fla m 

m a to ry  in filtra te s  of C D 4+  helper T  cells, B cells, plasma 

cells, dendritic cells, and macrophages (Fig. 2 I.3 7 C ); (3) increased 

vascularity resulting from angiogenesis; (4) neutrophils and aggre

gates of organizing fibrin on the synovial and joint surfaces; (5) 

osteoclastic activity in underlying bone, allowing the synovium to  

penetrate into the bone, causing periarticular erosions and sub

chondral cysts. Together, the aforementioned changes produce 

a pannus: a mass of edematous synovium, inflammatory cells, 

granulation tissue, and fibroblasts that grows over the articular 

cartilage and causes its erosion. In advanced untreated cases the 

pannus can bridge the bones to  form a fibrous ankylosis, which 

may later ossify as a bony ankylosis (Fig. 21.35).

R h eu m a to id  nodules are an infrequent manifestation of 

RA and typically occur in subcutaneous tissue including the 

forearm, elbows, occiput, and lumbosacral area. Microscopically, 

they resemble necrotizing granulomas (Fig. 21.38). Rarely, RA can 

involve the lungs (rheumatoid nodules, interstitial lung disease).
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Fig. 21.37 Rheumatoid arthritis. (A) Schematic view of the joint lesion. (B) Low magnification shows marked synovial hypertrophy with formation of villi. 
(C) At higher magnification, subsynovial tissue containing a dense lymphoid aggregate. (A, M o d i f ie d  f r o m  F e ld m a n n  M :  D e v e lo p m e n t  o f  a n t i - T N F  t h e r a p y  f o r  r h e u 

m a t o id  a r th r i t i s .  Nat Rev Immunol 2 : 3 6 4 ,  2 0 0 2 . )

C lin ica l C o u rs e

RA can  be d is tin g u ish ed  from  o ther fo rm s of po lyarticu 
la r in flam m atory  arth ritis  by  the presence of A CPA  an d  
by  characteristic  rad io g rap h ic  findings. In  ab o u t half of 
pa tien ts, RA begins slow ly  an d  in sid iously  w ith  m alaise, 
fatigue, a n d  genera lized  m uscu loskele ta l pain . A fter 
several w eeks to  m onths, the  jo in ts  becom e invo lved . The 
p a tte rn  of jo in t invo lv em en t is generally  sym m etrical an d  
the h an d s  a n d  feet, w rists , ankles, elbow s, an d  knees are  
m ost com m only  affected. The m etacarp o p h a lan g eal and  
p rox im al in te rp h a lan g ea l jo in ts  are frequen tly  invo lved  (in 
co n trast to  OA, see earlier).

Invo lved  jo in ts a re  sw ollen, w arm , a n d  pain fu l. In 
con trast to  OA, the jo in ts are stiff w h e n  p a tien t rises in  
the m o rn in g  o r fo llow ing  inactiv ity . The typ ical pa tien t

Fig. 21.38 Rheumatoid nodule composed of central necrosis rimmed by 
palisaded histiocytes.

has p rog ressive  jo in t en la rg em en t a n d  decreased  range  of 
m o tio n  p u rsu in g  a chronic w ax in g  a n d  w a n in g  course. 
In  a  m ino rity  of patien ts, especially  those  lack ing  RF an d  
A CPA , the d isease m ay  stabilize or even  regress.

In flam m ation  in  the tendons, ligam ents, an d  occasion
ally  the ad jacen t skeletal m uscle  frequen tly  accom panies 
the a rth ritis  a n d  p ro d u ces the characteristic  u ln a r dev ia 
tion  of the fingers a n d  flex ion-hyperex tension  of the fingers 
(sw an-neck  deform ity , bou to n n iè re  deform ity). R adio
g raph ic  h a llm ark s are  jo in t effusions a n d  ju x taarticu lar 
osteopen ia  w ith  e rosions an d  n a rro w in g  of the jo in t space 
a n d  loss o f articu lar cartilage (Fig. 21.39).

The trea tm en t for RA consists o f corticostero ids, o ther 
im m u n o su p p ressan ts  such  as m etho trexate , an d , m ost 
no tab ly , TNF an tagon ists . H ow ever, anti-TN F agen ts are 
n o t curative , a n d  p a tien ts  m u s t be m a in ta in ed  o n  TNF 
an tag o n ists  to  avo id  d isease flares. L ong te rm  trea tm en t 
w ith  TNF an tagon ists  carries w ith  it increased  risk  of infec
tions w ith  o rgan ism s such  as M. tuberculosis.

Juvenile Idiopathic Arthritis

Juvenile  id iopath ic  a rth ritis  (JIA) is a he te rogeneous g roup  
of d iso rd ers  of u n k n o w n  cause th a t p re sen t w ith  a rth ritis  
before age 16 a n d  p ersis t for a t least 6  w eeks. In  con
tra s t to  RA, in  JIA: (1) o ligoarth ritis  is m ore  com m on, 
(2) system ic d isease is m ore  frequen t, (3) large  jo in ts are  
affected  m ore o ften  th a n  sm all jo in ts, (4) rh eu m ato id  
n o d u les  a n d  rh eu m ato id  factor are u sua lly  absen t, an d  
(5) an ti-nuclear an tib o d y  (ANA) seropositiv ity  is com m on. 
The pa thogenesis  is u n k n o w n  b u t sim ilar to  a d u lt  RA; 
risk  factors inc lude  H LA  a n d  PTPN22 varian ts. A lso, 
like a d u lt RA, dam age  in  JIA a p p ea rs  to  be caused  by 
TH1 a n d  TH17 cells a n d  cy tok ines p ro d u c e d  by  these an d  
o th e r in flam m atory  cells. T rea tm en t is sim ilar to  a d u lt 
RA w ith  som e success in  u sin g  a n  IL - 6  recep to r an ti
b o d y  in  the system ic form . L ong-term  p rognosis  o f JIA is 
very  variable. A lth o u g h  m an y  affected  in d iv id u a ls  have
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Fig. 21.39 Rheumatoid arthritis of the hand. Characteristic features include 
diffuse osteopenia, marked loss of the joint spaces of the carpal, metacarpal, 
phalangeal, and interphalangeal joints, periarticular bony erosions, and ulnar 
drift of the fingers.

chronic d isease, on ly  ab o u t 1 0 % develop  serious functional 
d isability .

Seronegative Spondyloarthropathies * •
T h e  s p o n d y lo a rth ro p a th ie s  are a  h ete ro g e n e o u s  g ro u p  o f  

d is o rd e rs  th a t  share th e  fo l lo w in g  fea tu res :

• A bsence of rh eu m ato id  factor
• Patho log ic changes in  the  ligam en tous a ttachm en ts 

ra th e r th a n  synov ium
• Invo lvem en t of sacroiliac jo in ts, w ith  or w ith o u t o ther 

jo in ts
• A ssociation  w ith  HLA-B27
• Bony p ro life ra tion  lead in g  to ankylosis (fusion of joints)

The m an ifesta tions are im m u n e  m ed ia ted  an d  are  trig 
gered  by a T cell response  p resu m ab ly  d irec ted  against 
an  u n d efin ed  an tigen , possib ly  infectious, th a t m ay  cross- 
react w ith  an tig en s expressed  o n  cells of the m uscu loskel
etal system .

Ankylosing spondylitis, the p ro to typ ica l spondy loar- 
th ritis, causes d estru c tio n  of a rticu la r cartilage a n d  bony 
ankylosis, especially  of the sacroiliac jo in ts. The d isease 
becom es sym ptom atic  in  the  second  a n d  th ird  decades of 
life as low er back p a in  a n d  sp inal im m obility . Involvem ent 
o f p e rip h e ra l jo in ts, such  as the h ips, knees, an d  shou lders, 
occurs in  a t least one-th ird  of affected  in d iv iduals . A pprox 
im ately  90% of p a tien ts  are HLA-B27 positive, b u t h o w  the 
B27 allele con tribu tes  to  the  d isease is no t know n . A n  anti- 
IL-17 an tib o d y  has show n  som e efficacy in  th is d isease.

Reactive arthritis is defined  by a triad  of arth ritis , non 
gonococcal u re th ritis  o r cervicitis, a n d  conjunctivitis. M ost 
affected in d iv id u a ls  are m en  in  the ir 20s or 30s, a n d  m ore 
th an  80% are  HLA-B27 positive. The d isease is p robab ly  
caused  by a n  au to im m u n e  reaction  in itia ted  by p rev io u s 
in fection  of the  g en ito u rin a ry  system  (Chlamydia) o r the 
g astro in testina l trac t (Shigella, Salmonella, Yersinia, Campy
lobacter). W ith in  several w eeks of u re th ritis  o r d ia rrhea , 
p a tien ts  experience low  back pain . The ankles, knees, an d  
feet a re  affected  m ost often, frequen tly  in  a n  asym m etric  
p a tte rn . P a tien ts  w ith  severe chronic d isease have  involve
m en t of the sp ine  tha t is in d is tingu ishab le  from  anky losing  
spondy litis.

Infectious Arthritis

Joints can  becom e infected  from  hem ato g en o u s d issem i
nation , d irect inocu la tion  th ro u g h  the skin, o r from  con
tiguous sp read  from  a soft tissue abscess o r osteom yelitis. 
Infectious a rth ritis  is p o ten tia lly  serious, because it can  
cause  rap id , p e rm an en t jo in t destruction .

Suppurative A rthritis

B a c te r ia l in fe c tio n s  th a t  cause acute  s u p p u ra tiv e  a r th r it is  

u s u a lly  e n te r th e  jo in ts  f r o m  d is ta n t sites b y  h e m a to g 

eno us  spread . In  neonates, how ever, con tiguous sp read  
from  u n d e rly in g  ep ip h y sea l osteom yelitis m ay  occur. H. 
influenza arth ritis  p red o m in a tes  in  ch ild ren  y o u n g e r than  
2 years of age, S. aureus is the  m ain  agen t in  o lder ch ild ren  
an d  adu lts , a n d  gonococcus is p reva len t d u r in g  late  ado 
lescence a n d  y o u n g  ad u lth o o d . In d iv id u a ls  w ith  sickle cell 
d isease are  p ro n e  to  in fection  w ith  Salmonella. These jo in t 
infections affect the sexes equally  except for gonococcal 
a rth ritis , w h ich  is seen  m ain ly  in  sexually  active w om en . 
In d iv id u a ls  w ith  deficiencies of com plem ent com ponen ts  
(C5, C 6 , C7, o r C9) are suscep tib le  to  d issem inated  gono
coccal infections a n d  hence arth ritis .

The classic p re sen ta tio n  is the su d d e n  d eve lopm en t of 
an  acu tely  pain fu l, w arm , a n d  sw ollen  jo in t tha t has a 
restric ted  range  of m otion . System ic find ings of fever, leu 
kocytosis, an d  e levated  sed im en ta tion  ra te  a re  com m on. In 
90% of nongonococcal cases, the  infection  involves on ly  a 
single jo in t, m ost com m on ly  the  knee, fo llow ed  in  decreas
ing  frequency  by the  h ip , shou lder, e lbow , w rist, a n d  ster
noclav icu lar jo in ts. The axial jo in ts  are m ore often  invo lved  
in  d ru g  users. Joint a sp ira tio n  is d iagnostic  if it y ie lds p u ru 
len t flu id  in  w h ich  the  causative  ag en t can  be iden tified . As 
m en tioned  earlier, cartilage has lim ited  rep a ir  po ten tia l, so 
p ro m p t recogn ition  a n d  effective an ti-m icrobial th e rap y  is 
v ita l to  p rev en t p e rm an en t jo in t destruction .

Lyme Arthritis
Lym e a rth ritis  is the  lead in g  a rth ro p o d -b o rn e  d isease in  
the  U n ited  States, p red o m in an tly  affecting  N ew  E ngland  
an d  m id-A tlan tic  states, b u t the  geographic  range  a n d  inci
dence are increasing . It is cau sed  by  infection  w ith  the 
sp irochete  Borrelia burgdorferi, w h ich  is tran sm itted  by  deer 
ticks of the Ixodes ricinus com plex. In  its classic form , Lym e 
d isease  p rogressively  involves m u ltip le  o rg an  system s 
th ro u g h  th ree  clinical p h ases (Fig. 21.40). The in itia l infec
tion  of the  skin, o r early localized stage, is fo llow ed  by  an
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Fig. 21.40 Lyme disease progresses through three clinically recognizable phases: early localized, early disseminated, and late persistent. Although initial mani
festations result directly from spirochete infection, later signs and symptoms are likely immune-mediated. (F ig u re  m o d i f ie d  f r o m  D r .  C h a r le s  C h iu ,  U n iv e r s i t y  o f  

C a l i f o r n ia  S a n  F ra n c is c o ,  S a n  F ra n c is c o ,  C a li fo r n ia .  U s e d  w i th  p e r m is s io n . )

early disseminated stage invo lv ing  skin, c ran ia l nerves, heart, 
a n d  m en inges. If left un trea ted , arth ritis , especially  of the 
knee, occurs w eeks to  m o n th s  after infection.

C urren tly , a rth ritis  occurs in  less th a n  10% of cases 
because m ost p a tien ts  a re  cu red  a t an  earlier stage. 
H ow ever, if left u n tre a te d  app rox im ate ly  60% to 80% of 
in d iv id u a ls  develop  a m ig ra to ry  a rth ritis  (Lyme arthritis) 
la s ting  for w eeks to  m onths. S p irochetes can  on ly  be iden ti
fied in  ab o u t 25% of jo in ts  w ith  arth ritis , b u t the d iagnosis 
can  be confirm ed by serologic testing  for anti-Borrelia an ti
bodies. T rea tm en t of Lym e d isease consists of an tib io t
ics w ith  activ ity  ag a in st Borrelia. C ure ra tes o f 90% have  
been  ach ieved  w ith  s ta n d a rd  reg im ens. A  vaccine is u n d e r 
developm ent. H ow ever, a chronic a rth ritis  th a t is antib io tic  
refractory  can  develop  in  the late disseminated stage. In  m any  
of these patien ts, Borrelia can n o t be de tected  in  the jo in t 
flu id  even  by  PCR. It has  been  p ro p o sed  th a t cellu lar (espe
cially TH1) a n d  h u m o ra l responses to  Borrelia o u te r surface 
p ro te in  A  m ay  in itia te  th is late, au to im m u n e , a rth ritis . The 
chronic m an ifesta tions, in  a d d itio n  to  jo in t pain , can  inc lude  
nonspecific  sym ptom s (fatigue, cognitive com plain ts), 
k n o w n  collectively as posttreatment Lyme disease syndrome 
(PTLDS).

Infected  sy nov ium  exhibits a chronic synovitis m ark ed  
by  synoviocyte h yperp lasia , fib rin  deposition , m o n o n u 
clear cell in filtrates (especially  CD4+ T cells), a n d  on ion 
sk in  th icken ing  of arte ria l w alls. The m o rpho logy  in  severe 
cases can  closely resem ble  th a t o f RA.

Crystal-Induced Arthritis

A rticu lar crystal deposits  are associa ted  w ith  a  varie ty  of 
jo in t d iso rders. E ndogenous crystals sh o w n  to be p a th o 
genic include m o n o so d iu m  u ra te  (MSU) (gout), calcium

p y ro p h o sp h a te  d e h y d ra te  (pseudogout), a n d  basic calcium  
p h ospha te . E xogenous crystals, such  as silicone, po lye thy l
ene, a n d  m ethy l m ethacry la te  u se d  in  p ro sthe tic  jo in ts, and  
the debris  th a t accum ula tes w ith  their erosion, m ay  resu lt 
in  local arth ritis . C rysta ls p ro d u ce  d isease by  tr iggering  an  
in flam m atory  reaction  th a t destroys cartilage.

G out

G o u t  is m a r k e d  b y  tra n s ie n t a ttacks  o f  acute a r th r it is  

in i t ia te d  b y  u ra te  crystals  d e p o s ite d  w i t h in  a n d  a ro u n d  

jo in ts . W hether go u t is p rim ary  o r secondary  to som e o ther 
u n d e rly in g  disease, the com m on  fea tu re  is excessive uric  
acid in  tissues a n d  b o d y  flu ids. In  the p rim ary  fo rm  (90% 
of cases), go u t is the m ajor m an ifesta tion  o f the  d isease an d  
the cause is u su a lly  u n know n .

Pathogenesis

H y p e r u r ic e m ia  (p la s m a  u ra te  le v e l a b o v e  6 .8  m g /d L ) is  

necessary , b u t  n o t s u ff ic ie n t, fo r  th e  d e v e lo p m e n t o f  g o u t.

U ric acid  m etabo lism  can  be su m m arized  as follow s:
• Synthesis. U ric acid  is the  en d  p ro d u c t o f p u rin e  catabo

lism . Increased  syn thesis  typically  reflects som e abno r
m ality  in  p u rin e  p ro d u c tio n . The syn thesis of p u rin e  
nucleo tides, in  tu rn , invo lves tw o in te rlinked  pa th w ay s. 
In  the  de  novo  p a th w ay , p u rin e  nucleo tides are syn
thesized  from  n o n p u rin e  p recurso rs, a n d  in  salvage 
p a th w ay s  they  are syn thesized  from  free p u rin e  bases 
ob ta ined  th ro u g h  the d ie t o r the  catabo lism  of p u rin e  
nucleotides.

• Excretion. U ric acid  is filtered  from  the c ircu la tion  by 
the g lom eru lu s a n d  v irtua lly  com pletely  reso rbed  by 
the p rox im al tu b u le  of the  k idney . A  sm all fraction  
of the reso rbed  u ric  acid  is secreted  by  the  d is ta l n e p h ro n  
an d  excreted  in  the  urine .
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I n  p r im a r y  g o u t, e le v a te d  u r ic  a c id  m o st c o m m o n ly  

re s u lts  f r o m  re d u c e d  ex c re tio n , th e  basis  o f  w h ic h  is  

u n k n o w n  in  m o s t p a tie n ts . A sm all m ino rity  of p rim ary  
go u t is caused  by u ric  acid  o v erp ro d u c tio n  as a resu lt of 
iden tifiab le enzym atic  defects. For exam ple, p a rtia l defi
ciency of hypo x an th in e  g u an in e  phosp h o rib o sy l transfer
ase (HGPRT) in te rru p ts  the  salvage p a th w ay , so p u rin e  
m etabo lites canno t be sa lvaged  a n d  are, in stead , d eg rad ed  
in to  u ric  acid. C om plete  absence of H G PR T also  resu lts  in  
hyperu ricem ia , b u t significant neuro log ic  m an ifesta tions of 
th is cond ition  (Lesch-Nyhan syndrome) d om ina te  the clinical 
p ic tu re  so it is classified as secondary  gout. S econdary  go u t 
can  also  be caused  by increased  p ro d u c tio n  (rap id  cell lysis 
d u rin g  ch em o th erap y  for leukem ia, so-called tu m o r lysis 
syndrom e) or decreased  excretion  (chronic ren a l disease).

T h e  in f la m m a tio n  in  g o u t is  tr ig g e re d  b y  p re c ip ita 

t io n  o f  u ra te  crystals  in  th e  jo in ts , s t im u la t in g  th e  p ro 

d u c tio n  o f  c y to k in e s  th a t  re c ru it  le u k o c y te s  (Fig. 21.41). 
M acrophages a n d  n eu tro p h ils  phagocy tose  the crystals, 
w h ich  activates a cytosolic sensor, the  in flam m asom e 
(C hap ter 5). The in flam m asom e activates caspase-1, 
w h ich  is in vo lved  in  the p ro d u c tio n  of active IL-1p. IL-1 
is p ro in flam m ato ry , a n d  p ro m o tes  accum ula tion  of m ore
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Hyperuricemia

Fig. 21.41 Pathogenesis of acute gouty arthritis. Urate crystals are phago- 
cytosed by macrophages and stimulate the production of various inflamma
tory mediators that elicit the inflammation characteristic of gout. Note that 
IL-1, one of the major pro-inflammatory cytokines, in turn stimulates the 
production of chemokines and other cytokines from a variety of tissue cells. 
L T B 4 , Leukotriene B4; I L - i p ,  interleukin ip.

n eu tro p h ils  a n d  m acrophages in  the  jo in t. These cells, in  
tu rn , release o ther cytokines, free radicals, p ro teases, an d  
arach idon ic  acid  m etabolites. The ingested  crystals also 
dam age the m em b ran es of phago lysosom es, lead in g  to 
leakage of these m ed ia to rs. A ctivation  of com plem en t by 
the  a lte rna tive  p a th w ay  m ay  con tribu te  to  m ore leukocyte 
recru itm en t. The resu lt is an  acu te  arth ritis , w hich  typically  
rem its spon taneously  in  days to  w eeks. R epeated  attacks 
of acu te  a rth ritis  lead  even tua lly  to  the fo rm ation  of tophi, 
agg regates  o f u ra te  crystals an d  in flam m ato ry  tissue, in  
the  in flam ed  synovial m em branes a n d  peria rticu la r tissue. 
Severe dam ag e  to  the  cartilage develops a n d  the function  
of the jo in ts  is com prom ised .

O nly  ab o u t 10% of pa tien ts  w ith  h y p eru ricem ia  develop  
clinical gout. O ther factors con tribu te  sym ptom atic  gout:
• Age of the  in d iv id u a l a n d  d u ra tio n  of the h y p e ru ri

cem ia. G ou t u sua lly  a p p ea rs  after 20 to  30 y ears  of 
hyperu ricem ia.

• Genetic predisposition. In  ad d itio n  to the  w ell-defined  
X -linked abnorm alities o f HGPRT, p o ly m o rp h ism s in  
genes in vo lved  w ith  u ra te  o r ion  tra n sp o rt an d  possib ly  
in flam m ation  are  also  associa ted  w ith  gout.

• Alcohol consum ption .
• Obesity.
• Drugs (e.g., th iazides) th a t reduce  excretion  of u ra te . 

M O R P H O L O G Y

The distinctive morphologic changes in gout are (1) acute arthri

tis, (2) chronic tophaceous arthritis, (3) tophi in various sites, and

(4) gouty nephropathy.

A c u te  a r th r it is  is characterized by a dense inflammatory 

infiltrate that permeates the synovium and synovial fluid. Urate 

crystals are frequently found in the cytoplasm of the neutrophils 

and are arranged in small clusters in the synovium. They are long, 

slender, and needle-shaped, and are negatively birefringent. The 

synovium is edematous and congested, and it also contains scat

tered lymphocytes, plasma cells, and macrophages.

C h ro n ic  tophaceous a r th r it is  evolves from the repetitive 

precipitation of urate crystals during acute attacks. The crystals 

encrust the articular surface and form visible chalky deposits in 

the synovium (Fig. 2 I.4 2A ). The synovium becomes hyperplastic, 

fibrotic, and thickened by inflammatory cells and forms a pannus 

that destroys the underlying cartilage.

Tophi in th e  a r t ic u la r  ca rtilag e , ligam ents , tendons, 

and bursae a re  p ath og no m o n ic  o f gout. They are formed 

by large aggregations of urate crystals surrounded by an intense 

foreign body giant cell reaction (Fig. 2 I.4 2 B -C ).

G o u ty  n ep h ro p a th y  refers to  the renal complications 

caused by urate crystals or tophi in the renal medullary inter- 

stitium or tubules. Complications include uric acid nephrolithiasis 

and pyelonephritis. * •

C lin ica l C o u rs e

G out is associa ted  w ith  m ale  sex, obesity , m etabolic  syn 
d rom e, excess alchohol in take, rena l failure, a n d  age greater 
th a n  30 years. F our clinical stages are recognized:
• Asymptomatic hyperuricemia a p p ea rs  a ro u n d  p u b e rty  in  

m en  a n d  after m en o p au se  in  w om en .
• Acute arthritis p resen ts  after several years as su d d en  

onse t excrucia ting  jo in t pain , localized  hyperem ia , and
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w arm th . M ost first a ttacks are  m onoarticu lar; 50% occur 
in  the  first m e ta ta rso p h a lan g ea l joint. U n trea ted , acu te 
g o u ty  arth ritis  m ay  last for h o u rs  to w eeks, b u t g rad u 
ally  there  is com plete resolution .

• Asymptomatic intercritical period: R eso lu tion  of the  acu te  
a rth ritis  leads to  a sym ptom -free  in terval. In  the  absence 
of ap p ro p ria te  th erapy , the  a ttacks recur a t decreasing  
in te rva ls a n d  frequen tly  becom e po lyarticu lar.

Fig. 21.42 Gout. (A) Amputated great toe with white tophi involving the 
joint and soft tissues. (B) Gouty tophus— an aggregate of dissolved urate 
crystals is surrounded by reactive fibroblasts, mononuclear inflammatory 
cells, and giant cells. (C) Urate crystals are needle shaped and negatively 
birefringent under polarized light.

• Chronic tophaceous gout develops o n  average  ab o u t 12 
y ears  after the in itial acu te  attack . A t th is stage, rad io 
g rap h s show  characteristic  ju x taa rticu la r bone a n d  loss 
of the jo in t space.

T rea tm en t o f g o u t a im s a t lifestyle m odification  and  
m ed ica tion  to  red u ce  sym ptom s (e.g., NSAIDs) a n d  low er 
u ra te  levels (e.g., xan th ine  ox idase inhibitor).

Calcium  Pyrophosphate C rystal D eposition D isease  

(Pseudogout)

C alcium  p y rophospha te  crystal deposition  disease (CPPD), 
also kn o w n  as pseudogout, u sually  occurs in  ind iv iduals m ore 
th an  50 years o ld  an d  becom es m ore com m on w ith  increas
ing  age. The genders an d  races are equally  affected. CPPD  is 
d iv ided  in to  sporadic (idiopathic), hered itary , an d  second
ary types. The au tosom al d o m in an t va rian t is caused  by 
germ line m u ta tions in  the p y rophospha te  tran sp o rt channel 
resu lting  in  crystal deposition  an d  arth ritis  relatively early 
in  life. V arious d isorders, includ ing  p rev ious jo in t dam age, 
hyperparathyro id ism , hem ochrom atosis, an d  diabetes, p re 
d ispose to the secondary  form . S tudies suggest tha t articu lar 
cartilage proteoglycans, w h ich  norm ally  inh ib it m ineraliza
tion, are  degraded , allow ing  crystallization  a ro u n d  chon
drocytes. As in  gout, inflam m ation  is caused  by activation 
of the inflam m asom e in  m acrophages.

M O R P H O L O G Y

The crystals first develop in the articular cartilage, menisci, and 

intervertebral discs, and as the deposits enlarge they may rupture 

and seed the joint. The crystals form chalky, white friable depos

its, which are seen histologically in hematoxylin- and eosin- 

stained preparations as oval blue-purple aggregates (Fig. 2 I.4 3A ). 

Individual crystals are rhomboid, 0.5 to 5 |tm in greatest dimen

sion (Fig. 2 I.43B ), and are positively birefringent. Inflammation is 

usually milder than in gout.

C lin ica l C o u rs e

C PPD  is frequen tly  asym ptom atic . H ow ever, it m ay 
p ro d u ce  acute, subacute, o r chronic a rth ritis  th a t can  be 
con fused  clinically w ith  O A  or RA. The jo in t involve
m en t m ay  last from  several days to  w eeks an d  m ay  be 
m on o articu la r o r po lyarticu lar; the knees, fo llow ed by  the 
w rists, elbow s, shou lders, a n d  ankles, are  m o st com m only  
affected. U ltim ately , app rox im ate ly  50% of affected ind i
v id u a ls  experience significant jo in t dam age. T herapy  is 
suppo rtive . T here is no  k n o w n  trea tm en t th a t p rev en ts  o r 
slow s crysta l form ation .

f t  S U M M A R Y

A R T H R IT IS

• O s te o a rth r itis  (O A , degenerative  jo in t disease), the most 

common disease of joints, is a degenerative process of articular 

cartilage in which matrix breakdown exceeds synthesis. Inflam

mation is minimal and typically secondary. Local production of 

inflammatory cytokines may contribute to  the progression of 

joint degeneration.

• R h eu m ato id  a r th r it is  (R A ) is a chronic autoimmune 

inflammatory disease that affects mainly small joints, but can
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be systemic. RA is caused by a cellular and humoral immune 

response against self-antigens, particularly citrullinated pro

teins. TN F plays a central role and antagonists against TN F are 

of clinical benefit.

• S e ro n eg a tive  sp o n d y lo arth ro p a th ies  are a heterogeneous 

group of likely autoimmune arthritides that preferentially 

involve the sacroiliac and vertebral joints and are associated 

with HLA-B27.

• S u p p u ra tive  a r th r it is  describes direct infection of a joint 

space by bacterial organisms.

• L ym e  disease is a systemic infection by B o r r e l i a  b u r g d o r f e r i ,  

which manifests, in part, as an infectious arthritis, possibly with 

an autoimmune component in chronic stages.

• G o u t and pseudogout result from inflammatory responses 

triggered by precipitation of urate or calcium pyrophosphate, 

respectively.

Fig. 21.43 Pseudogout. (A) Deposits are present in cartilage and consist of 
amorphous basophilic material. (B) Smear preparation of calcium pyrophos
phate crystals.

JO INT TUMORS A N D  TUMORLIKE  
C O N D IT IO N S

R eactive tum orlike  lesions, such  as ganglions, synovial 
cysts, a n d  o steochondra l loose bodies, com m only  involve 
jo in ts  a n d  ten d o n  sheaths. They u sually  re su lt from  trau m a 
o r degenera tive  p rocesses a n d  are m u ch  m ore  com m on 
th a n  neop lasm s. P rim ary  neop lasm s are  rare, u sua lly  
benign, a n d  ten d  to  recap itu la te  the cells a n d  tissue types 
(synovial m em brane , fat, b lood  vessels, fib rous tissue, and  
cartilage) na tive  to  jo in ts  a n d  re la ted  struc tu res. Synovial 
sarcom a, a lth o u g h  once th o u g h t to  be re la ted  to  o r derived  
from  the  tissues of the  jo in t, is n o w  recogn ized  as a sarcom a 
of u n certa in  o rig in  an d  is d iscussed  la te r w ith  soft tissue 
tum ors.

Ganglion and Synovial Cysts
A ganglion is a sm all (1-1.5 cm) cyst th a t is a lm ost a lw ays 
located  n ear a jo in t capsu le  o r ten d o n  sheath . A  com m on 
location  is a ro u n d  the jo in ts  o f the w rist, w h e re  it ap p ea rs  
as a firm , fluctuan t, pea-sized  tran slu cen t nodu le . It arises 
as a re su lt o f cystic o r m yxo id  degenera tion  of connective 
tissue; hence the  cyst w a ll lacks a cell lining. The lesion 
m ay  be m u ltilocu lar a n d  en larges th ro u g h  coalescence of 
ad jacen t a reas  of m yxo id  change. The flu id  th a t fills the 
cyst is sim ilar to synovial fluid; how ever, there  is no  com 
m u n ica tio n  w ith  the  jo in t space. D esp ite  the  nam e, the 
lesion  is u n re la ted  to  ganglia  of the n e rv o u s  system .

H ern ia tio n  of sy nov ium  th ro u g h  a jo in t capsu le  or 
m assive  en largem en t o f a b u rsa  m ay  p ro d u ce  a synovial 
cyst. A  w ell-recogn ized  exam ple  is the  synovial cyst th a t 
fo rm s in  the  p o p litea l space in  the se tting  of RA or OA 
(Baker cyst). The synovial lin ing  m ay  be hyp erp lastic  an d  
con tain  in flam m atory  cells a n d  fibrin.

Tenosynovial Giant Cell Tumor

Tenosynovial giant cell tumor is the  te rm  for a  ben ign  neo
p lasm  th a t d evelops in  the synovial lin ing  of jo in ts, ten d o n  
sheaths, a n d  bursae . C linical v a rian ts  of tenosynov ial g ian t 
cell tu m o r inc lude  the diffuse type (p rev iously  k n o w n  as 
pigmented villonodular synovitis), a n d  the localized type. 
W hereas the  diffuse fo rm  ten d s to  involve large  jo in ts, the 
localized  type  u su a lly  occurs as a d iscrete  n o d u le  a ttached  
to a ten d o n  sheath , com m only  in  the hand .

Pathogenesis

Diffuse an d  localized types of this tu m o r bo th  harbor 
a  reciprocal som atic chrom osom al translocation, t(1 ;2 ) 
(p13;q37), resu lting  in  fusion  of the type VI collagen a-3 
p rom oter to the M-CSF gene. C onsequently , the tum or 
cells overexpress M-CSF, w hich, th ro u g h  autocrine and  
paracrine effects, stim ulates pro liferation  of m acrophages 
in  a m an n er sim ilar to  g iant cell tu m o r of bone (described 
previously).
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Fig. 21.44 Tenosynovial giant cell tumor, diffuse type. (A) Excised synovium with fronds and nodules typical of pigmented villonodular synovitis. (B) Sheets 
of proliferating cells in tenosynovial giant cell tumor bulging the synovial lining.

^  M O R P H O L O G Y

In diffuse tumors the normally smooth joint synovium is con

verted into a tangled mat by red-brown folds, fingerlike projec

tions, and nodules (Fig. 2 I.4 4A ). In contrast, localized (nodular) 

tumors are well circumscribed.The neoplastic cells, which account 

for only a minority of the cells in the mass, are polygonal, moder

ately sized, and resemble synoviocytes (Fig. 2 I.44B ). Both diffuse 

and localized variants are heavily infiltrated by macrophages 

containing hemosiderin and foamy lipid, or are multinucleated.

C lin ica l C o u rs e

D iffuse tenosynov ial g ian t cell tu m o r p resen ts  in  the knee 
in  80% of cases. A ffected in d iv id u a ls  typically  com plain  of 
pa in , locking, a n d  recu rren t sw elling  sim ilar to  m onoar
ticu lar arth ritis . Som etim es, a p a lpab le  m ass is app rec ia ted . 
The localized  v a ria n t m anifests as a so litary , slow -grow ing , 
pa in less m ass th a t frequen tly  involves the  h an d . B oth types 
a re  am enab le  to  surg ical excision, b u t recurrence is m ore 
com m on  in  the diffuse form . C linical tria ls are  investi
ga tin g  an tag o n ists  o f the  M-CSF signaling  p a th w a y  for 
pa tien ts  w ith  un resectab le  d isease.

Soft Tissue Tumors

By convention , soft tissue refers to  non-ep ithe lia l tissue 
exc lud ing  the skeleton, jo in ts, cen tra l n e rv o u s  system , 
hem atopo ietic  a n d  ly m p h o id  tissues A lth o u g h  nonneo 
p lastic  cond itions can  invo lve soft tissue, they  are  se ldom  
confined  to  th is com partm en t, so the  a rea  of soft tissue 
p a tho logy  is restric ted  to  neoplasm s.

W ith  the exception  of skeletal m uscle  neop lasm s, ben ign  
soft tissue tu m o rs o u tn u m b e r their m alig n an t coun ter
parts , the sarcom as, by  100-fold. In  the U n ited  States, the 
incidence of soft tissue sarcom as is app rox im ate ly  12,000 
p er year, w h ich  is less th a n  1% of all cancers. Sarcom as, 
how ever, cause 2% of all cancer m orta lity , reflecting  their 
aggressive  behavior. M ost soft tissue tu m o rs arise  in  the 
extrem ities, especially  the  th igh. A pprox im ate ly  15% arise 
in  ch ild ren  b u t the  incidence increases w ith  age.

Pathogenesis

M ost sarcom as are  spo rad ic  a n d  have  no  k n o w n  p red is 
p osing  cause. A  sm all m ino rity  of soft tissue neop lasm s 
are  associa ted  w ith  germ line m u ta tio n s  in  tu m o r su p 
p resso r genes (neuro fib rom atosis 1, G ard n e r syndrom e, 
L i-F raum eni syndrom e, O sler-W eber R en d u  syndrom e). A 
few  tu m o rs can  be linked  to  k n o w n  env ironm en ta l expo 
su res such  as rad ia tion , bu rns, o r toxins.

U nlike tu m o rs such  as colorectal carc inom as th a t usua lly  
arise from  recogn ized  p recu rso r lesions, the o rig in  of sar
com as is u n k n o w n . T he best guess is th a t the  tu m o rs arise 
from  p lu rip o te n t m esenchym al stem  cells, w h ich  acquire  
som atic "d riv e r"  m u ta tions. D esp ite  he te rogeneous m ech
an ism s of tum origenesis  am o n g  sarcom as, som e general
iza tions can  be m ad e  b ased  on  the ir genom ic com plexity:
• Simple karyotype (15%-20% of sarcom as): Like m any  

leukem ias a n d  lym phom as, sarcom as are o ften  eup lo id  
tum ors w ith  a  single o r lim ited  n u m b er of ch rom osom al 
changes th a t occur early  in  tum origenesis  a n d  are  spe
cific en o u g h  to serve as d iagnostic  m arkers. T um ors 
w ith  these  fea tu res m ost com m only  arise  in  y o u n g e r 
pa tien ts  an d  ten d  to  have  a m onom orph ic  app earan ce  
m icroscopically . E xam ples inc lude  E w ing  sarcom a, 
described  earlier, a n d  synovial sarcom a. In  som e cases, 
the oncogenic effect o f these rea rran g em en ts  is reason 
ably  w ell u n d e rs to o d . In  o thers, the m echan ism s are  
u n k n o w n . O ncogenic tum or-specific fu sion  p ro te in s  
rep resen t p o ten tia l m o lecu lar ta rge ts for therapy .

• Complex karyotype (80%-85% of sarcom as): These tum ors 
are  u su a lly  an eu p lo id  o r p o lyp lo id  a n d  d em onstra te  
m u ltip le  ch rom osom al gains a n d  losses, a fea tu re  
th a t suggests u n d e rly in g  genom ic instability . E xam ples
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inc lude  le iom yosarcom a a n d  u n d iffe ren tia ted  p leom or
ph ic  sarcom a. Such tu m o rs are m ore com m on  in  a d u lts  
a n d  ten d  to  be m icroscopically  p leom orph ic .

C la s s ific a tio n  o f  s o ft tissu e  tu m o rs  c o n tin u es  to  e v o lv e  

as n e w  m o le c u la r  g en e tic  a b n o rm a lit ie s  are id e n t i f ie d .
C linically, soft tissue tu m o rs range  from  benign, self
lim ited  lesions th a t requ ire  m in im al trea tm en t to  in te r
m ed ia te  g rade, locally aggressive tu m o rs w ith  m in im al 
m etasta tic  risk  to  h igh ly  aggressive  m alignancies w ith  sig
n ificant m etasta tic  risk  a n d  m orta lity . A ll h igh ly  aggres
sive m alignancies a re  classified as sarcomas b u t th is te rm  is 
less consisten tly  u sed  am o n g  the  locally aggressive, rare ly  
m etastasiz ing  category . Patho log ic classification in teg ra tes 
m orpho logy  (e.g., m uscle  d ifferentiation), im m unohisto - 
chem istry , a n d  m olecu lar d iagnostics. In  ad d itio n  to  accu
ra te  d iagnosis, g rade  (degree of d ifferentiation) a n d  stage 
(size an d  dep th) a re  im p o rtan t p rognostic  ind icators.

W ith  th is as a p rim er, w e  w ill consider rep resen ta tive  
or especially  illu stra tive  soft tissue  tum ors.
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TUMORS OF ADIPOSE TISSUE

Lipoma

L ip o m a , a  b e n ig n  tu m o r  o f  fa t , is  th e  m o s t c o m m o n  

s o ft tissu e  tu m o r in  a d u lts . The conven tional lipom a is 
the  m ost com m on sub type , from  w h ich  ra re  v a rian ts  are  
d is tin g u ish ed  accord ing  to  characteristic  m orpho log ic  
a n d /o r  genetic features. C onven tional lipom a is a  w ell
encapsu la ted  m ass of m a tu re  ad ipocytes. It u sua lly  arises 
in  the  subcu tis  of the  p rox im al ex trem ities a n d  tru n k , m ost 
frequen tly  d u rin g  m id d le  ad u lth o o d . In frequently , lipom as 
are  large, in tram uscu lar, a n d  poo rly  c ircum scribed. M ost 
lipom as are  u sua lly  cu red  by sim ple excision.

Liposarcoma

L ip o sarco m as  are m a lig n a n t  tu m o rs  o f  a d ip o s e  t is s u e .
L iposarcom a is one o f the m ost com m on  sarcom as o f a d u lt
hood . It occurs m ain ly  in  p eop le  in  their 50s to  60s in  the 
deep  soft tissues a n d  re troperitoneum .

M O R P H O L O G Y

Liposarcomas are divided into three subtypes:

• Well-differentiated liposarcoma contains adipocytes with scat

tered atypical spindle cells (Fig. 2 I.4 5A ). The tumors harbor 

amplification of chromosome region I 2qI 3- qI 5,  which includes 

the gene for M D M 2 .  You will recall M DM 2 encodes a potent 

inhibitor of p53.

• Myxoid liposarcoma contains abundant basophilic extracellular 

matrix, arborizing capillaries, and primitive cells at various stages 

of adipocyte differentiation reminiscent of fetal fat (Fig. 2 I.45B ). 

The t ( I 2; I 6)  translocation characterizes myxoid liposarcoma. 

The resultant fusion gene arrests adipose differentiation.

• Pleomorphic liposarcoma consists of sheets of anaplastic cells, 

bizarre nuclei, and variable amounts of immature adipocytes 

(lipoblasts). These tumors have complex karyotypes.

C lin ica l C o u rs e

A ll ty p es of liposarcom a recu r locally an d  o ften  rep ea t
ed ly  un less  ad eq u a te ly  excised. The w ell-d ifferen tia ted  
v a ria n t is re la tively  indo len t, the m y x o id /ro u n d  cell type 
is in te rm ed ia te  in  its m alig n an t behavior, w h e reas  the  
p leom orph ic  v a rian t u sua lly  is aggressive  a n d  frequen tly  
m etastasizes.

FIBROUS TUMORS

Nodular Fasciitis

N o d u la r  fa s c iit is  is  a  s e lf - l im ite d  fib ro b la s tic  a n d  m y o -  

f ib ro b la s tic  p ro li fe ra t io n  th a t  ty p ic a lly  occurs th e  u p p e r  

e x tre m itie s  o f  y o u n g  a d u lts . A h isto ry  of trau m a  is p re sen t 
in  ap p rox im ate ly  25% to 50% of cases, a n d  the tum ors 
g row  rap id ly  d u rin g  a p e rio d  of several w eeks or m onths. 
W hereas n o d u la r  fasciitis w as  h istorically  considered  a 
p u re ly  reactive lesion, iden tification  of a t(17;22) translo 
ca tion  p ro d u c in g  a M YH 9-U SP6  fu sion  gene ind ica tes th a t 
it is a clonal, y e t self-lim ited, p ro lifera tion . It is h y p o th 
esized  th a t the  p ro life ra ting  cells lack som e key ha llm ark  
of cancer, p e rh a p s  the  ab ility  to  avo id  senescence. In trig u 
ingly , ABC (d iscussed  earlier), an o th er tu m o r th a t sits in  a 
g ray  zone  be tw een  reactive a n d  neop lastic  pro lifera tions, 
a lso  contains a USP6 fu sion  gene. N o d u la r  fasciitis can  
spon taneously  reg ress and , if excised, rare ly  recurs. M alig
n an t tran sfo rm atio n  is v irtua lly  nonexisten t.

M O R P H O L O G Y

Nodular fasciitis arises in the deep dermis, subcutis, fascia, or 

muscle. Grossly the lesion is less than 5 cm, circumscribed, or 

slightly infiltrative. It is highly cellular containing plump, immature- 

appearing fibroblasts and myofibroblasts arranged in a pattern 

reminiscent of cultured fibroblasts (Fig. 21.46). A  gradient of 

maturation ( z o n a t i o n )  from cellular, loose, and myxoid to orga

nized and fibrous is typical. The cells vary in size and shape 

(spindle to stellate) and have conspicuous nucleoli; mitotic figures 

are abundant. Lymphocytes and extravasated red blood cells are 

common but neutrophils are unusual.

Fibromatoses

S uperficial Fibromatosis

S u p e r fic ia l fib ro m a to s is  is a n  in f i l t r a t iv e  p ro life ra t io n  th a t  

can  cause lo c a l d e fo rm ity  b u t  has a n  in n o c u o u s  c lin ic a l  

course. All fo rm s of superficial fib rom atosis affect m ales 
m ore frequen tly  th a n  fem ales. They are  charac terized  by 
n o d u la r  o r po o rly  defined  b ro ad  fascicles o f fibrob lasts in  
long, sw eep ing  fascicles, su rro u n d e d  by  a b u n d a n t dense  
collagen. Several clinical sub types have  been  identified:
• Palmar (Dupuytren contracture). Irreg u la r or n o d u la r 

th icken ing  of the  p a lm ar fascia e ither un ila te ra lly  o r 
b ilaterally .

• Plantar. C om m on  in  y o u n g  pa tien ts, u n ila te ra l an d  
w ith o u t con tractu res.
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Fig. 21.45 Liposarcoma. (A) The well-differentiated subtype consists of mature adipocytes and scattered spindle cells with hyperchromatic nuclei. (B) Myxoid 
liposarcoma with abundant ground substance and a rich capillary network in which there are scattered immature adipocytes and more primitive round-to- 
stellate cells.

• Penile (Peyronie disease) . Palpab le  in d u ra tio n  o r m ass on
the d o rso la te ra l aspec t of the penis.

In  ab o u t 20% to 25% of cases, the p a lm ar a n d  p lan ta r 
fib rom atoses stabilize a n d  do  n o t p rogress, in  som e 
instances reso lv ing  spon taneously . Som e recu r after exci
sion, p a rticu la rly  the p la n ta r varian t.

D e e p  Fibromatosis

D e e p  fib ro m ato se s , also  c a lle d  d e s m o id  tu m o rs , are  la rg e , 

in f i l t r a t iv e  m asses th a t  f re q u e n t ly  re c u r b u t  do  n o t m etas 

ta s ize . T hey m o st frequen tly  occur in  the teenage years 
to  30s, p red o m in an tly  in  w om en . A bdom inal fib rom atosis 
generally  arises in  the  m uscu lo ap o n eu ro tic  s tru c tu res  of 
the an te rio r ab d o m in a l w all b u t tu m o rs can  arise  in  the 
lim b g ird les o r the m esen tery . D eep  fib rom atoses con tain  
m u ta tio n s  in  the CTNNB1  (P-catenin) o r A P C  genes, lead ing  
to increased  W nt signaling . M ost tu m o rs a re  sporad ic , b u t 
in d iv id u a ls  w ith  fam ilial ad en o m ato u s  po lyposis (G ardner

Fig. 21.46 Nodular fasciitis with plump, randomly oriented spindle cells 
surrounded by myxoid stroma. Note the mitotic activity ( a r r o w h e a d s ) .

synd rom e, C h ap te r 16) w h o  have  germ line  A P C  m u ta tio n s 
a re  p red isp o sed  to  deep  fibrom atosis.

M O R P H O L O G Y

Fibromatoses are gray-white, firm, poorly demarcated masses 

varying from 1 to  15 cm in greatest diameter. They are rubbery 

and tough, and have marked infiltration of surrounding muscle, 

nerve and fat. Cytologically bland fibroblasts arranged in broad 

sweeping fascicles amid dense collagen are the characteris

tic histologic pattern (Fig. 21.47). The histology resembles a 

scar.

Because of the ex tensively  in filtra tive  na tu re , com plete  
excision is o ften  difficult. R ecent efforts hav e  concen
tra ted  o n  m ed ical th e rap y  a n d  rad ia tio n  as a lte rna tives 
to surgery .

Fig. 21.47 Deep fibromatosis infiltrating between skeletal muscle cells.
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SKELETAL MUSCLE TUMORS

Skeletal m uscle  neop lasm s, in  co n trast to  tu m o rs of o ther 
lineages, a re  a lm ost all m alignan t. The ben ig n  rh ab d o m y 
om a is m ore  freq u en t in  in d iv id u a ls  w ith  tu b ero u s sclerosis.

Rhabdomyosarcoma

R h a b d o m y o s a rc o m a  is  a  m a lig n a n t  m e s e n c h y m a l tu m o r  

w it h  s k e le ta l m u s c le  d if fe re n t ia t io n . Three m ain  sub types 
a re  recognized: alveolar (2 0 %), embryonal (60%), a n d  pleomor
phic (20%). R habdom yosarcom a (alveolar a n d  em bryonal) 
is the m o st com m on soft tissue sarcom a of ch ildhood  an d  
adolescence, u su a lly  a p p ea rin g  before age 20. P leom orph ic  
rhabdom yosarcom a is seen  p red o m in an tly  in  adu lts . The 
p ed ia tric  fo rm s o ften  arise in  the  sinuses, head  a n d  neck, 
an d  g en ito u rin a ry  tract, locations th a t do  n o t no rm ally  
con tain  m u ch  skeletal m uscle, u n d ersco rin g  the n o tion  th a t 
sarcom as do  n o t arise from  m atu re , term inally  d ifferen ti
a ted  m esenchym al cells. The em bryonal a n d  p leom orph ic  
sub types a re  genetically  heterogeneous.

A lveolar rhabdom yosarcom a frequen tly  contains 
fusions of the FOXO1  gene to  e ither the PAX3  o r the  P A X 7  
gene, rea rran g em en ts  m ark ed  by the p resence of (2;13) 
o r (1;13) translocations, respectively . PAX3 is a transcrip 
tion  factor th a t in itia tes skeletal m uscle  d ifferen tia tion , an d  
it a p p ea rs  th a t the ch im eric  PAX3-FOXO1 fusion  p ro te in  
in terferes w ith  d ifferen tia tion , a m echan ism  sim ilar to 
m any  of the tran sc rip tio n  factor fu sion  p ro te in s  th a t are 
fo u n d  in  acu te  leukem ias.

^  M O R P H O L O G Y

E m b ryo n a l rh ab d o m yo sarco m a presents as a soft gray infil

trative mass. The tum or cells mimic skeletal muscle at various 

stages of differentiation and consist of sheets of both primitive 

round and spindled cells (Fig. 2 I.4 8A ). Rhabdomyoblasts with 

straplike cytoplasm and visible cross-striations may be present. 

S a rc o m a  b o tryo id es  is a variant of embryonal rhabdomyosar

coma that develops in the walls of hollow viscera such as the 

urinary bladder and vagina.

In a lv eo la r rh abd om yosarco m a, a network of fibrous 

septae divide the cells into clusters or aggregates, creating a 

crude resemblance to pulmonary alveoli. The tum or cells are 

uniformly round with little cytoplasm and they are only minimally 

cohesive (Fig. 2 I.48B ).

P le o m o rp h ic  rh ab d o m yo sarco m a is characterized by 

numerous large, sometimes multinucleated, bizarre eosinophilic 

tum or cells that can resemble other pleomorphic sarcomas. 

Immunohistochemical identification of muscle specific proteins 

such as myogenin is usually necessary to  confirm rhabdomyo- 

blastic differentiation.

R habdom yosarcom as are  aggressive  neop lasm s th a t are  
u sua lly  trea ted  w ith  su rgery  a n d  chem otherapy , w ith  or 
w ith o u t rad ia tio n  therapy . The b o tryo id  v a rian t o f em bry 
onal rhabdom yosarcom a has the  best p rognosis, w h ereas 
the p leom orph ic  sub type  is o ften  fatal.

* o  » ■
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Fig. 21.48 Rhabdomyosarcoma. (A) Embryonal subtype composed of malig
nant cells ranging from primitive and round to densely eosinophilic with 
skeletal muscle differentiation. (B) Alveolar rhabdomyosarcoma with numer
ous spaces lined by discohesive, uniform round tumor cells.

SM O OTH MUSCLE TUMORS

Leiomyoma

L eiom yom a, a ben ig n  tu m o r of sm oo th  m uscle, is m ost 
com m on in  the u te ru s  b u t can  arise  in  any  soft tissue site. 
U terine  leiom yom as (C hap ter 19) a re  com m on  an d  m ay 
cause a va rie ty  of sym ptom s in c lu d in g  infertility  a n d  m en 
o rrhag ia . L eiom yom as also  m ay  arise  from  the erector 
p ili m uscles (pilar leiomyomas) in  the sk in  an d  rare ly  in  
the  deep  som atic  soft tissues or g astro in testina l tract. A 
germ line loss-of-function  m u ta tio n  in  the fu m ara te  hydra- 
tase (FH) gene located  o n  ch rom osom e 1q42.3 leads to 
m u ltip le  cu tan eo u s leiom yom as, u te rin e  leiom yom as, 
a n d  rena l cell carcinom a. FH  is a n  enzym e of the K rebs 
cycle, a n d  th is  associa tion  constitu tes  an o th e r in trig u in g  
exam ple  of the  link  be tw een  m etabolic  abnorm alities an d  
neoplasia .

Soft tissue le iom yom as are u su a lly  1 to  2 cm  in  size an d  
are  com posed  of fascicles o f dense ly  eosinophilic  sp ind le  
cells th a t ten d  to  in te rsec t each o th e r a t r ig h t angles. The
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tu m o r cells have  b lu n t-en d ed , e longated  nucle i a n d  show  
m in im al a ty p ia  a n d  few  m ito tic  figures. Solitary lesions are  
cu red  w ith  surgery .

Leiomyosarcoma
Soft tissue le iom yosarcom a accoun ts for 10% to 20% of soft 
tissue sarcom as. T hey occur in  a d u lts  a n d  affect w o m en  
m ore  frequen tly  th an  m en. M ost develop  in  the  deep  soft 
tissues of the  ex trem ities a n d  re tro p e rito n eu m  or arise 
from  the  g rea t vessels. L eiom yosarcom as have  com plex 
geno types tha t stem  from  acqu ired  defects th a t lead  to 
p ro fo u n d  genom ic instability .

^  M O R P H O L O G Y

Leiomyosarcomas present as painless firm masses. Retroperi

toneal tumors may be large and bulky and cause abdominal 

symptoms. They consist of eosinophilic spindle cells with 

blunt-ended, hyperchromatic nuclei arranged in interweaving 

fascicles. They express smooth muscle proteins (actin, desmin, 

caldesmon), which can be detected by immunohistochemistry. 

Unlike leiomyomas, mitotic activity and necrosis are common 

in leiomyosarcoma.

C lin ica l C o u rs e

T reatm en t d e p en d s  on  tu m o r size, location, a n d  grade. 
Superficial le iom yosarcom as are u sua lly  sm all a n d  have  a 
good  p rognosis, w h e reas  those of the re tro p e rito n eu m  are  
difficult to  con tro l a n d  cause d e a th  by b o th  local ex tension  
an d  m etasta tic  sp read , especially  to the lungs.

TUMORS OF UNCERTAIN O RIG IN

A lth o u g h  m any  soft tissue tu m o rs can  be assigned  to  rec
ognizab le  h isto logic types, a large  p ro p o rtio n  of tum ors 
d o  n o t recap itu la te  any  k n o w n  m esenchym al lineage. This 
g ro u p  includes exam ples w ith  sim ple or com plex  karyo 
types; one of each type  is described  here.

Synovial Sarcoma

Synovial sarcoma w as so -nam ed  because the  first described  
cases arose  in  the  soft tissues near the knee jo in t a n d  a 
m orpho log ic  re la tionsh ip  to  sy nov ium  w as  p o stu la ted . 
H ow ever, th is nam e is a m isnom er, as these tu m o rs can 
p resen t in  locations tha t lack sy n o v iu m  a n d  their m o rp h o 
logic fea tu res  are inconsisten t w ith  a n  o rig in  from  synovi
ocytes. S ynovial sarcom as accoun t for app rox im ate ly  10% 
of all soft tissue sarcom as. M ost occur in  p eop le  in  their 
20s to 40s. P atien ts u su a lly  p re se n t w ith  a  deep-sea ted  
m ass tha t has  been  p resen t for several years. M ost synovial 
sarcom as show  a characteristic  ch rom osom al translocation  
t(x;18)(p11;q11) p ro d u c in g  fu sion  genes com posed  of p o r
tions of the  SS18 gene an d  one of th ree  SSX genes th a t 
encode chim eric tran sc rip tio n  factors th a t dera il cell cycle 
control.

Fig. 21.49 Synovial sarcoma showing the classic biphasic spindle cell and 
glandlike histologic appearance.

M O R P H O L O G Y

Synovial sarcomas are microscopically monophasic or biphasic. 

Monophasic synovial sarcoma consists of uniform spindle cells 

with scant cytoplasm and dense chromatin growing in short, 

tightly packed fascicles. The biphasic type contains glandlike 

structures composed of cuboidal to columnar epithelioid cells 

in addition to  the aforementioned spindle cell component (Fig 

21.49). Immunohistochemistry is helpful in identifying these 

tumors, since the tum or cells, especially in the biphasic type, are 

positive for epithelial antigens (e.g., keratins), differentiating them  

from many other sarcomas.

Synovial sarcom as are  trea ted  aggressively  w ith  lim b
sp arin g  su rg ery  a n d  frequen tly  chem otherapy . The 5-year 
su rv iva l varies from  25% to 62%, re la ted  to  stage an d  
p a tien t age. C o m m on  sites of m etastases a re  the lu n g  and , 
u n u su a l for sarcom as, reg ional ly m p h  nodes.

Undifferentiated Pleomorphic Sarcoma

Undifferentiated pleomorphic sarcoma (UPS) inc ludes m alig 
n an t m esenchym al tu m o rs w ith  h igh-g rade, p leom orph ic  
cells th a t canno t be classified in to  an o th er category  by 
a com bination  of h istom orpho logy , im m u n o p h en o ty p e , 
u ltrastru c tu re , a n d  genetics. M ost arise  in  the  deep  soft 
tissues of the  ex trem ity , especially  the  th ig h  of m idd le- 
ag ed  o r o lder adu lts . The d iagnosis of malignant fibrous 
histiocytoma (M FH), som etim es u se d  in terchangeab ly  w ith  
UPS, has  fallen  o u t of u se  because (1) the category  inc luded  
bo th  un d iffe ren tia ted  tu m o rs a n d  o thers  th a t cou ld  
be reclassified  w ith  im m unoh istochem istry  a n d  genetics, 
an d  (2 ) no  consensus exists for the  m orpho log ic  defini
tion  of fibrohistiocytic lineage. M ost tu m o rs are an eu p lo id  
w ith  m u ltip le  s tru c tu ra l a n d  n u m erica l ch rom osom al 
changes.
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Fig. 21.50 Undifferentiated pleomorphic sarcoma showing anaplastic spin
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< §  M O R P H O L O G Y

UPSs are usually large, grey-white fleshy masses that can grow  

quite large (10-20 cm) depending on the anatomic compart

ment. Necrosis and hemorrhage are common. Microscopically, 

they are some of the most pleomorphic malignancies encoun

tered. UPSs consist of sheets of large, anaplastic, spindled to  

polygonal cells with hyperchromatic irregular, sometimes bizarre 

nuclei (Fig. 21.50). Mitotic figures, including atypical nonsymmet

ric forms, are abundant as is necrosis. By definition, tum or cells 

lack differentiation along recognized lineages or characteristic 

genetic defects.

UPSs are  aggressive  m alignancies th a t are trea ted  w ith  
su rg ery  a n d  ad ju v an t chem o th erap y  a n d /o r  rad ia tion . The 
p rognosis  is generally  poor, w ith  m etastases arising  in  30% 
to 50% of cases.

^ S U M M A R Y

S O F T  T IS S U E  T U M O R S

• The category of soft tissue neoplasia describes tumors that 

arise from non-epithelial tissues, excluding the skeleton, joints, 

central nervous system, and hematopoietic and lymphoid 

tissues. A  sarcoma is a malignant mesenchymal tumor.

• Although all soft tissue tumors probably arise from pluripotent 

mesenchymal stem cells, rather than mature cells, they can be 

classified as

• Tumors that recapitulate a mature mesenchymal tissue (e.g., 

fat). These can be further subdivided into benign and malig

nant forms.

• Tumors composed of cells for which there is no normal 

counterpart (e.g., synovial sarcoma, UPS).

• Sarcomas with simple karyotypes demonstrate reproducible, 

chromosomal, and molecular abnormalities that contribute to  

pathogenesis and are sufficiently specific to have diagnostic use.

• Most adult sarcomas have complex karyotypes, tend to  be 

pleomorphic, and are genetically heterogeneous with a poor 

prognosis.
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The p erip h e ra l nerves a n d  skeletal m uscles p e rm it p u r 
posefu l m o v em en t a n d  p ro v id e  the b ra in  w ith  sensory  
in fo rm ation  ab o u t o u r su rro u n d in g s . B oth the anatom ic 
d is trib u tio n  of lesions an d  their associa ted  signs an d  sym p
tom s are  h e lp fu l in  classify ing n eu ro m u scu la r diseases. 
The fo llow ing  d iscussion  of n eu ro m u scu la r d iso rd ers  is 
o rg an ized  a long  ana tom ic  lines an d  traces the n eu ro m u s
cu lar system  from  prox im al to  d ista l by  d iscussing  d isor
de rs  o f p e rip h e ra l nerves, n eu ro m u scu la r junctions, an d  
skeletal m uscle.

DISORDERS OF PERIPHERAL NERVES

T h e  tw o  m a jo r  fu n c tio n a l e le m e n ts  o f  p e r ip h e ra l n erves  

are  a x o n a l processes a n d  th e ir  m y e l in  sheaths , w h ic h  

are  m a d e  b y  S c h w a n n  ce lls . A xonal d iam eter a n d  m yelin  
th ickness a re  co rre la ted  w ith  each  o ther a n d  w ith  conduc 
tion  velocity . These characteristics are u se d  to  d is tin g u ish  
d ifferen t types of axons, w h ich  m ed ia te  d istinc t sensory  
in p u ts  a n d  m o to r function . L igh t touch, for exam ple, is 
tran sm itted  by thickly m ye lina ted  large-d iam eter axons 
w ith  fast conduc tion  velocities, w h e reas  tem p era tu re  sen
sa tion  is tran sm itted  by  slow , u n m y e lin a ted  th in  axons. 
In  the  case of m ye lina ted  axons, one S chw ann  cell m akes 
an d  m ain ta in s  exactly one m yelin  segm ent, o r in te rnode , 
a long  a single axon  (Fig. 22.1A). A djacent in te rn o d es are  
sep ara ted  by  the  n o d es of R anvier a long  w h ich  sa lta to ry  
conduction  occurs. A ny  g iven  nerve  contains axons of dif
feren t sizes an d  axons serv ing  d iffe ren t functions. These are  
a rran g ed  in to  fascicles en sh ea th ed  by a layer o f p e rin eu ria l 
cells. P erineu ria l cells fo rm  a ba rrie r be tw een  endoneu -

riu m  on  the  inside  of the  fascicle a n d  ep in eu riu m  o n  the 
ou tside.

Patterns of Peripheral Nerve Injury
P erip h era l n eu ro p a th ie s  a re o ften  subclassified  as axonal o r 
dem yelinating , even  th o u g h  m an y  d iseases exh ib it m ixed  
featu res. A x o n a l n e u ro p a th ie s  a re  caused  b y  in s u lts  th a t  

d ire c tly  in ju r e  th e  axon . T he en tire  d is ta l p o rtio n  of an  
affected axon  degenerates. A xonal d eg en era tio n  is associ
a ted  w ith  secondary  m yelin  loss (Fig. 22.1B). The te rm  Wal- 
lerian degeneration is b o rro w ed  from  experim en ta l stud ies 
invo lv ing  the transec tion  of nerves to  describe ana logous 
changes observed  in  axonal neu ro p a th ies . R egeneration  
takes p lace th ro u g h  axonal reg ro w th  a n d  su b seq u en t 
rem yelina tion  of the d ista l axon  (Fig. 22.1C). The m o rp h o 
logic h a llm ark  of axonal n eu ro p a th ie s  is a decrease in  the 
density  of axons, w h ich  in  electrophysio log ic s tud ies  cor
relates w ith  a decrease in  the signal s tren g th  o r am p litu d e  
of nerve  im pulses.

D e m y e lin a t in g  n e u ro p a th ie s  are c h a ra c te rize d  b y  

d am ag e  to  S c h w a n n  ce lls  or m y e lin  w i th  re la t iv e  ax o n a l 

s p a rin g , re s u lt in g  in  a b n o rm a lly  s lo w  n e rv e  c o n d u c tio n  

v e lo c itie s  b u t  p re s e rv e d  a m p litu d e . D em yelination  typ i
cally occurs d iscon tinuously , affecting  in d iv id u a l in te r
nodes a long  the  len g th  of an  axon  in  a ra n d o m  d istribu tion .
This p rocess is te rm ed  segmental demyelination (Fig. 22.1B). 
M orphologically , d em yelina ting  n eu ro p a th ie s  show  a rela 
tively no rm al d ensity  of axons a n d  fea tu res of segm ental 
dem yelina tion  an d  repair. This is recogn ized  by the  p res 
ence of axons w ith  abno rm ally  th in  m yelin  shea th s an d  
sh o rt in te rn o d es (Fig. 22.1C). The d iscon tinuous n a tu re
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Fig. 22.1 Patterns of peripheral nerve damage. (A) In normal motor units, type I and type II myofibers (see Table 22.2 later) are arranged in a “checkerboard” 
distribution. The internodes, separated by nodes of Ranvier ( a r r o w s )  along the motor axons are uniform in thickness and length. (B) Acute axonal injury ( u p p e r  

a x o n )  results in degeneration of the distal axon and its associated myelin sheath, with atrophy of denervated myofibers. By contrast, acute demyelinating disease 
( lo w e r  a x o n )  produces random segmental degeneration of individual myelin internodes, while sparing the axon. (C) Regeneration of axons after injury ( u p p e r  

a x o n )  allows connections with myofibers to re-form. The regenerated axon is myelinated by proliferating Schwann cells, but the new internodes are shorter and 
the myelin sheaths are thinner than the original ones. (Nodes Ranvier are marked by a r r o w s ;  compare with panel A.) Remission of demyelinating disease ( lo w e r  

a x o n )  allows remyelination to take place, but the new internodt s Psoarb shckcr m idavsithinnarmyelin sheaths than flanking normal undamaged internodes.
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i C

Fig. 22.2 Pathologic changes in peripheral neuropathies. (A) Regeneration after segmental demyelination. Teased fiber preparations allow for examination of 
individual axons of peripheral nerves. A normal axon ( le f t )  with a long thick dark myelin internode flanked by nodes of Ranvier ( a r r o w s ;  compare with Fig. 
22.IA). All myelin internodes along his axon would be expected to be of similar length and width. The right axon, by contrast, shows a segment surrounded 
by a series of thinly myelinated internodes of uneven length flanked on both ends by normal thicker myelin internodes ( a r r o w s  mark nodes of Ranvier; compare 
with Fig. 22.IC). (B-C) Vasculitic neuropathy. In (B), the perineurial connective tissue contains an inflammatory infiltrate around small blood vessels that has 
obliterated a vessel. In (C), a special stain that colors myelinated axons dark blue hue shows that the nerve fascicle in the upper portion of this field ( a s te r is k )  

has lost almost all of its large myelinated axons, in contrast with the other fascicle shown. Such interfascicular variation in axonal density is often seen in 
neuropathies resulting from vascular injury.

of dam ag e  to  ra n d o m  in te rn o d es is best v isua lized  w h e n  
exam in ing  a series o f in te rn o d es a long  in d iv id u a l axons in  
teased  fiber p re p a ra tio n s  (Fig. 22.2A).

P erip h era l n eu ro p a th ie s  exhib it several anatom ic 
pa tte rns.
• Polyneuropathies u sua lly  affect p e rip h e ra l nerves in  a 

sym m etric , le n g th -d ep en d en t fashion. A xonal loss is 
typically  m ore p ro n o u n ced  in  the d ista l segm ents of 
the longest nerves. P a tien ts com m only  p re sen t w ith  loss 
o f sensation  an d  p aresthesias  th a t s ta rt in  the toes and  
sp read  u p w a rd . By the  tim e the sensory  changes reach  
the  level of the knees, the h a n d s  are also  affected, resu lt
in g  in  a p ic tu re  described  as "s tock ing-and-g love" d is
tribu tion . This p a tte rn  is o ften  enco u n te red  w ith  toxic 
an d  m etabolic  dam age.

• M ononeuritis multiplex, in  w h ich  the dam age ran d o m ly  
affects in d iv id u a l nerves, resu ltin g  (for exam ple) in  a 
r ig h t rad ia l nerve  pa lsy  a n d  w ris t d ro p  and , a t a  sepa
ra te  p o in t in  tim e, a  left foo t d rop . M ononeuritis  m u lti
p lex  is o ften  caused  by vasculitis.

• A  sim ple mononeuropathy on ly  involves a single nerve 
an d  is m ost com m only  the re su lt o f traum atic  in jury , 
en tra p m e n t (e.g., carpal tu n n e l syndrom e), o r certa in  
infections such  as Lym e disease.

Disorders Associated With Peripheral 
Nerve Injury

Table 22.1 Peripheral Neuropathies

Etio logic
C a te g o ry C ausative  D isorders /A gen ts

Nutritional and 
metabolic

Diabetes mellitus 
Uremia

Vitamin deficiencies—thiamine, vitamin B6, vitamin 
BI2

Toxic Drugs, including vinblastine, vincristine, paclitaxel, 
colchicine, and isoniazid

Toxins— alcohol, lead, aluminum, arsenic, mercury, 
acrylamide

Vasculopathic Vasculitis
Amyloidosis

Inflammatory Autoimmune diseases 
Guillain-Barré syndrome 
Chronic inflammatory demyelinating 

polyneuropathy (CIDP)

Infections Herpes zoster 
Leprosy 
HIV infection 
Lyme disease

Inherited Charcot-Marie-Tooth neuropathy, type 1, type II, 
and X-linked

Hereditary neuropathy with liability to pressure 
palsy

Others Paraneoplastic, some leukodystrophies

M any d iffe ren t d iseases m ay  be associa ted  w ith  p e rip h era l 
n e u ro p a th y  (Table 22.1). W e nex t d iscuss selected  en tities 
th a t a re  p ro to typ ica l for a specific type of p o ly n eu ro p a th y  
o r th a t a re  p a rticu la rly  com m on.
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G uillain-B arré Syndrom e

G u il la in -B a r ré  s y n d ro m e  is  a  r a p id ly  p ro g res s iv e  acute  

d e m y e lin a t in g  d is o rd e r a ffe c tin g  m o to r axons, re s u lt 

in g  in  a s c en d in g  w e a k n e s s  th a t  can  le a d  to  d e a th  f ro m  

fa i lu r e  o f  re s p ira to ry  m u sc les  w i th in  days o f  onset o f  

s y m p to m s . It is one of the  m ost com m on  life-th reaten ing  
d iseases of the p e rip h e ra l n e rv o u s system . G uillain-B arré 
sy n d ro m e a p p ea rs  to  be triggered  by  an  in fection  or vac
c ination  th a t b reaks d o w n  self-tolerance, thereby  lead in g  
to  an  au to im m u n e  response. A ssociated  in fectious agen ts 
inc lude  C am pylobacter jejuni, Epstein-B arr v irus, cyto
m egalov irus, h u m a n  im m unodefic iency  v iru s  (HIV), and , 
m o st recen tly  Z ika v irus. The in jury  is m ost extensive in  
the nerve  roo ts an d  p rox im al nerve  segm ents an d  is associ
a ted  w ith  m o nonuclear cell in filtrates rich  in  m acrophages. 
Both h u m o ra l and  cellu lar im m u n e  responses a re  believed 
to p lay  a ro le  in  the d isease  process. T rea tm en ts inc lude  
p lasm apheresis  (to  rem ove o ffend ing  an tibodies), in trave 
no u s im m u n o g lo b u lin  in fusions (w hich  su p p ress  im m u n e  
responses th ro u g h  unclear m echanism s), an d  su p p o rtiv e  
care, such  as v en tila to ry  su p p o rt. P atien ts w h o  su rv ive  the 
in itial acu te  p hase  of the  d isease  u su a lly  recover w ith  tim e.

Chronic In fla m m a to ry  D em yelinating  

Polyneuropathy (C ID P )

C ID P  is th e  m o st c o m m o n  ch ro n ic  a c q u ire d  in f la m m a 

to ry  p e r ip h e ra l n e u ro p a th y , c h a ra c te rize d  b y  s y m m e tr i

cal m ix e d  s e n s o rim o to r p o ly n e u ro p a th y  th a t  pers ists  fo r  

2 m o n th s  or m o re . B oth m o to r a n d  sensory  abnorm ali
ties a re  com m on, such  as w eakness, d ifficulty  in  w alk ing , 
n um bness, a n d  p a in  o r ting ling  sensations. Like G uillain- 
B arré synd rom e, CID P is im m u n e  m ed ia ted . B ut in  con
tras t to  G uillain-B arré syndrom e, CID P follow s a chronic, 
re lapsing-rem itting , o r p rog ressive  course. It occurs w ith  
increased  frequency  in  p a tien ts  w ith  o th e r im m u n e  dis
o rders, such  as system ic lu p u s  e ry th em ato su s an d  HIV 
infection. The p erip h e ra l nerves show  segm ents of dem y- 
e lina tion  a n d  rem yelina tion  (Fig. 22.2A). In  long -stand ing  
cases, rep ea ted  ac tiva tion  an d  p ro life ra tion  of S chw ann 
cells w ith  ep isodes of reg en era tio n  re su lt in  the  concentric 
a rran g em en t of m u ltip le  S chw ann  cells a ro u n d  in d iv id u a l 
axons to  p ro d u ce  m u ltilayered  s tru c tu res  likened  to  on ion  
bulbs. T rea tm en t inc ludes p lasm apheresis  and  ad m in is tra 
tion  of im m u n o su p p ress iv e  agents. Som e p a tien ts  recover 
com pletely , b u t m ore  o ften  re cu rren t b ou ts  of sym ptom atic  
d isease  lead  to  p e rm a n e n t loss of nerve  function .

D iab e tic  P eripheral N eu ro p a th y

D ia b e te s  is th e  m o s t c o m m o n  cause o f p e r ip h e ra l n e u 

ro p a th y , u s u a lly  d e v e lo p in g  w ith  lo n g -s ta n d in g  d isease .
D iabetic n eu ro p a th ie s  inc lude  several fo rm s th a t can  occur 
singly o r together.
• Autonomic neuropathy is charac terized  by changes in  

bow el, b ladder, cardiac, o r sexual function .
• Lumbosacral radiculopathy u su a lly  m anifests w ith  asym 

m etric  p a in  th a t can  p ro g ress  to  low er ex trem ity  w eak 
ness a n d  m uscle a trophy .

• Distal symmetric sensorimotor polyneuropathy is the m ost 
com m on fo rm  of d iabetic  n eu ro p a th y . Sensory  axons 
are  m ore severely  affected th an  m o to r axons, resu ltin g

in  a  clinical p resen ta tio n  d o m in a ted  by paresthesias  and  
n um bness. This fo rm  of d iabetic  p o ly n eu ro p a th y  resu lts  
from  the le n g th -d ep en d en t degenera tion  of p e rip h era l 
nerves a n d  does n o t neatly  fit in to  the  axonal o r dem y- 
e lina ting  category  b u t in stead  often  exhibits fea tu res 
of both . The p a thogenesis o f d iabetic  n eu ro p a th y  is 
com plex; accum ula tion  of ad v an ced  glycosy lation  end  
p ro d u c ts  re su ltin g  from  hyperg lycem ia, increased  levels 
of reactive oxygen  species, m icrovascu lar changes, an d  
changes in  axonal m etabolism , all h ave  been  im plicated . 
Strict glycem ic contro l is the best fo rm  of therapy .

Toxic, Vasculitic, and  In herited  Forms o f  

P eripheral N eu ro p a th y

There are  d iverse  o ther causes of p e rip h erla l n eu ro p a th y
(Table 22.1), som e of w h ich  m erit b rief d iscussion.
• Drugs a n d  environmental toxins th a t in terfere  w ith  

axonal tra n sp o rt o r cytoskeletal function  o ften  p ro d u ce  
p erip h e ra l neu ro p a th ies . The longest axons a re  m ost 
susceptib le, hence sym ptom s ap p e a r first a n d  are  m ost 
p ro n o u n ced  in  the d ista l extrem ities.

• P erip h era l nerves are d am ag ed  in  m an y  d ifferen t fo rm s 
of systemic vasculitis (Fig. 22.2B) (C hap ter 10), inc lud 
ing  p o lyarte ritis  nodosa, C hurg-S trauss syndrom e, an d  
po lyang iitis  w ith  g ranu lom atosis . O verall, p e rip h era l 
nerve dam age is seen  in  ab o u t a th ird  of all p a tien ts  w ith  
vascu litis a t the tim e of p resen ta tion . The m o st com m on 
clinical p ic tu re  is th a t of mononeuritis multiplex w ith  a 
p a in fu l asym m etric  m ixed  sensory  a n d  m o to r p e rip h 
eral n eu ro p a th y . P atchy  invo lv em en t also  is a p p a re n t 
a t the m icroscopic level, as single nerves m ay  show  
considerab le  in terfascicu lar v a ria tio n  in  the degree  of 
axonal dam age (Fig. 22.2C).

• Inherited diseases of peripheral nerves are a he terogeneous 
b u t re la tively  com m on  g ro u p  of d iso rders, w ith  a  p rev a 
lence of 1 to  4 in  10,000. They can  be d em yelina ting  or 
axonal. M any such  d iso rd ers  m an ifest in  ad u lth o o d  and  
follow  a slow ly p rog ressive  course th a t m ay  m im ic th a t 
of acq u ired  p o ly n eu ro p a th ies . The m ost com m on  causes 
are  m u ta tio n s in  the  genes encod ing  m yelin-associated  
p ro te ins.

A  S U M M A R Y

P E R IP H E R A L  N E U R O P A T H IE S

• Peripheral neuropathies may result in weakness and/or sensory 

deficits in patterns described as polyneuropathy, mononeuritis 

multiplex, and mononeuropathy.

• Axonal and demyelinating peripheral neuropathies can be dis

tinguished on the basis of clinical and pathologic features. Some 

disorders are associated with a mixed pattern of injury.

• Diabetes is the most common cause of peripheral 

neuropathy.

• Guillain-Barre syndrome and chronic idiopathic demyelinating 

polyneuropathy are immune-mediated demyelinating diseases 

that follow acute and chronic courses, respectively.

• Metabolic diseases, drugs, toxins, connective tissue diseases, 

vasculitides, and infections all can result in peripheral 

neuropathy.

• A  number of mutations cause peripheral neuropathy. Many of 

these are adult-onset diseases that may mimic acquired ones.
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DISORDERS OF NEUROMUSCULAR  
JU N C TIO N

The n eu ro m u scu la r ju n c tio n  is a  com plex specialized  struc
tu re  located  a t the in terface of m o to r nerve  axons and  
skeletal m uscle  th a t serves to  contro l m uscle  contraction . 
H ere  the  d ista l en d s  of p e rip h e ra l m o to r nerves b ranch  
in to  sm all p rocesses th a t te rm inate  in  bu lbous synaptic  
bou tons. N erve  im p u lses  depo larize  the p resy n ap tic  m em 
b rane, s tim u la tin g  calcium  influx a n d  the release of acetyl
cho line in to  the synap tic  cleft. A cetylcholine d iffuses across 
the synap tic  cleft to  b in d  its recep to r on  the  postsynap tic  
m em brane , lead in g  to  depo la riza tio n  of the  m yofiber and  
con trac tion  th ro u g h  e lectrom echanical coupling . O ften  
d iso rd ers  o f the n eu ro m u scu la r ju n c tio n  p ro d u ce  func
tional deficits in  the absence of any  significant a ltera 
tions in  m orp h o lo g y  beyond  u ltra s tru c tu ra l changes. 
C onsidered  in  th is section  are som e of the  m ore  com m on 
or pathogen ica lly  in te restin g  d iso rd ers  th a t d is ru p t 
the transm ission  of signals across the n eu ro m u scu la r 
junction .

Myasthenia Gravis

M y a s th e n ia  g ra v is  is a n  a u to im m u n e  d isease w i t h  f lu c 

tu a t in g  m u s c le  w e a k n e s s  th a t  is  caused  b y  a u to a n t ib o d 

ies th a t  ta rg e t th e  n e u ro m u s c u la r ju n c tio n . The m ost 
com m on an tigen ic  ta rge t is the  postsy n ap tic  acety lcholine 
recep to r (AChR). O ther pathogen ic  an tibod ies recognize 
m uscle-specific k inase  (MuSK) a n d  low -density  lipop ro 
te in  recep to r-re la ted  p ro te in  (LRP4). These an tibod ies lead  
to loss o f recep to rs a n d  dam ag e  to the s tru c tu re  o f the  junc
tions. The d isease has a n  incidence of app rox im ate ly  2 in  
100,000 persons. A nti-A C hR  m ed ia ted  cases have  b im odal 
age d is trib u tio n  w ith  som ew h at d istinctive  clinical fea
tu res. Early onse t before age 50 years is m ore  com m on 
in  fem ales a n d  is frequen tly  associa ted  w ith  en largem en t 
o f the th y m u s d u e  to  the p resence of B cell follicles and  
germ inal cen ters (follicular thym ic hyperp lasia ). Late- 
onse t cases show  a m ore  equa l gen d er d is tr ib u tio n  an d  
are  associa ted  w ith  th y m o m a (C hap ter 12), a neop lasm  
derived  from  thym ic ep ithe lium . B oth of these thym ic 
lesions a re  believed  to  p e rtu rb  to lerance to  self-antigens, 
se tting  the stage for the genera tion  of au to reac tive  T and  
B cells.

C lin ic a l ly ,  m y a s th e n ia  g ra v is  fre q u e n t ly  m a n ife s ts  

w it h  p t o s i s  (d ro o p in g  e y e lid s ) or d i p l o p i a  (d o u b le  v is io n )  

because o f  w e a k n e s s  in  th e  ex tra o c u la r m usc les . This 
p a tte rn  of w eakness is d istinctly  d ifferen t from  th a t of 
m o st p rim ary  m yopath ic  d iseases, in  w h ich  there  is rela 
tive sp a rin g  of facial an d  ex traocu lar m uscles. The sever
ity  o f the  w eakness o ften  fluctuates rap id ly , som etim es 
over p e rio d s  of a few  m inu tes. C haracteristically , repe ti
tive firing  of m uscles m akes the w eakness m ore  severe, 
w h ereas  cholinesterase  inh ib ito rs im p ro v e  s tren g th  m ark 
edly , fea tu res th a t a re  are  d iagnostically  useful. Effective 
trea tm en ts  include cholinesterase  inh ib ito rs, im m u n o su p 
p ression , p lasm apheresis , a n d  (in  pa tien ts  w ith  thym ic 
lesions) thym ectom y. These in te rv en tio n s hav e  im p ro v ed  
the  5-year su rv iva l ra te  to  g rea ter th an  95%.

Lambert-Eaton Syndrome

L a m b e rt-E a to n  s y n d ro m e  is  caused  b y  a u to a n tib o d ie s  

th a t  in h ib i t  th e  fu n c tio n  o f  p re s y n a p tic  c a lc iu m  chan 

n e ls , th e re b y  re d u c in g  th e  re lease  o f  a c e ty lc h o lin e  in to  

th e  s y n a p tic  c le ft. P atien ts w ith  L am bert-E aton  synd rom e 
experience im p ro v em en t in  w eakness w ith  repe titive  
s tim ulation , in  con trast to  those suffering  from  m yasthen ia  
gravis. R epetitive s tim u la tio n  serves to  b u ild  u p  sufficient 
in trace llu la r calcium  to facilitate acety lcholine release. 
Lambert-Eaton syndrome often arises as a paraneoplastic disor
der, p articu larly  in  p a tien ts  w ith  sm all cell lu n g  carcinom a. 
C ho linesterase  inh ib ito rs a re  n o t effective, a n d  th e rap y  is 
therefore d irected  to w ard  red u c in g  the titer o f causative  
an tibod ies, th ro u g h  e ither p lasm ap h eresis  o r im m u n o su p 
p ression . The p rognosis  is w orse  th an  th a t of m yasthen ia  
g rav is because of the freq u en t coexistence of a n  u n d e rly in g  
m alignancy .

Miscellaneous Neuromuscular Junction Disorders

Several o ther n eu ro m u scu la r ju n c tio n  d iso rd ers  m erit b rief 
m ention .
• Congenital myasthenic syndromes com prise  a  he teroge 

neous g ro u p  of d iseases th a t re su lt from  m u ta tio n s th a t 
d is ru p t the function  of v a rio u s n eu ro m u scu la r junc tion  
p ro te in s. D ep en d in g  o n  the affected  p ro te in , the defects 
m ay  occur a t the level o f acety lcholine release (p resyn 
aptic), the  tra n sp o rt of acety lcholine across the synaptic  
cleft (synaptic), o r the  responsiveness of skeletal m uscle 
(postsynaptic). H ence they  m ay  p re sen t w ith  sym ptom s 
m im ick ing  L am bert-E aton  sy n d ro m e o r m yasthen ia  
gravis. Som e fo rm s resp o n d  to  trea tm en t w ith  acetyl
cho linesterase  inh ib ito rs.

• Infections with exotoxin-producing bacteria m ay  be associ
a ted  w ith  defects in  n e u ra l transm ission  a n d  m uscle 
contraction . Clostridium tetani an d  Clostridium botulinum 
(C hap ter 9) bo th  release ex trem ely  p o ten t neu ro tox in s 
th a t in terfere  w ith  n eu ro m u scu la r transm ission . T etanus 
toxin  (know n as te tanospasm in) blocks the  action  of 
inh ib ito ry  neu rons, lead in g  to  the  increased  release of 
acety lcholine a n d  su sta in ed  m uscle con traction  and  
sp asm  (tetanus). B o tu linum  toxin, by  contrast, inh ib its  
acety lcholine release, p ro d u c in g  a flaccid paralysis. The 
pu rified  tox in  (Botox) is rem arkab ly  stable after injec
tion, an  a ttr ib u te  th a t has led  to  its w id e sp re a d  u se  as 
an  an tid o te  for w rin k les  a n d  a varie ty  of o th e r cond i
tions associa ted  w ith  u n w a n te d  m u scu la r activ ity  (e.g., 
b lep h aro sp asm  a n d  strab ism us).

Ä S U M M A R Y

N E U R O M U S C U L A R  J U N C T IO N  D IS O R D E R S

• Disorders of neuromuscular junctions manifest with weakness 

that often affects facial and extraocular muscles and may show 

rapid fluctuation in severity.

• Both myasthenia gravis and Lambert-Eaton syndrome, which are 

the most common forms, are immune mediated, being caused 

by antibodies that typically target postsynaptic acetylcholine 

receptors and presynaptic calcium channels, respectively.
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• Myasthenia gravis often is associated with thymic hyperplasia 

or thymoma. Lambert-Eaton syndrome is a paraneoplastic dis

order in the majority of the cases; the strongest association is 

with small cell lung cancer.

• Genetic defects in neuromuscular junction proteins and bacte

rial toxins also can cause symptomatic disturbances in neuro

muscular transmission.

DISORDERS OF SKELETAL MUSCLE

Patterns of Skeletal Muscle Injury and Atrophy * •

T h e  p r in c ip a l c o m p o n e n t o f  th e  m o to r s ys tem  is th e  

m o t o r  u n i t ,  w h ic h  is co m p o sed  o f  one lo w e r  m o to r n e u ro n  

to g e th e r w i th  th e  associated  axo n , its  n e u ro m u s c u la r  

ju n c tio n s , a n d  th e  s k e le ta l m u sc le  f ib e rs  i t  in n e rv a te s .

Skeletal m uscle consists o f d ifferen t fiber types b road ly  
classified as slow  tw itch  type  I a n d  fast tw itch  type II fibers 
(Table 22.2). The fiber type  is d e p e n d e n t o n  the innerva 
tion. A ll m yofibers of a m o to r u n it  therefore  share  the sam e 
fiber type. N orm ally  the fibers of d ifferen t types a re  d istrib 
u te d  in  checkerboard  p a tte rn s  (Fig. 22.1A). A  n u m b er of 
p ro te in s  a n d  p ro te in  com plexes a re  crucial for the  un iq u e  
s tru c tu re  a n d  function  of skeletal m uscles. These inc lude  
p ro te in s  th a t m ake  u p  the  sarcom eres a n d  the dystroph in - 
g lycopro te in  com plex (Fig. 22.3), as w ell as enzym es th a t 
allow  m uscle  to  m eet it u n u su a l m etabolic  requ irem en ts.

P r im a ry  m u sc le  d iseases or m y o p a th ie s  h av e  to  b e  d is 

t in g u is h e d  f r o m  secon dary  n e u ro p a th ic  changes caused  

b y  d is o rd e rs  th a t  d is ru p t  m u s c le  in n e rv a t io n . B oth are  
associated  w ith  a lte red  m uscle function  a n d  m orpho logy , 
b u t each has d istinctive  fea tu res  (Fig. 22.4). M yopath ic  con
d itions are o ften  associated  w ith  segm ental necrosis an d  
reg en era tio n  of in d iv id u a l m uscle  fibers (Fig. 22.4B). Som e 
m yopath ies  are  also  associa ted  w ith  o ther m orpho log ic  
features, such  as in flam m atory  in filtrates o r in trace llu la r 
inclusions. D isru p tio n  of m uscle by endom ysia l fibrosis 
an d  fatty  rep lacem en t is reflective of d isease chronicity  
th a t can  occur bo th  in  m yopath ic  as w ell as neu ro p a th ic  
conditions.

B oth n eu ro p a th ic  an d  m yopa th ic  p rocesses cause muscle 
fiber atrophy. H ow ever, certa in  d iso rd ers  are  associated  
w ith  p a rticu la r p a tte rn s  of a tro p h y , as follows:
• Neuropathic changes. Loss of in n erv a tio n  causes a tro p h y  

of m yofibers. The tw o  m a in  m orpho log ic  hallm arks 
of neurogen ic  changes, grouped atrophy a n d  fiber type 
grouping (Fig. 22.4C), a re  the re su lt of m u ltip le  ro u n d s  
of d en erv a tio n  a n d  re innerva tion . Loss of a n  axon  or 
low er m o to r n e u ro n  resu lts  in  a tro p h y  of the  m yofibers 
th a t a re  p a r t  o f th is m o to r u n it  (Fig. 22.4C2). A troph ic  
m yofibers can  be re in n e rv a ted  by axonal b ranches from  
ad jacen t m o to r un its , increasing  the size of these m oto r 
u n its  a n d  re tu rn in g  troph ic  in p u t to  the a troph ic  m yo- 
fibers (Fig. 22.4C3). M ultip le  ro u n d s  of d en erv a tio n  an d  
re in n erv a tio n  resu lt in  a d w in d lin g  n u m b er of m oto r 
u n its  of increasing ly  la rger size. In  th is se tting  loss of 
in n erv a tio n  w ill therefore p ro d u ce  large  c luste rs o f a tro 
ph ic  m yofibers, grouped atrophy (Fig. 22.4C5). Because

Basal lamina

Sarcoglycans
ß

ß

a2-chain

Laminin-2

Dystroglycans

Dystrophin

Caveolin 

nNOS 

Syntrophins

Dystrobrevin

Cytoplasmic actin

Fig. 22.3 The dystrophin-glycoprotein complex (DGC). This complex of 
glycoproteins serves to couple the cell membrane (the sarcolemma) to 
extracellular matrix proteins such as laminin-2 and the intracellular cytoskel- 
eton. A key set of connections is made by dystrophin, a scaffolding protein 
that tethers the myofibrillar cytoskeleton to the transmembrane dystrogly- 
cans and sarcoglycans, and also binds signaling complexes containing dystro- 
brevin, syntrophin, neuronal nitric oxide synthetase (nNOS), and caveolin. 
Mutations in dystrophin are associated with X-linked Duchenne and Becker 
muscular dystrophies; mutations in caveolin and the sarcoglycan proteins 
with autosomal limb-girdle muscular dystrophies; and mutations in a2- 
laminin (merosin) with a form of congenital muscular dystrophy.

Table 22.2 Muscle F iber Types

Type I Type II

Action Sustained force Fast movement

Activity type Aerobic exercise Anaerobic exercise

Power produced Low High

Resistance to 
fatigue

High Low

Lipid content High Low

Glycogen content Low High

Energy metabolism Low glycolytic 
capacity, high 
oxidative capacity

High glycolytic 
capacity, low 
oxidative capacity

Mitochondrial
density

High Low

Myosin heavy chain 
gene expressed

M Y H 7 M Y H 2 ,  M Y H 4 ,  

M Y H I

Color Red (high myoglobin 
content)

Pale red / tan (low 
myoglobin 
content)
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C

Normal
Denervation 
and atrophy

C2

Reinnervation and 
regeneration

Fig. 22.4 Patterns of skeletal muscle injury. (A) Normal skeletal muscle has relatively uniform polygonal myofibers with peripherally placed nuclei that are 
tightly packed together into fascicles separated by scant connective tissue. A perimysial interfascicular septum containing a blood vessel is present ( t o p  c e n te r ) .  

(B) Myopathic conditions often are associated with segmental necrosis and regeneration of individual myofibers. Necrotic cells (BI-B3) are infiltrated by 
variable numbers of inflammatory cells. Regenerative myofibers (B4, a r r o w )  are characterized by cytoplasmic basophilia and enlarged nucleoli (not visible at 
this power). (C) Neurogenic changes. (CI) This diagrammatic representation of four normal motor units shows a checkerboard-type admixture of light and 
dark stained fibers of opposite type. (C2) Damage to innervating axons leads to a loss of trophic input and the atrophy of myofibers. (C3) Reinnervation of 
myofibers can result in a switch in fiber type and segregation of fibers of like type. As illustrated here, reinnervation is also often associated with an increase 
in motor unit size, with more myofibers innervated by an individual axon. (C4) Normal muscle has a checkerboard distribution of type I ( l ig h t )  and type II 
( d a r k )  fibers on this ATPase reaction (pH9.4), corresponding to findings in (A). (C5) Clustered flattened “angulated” atrophic fibers ( g r o u p e d  a t r o p h y )  are a 
typical finding associated with disrupted innervation. (C6) With ongoing denervation and reinnervation, large clusters of fibers appear that all share the same 
fiber type ( f i b e r  t y p e  g r o u p in g ) .

m yofiber type  d e p en d s  on  the in n e rv a tin g  m o to r un it, 
re in n v erv a ted  fibers m ay  change from  type I to  type 
II a n d  vice versa. The p resence of increasing ly  larger 
m o to r u n its  a lte rs the n o rm al checkerboard  type  d istri
b u tio n  of fibers by  p ro d u c in g  large  c luste rs o f the  sam e 
type, fiber type grouping  (Fig. 22.4C6).

• Prolonged disuse o f muscles from  any  cause (e.g., p ro 
longed  bed  rest in  the sick, casting  of a b roken  bone) 
m ay  cause focal or generalized  m uscle a tro p h y , w h ich  
ten d s to  affect type  II fibers m ore  th a n  type  I fibers.

• Glucocorticoid exposure, w h e th e r  exogenous or en d o g 
en o u s (e.g., in  C ush in g  syndrom e), also  m ay  cause 
m uscle  a tro p h y . P roxim al m uscles a n d  type  II m yofibers 
a re  affected p referen tia lly  in  th is setting.

Inherited Disorders of Skeletal Muscle

In h erited  m u ta tio n s  are responsib le  for a d iverse  collec
tion  of d iso rd ers  m ark ed  by defects in  skeletal m uscle. In 
som e of these  d iso rders, skeletal m uscle  is the  m ain  site of
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disease, w h ile  in  o thers m u ltip le  o rgans are invo lved . Of 
the o ther o rgans invo lved , the h e a rt is o f p a rticu la r im p o r
tance, because card iac  invo lvem en t is com m on  a n d  is often  
life-lim iting. In c lu d ed  in  th is g ro u p  of in h erited  m u scu la r 
d iso rd ers  are the  follow ing:
• Muscular dystrophies are associa ted  w ith  p rog ressive  

m uscle in jury  in  p a tien ts  w h o  have  n o rm al m uscle  func
tion  a t b irth .

• Congenital muscular dystrophies, by con trast, a re  p rog res 
sive, early -onset d iseases. Som e are  also  associated  w ith  
m alfo rm ations of the cen tra l n e rv o u s  system .

• Congenital myopathies typically  p re sen t in  infancy w ith  
m uscle defects tha t ten d  to be static or to  ev en  im prove  
w ith  tim e. They are often  associated  w ith  d istinct struc
tu ra l abnorm alities of the m uscle.

The d iscussion  of m u scu la r d y stro p h ies  m ay  a t first 
glance ap p e a r confusing  because of d ifferen t classification 
system s a n d  term inologies. This is reflective of o u r evolv 
ing  u n d e rs ta n d in g  of these d iseases, from  a descrip tion  
based  o n  p h en o ty p e  a n d  inheritance  p a tte rn , to  one based  
on  u n d e rly in g  genetic m u ta tions. A n  ad d itio n a l layer of 
com plexity  stem s from  the  fact th a t there  is n o t a sim ple 
one-to-one co rrespondence  be tw een  geno types a n d  p he 
no types. In stead  m u ta tio n s  in  several d ifferen t genes can, 
for exam ple, p resen t as au to som al recessive lim b-g ird le 
m u scu la r dystrophy ; conversely  d ifferen t m u ta tio n s  in  a 
single gene (such  as dystroph in ) can  lead  to  very  d ifferen t 
clinical pheno types, as illu stra ted  by  D uchenne  a n d  Becker 
types of m u scu la r d ystrophy .
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Dystrophinopathies: D uchenne  and  

B ecker M u scu la r Dystrophy

T h e  m o st c o m m o n  m u s c u la r d ys tro p h ie s  are  X - l in k e d  a n d  

are  caused b y  m u ta tio n s  th a t d is ru p t th e  fu n c tio n  o f a  la rg e  

s tru c tu ra l p ro te in  c a lle d  dystrophin. As a  result, these dis
eases are referred  to  as dystrophinopathies. Duchenne muscular 
dystrophy (DMD) an d  Becker muscular dystrophy (BMD) are 
the  tw o m ost im p o rtan t d iseases in  this g roup . D M D  has an  
incidence of abou t 1 p e r 3500 live m ale b irths an d  follow s an  
invariab ly  fatal course. It becom es clinically ev iden t in  early  
childhood; m ost patien ts are w heelchair-bound  by the tim e 
they are teenagers an d  are dead  of their disease by early  
ad u lthood . The Becker type of m uscu lar dystrophy  is less 
com m on an d  less severe.

M O R P H O L O G Y

The histologic alterations in skeletal muscles affected by D M D  

and BMD are similar, except that the changes are milder in BMD 

(Fig. 22.5). The hallmarks of these as well as other muscular 

dystrophies are ongoing myofiber necrosis and regeneration. 

Progressive replacement of muscle tissue by fibrosis and fat is 

the result of degeneration outpacing repair.As a result of ongoing 

repair, muscles typically show marked variation in myofiber size 

and abnormal internally placed nuclei. Both D M D  and BMD also 

affect cardiac muscles, which show variable degrees of myocyte 

hypertrophy and interstitial fibrosis.

Fig. 22.5 Duchenne muscular dystrophy. Histologic images of muscle biopsy specimens from two brothers. (A-B) Specimens from a 3-year-old boy. (C) 
Specimen from his brother, 9 years of age. As seen in (A), at a younger age fascicular muscle architecture is maintained, but myofibers show variation in size. 
Additionally, there is a cluster of basophilic regenerating myofibers ( le f t  s id e )  and slight endomysial fibrosis, seen as focal pink-staining connective tissue between 
myofibers. In (B), immunohistochemical staining shows a complete absence of membrane-associated dystrophin, seen as a brown stain in normal muscle ( in s e t ) .  

In (C), the biopsy from the older brother illustrates disease progression, which is marked by extensive variation in myofiber size, fatty replacement, and 
endomysial fibrosis.
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Pathogenesis

B oth D M D  a n d  BMD are caused  by m u ta tio n s  d is ru p tin g  
the  function  o f the  dystrophin gene located  o n  the sh o rt a rm  
of the X chrom osom e (Xp21). D y stro p h in  is a very  large 
p ro te in  (427 kD  in  m o lecu lar w eigh t) fo u n d  in  skeletal 
a n d  card iac  m uscle, b ra in , a n d  p erip h e ra l nerves; it is p a r t  
o f the  dystrop h in -g ly co p ro te in  com plex (Fig. 22.3). This 
com plex  stabilizes the m uscle  cell d u rin g  con traction  an d  
m ay  be in vo lved  in  cell signaling  th ro u g h  in terac tions w ith  
o ther p ro te in s. D ystroph in -g lycop ro te in  com plex  defects 
are  th o u g h t to  m ake  m uscle cells vu lnerab le  to  tran sien t 
m em brane  tears d u r in g  con traction  th a t lead  to  calcium  
influx, a n d  they  m ay  also  d is ru p t in trace llu la r signaling. 
The resu lt is m yofiber degenera tion  th a t w ith  tim e o u t
paces the capacity  for repair. The dystroph in -g lycop ro te in  
com plex also  is im p o rta n t for card iac m uscle  function; 
th is explains w h y  card io m y o p a th y  even tua lly  d evelops in  
m any  patien ts.

The d y s tro p h in  gene sp an s rou g h ly  2.4 m egabases 
(abou t 1% of the X chrom osom e), m ak ing  it one of the 
la rgest h u m a n  genes. Its en o rm o u s size m ay  m ake  it m ore 
p ro n e  to  sporad ic  m u ta tions, w h ich  all th ings being  equal 
are  m ore likely by  chance to  affect large  genes. The m ost 
com m on m u ta tio n s  are deletions, fo llow ed by fram eshift 
a n d  p o in t m u ta tions. P a tien t w ith  D M D  u sually  have  
e ithe r of the first tw o  a n d  show  com plete absence of dys
tro h p in  o n  a m uscle  b iopsy. P atien ts w ith  BM D o ften  have  
p o in t m u ta tio n s a n d  m ake  res id u a l b u t defective form s. 
The severity  o f d isease therefore  correlates w ith  geno type  
a n d  ex ten t o f d y s tro h p in  deficiency.

C lin ica l Features

O ften  the  first sym ptom s of D M D  are c lum siness a n d  an  
inab ility  to  keep  u p  w ith  peers because of m uscle w eakness. 
The w eakness typically  beg ins in  the pelv ic g ird le  a n d  nex t 
invo lves the sh o u ld er g ird le . E n largem en t of the calves, 
te rm ed  p se u d o h y p e rtro p h y , is an  early  physical finding. 
The increased  m uscle  bu lk  in itially  stem s from  m yofiber 
h y p ertro p h y , b u t as m yofibers p rogressive ly  degenerate , 
an  increasing  p a r t of the  m uscle is rep laced  by ad ipose  
tissue a n d  endom ysia l fibrosis. C ard iac  m uscle  dam age 
an d  fibrosis m ay  lead  to h e a rt fa ilu re  a n d  arrh y th m ias, 
w h ich  m ay  p ro v e  fatal. A lth o u g h  no  s tru c tu ra l abnorm ali
ties in  the cen tra l n e rv o u s system  have  been  described, 
cognitive im p a irm en t a lso  m ay  occur a n d  m ay  be severe 
en o u g h  to  be classified as m en ta l re ta rd a tio n . O w in g  to 
ongo ing  m uscle  degenera tion , h ig h  se ru m  creatine  k inase  
levels are  p re se n t a t b irth  a n d  p ers is t th ro u g h  the first 
decade of life b u t fall as m uscle m ass is lost as the d isease 
progresses. D eath  resu lts  from  re sp ira to ry  insufficiency, 
p neum on ia , a n d  card iac decom pensation .

BMD becom es sym ptom atic  la te r in  ch ildhood  or ado 
lescence a n d  p rog resses a t a slow er a n d  m ore variab le  rate. 
M any p a tien ts  live w ell in to  a d u lth o o d  a n d  have  a nearly  
n o rm al life span . C ard iac  invo lv em en t m ay  be the dom i
n a n t clinical fea tu re  a n d  m ay  re su lt in  dea th , even  in  the 
absence of significant skeletal m uscle  w eakness.

T rea tm en t of p a tien ts  w ith  d y stro p h in o p a th ie s  is chal
lenging. C u rren t trea tm en t consists p rim arily  o f su p p o rtiv e  
care. D efinitive th e rap y  req u ires  resto ra tio n  of dy stro 
p h in  levels in  skeletal a n d  card iac m uscle fibers. G enetic

app ro ach es to  accom plish  th is a re  being  tested  in  clinical 
trials. O ne stra tegy  involves the  exp ression  of an ti-sense 
R N A s th a t a lte r R N A  splicing  so as to  cause "sk ip p in g "  
of exons con ta in ing  dele te rious m u ta tions, th u s  p e rm it
ting  the exp ression  of a trunca ted , b u t pa rtia lly  functional, 
d y s tro p h in  p ro te in . A  second  stra tegy  involves the use  
of d ru g s  th a t p ro m o te  ribosom al "re a d -th ro u g h "  of stop  
codons, an o th e r  p loy  th a t m ay  enable the syn thesis o f som e 
functional d y s tro p h in  pro te in .

O th e r X -L in ked  and  A utosom al M u s c u la r Dystrophies

O th e r fo rm s of m u scu la r d y s tro p h y  share  fea tu res w ith  
D M D  a n d  BMD b u t have  d istinc t clinical, genetic, and  
pa tho log ic  features.
• M y o t o n i c  d y s t r o p h y .  M y o to n ia ,  th e  s u s ta in e d  in v o l

u n ta ry  c o n tra c tio n  o f  a  g ro u p  o f  m u sc les , is  th e  c a rd i

n a l n e u ro m u s c u la r s y m p to m  in  m y o to n ic  d y s tro p h y .

P atien ts  o ften  com pla in  of stiffness a n d  difficulty  in  
relax ing  the ir grip , for exam ple, a fter a h andshake . M yo
tonic d y stro p h y  is a n uc leo tide  rep ea t expansion  d isease 
(C hap ter 7) th a t is in h erited  as an  au to so m al d o m in an t 
trait. M ore th a n  95% of p a tien ts  w ith  m yoton ic  dy stro 
p h y  have  m u ta tio n s in  the  gene th a t encodes the  dys
tro p h ia  m yoton ica  p ro te in  k inase  (DM PK). In  no rm al 
subjects, th is gene con tains 5 to  37 CTG repeats, w h ereas 
affected p a tien ts  u su a lly  carry  45 to  several th o u san d . 
As w ith  o th e r nucleo tide  rep ea t expansion  diseases, 
m yotonic  d y stro p h y  exhib its anticipation, characterized  
by w o rsen in g  of the d isease m an ifesta tions w ith  each 
passin g  genera tion  because of fu rth e r trinuc leo tide  
rep ea t expansion . The CTG rep ea t is located  in  the  3' 
u n tra n s la te d  reg ion  of the  D M PK  m R N A . E xperim en
tal s tud ies  suggest th a t the skeletal m uscle p h en o ty p e  
stem s from  a "toxic" gain-of-function  caused  by  the 
trip le t rep ea t expansion . The m u ta n t D M PK  m R N A  w ith  
the  resu ltin g  C U G  expansions sequesters m uscleb lind 
like p ro te in s  in vo lved  in  R N A  splicing. This functional 
d ep le tion  o f p ro te in s  in vo lved  in  R N A  splicing  d is ru p ts  
n o rm al gene expression  p a tte rn s  a n d  a lte rs  the func
tion  of d iseased  tissues like skeletal a n d  card iac m uscle. 
M yotonic d y stro p h y  often  m an ifests in  late ch ildhood  
w ith  ga it abno rm alities d u e  to  w eakness  of foo t dor- 
siflexors, w ith  su b seq u en t p rog ression  to  w eakness of 
the in trinsic  m uscles of the h a n d s  a n d  w ris t extensors, 
a tro p h y  of the  facial m uscles, a n d  p tosis. Invo lvem en t of 
o ther o rg an  system s resu lts  in  po ten tia lly  fatal card iac 
a rrh y th m ias, cataracts, early  fron ta l bald ing , endocri
nopath ies, a n d  testicu lar a trophy .

• L i m b - g i r d l e  m u s c u l a r  d y s t r o p h i e s .  T h e s e  m u s c u la r  

d ys tro p h ie s  p re fe r e n t ia lly  a ffe c t th e  p ro x im a l m u scu 

la tu re  o f  th e  t r u n k  a n d  lim b s . T heir genetic  basis is 
he terogeneous. The g ro w in g  list inc ludes a t  least 7 dom 
in a n t sub types a n d  15 au to so m al recessive sub types. 
Som e of the  responsib le  m u ta tio n s affect com ponen ts 
of the  dystrop h in -g ly co p ro te in  com plex o ther th an  dys
troph in . O thers  affect p ro te in s  invo lved  in  vesicle trans
p o rt a n d  rep a ir  o f cell m em brane  afte r in jury  (caveolin-3 
a n d  dysferlin), cytoskeletal p ro te in s, o r p o sttran sla 
tional m odification  of dystrog lycan , a co m p o n en t of the 
d y stroph in -g lycop ro te in  com plex.

• E m e r y - D r e i f u s s  m u s c u l a r  d y s t r o p h y  (E M D )  is a  g e n e ti

c a lly  h ete ro g e n e o u s  d is o rd e r caused  b y  m u ta tio n s
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a ffe c tin g  s tru c tu ra l p ro te in s  fo u n d  in  th e  n u c le u s . A n
X-linked fo rm  resu lts  from  m u ta tio n s in  the gene encod 
ing  the p ro te in  em erin , w h ereas an  au to som al d o m in an t 
fo rm  is caused  by m u ta tio n s  in  the gene encod ing  lam in  
A /C . It is h y p o th esized  th a t defects in  these  p ro te in s  
com prom ise  the  s tru c tu ra l in teg rity  o f the n ucleus in  
cells th a t are subjected  to  repe titive  m echanical stress 
(e.g., card iac  a n d  skeletal m uscle). These p ro te in s  m ay 
also  reg u la te  ch ro m atin  s tru c tu re  a n d  thereby  affect 
gene exp ression  p a tte rn s . The clinical p ic tu re  is charac
terized  by p rog ressive  m uscle  w eakness  a n d  w asting , 
con trac tu res o f the e lbow s an d  ankles, a n d  cardiac 
disease. The card iac  invo lvem en t is severe, be ing  asso 
ciated  w ith  card io m y o p a th y  a n d  a rrh y th m ias  th a t lead  
to su d d e n  d e a th  in  u p  to  40% of patien ts.

• Facioscapulohumeral dystrophy is  a n  a u to s o m a l d o m i

n a n t  fo r m  o f  m u s c u la r d y s tro p h y  th a t  is  caused  b y  

c o m p le x  g en e tic  changes th a t  a l lo w  exp ress io n  o f  th e  

tra n s c r ip t io n  fac to r D U X 4  th a t  is  n o r m a lly  rep ressed  

in  m a tu re  tissues. It is th o u g h t th a t the  d isease is 
caused  by over expression  of DUX4 ta rge t genes, m any  
of w h ich  are  in vo lved  in  the n o rm al function  of skel
e ta l m uscles. M ost p a tien ts  becom e sym ptom atic  by 
the  age of 2 0  years, u sua lly  ow in g  to  w eakness  in  the 
facial m uscles a n d  the  shou lder. P a tien ts also  exhib it 
w eakness  in  the low er tru n k  a n d  the  dorsiflexors of 
the foot. M ost affected  p ersons have a n o rm al life 
expectancy.

C hannelopath ies, M e tab o lic  M yopath ies , and  

M ito ch o n d ria l M yopath ies

O th e r im p o rtan t in h erited  d iso rd ers  of skeletal m uscle 
are  the re su lt of defects in  ion  channels (channelopath ies), 
m etabolism , a n d  m itochondria l function .
• Ion channel myopathies are a  g ro u p  o f  f a m i l ia l  d is o r

ders caused  b y  in h e r ite d  defec ts  in  io n  c h a n n e ls  th a t  

are  c h a ra c te rize d  b y  m y o to n ia , re la p s in g  ep iso des  o f  

h y p o to n ic  p a ra ly s is  associated  w i th  a b n o rm a l s e ru m  

p o ta s s iu m  le v e ls , or b o th . Hyperkalemic periodic paralysis 
resu lts  from  m u ta tio n s  in  the gene encod ing  the skel
e ta l m uscle so d iu m  channel SCN4A, w h ich  regu la tes 
so d iu m  en try  d u r in g  contraction . Malignant hyperther
mia is a  ra re  synd rom e charac terized  by  tachycard ia, 
tachypnea, m uscle spasm s, a n d  hyperpyrex ia . It is trig 
gered  w h e n  p a tien ts  carry ing  m u ta tio n s  in  the  ryano 
d ine  recep to r RYR1, a calcium  efflux channel, receive 
h a logenated  anesthetic  agen ts o r succinylcholine d u rin g  
su rgery . O n  exposu re  to  anesthetic , the  m u ta te d  recep 
to r leads to increased  efflux of calcium  from  the sarco
p lasm ic re ticu lum , p ro d u c in g  te tany  a n d  excessive heat 
p ro d u c tio n . T here is som e ev idence th a t peop le  carry ing  
RYR1 m u ta tio n s  also  are u n u su a lly  suscep tib le  to  exer
tional h y p erth e rm ia  (heat stroke).

• Myopathies due to inborn errors of metabolism  in c lu d e  

d is o rd ers  o f  g ly c o g e n  syn th es is  a n d  d e g ra d a tio n  

(C hap ter 7) a n d  l ip id  h a n d lin g . The la tte r inc lude  d is
o rd e rs  o f the carn itine  tra n sp o rt system  a n d  deficiencies 
of the  m itochondria l d eh y d ro g en ase  enzym e system , 
bo th  of w h ich  can  lead  to accum ula tion  of lip id  in  m yo
cytes (lip id  m yopath ies). These sto rage d iso rd ers  m ay  
m an ifest as system ic d isease o r as a m uscle-specific
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p h en o ty p e . Som e are associa ted  w ith  m uscle  dam age 
a n d  w eakness. O thers  m an ifest w ith  recu rrin g  ep isodes 
of exercise- o r fasting -induced  m uscle dam age, w h ich  if 
severe m ay  lead  to  necrosis of m yoctyes (rhabdom yoly- 
sis), m y og lobu linu ria  a n d  acu te  rena l failure.

• Mitochondrial myopathies can  s te m  f r o m  m u ta tio n s  in  

e ith e r  th e  m ito c h o n d r ia l or n u c le a r g en om es  because  

b o th  encode  p ro te in s  a n d  R N A s  th a t  are  c r it ic a l 

fo r  m ito c h o n d r ia l fu n c tio n . The v arian ts  caused  by 
m itochondria l m u ta tio n s show  m ate rn a l inheritance 
(C hap ter 7). M itochondria l m y o p a th ies  u sua lly  m an i
fest in  early  a d u lth o o d  w ith  p rox im al m uscle  w eakness 
an d  som etim es w ith  severe invo lv em en t o f the  ocu lar 
m u scu la tu re  (external oph tha lm opleg ia). T here m ay 
also  be neuro log ic  signs an d  sym ptom s, lactic acidosis, 
endocrinopathy , p e rip h e ra l n eu ro p a th y , a n d  card io 
m y o p a th y . Som e m itochondria l d iseases are associated  
w ith  n o rm al m uscle  m orpho logy , w h ereas o thers  show  
agg regates  o f abno rm al m itochondria ; the la tte r im p art 
a  b lo tchy  re d  app earan ce  in  special sta ins — hence the 
te rm  ragged red fibers. O n  u ltra s tru c tu ra l exam ination , 
these co rresp o n d  to ab n o rm al agg regates o f m itochon 
d ria  w ith  ab n o rm al shape  a n d  size, som e con ta in ing  
crystalline inclusions.

Acquired Disorders of Skeletal Muscle

A d iverse  g ro u p  of acqu ired  d iso rd ers  m ay  m an ifest w ith  
m uscle w eakness, m uscle  c ram ping , o r m uscle  pa in . These 
inc lude  in flam m ato ry  m yopath ies, toxic m uscle  injuries, 
postin fec tious rhabdom yolysis , a n d  m uscle  in farc tion  in  
the  se tting  of d iabetes. In  m ost in stances these are d isor
ders o f a d u lts  w ith  acu te  or subacu te  onsets.

In fla m m a to ry  M yopath ies

Polym yositis, derm atom yositis, an d  inclusion body  m yosi
tis rep re sen t the  trad itio n a l tr iad  of in flam m ato ry  m y o p a 
thies. This tr iad  is a sim plified  v iew  of com plex d iseases 
w ith  variab le  p h e n o ty p es  th a t a re n o t a lw ays as w ell delin 
ea ted  as o u tlin ed  here. N evertheless, th is  ap p ro ach  still 
h e lp s  to  ou tline  key princip les.
• Polymyositis is a n  au to im m u n e  d iso rd e r associated  

w ith  increased  exp ression  of M H C  class I m olecules 
on  m yofibers a n d  p red o m in an tly  endom ysia l inflam 
m ato ry  in filtra tes con ta in ing  CD 8 + cytotoxic T cells. 
The au to im m u n e  a ttack  leads to  m yofiber necrosis an d  
su b seq u en t reg en era tio n  (Fig. 22.6A). P atien ts w ith  
po lym yositis  are o ften  successfully  trea ted  w ith  corti
costero ids o r o th e r im m u n o su p p ress iv e  agents.

• Dermatomyositis is the m ost com m on  in flam m atory  
m y o p a th y  in  ch ild ren , in  w h o m  it a p p ea rs  as an  iso la ted  
en tity . In  adu lts , it o ften  m an ifests as a  pa ran eo p la s 
tic d iso rder. In  b o th  contexts, it is believed  to  hav e  an  
au to im m u n e  basis. The d isease is typically  associated  
w ith  sk in  m anifesta tions, as im p lied  by the  nam e, an d  
m ay  also  have  system ic m an ifesta tions such  as in te r
stitial lu n g  disease. O n  m icroscopic exam ination  an d  
u ltra s tru c tu ra l stud ies, it is associa ted  w ith  periv ascu la r 
m ononuclear cell in filtrates w ith  p lasm a  cells, "d ro p o u t"  
of capillaries, the p resence of so-called " tu b u lo re ticu la r 
inclusions" in  endo the lia l cells, a n d  m yofiber dam age 
in  a  p a ra sep ta l o r perifascicu lar p a tte rn  (Fig. 22.6B).
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Fig. 22.6 Inflammatory myopathies. (A) Polymyositis is characterized by endomysial inflammatory infiltrates and myofiber necrosis ( a r r o w ) .  (B) Dermatomyo
sitis often shows prominent perifascicular and paraseptal atrophy. (C) Inclusion body myositis, showing myofibers containing rimmed vacuoles ( a r r o w s ) .  Modified 
Gomori trichrome stain.

A s w ith  som e o ther au to im m u n e  d iseases such  as SLE 
(C hap ter 5), type  1 in te rfe ron -induced  gene p ro d u c ts  
a re  s trong ly  u p re g u la te d  in  affected m uscles. Som e 
p a tien ts  have  au to an tib o d ies  th a t are re la tively  specific 
for derm atom yositis; these inc lude  an tibod ies aga in st 
M i-2 (a nuclear helicase) a n d  p155 a n d  p140, p ro te in s  
w ith  u n certa in  functions.

• Inclusion body myositis is the m ost com m on inflam m a
to ry  m y o p a th y  in  p a tien ts  o lder th an  60 years of age. 
It is g ro u p ed  w ith  o ther fo rm s of m yositis, b u t it has 
ye t to  be d e te rm in ed  w h e th e r in flam m ation  is a cause 
o r a n  effect in  th is d iso rder. The m orpho log ic  ha llm ark  
of inclusion  bo d y  m yositis is the p resence of rim m ed  
vacuoles (Fig. 22.6C) th a t con ta in  aggregates of the sam e 
p ro te in s  th a t accum ula te  in  the b ra in s  of p a tien ts  w ith  
n eu ro d eg en era tiv e  d iseases — h y p e rp h o sp h o ry la ted  tau , 
am y lo id  d e riv ed  from  P-am yloid  p recu rso r p ro te in , and  
TDP-43 (C hap ter 23) — lead in g  som e to  specu late  tha t 
th is  is a degenera tive  d iso rd e r o f aging. O ther fea tu res 
typical o f chronic in flam m atory  m yopath ies, inc lud ing  
m yopa th ic  changes, m o nonuclear cell infiltrates, en d o 
m ysia l fibrosis, a n d  fatty  rep lacem ent, also  are ev iden t. 
The d isease fo llow s a chronic, p rog ressive  course an d  
generally  does n o t re sp o n d  w ell to  im m u n o su p p ress iv e  
agents, an o th e r fea tu re  suggesting  th a t in flam m ation  is 
a secondary  event.

Toxic M yopath ies

A n u m b er of in su lts  can  cause toxic m uscle in jury , inc lud 
in g  in trinsic  factors (e.g., thyroxine) an d  extrinsic  factors
(e.g., acu te  alcohol in toxication , va rio u s drugs).
• Thyrotoxic myopathy m ay  take the  fo rm  either o f acu te  

or chronic p rox im al m uscle  w eakness, a n d  it can  be 
the  first ind ica tion  of thyrotoxicosis. H isto log ic find ings 
include m yofiber necrosis an d  regeneration .

• Ethanol myopathy occurs after a n  ep isode  of b inge d rin k 
ing. The degree  of rhabdom yo lysis  m ay  be severe,

som etim es lead in g  to  acu te  rena l fa ilu re  secondary  
to  m yog lob inuria . P atien ts u sua lly  com plain  of acu te  
m uscle  pain , w h ich  m ay  be generalized  o r confined  to 
a  single m uscle  g roup . M icroscopically , there  is m yocyte 
sw elling , necrosis, a n d  regeneration .

• Drug myopathy can  be p ro d u c e d  by  a varie ty  of agents. 
For exam ple, m y o p a th y  is the  m o st com m on  com plica
tion  of s ta tins (e.g., a to rvasta tin , s im vasta tin , p ravas
tatin), occurring  in  app rox im ate ly  1.5% of users. Tw o 
fo rm s of s ta tin  associated  m y o p a th y  are  recognized: ( 1 ) 
toxicity of the d ru g  a n d  (2) sta tin -in d u ced  H M G -C oA  
reductase  au to an tib o d ies  causing  an  im m u n e  m ed ia ted  
m yopathy .

Tumors o f  Skeletal M uscles

These are d iscussed  in  C h ap te r 21 a long  w ith  o th er tum ors
of soft tissues.

Ä s U M M A R Y

D IS O R D E R S  O F  SK ELETA L M U S C L E

• Skeletal muscle function can be impaired by a primary (inher

ited or acquired) myopathy or secondarily because of prob

lems with muscle innervation.

• The genetic forms of myopathy fall into several fairly distinct 

clinical phenotypes, including muscular dystrophy, congenital 

myopathy, and congenital muscular dystrophy.

• Dystrophinopathies are X-linked disorders caused by muta

tions in the dystrophin gene and disruption of the dystrophin- 

glycoprotein complex. Depending on the type of mutation, the 

disease may be severe, such as DM D, or mild (e.g., Becker 

dystrophy).

• Acquired myopathies have diverse causes, including inflamma

tion and toxic exposures.
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PERIPHERAL NERVE SHEATH TUMORS

A n u m b er of d ifferen t tu m o rs a rise from  p erip h e ra l nerves. 
Such tu m o rs m ay  m an ifest as soft tissue m asses, w ith  p a in  
o r loss of function  re la ted  to  im p in g em en t on  nerves or 
o th e r su rro u n d in g  struc tu res. In  m ost p e rip h e ra l nerve 
tum ors, the neop lastic  cells show  ev idence of S chw ann  cell 
d ifferen tia tion . These tu m o rs u sua lly  occur in  a d u lts  and  
inc lude  bo th  ben ign  an d  m alig n an t varian ts. A n  im p o r
ta n t fea tu re  is their freq u en t associa tion  w ith  the  fam il
ia l tu m o r synd rom es neuro fib rom atosis  type  1 (NF1) an d  
neuro fib rom atosis  type  2 (NF2).

Schwannomas and Neurofibromatosis Type 2

S c h w a n n o m a s  are b e n ig n  e n c a p su la te d  tu m o rs  th a t  m a y  

occur in  so ft tissues, in te rn a l o rgans, or s p in a l n e rv e  ro o ts .
The m ost com m only  affected cran ial nerve  is the v estibu lar 
p o rtio n  of the e ig h th  nerve. T um ors arising  in  a  nerve  roo t 
o r the  vestibu lar nerve  m ay  be associa ted  w ith  sym ptom s 
re la ted  to  nerve  roo t com pression , w h ich  inc ludes hearing  
loss in  the case of v estibu la r schw annom as.

M ost schw annom as are  sporad ic , b u t ab o u t 10% are  
associa ted  w ith  familial neurofibromatosis type 2 (NF2). NF2 
p a tien ts  a re  a t risk  of d eve lop ing  m u ltip le  schw annom as, 
m en ing iom as, a n d  ep en d y m o m as (the la tte r are described  in  
C h ap te r 23). The p resence o f b ila tera l v estibu la r schw anno 
m as is a  ha llm ark  of NF2; desp ite  the nam e, neuro fib rom as 
(described  later) a re  n o t fo u n d  in  NF2 patien ts. A ffected 
pa tien ts  carry  a d o m in an t loss o f function  m u ta tio n  of the 
m erlin  gene o n  ch rom osom e 22. M erlin  is a cytoskeletal 
p ro te in  th a t functions as a tu m o r su p p resso r by  facilita ting  
E -cad h e rin -m ed ia ted  con tact inh ib ition  (C hap ter 6 ). W ith  
loss o f m erlin  function , the  tu m o r cells p ro lifera te  because 
con tact inh ib ition  is lost. O f note, m erlin  expression  also  is 
d is ru p te d  in  sporad ic  schw annom as, possib ly  because of 
som atic m uta tions.
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M O R P H O L O G Y

Most schwannomas appear as circumscribed masses abutting an 

adjacent nerve. On microscopic examination, these tumors often 

show an admixture of dense and loose areas referred to as 

Antoni A  and B, respectively (Fig. 22.7A -B). They are comprised 

of a uniform proliferation of neoplastic Schwann cells. In the 

dense A n to n i A  areas, bland spindle cells with buckled nuclei 

are arranged into intersecting fascicles. These cells often align to  

produce nuclear palisading, resulting in alternating bands of 

nuclear and anuclear areas called Verocay bodies. Axons are 

largely excluded from the tumor. In the loose, hypocellular 

A n to n i B areas, the spindle cells are spread apart by a promi

nent myxoid extracellular matrix. Thick-walled hyalinized vessels 

often are present. Hemorrhage or cystic changes also are some

times seen.

Neurofibromas

N eurofib rom as are b en ig n  p erip h e ra l n erve  shea th  tum ors. 
T hree im p o rta n t sub types a re  recognized:

• Localized cutaneous neurofibromas arise as superficial 
n o d u la r  o r p o ly p o id  tum ors. These occur e ithe r as soli
tary  spo rad ic  lesions o r o ften  as m u ltip le  lesions in  the 
contex t of neuro fib rom atosis  1 (NF1).

• Plexiform neurofibromas grow  d iffusely  w ith in  the  con
fines of a  nerve  or nerve  p lexus. Surgical enuclea tion  of 
such  lesions is therefore  difficult an d  is o ften  associated  
w ith  lasting  neuro log ic  deficits. P lexiform  neuro fib ro 
m as are  v irtua lly  p a thognom on ic  for NF1 (discussed  
later). U nlike o ther ben ig n  nerve  sh ea th  tum ors, these 
tum ors a re  associa ted  w ith  a sm all b u t rea l risk  of m alig 
n a n t transfo rm ation .

• Diffuse neurofibromas are  in filtra tive  p ro life ra tions th a t 
can  take the fo rm  of large, d isfigu ring  su bcu taneous 
m asses. These also  are o ften  associated  w ith  NF1.

M O R P H O L O G Y

Unlike schwannomas, neurofibromas are not encapsulated. They 

may appear circumscribed, as in localized  cutaneous n eu ro 

fib ro m as , or may exhibit a diffusely infiltrative growth pattern. 

Also in contrast to schwannomas, the neoplastic Schwann cells 

in neurofibroma are admixed with other cell types, including mast 

cells, fibroblast like cells, and perineurial-like cells. The back

ground stroma often contains loose wavy collagen bundles but 

also can be myxoid or can contain dense collagen (Fig. 22.7D ). 

P le x ifo rm  n eu ro fib ro m as  involve multiple fascicles of indi

vidual affected nerves (Fig. 22.7C). D iffuse n eu ro fib ro m as  

show an extensive infiltrative pattern of growth within the 

dermis and subcutis of the skin.

Neurofibromatosis Type 1

N F 1  is a n  a u to s o m a l d o m in a n t  d is o rd e r caused  b y  m u ta 

tio n s  in  th e  tu m o r  sup presso r n e u ro f ib ro m in , enc o d e d  o n  

th e  lo n g  a rm  o f  ch ro m o s o m e  17  (17q ). N euro fib rom in  is a 
negative  reg u la to r o f the p o ten t oncop ro te in  Ras (C hap ter 
6 ). Loss of n eu ro fib rom in  function  a n d  the  re su ltin g  Ras 
hyperac tiv ity  ap p e a r to be a ca rd ina l fea tu re  of NF1- 
associated  tum ors. A s w o u ld  be an tic ip a ted  for a  tu m o r 
su p p resso r gene, the  sole n o rm a l NF1 allele is m u ta ted  
or silenced in  tu m o rs arising  in  the se tting  of NF1. These 
include neuro fib rom as of all th ree  m a in  types, m alig n an t 
p e rip h e ra l nerve  shea th  tum ors, "o p tic  g liom as," a n d  o ther 
glial tum ors. In  add ition , p a tien ts  w ith  NF1 exhib it learn 
ing  d isabilities, seizures, skeletal abnorm alities, vascu lar 
abnorm alities w ith  arte ria l stenoses, p ig m en ted  n o d u les  of 
the  iris (Lisch nodules), a n d  p ig m en ted  skin  lesions (axillary 
freck ling  a n d  cafe-au-lait spots) in  v a rio u s degrees.

Malignant Peripheral Nerve Sheath Tumors
M alignan t p e rip h e ra l nerve  sh ea th  tu m o rs are  neop lasm s 
seen in  a d u lts  th a t typically  show  ev idence of S chw ann  cell 
deriv a tio n  an d  som etim es a clear o rig in  from  a p e rip h era l 
nerve. They m ay  arise from  transfo rm ation  of a  neuro fi
brom a, u sua lly  of the p lex iform  type. A b o u t one-half of 
such  tu m o rs arise  in  p a tien ts  w ith  NF1, an d  3% to 10% 
of all p a tien ts  w ith  NF1 develop  a m alig n an t p e rip h era l
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Fig. 22.7 Schwannoma and plexiform neurofibroma. (A-B) Schwannoma. As seen in (A), schwannomas often contain dense pink Antoni A areas ( le f t )  and 
loose, pale Antoni B areas ( r ig h t ) ,  as well as hyalinized blood vessels ( r ig h t ) .  (B) Antoni A area with the nuclei of tumor cells aligned in palisading rows. (C-D) 
Plexiform neurofibroma. Multiple nerve fascicles are expanded by infiltrating tumor cells (C), which at higher power (D) are seen to consist of bland spindle 
cells admixed with wavy collagen bundles likened to carrot shavings.

nerve  shea th  tu m o r d u rin g  their lifetim es. H istologically , 
these tu m o rs are h igh ly  cellu lar an d  exh ib it fea tu res of 
o v e rt m alignancy , in c lu d in g  anap lasia , necrosis, infiltra 
tive g ro w th  p a tte rn , p leom orph ism , a n d  h ig h  pro lifera tive  
activity.

Traumatic Neuroma

T ra u m a tic  n e u ro m a  is  a  n o n n e o p la s tic  p ro li fe ra t io n  asso

c ia te d  w i th  a  p re v io u s  in ju r y  le a d in g  to  tra n s e c tio n  o f  

a  p e r ip h e ra l n e rv e . Such in juries activate  a regenerative  
p ro g ra m  (see Fig. 22.1) charac terized  by sp ro u tin g  an d  
elongation  of p rocesses from  the  p rox im al axonal stum p . 
W ith  severe in juries th a t d is ru p t the p e rin eu ria l sheath , 
these n ew  processes m ay  "m iss" the ir target, the  d ista l end  
of the transec ted  nerve. The m isg u id ed  e longa ting  axonal 
p rocesses can  induce  a reactive p ro life ra tion  of Schw ann 
cells, lead in g  to  the  fo rm ation  of a p a in fu l localized  n o d u le  
th a t consists of a  h a p h a z a rd  m ix tu re  of axons, Schw ann 
cells, an d  connective tissue.

Ä S U M M A R Y

P E R IP H E R A L  N E R V E  S H E A T H  T U M O R S

• In most peripheral nerve sheath tumors, the neoplastic cells 

show evidence of Schwann cell differentiation.

• Peripheral nerve sheath tumors are important features of the 

familial tum or syndromes N FI and NF2.

• Schwannomas and neurofibromas are benign nerve sheath 

tumors.

• Schwannomas are circumscribed, usually encapsulated tumors 

that abut the nerve of origin and are a feature of NF2.

• Neurofibromas may manifest as a sporadic subcutaneous 

nodule, as a large, poorly defined soft tissue lesion, or as a 

growth within a nerve. Neurofibromas are associated with 

NFI .

• About 50% of malignant peripheral nerve sheath tumors occur 

de novo in otherwise normal persons, whereas the remainder 

arise from the malignant transformation of a preexisting N F I -  

associated neurofibroma.
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D egenerative, in flam m atory , infectious, vascu lar, a n d  neo
p lastic  d iso rd ers  o f the cen tra l n e rv o u s  system  (CNS) are  
som e of the  m o st serious d iseases of m an k in d . These d is
eases hav e  m an y  u n iq u e  fea tu res th a t reflect the  h igh ly  
specia lized  s tru c tu re  a n d  functions of the  CNS. The p rin 
cipal functional u n it  o f the  CNS is the neuron. N eu ro n s 
of d iffe ren t types a n d  in  d ifferen t locations have d istinct 
p roperties , in c lu d in g  functional roles, d is trib u tio n  of their 
connections, n eu ro tran sm itte rs  u sed , m etabolic  requ ire 
m ents, an d  levels o f electrical activ ity  a t a g iven  m om ent. 
A  set of neu rons, n o t necessarily  c lu ste red  together in  a 
reg ion  of the  brain , m ay  th u s  show  selective vulnerability to 
various in su lts  because it shares one o r m ore  o f these p ro p 
erties. Since d iffe ren t reg ions of the b ra in  p a rtic ip a te  in  dif
feren t functions, the p a tte rn  of clinical signs a n d  sym ptom s 
th a t fo llow  in jury  d e p e n d  as m u ch  o n  the reg ion  of b ra in  
in vo lved  as on  the patho log ic  process. M atu re  n eu ro n s  are  
incapable of cell d iv ision , so d estru c tio n  of even  a sm all 
n u m b er of n e u ro n s  essen tia l for a specific function  m ay  
leave the  in d iv id u a l w ith  a neuro log ic  deficit. In  ad d itio n  
to  n eu ro n s  the CNS con tains o ther cells, such  as astrocytes 
a n d  oligodendrocytes, w h ich  m ake  u p  the glia. The com 
p o n en ts  of the CNS are  affected  by  a n u m b er of un iq u e  
neuro log ic  d iso rd ers  a n d  a lso  resp o n d  to  com m on  in su lts  
(e.g., ischem ia, infection) in  a m an n e r th a t is d istinct from  
o ther tissues.

Before de lv in g  in to  specific d iso rders, w e  w ill briefly 
rev iew  the characteristic  m orpho log ic  changes th a t are  
o ften  seen  in  the CNS in  the  se tting  of in ju ry  or infection.

M O R P H O L O G Y

F eatures  o f N e u ro n a l In ju ry . In response to  injury, a number 

of changes occur in neurons and their processes (axons and 

dendrites). W ithin 12 hours of an irreversible hypoxic-ischemic 

insult, n eu ro na l in ju ry  becomes evident on routine hema

toxylin and eosin (H&E) staining (Fig. 2 3 . I A). There is shrinkage 

of the cell body, pyknosis of the nucleus, disappearance of the 

nucleolus, loss of Nissl substance, and intense eosinophilia of 

the cytoplasm (“red neurons”). Axonal injury also leads to  cell 

body enlargement and rounding, peripheral displacement of the 

nucleus, enlargement of the nucleolus, and peripheral dispersion 

of Nissl substance (c e n tra l ch rom ato lys is ). In addition, acute 

injuries typically result in breakdown of the blood-brain barrier 

and variable degrees of cerebral edema (discussed later).

Many neurodegenerative diseases are associated with specific 

in trac e llu la r inclusions (e.g., Lewy bodies in Parkinson disease 

and tangles in Alzheimer disease). Pathogenic viruses may form 

inclusions in infected neurons, just as in other cells, and such 

inclusions aid in the diagnosis. In some neurodegenerative dis

eases, neuronal processes become thickened and tortuous; these 

are termed dystroph ic n eu rites .
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Fig. 23.1 Patterns of neuronal injury. (A) Acute hypoxic-ischemic injury in the cerebral cortex. The cell bodies are shrunken and eosinophilic (“red neurons”), 
and the nuclei are pyknotic. (B) Reactive astrocytes, with eosinophilic cytoplasm and multiple radiating processes. (C) Collection of microglial cells forming 
a poorly defined nodule, a common finding in viral infections.

A s tro c y te  In ju ry  and R epair. Astrocytes are the princi

pal cells responsible for repair and scar formation in the brain, 

a process termed gliosis. In response to injury, astrocytes 

undergo both hypertrophy and hyperplasia. The nucleus enlarges 

and becomes vesicular, and the nucleolus becomes prominent. 

The cytoplasm expands and takes on a bright pink hue, and the 

cell extends multiple stout, ramifying processes (called g em is to - 

cytic as trocyte; see Fig. 23. IB). Unlike elsewhere in the body, 

fibroblasts participate in healing after brain injury to a limited 

extent except in specific settings (penetrating brain trauma or 

around abscesses). In long-standing gliosis, the cytoplasm of reac

tive astrocytes shrinks in size, and the cellular processes become 

more tightly interwoven (fib r illa ry  as trocy tes ). R osenthal 

fibers are thick, elongated, brightly eosinophilic protein aggre

gates found in astrocytic processes in chronic gliosis and in some 

low-grade gliomas.

O lig o d en d ro cy tes , which produce myelin, exhibit a limited 

spectrum of specific morphologic changes in response to  

various injuries. In progressive multifocal leukoencephalopathy, 

viral inclusions can be seen in oligodendrocytes, with a smudgy, 

homogeneous-appearing enlarged nucleus.

M icrog lia l cells are long-lived cells derived from the embry

onic yolk sac that function as the resident phagocytes of the 

CNS. W hen activated by tissue injury, infection, or trauma, they 

proliferate and become more prominent histologically. Microglial 

cells take on the appearance of activated macrophages in areas 

of demyelination, organizing infarct, or hemorrhage; in other 

settings such as infections, they develop elongated nuclei (ro d  

cells). Aggregates of elongated microglial cells at sites of tissue 

injury are termed m icrog lia l nodules (see Fig. 2 3 . I C ). Similar 

collections can be found congregating around and phagocytosing 

injured neurons (n eu ro n o p h ag ia ).

E p end ym al cells line the ventricular system and the central 

canal of the spinal cord. Certain pathogens, particularly cyto

megalovirus (CMV), can produce extensive ependymal injury, 

with typical viral inclusions. C h o ro id  p lexus is in continuity with 

the ependyma, and its specialized epithelial covering is respon

sible for the secretion of cerebrospinal fluid (CSF).

EDEMA, HERNIATION, A N D  
HYDROCEPHALUS

The b ra in  a n d  sp ina l co rd  are encased  w ith in  the skull 
a n d  sp ina l canal, w ith  nerves a n d  b lood  vessels passing  
th ro u g h  specific fo ram ina. The ad v an tag e  of h o u sin g  the 
delicate  CNS w ith in  h a rd , rig id  s tru c tu res  is obvious, 
b u t th is a rran g em en t p ro v id es  little ro o m  for expan 
sion  of the b ra in  in  d isease states. As a  resu lt, v irtua lly  
an y  increase in  the vo lum e of the sku ll con ten ts b rings 
w ith  it a n  increase in  in tracran ia l p ressu re . S ubstan tia l 
increases in  the  in tracran ia l p re ssu re  com prom ise  the 
ab ility  of the  card iovascu lar system  to de liver b lood  to 
the brain , re su ltin g  in  decreased  b ra in  perfusion , w ith  
serious o r fatal consequences. D iso rders th a t m ay  cause 
d an g ero u s  increases in  the vo lum e of in tracran ia l con
ten ts inc lude  generalized  cerebral edem a, h y d ro cep h a 
lus, hem orrhages, ischem ia, a n d  m ass lesions such  as 
tum ors.

Cerebral Edema * •

C e re b ra l e d e m a  is th e  a c c u m u la tio n  o f  excess f lu id  w i th in  

th e  b ra in  p a re n c h y m a . T here a re  tw o  types, w h ich  often  
occur together, p a rticu la rly  after generalized  in jury .
• Vasogenic edema occurs w h e n  the  in teg rity  of the  no rm al 

b lood -b ra in  b a rrie r is d is ru p ted , a llow ing  flu id  to shift 
from  the  vascu lar co m p artm en t in to  the  ex tracellu lar 
spaces of the brain . V asogenic ed em a can  be localized 
(e.g., the re su lt of increased  vascu lar perm eab ility  du e  
to  in flam m ation  o r in  tum ors) o r generalized .

• Cytotoxic edema is an  increase in  in trace llu la r flu id  sec
o n d a ry  to  n eu ro n a l a n d  glial cell in jury , as m ig h t follow  
generalized  hypoxic  o r ischem ic in su lt o r exposu re  to 
certa in  toxins.

The ed em ato u s b ra in  is softer th an  n o rm al a n d  often  
ap p ea rs  to "overfill" the cran ial vau lt. In  generalized
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Fig. 23.2 Cerebral edema. The surfaces of the gyri are flattened as a result 
of compression of the expanding brain by the dura mater and inner surface 
of the skull. Such changes are associated with a dangerous increase in intra
cranial pressure.

edem a, the gyri a re  fla ttened , the in te rv en in g  sulci are  
n a rro w ed , an d  the  ven tricu la r cavities are  com pressed  
(Fig. 23.2).

Hydrocephalus

A fter be ing  p ro d u c e d  by the choro id  p lexus w ith in  the 
ventricles, CSF circulates th ro u g h  the v en tricu lar system  
a n d  flow s th ro u g h  the  fo ram ina of L uschka a n d  M agend ie  
in to  the subarach n o id  space, w h ere  it is ab so rbed  by arach 
n o id  g ranu la tions. The balance be tw een  ra tes of g eneration  
a n d  reso rp tio n  regu la tes CSF volum e.

H y d ro c e p h a lu s  re fe rs  to  a n  increase  in  th e  v o lu m e  

o f  th e  C S F  w i th in  th e  v e n tr ic u la r  system . This d iso rd er 
m o st o ften  is a consequence of im p a ired  flow  o r decreased  
reso rp tio n  of CSF. If there  is a  localized  obstacle to  CSF flow  
w ith in  the v en tricu la r system , th en  a p o rtio n  of the ven 
tricles en larges w hile  the rem a in d e r does not. This p a tte rn  
is re ferred  to  as noncommunicating hydrocephalus a n d  m ost 
com m only  is caused  by m asses ob stru c tin g  the fo ram en  
of M onro  or com pressing  the  cerebral aqueduc t. In  com
municating hydrocephalus, the  en tire  v en tricu la r system  is 
en larged ; it is u sua lly  caused  by red u ced  CSF reso rp tion .

If h y d ro cep h a lu s  d evelops in  infancy before closure of 
the  cran ial su tu res, the h ead  enlarges. O nce the  su tu res  
fuse, h y d ro cep h a lu s causes ven tricu la r expan sio n  an d  
increased  in tracran ia l p ressu re , b u t no  change in  head  
circum ference (Fig. 23.3). In  co n trast to  these d iso rders, 
in  w h ich  increased  CSF vo lum e is the p rim ary  process, 
a  com pensa to ry  increase in  CSF v o lum e (hydrocephalus 
ex vacuo) m ay  occur secondary  to a loss of b ra in  vo lum e 
from  any  u n d e rly in g  cause (e.g., infarction , n eu ro d e 
generative  disease). In  such  settings, the h y d ro cep h a lu s 
m erely  reflects the p rim ary  d iso rd er a n d  is of no  clinical 
significance.

Herniation

H e r n ia t io n  is  th e  d is p la c e m e n t o f  b ra in  tissu e  f ro m  one  

c o m p a rtm e n t to  a n o th e r in  resp on se  to  in c re as e d  in tra 

c ra n ia l p ressure . The in tra -cran ia l co m p artm en t is d iv id ed

by rig id  d u ra l fo lds (falx an d  ten to rium ). If the p ressu re  
is sufficiently  h igh , p o rtio n s of the b ra in  are d isp laced  
across these rig id  struc tu res. This h e rn ia tio n  often  leads 
to com prom ise  of the b lood  su p p ly  to  com pressed  tissue, 
p ro d u c in g  infarction , ad d itio n a l sw elling, an d  fu rth e r 
hern ia tion .

T here a re  th ree  m ain  types of h e rn ia tio n  (Fig. 23.4):
• Subfalcine (cingulate) herniation occurs w h e n  u n ila te ra l 

o r asym m etric  expan sio n  of a cerebral hem isphere  d is
p laces the cingulate  g y ru s u n d e r  the edge  of the falx. 
This m ay  com press the an te rio r cerebral artery .

• Transtentorial (uncinate) herniation occurs w h e n  the 
m ed ia l aspec t of the tem p o ra l lobe is com pressed  aga in st 
the free m arg in  of the ten to rium . A s the tem p o ra l lobe 
is d isp laced , the th ird  cran ial nerve is com prom ised , 
re su ltin g  in  p u p illa ry  d ila tion  a n d  im p a ired  ocu lar 
m o vem en ts  on  the side  of the  lesion  ("b low n  p up il" ). 
The p o ste rio r cerebral a rte ry  m ay  also  be com pressed , 
resu ltin g  in  ischem ic in ju ry  to  tissue su p p lied  by th a t 
vessel, in c lu d in g  the p rim ary  v isua l cortex. W ith  fu rth e r 
d isp lacem en t of the tem p o ra l lobe, p ressu re  o n  the m id 
b ra in  m ay  com press the con tra la te ra l cerebral peduncle  
aga in st the ten to rium , resu ltin g  in  hem iparesis  ipsilat- 
e ra l to  the side of the hern ia tion . The com pression  of 
the p ed u n c le  creates a defo rm atio n  k n o w n  as Kernohan’s 
notch. C om pression  of the  m id b ra in  a n d  the ascend 
ing  re ticu lar ac tiva ting  system  w ith  transten to ria l her
n ia tion  leads to  d ep ressed  consciousness. P rogression  
of transten to ria l h e rn ia tio n  is o ften  accom pan ied  by 
linear o r flam e-shaped  h em o rrh ag es in  the m id b ra in  
an d  pons, te rm ed  Duret hemorrhages (Fig. 23.5). These 
lesions u sua lly  occur in  the m id line  a n d  p a ram ed ian  
reg ions a n d  are believed  to  be the re su lt of tearing  of 
p en e tra tin g  veins a n d  arte ries su p p ly in g  the u p p e r  
b ra in  stem .

• Tonsillar herniation refers to  d isp lacem en t of the  cerebel
lar tonsils th ro u g h  the fo ram en  m ag n u m . This type of 
h e rn ia tio n  causes b ra in  stem  com pression  a n d  com 
p rom ises v ita l re sp ira to ry  a n d  card iac cen ters in  the 
m edu lla , a n d  is o ften  fatal.

Fig. 23.3 Hydrocephalus. Dilated lateral ventricles seen in a coronal section 
through the mid-thalamus.
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Fig. 23.4 Herniation syndromes. Displacement of brain parenchyma across 
fixed barriers can be subfalcine, transtentorial, or tonsillar (into the foramen 
magnum).

®  S U M M A R Y

E D E M A , H E R N IA T IO N , A N D  H Y D R O C E P H A L U S

• Cerebral edema is the accumulation of excess fluid within the 

brain parenchyma. Hydrocephalus is defined as an increase in 

CSF volume within all or part of the ventricular system.

• Increases in brain volume (as a result of increased CSF volume, 

edema, hemorrhage, or tumor) raise the pressure inside the 

fixed capacity of the skull.

• Increases in pressure can damage the brain by decreasing 

perfusion or by displacing tissue across dural partitions inside 

the skull or through openings in the skull (herniations).

CEREBROVASCULAR DISEASES

C e re b ro v a s c u la r d iseases are  b ra in  d is o rd ers  caused  b y  

p a th o lo g ic  processes in v o lv in g  b lo o d  vessels. They are  
a  m ajor cause of d e a th  in  the  d eveloped  w o rld  a n d  are 
the  m o st p rev a len t cause of neuro log ic  m orb id ity . The 
th ree  m a in  p a thogen ic  m echan ism s are  (1 ) th rom botic  
occlusion, (2) em bolic occlusion, a n d  (3) vascu lar ru p tu re . 
Stroke is the  clinical d esignation  ap p lied  to  all of these 
cond itions w h e n  sym ptom s b eg in  acutely . T hrom bosis an d  
em bolism  have  sim ilar consequences for the  brain : loss 
o f oxygen  an d  m etabolic  substra tes, re su ltin g  in  infarc
tion  o r ischem ic in jury  of reg ions su p p lied  by the  affected 
vessel. Sim ilar in jury  occurs globally  w h e n  there  is com 
p le te  loss of perfusion , severe hypoxem ia  (e.g., h y povo 
lem ic shock), o r p ro fo u n d  hypoglycem ia. H em o rrh ag e  
accom panies ru p tu re  of vessels a n d  leads to  d irec t tissue 
dam age as w ell as secondary  ischem ic in jury . T raum atic  
vascu lar in jury  is d iscussed  separa te ly  in  the contex t of 
traum a.

Hypoxia, Ischemia, and Infarction * •
The b ra in  is a  h igh ly  o x y g en -d ep en d en t tissue th a t requ ires 
a  con tinual su p p ly  of glucose an d  oxygen  from  the blood. 
A lth o u g h  it constitu tes no  m ore  th an  2% of bo d y  w eigh t, 
the  b ra in  receives 15% of the  restin g  card iac o u tp u t an d  
is responsib le  for 2 0 % of to ta l bo d y  oxygen  consum ption . 
C erebral b lood  flow  norm ally  rem ains stable over a  w id e  
range  of b lood  p ressu re  a n d  in tracran ia l p ressu re  because 
of au to reg u la tio n  of vascu lar resistance. The b ra in  m ay  be 
d ep riv ed  of oxygen  by tw o  general m echanism s:
• Functional hypoxia, caused  by a low  p a rtia l p ressu re  of 

oxygen  (e.g., h ig h  altitude), im p a ired  oxygen-carry ing  
capacity  (e.g., severe anem ia, carbon  m onox ide  po i
soning), o r toxins th a t in terfere  w ith  oxygen  u se  (e.g., 
cyan ide poisoning)

• Ischemia, e ithe r transient or permanent, d u e  to  tissue 
hypoperfu sion , w h ich  can  be caused  by  hypo tension , 
vascu lar obstruction , o r bo th

Fig. 23.5 Duret hemorrhage. As mass effect displaces the brain downward, 
there is disruption of the vessels that enter the pons along the midline, 
leading to hemorrhage.

G lobal C erebra l Ischem ia

W id e s p re a d  is c h e m ic -h y p o x ic  in ju r y  can  occur in  th e  

s e tt in g  o f  severe system ic  h y p o te n s io n , u s u a lly  w h e n  sys

to lic  p ressures  fa l l  b e lo w  50 m m  H g , as in  card iac  a rrest 

a n d  shock. The clinical ou tcom e varies w ith  the severity  
a n d  d u ra tio n  of the insu lt. W hen  the in su lt is m ild , there  
m ay  be on ly  a tran sien t postischem ic confusional state, 
w ith  ev en tu a l com plete  recovery . N eu ro n s  a re  m ore sus
ceptib le  to  hypoxic in ju ry  th a n  are  glial cells, a n d  the  m ost 
suscep tib le  n eu ro n s  are  the  p y ram id a l cells of the  h ip p o 
cam p u s a n d  neocortex  an d  P urk in je  cells of the  cerebellum . 
In  som e in d iv iduals , even  m ild  o r tran sien t g lobal ische
m ic in su lts  m ay  cause dam age  to  these vu lnerab le  areas. 
In  severe global cerebral ischem ia, w id e sp re a d  n eu ro n a l 
d ea th  occurs irrespective  of reg ional v u lnerab ility . P atien ts 
w h o  su rv ive o ften  rem ain  severely  im p a ired  neuro log ically  
a n d  in  a p e rsis ten t v egeta tive  state. O ther p a tien ts  m eet the 
clinical criteria  for so-called "b ra in  d ea th ,"  in  w h ich  all vol
u n ta ry  a n d  reflex b ra in  an d  b ra in  stem  function  is absen t,

http://ebooksmedicine.net

http://ebooksmedicine.net


Cerebrovascular Diseases 853

in c lu d in g  re sp ira to ry  drive . W h en  p a tien ts  w ith  th is fo rm  
of irreversib le  in jury  a re m a in ta in ed  o n  m echanical ven tila 
tion, the b ra in  g rad u a lly  u n d erg o es  au to lysis, re su ltin g  in  
the  so-called " re sp ira to r b ra in ."

M O R P H O L O G Y

In the setting of global ischemia, the brain is swollen, with wide 

gyri and narrowed sulci. The cut surface shows poor demarca

tion between gray matter and white matter. The histopathologic 

changes that accompany irreversible ischemic injury (infarction) 

are grouped into three categories. E arly  changes, occurring 

12 to  24 hours after the insult, include acute neuronal cell 

change (red neurons) (see Fig. 2 3 . I A) characterized initially 

by microvacuolation, followed by cytoplasmic eosinophilia, and 

later nuclear pyknosis and karyorrhexis. Similar changes occur 

somewhat later in astrocytes and oligodendroglia. A fter this, the 

reaction to  tissue damage begins with infiltration of neutrophils 

(Fig. 23.6A). S u bacu te  changes, occurring at 24 hours to  2 

weeks, include necrosis of tissue, influx of macrophages, vascular 

proliferation, and reactive gliosis (see Fig. 23.6B). R epair, seen 

after 2 weeks, is characterized by removal of necrotic tissue and 

gliosis (see Fig. 23.6C).

B o rd e r zo n e  ( “ w a te rs h e d ” )  infarcts occur in regions 

of the brain and spinal cord that lie at the most distal portions 

of arterial territories. They are usually seen after hypotensive 

episodes. In the cerebral hemispheres, the border zone between 

the anterior and the middle cerebral artery distributions is at 

greatest risk. Damage to  this region produces a wedge-shaped 

band of necrosis over the cerebral convexity a few centimeters 

lateral to the interhemispheric fissure.

Focal C erebral Ischem ia

C e re b ra l a r te r ia l o cc lu s io n  lead s  f irs t to  fo c a l is c h e m ia  a n d  

th e n  to  in fa rc t io n  in  th e  d is tr ib u t io n  o f  th e  c o m p ro m is e d  

v e s s e l. The size, location, a n d  shape  of the  in farc t a n d  the

ex ten t of tissue dam ag e  th a t resu lts  m ay  be m odified  by 
co llateral b lood  flow . Specifically, collateral flow  th ro u g h  
the  circle o f W illis o r cortical-lep tom eningeal anastom oses 
can  lim it dam ag e  in  som e regions. By contrast, there  is 
little  if any  co llateral b lood  flow  to s tru c tu res  such  as the 
tha lam us, basal ganglia, an d  deep  w h ite  m atter, w h ich  are 
su p p lied  by deep  p e n e tra tin g  vessels.

Embolic infarctions are  m ore com m on  th a n  in farctions 
d u e  to  throm bosis. C ard iac  m u ra l th rom bi are  a freq u en t 
source of em boli; m yocard ia l d ysfunction , v a lv u la r d isease, 
a n d  a tria l fib rilla tion  are  im p o rta n t p red isp o sin g  factors. 
T hrom boem boli a lso  arise in  arteries, m ost o ften  from  a th 
e ro m ato u s p laq u es in  the  caro tid  a rteries o r aortic  arch. 
Em boli of ven o u s o rig in  m ay  cross over to the  arte ria l cir
cu la tion  th ro u g h  a p a te n t fo ram en  ovale a n d  lodge  in  the 
b ra in  (paradoxical em bolism ; see C h ap te r 4); these  inc lude  
th rom boem boli from  deep  leg veins a n d  fa t em boli, u sua lly  
fo llow ing  bone traum a. The te rrito ry  o f the  m id d le  cerebral 
a rtery , a  d irec t ex tension  of the in te rn a l caro tid  artery , 
is m o st frequen tly  affected  by em bolic infarction . Em boli 
ten d  to  lodge w h ere  vessels b ran ch  or in  a reas of stenosis, 
u su a lly  caused  by  a therosclerosis.

Thrombotic occlusions causing  cerebral in farc tions u sua lly  
a re  su p erim p o sed  o n  atherosclero tic  p laques; com m on 
sites are the caro tid  b ifurcation , the  o rig in  of the  m id d le  
cerebral a rtery , a n d  e ither en d  of the  basilar a rtery . These 
occlusions m ay  be accom pan ied  by an te ro g rad e  extension, 
as w ell as th ro m b u s fragm en ta tion  a n d  d is ta l em boliza
tion. T hrom botic  occlusions causing  sm all in farcts o f on ly  
a  few  m illim eters in  d iam eter, so-called "lacu n a r infarcts," 
occur w h e n  sm all p en e tra tin g  arteries occlude d u e  to 
chronic dam age, u sua lly  from  lo n g -stand ing  h y p erten sio n  
(d iscussed  later).

In farcts can  be d iv id ed  in to  tw o  b ro ad  g ro u p s  (Fig. 
23.7). Nonhemorrhagic infarcts re su lt from  acu te  vascu lar 
occlusions a n d  m ay  evolve in to  hemorrhagic infarcts w h e n  
there  is rep erfu sio n  of ischem ic tissue, e ither th ro u g h  col
la tera ls o r after d isso lu tion  of em boli.

Fig. 23.6 Cerebral infarction. (A) Infiltration of a cerebral infarction by neutrophils begins at the edges of the lesion, where the vascular supply is intact. (B) 
By day 10, an area of infarction shows the presence of macrophages and surrounding reactive gliosis. (C) Old intracortical infarcts are seen as areas of tissue 
loss and residual gliosis.
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M O R P H O L O G Y

H e m o rrh a g ic  infarcts usually manifest as multiple, sometimes 

confluent, petechial hemorrhages (Fig. 23.7A and B). The micro

scopic picture and evolution of hemorrhagic infarction parallel 

those of ischemic infarction, with the addition of blood extrava

sation and resorption. In individuals with coagulopathies, hemor

rhagic infarcts may be associated with extensive intracerebral 

hematomas.

The macroscopic appearance of a n on h e m o rrh a g ic  in farct 

evolves over time. During the first 6 hours, the tissue is unchanged 

in appearance, but by 48 hours, the tissue becomes pale, soft, and 

swollen. From days 2 to  10, the injured brain turns gelatinous and 

friable, and the boundary between normal and abnormal tissue 

becomes more distinct as edema resolves in the adjacent viable 

tissue. From day 10 to week 3, the tissue liquefies, eventually 

leaving a fluid-filled cavity, which gradually expands as dead tissue 

is resorbed (see Fig. 23.7C).

Microscopically, the tissue reaction follows a characteristic 

sequence. A fter the first 12 hours, ischemic neuronal change (red 

neurons) (see Fig. 2 3 . I A) and cytotoxic and vasogenic edema 

appear. Endothelial and glial cells, mainly astrocytes, swell, and 

myelinated fibers begin to disintegrate. During the first several 

days neutrophils infiltrate the area of injury, but these are replaced 

over the next 2 -3  weeks by macrophages. Macrophages contain

ing myelin or red blood cell breakdown products may persist in 

the lesion for months to years. As the process of phagocytosis 

and liquefaction proceeds, astrocytes at the edges of the lesion 

progressively enlarge, divide, and develop a prominent network 

of cytoplasmic extensions. After several months, the striking 

astrocytic nuclear and cytoplasmic enlargement regresses. In the 

wall of the cavity, astrocyte processes form a dense feltwork of 

glial fibers admixed with new capillaries and a few perivascular 

connective tissue fibers.

Intracranial Hemorrhage

H e m o rrh a g e s  w i th in  th e  b ra in  are caused  b y  (1) h y p e r 

te n s io n  a n d  o th e r d iseases le a d in g  to  v a s cu la r w a l l  

in ju r y ,  (2) s tru c tu ra l le s io n s  such  as a rte rio v e n o u s  a n d  

cavern o u s  m a lfo rm a tio n s , a n d  (3) tu m o rs . Subarachno id  
h em o rrh ag es m ost com m only  are  the re su lt o f ru p tu re d  
an eu ry sm s b u t also  occur w ith  o ther vascu lar m alfo rm a
tions. S u b d u ra l o r ep id u ra l h em o rrh ag es u sua lly  are asso 
ciated  w ith  traum a.

P rim ary  Brain P arenchym al H em o rrh a g e

S pon taneous (non traum atic) in trap aren ch y m al hem or
rh ag es are  m ost com m on  in  m id  to  late a d u lt life, w ith  a 
p eak  incidence a t ab o u t 60 y ears of age. M ost a re d u e  to  the 
ru p tu re  of a sm all in trap aren ch y m al vessel. H y p erten sio n  
is the lead in g  u n d e rly in g  cause, a n d  b ra in  hem o rrh ag e  
accoun ts for ro u g h ly  15% of d ea th s  a m o n g  in d iv id u a ls  
w ith  chronic h ypertension . In tracereb ra l hem o rrh ag e  
can  be clinically d ev asta tin g  w h e n  it affects large  p o r
tions of the b ra in  o r ex tends in to  the  v en tricu la r system ; 
alternatively , it can  affect sm all reg ions a n d  be clinically 
silent. H y p erten siv e  in trap aren ch y m al hem orrhages 
typically  occur in  the  basal ganglia , tha lam us, pons, an d

Fig. 23.7 Cerebral infarction. (A) Section of the brain showing a large, 
discolored, focally hemorrhagic region in the left middle cerebral artery 
distribution (hemorrhagic, or red, infarction). (B) An infarct with punctate 
hemorrhages, consistent with ischemia-reperfusion injury, is present in the 
temporal lobe. (C) Old cystic infarct shows destruction of cortex and sur
rounding gliosis.

cerebellum  (Fig. 23.8), w ith  the location  a n d  the size of the 
b leed  d e te rm in in g  its clinical m an ifesta tions. If the ind i
v id u a l su rv ives the acu te  event, g rad u a l reso lu tion  of the 
h em ato m a ensues, som etim es w ith  considerab le  clinical 
im provem en t.
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Fig. 23.8 Cerebral hemorrhage. Massive hypertensive hemorrhage ruptur
ing into a lateral ventricle.

M O R P H O L O G Y

In acute intracerebral hemorrhage, the extravasated blood 

compresses the adjacent parenchyma. W ith  time, hemorrhages 

are converted to  a cavity with a brown, discolored rim. On 

microscopic examination, early lesions consist of clotted blood 

surrounded by edematous brain tissue containing neurons and 

glia displaying morphologic changes typical of anoxic injury. 

Eventually the edema resolves, pigment- and lipid-laden macro

phages appear, and proliferation of reactive astrocytes becomes 

visible at the periphery of the lesion. The cellular events 

then follow the same time course observed after cerebral 

infarction.

C erebra l A m yloid Angiopathy

C erebral am ylo id  an g io p a th y  (CAA) is a  d isease in  w h ich  
the  sam e am ylo idogen ic  p ep tid es  as those  fo u n d  in  
A lzheim er d isease (d iscussed  later) d ep o sit in  the  w alls 
o f m ed ium - an d  sm all-caliber m en ingeal a n d  cortical 
vessels. The am ylo id  confers a rig id , p ipe-like app earan ce  
an d  sta ins w ith  C ongo  red . A m ylo id  dep o sitio n  w eakens 
vessel w alls  a n d  increases the  risk  for hem orrhages, w h ich  
d iffer in  d is tr ib u tio n  from  those associa ted  w ith  h y p e rten 
sion. C A A -associated  h em o rrh ag es o ften  occur in  the lobes 
of the  cerebral cortex  (lobar hemorrhages). In  ad d itio n  to 
these sym ptom atic  hem orrhages, C A A  a lso  resu lts  in  sm all 
( < 1  m m ) cortical h em o rrh ag es (microhemorrhages).

S ubarachnoid H em o rrh a g e  and  Saccular Aneurysm s  

T h e  m o s t f re q u e n t  cause o f  c lin ic a l ly  s ig n ific a n t n o n tra u 

m a tic  s u b a ra c h n o id  h e m o rrh a g e  is ru p tu re  o f  a  saccular

(b e rry ) a n e u ry s m . H em o rrh ag e  in to  the subarachno id  
space also  m ay  re su lt from  vascu la r m alfo rm ation , traum a, 
ru p tu re  of a n  in tracereb ra l h em o rrh ag e  in to  the  v en tricu la r 
system , coagulopath ies, a n d  tum ors.

In  ab o u t o n e-th ird  of cases, ru p tu re  of a  saccular an eu 
ry sm  occurs a t the tim e of a n  acu te  increase in  in tra 
cran ia l p ressu re , such  as occurs w ith  s tra in ing  a t stool 
o r sexual o rgasm . Blood u n d e r  arte ria l p ressu re  is forced 
in to  the sub arach n o id  space, a n d  the p a tien t is stricken 
w ith  su d d en , excrucia ting  headache  (know n as a  thun
derclap headache, o ften  described  as " th e  w o rs t headache  
I 'v e  ever had ") a n d  ra p id ly  loses consciousness. B etw een 
25% a n d  50% of affected  in d iv id u a ls  d ie  from  the first 
b leed, a n d  recu rren t b leeds a re  com m on  in  su rv ivors. N o t 
su rp rising ly , the  p rognosis  w o rsen s w ith  each  b leed ing  
episode.

A b o u t 90% of saccular an eu ry sm s occur in  the  an te 
rio r c ircu la tion  n ear m ajor arte ria l b ran ch  p o in ts  (Fig. 
23.9); m u ltip le  an eu ry sm s exist in  20% to 30% of cases. 
The an eu ry sm s are  n o t p re sen t a t b irth  b u t develop  over 
tim e because of u n d e rly in g  defects in  the vessel m edia . 
There is a n  increased  risk  for an eu ry sm s in  pa tien ts  w ith  
au to som al d o m in an t po lycystic  k idney  d isease (C hap ter 
14) a n d  genetic d iso rd e rs  of extracellu lar m atrix  p ro 
te ins (e.g., E hler-D anlos syndrom e). O verall, rough ly  
1.3% of an eu ry sm s b leed  p e r  year, w ith  the p robab ility  
of ru p tu re  increasing  w ith  size. For exam ple, aneu ry sm s 
larger th a n  1 cm  in  d iam ete r have  a ro u g h ly  50% risk  for 
b leed ing  p er year. In  the  early  p e rio d  after a subarach 
no id  hem orrhage , there  is a n  ad d itio n a l risk  for ische
m ic in jury  from  v aso sp asm  of o ther vessels. H ealing  an d  
the a tte n d a n t m en ingeal fibrosis a n d  scarring  som etim es 
o b stru c t CSF flow  o r d is ru p t CSF reso rp tion , lead in g  to 
hyd rocephalu s.

M O R P H O L O G Y

A  saccular aneurysm is a thin-walled outpouching of an artery  

(Fig. 23.10). Beyond the neck of the aneurysm, the muscular wall 

and intimal elastic lamina are absent, such that the aneurysm sac 

is lined only by thickened hyalinized intima. The adventitia cover

ing the sac is continuous with that of the parent artery. Rupture 

usually occurs at the apex of the sac, releasing blood into the 

subarachnoid space, the substance of the brain, or both.

In  ad d itio n  to  saccular aneu rysm s, atherosclerotic, 
m ycotic, traum atic , a n d  d issecting  an eu ry sm s also  occur 
in tracran ia lly . The last th ree  types (like saccular an eu 
rysm s) m ost o ften  are  fo u n d  in  the  an te rio r circulation , 
w h ereas  a therosclero tic  an eu ry sm s frequen tly  are fusifo rm  
an d  m ost com m only  invo lve the basilar a rtery . N onsac
cu lar an eu ry sm s u sua lly  m an ifest as cerebral in farction  
d u e  to vascu la r occlusion in stead  of subarachno id  
hem orrhage.

Vascular M a lfo rm atio n s

V a s c u la r  m a lfo rm a tio n s  o f  th e  b ra in  are c la ss ifie d  in to  

fo u r  p r in c ip a l typ e s  b ased  o n  th e  n a tu re  o f  th e  a b n o rm a l  

vessels: a rte rio v e n o u s  m a lfo rm a tio n s  (A V M s ) ,  caverno us
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m a lfo rm a tio n s , c a p illa ry  te la n g ie c tas ia s , a n d  ve n o u s  

a n g io m a s . AVM s, the  m o st com m on of these, affect m ales 
tw ice as frequen tly  as fem ales an d  m ost com m only  m an i
fest be tw een  10 a n d  30 years of age w ith  seizures, an  in tra 
cerebral hem orrhage , o r a su barachno id  hem orrhage . In 
the  n e w b o rn  period , large  AVM s m ay  lead  to  h ig h -o u tp u t 
congestive h e a rt failu re because of b lood  sh u n tin g  from  
arte ries to  veins. The risk for bleeding makes AVM the most 
dangerous type of vascular malformation. M ultip le  AVM s can 
be seen  in  the se tting  of h e red ita ry  hem orrhag ic  telangiec
tasia, a n  au to som al d o m in an t cond ition  o ften  associated  
w ith  m u ta tio n s affecting  the TGFP p a thw ay .

^  M O R P H O L O G Y

A V M s  may involve subarachnoid vessels extending into brain 

parenchyma or occur exclusively within the brain. On gross 

inspection, they resemble a tangled network of wormlike vascular 

channels (Fig. 23.11). Microscopic examination shows enlarged 

blood vessels separated by gliotic tissue, often with evidence of 

previous hemorrhage. Some vessels can be recognized as arter

ies with duplicated and fragmented internal elastic lamina, while 

others show marked thickening or partial replacement of the 

media by hyalinized connective tissue.

C avernous m a lfo rm a tio n s  consist of distended, loosely 

organized vascular channels with thin collagenized walls without 

intervening nervous tissue.They occur most often in the cerebel

lum, pons, and subcortical regions, and have a low blood flow  

without significant arteriovenous shunting. Foci of old hemor

rhage, infarction, and calcification frequently surround the abnor

mal vessels.

C a p illa ry  telangiectas ias  are microscopic foci of dilated 

thin-walled vascular channels separated by relatively normal brain 

parenchyma that occur most frequently in the pons. Venous  

ang iom as (varices) consist of aggregates of ectatic venous chan

nels. These latter two types of vascular malformation are unlikely 

to  bleed or to  cause symptoms, and most are incidental findings.

Other Vascular Diseases

H ypertensive  C erebrovascular D isease

H y p erten s io n  causes hyaline arteriolar sclerosis of the deep  
p en e tra tin g  arte ries a n d  arterio les th a t su p p ly  the basal 
ganglia, the  hem ispheric  w h ite  m atter, a n d  the  b ra in  stem . 
A ffected arte rio lar w alls  a re  w eak en ed  a n d  are  m ore vu l
nerab le  to  ru p tu re . In  som e instances, m in u te  aneu ry sm s 
(Charcot-Bouchard microaneurysms) fo rm  in  vessels less than  
300 |tm  in  d iam eter. In  a d d itio n  to  m assive  in tracerebral

Fig. 23.10 Saccular aneurysms. (A) View of the base of the brain, dissected to show the circle of Willis with an aneurysm of the anterior cerebral artery 
( a r r o w ) .  (B) The circle of Willis is dissected to show a large aneurysm. (C) Section through a saccular aneurysm showing the hyalinized fibrous vessel wall. 
Hematoxylin-eosin stain.

http://ebooksmedicine.net

http://ebooksmedicine.net


Central Nervous System Trauma 857

Fig. 23.11 Arteriovenous malformation.

h em o rrh ag e  (d iscussed  earlier), several o ther patho log ic  
ou tcom es are  re la ted  to  hypertension .
• Lacunes or lacunar infarcts are sm all cav itary  infarcts, ju s t 

a  few  m illim eters in  size, th a t a re  fo u n d  m o st com m only  
in  the  deep  gray  m a tte r (basal ganglia  a n d  thalam us), 
the in te rn a l capsu le , the deep  w h ite  m atte r, a n d  the 
pons. They are caused  by occlusion of a single p en e tra t
in g  b ran ch  of a large  cerebral a rtery . D ep en d in g  o n  their 
location, lacunes can  be silen t clinically o r cause signifi
can t neuro log ic  im pairm en t.

• Rupture of the small-caliber penetrating vessels m ay  occur, 
lead in g  to  the d ev e lo p m en t of sm all hem orrhages. In 
tim e, these  hem orrhages resorb , leav ing  b eh in d  a slit
like cavity  (slit hemorrhage) su rro u n d e d  by b row n ish  
d iscoloration .

• Acute hypertensive encephalopathy m ost o ften  is associ
a ted  w ith  su d d e n  su sta in ed  increases in  d iasto lic  b lood 
p re ssu re  to  g rea ter th a n  130 m m  H g. It is characterized  
by increased  in tracran ia l p re ssu re  a n d  global cerebral 
dysfunction , m an ifesting  as headaches, confusion, 
vom iting , convulsions, an d  som etim es com a. R apid  
the rapeu tic  in te rv en tio n  to  reduce  the b lood  p res 
su re  is essential. P o stm o rtem  exam ination  m ay  show  
b ra in  edem a, w ith  or w ith o u t tran sten to ria l o r tonsillar 
hern ia tion . Petechiae a n d  fib rino id  necrosis of a rte ri
oles in  the g ray  m a tte r a n d  w h ite  m a tte r m ay  be seen 
m icroscopically .

Vasculitis

In f la m m a to ry  processes in v o lv in g  b lo o d  vessels  m a y  

c o m p ro m is e  b lo o d  f lo w  a n d  cause c e re b ra l d y s fu n c 

t io n  or in fa rc t io n . Infectious a rte ritis  of sm all a n d  large 
vessels w as  p rev iously  seen  m ain ly  in  association  w ith  
syphilis a n d  tubercu losis, b u t is n o w  m ore o ften  caused  
by o p p o rtu n is tic  infections (such  as aspergillosis, herpes 
zoster, o r CMV) in  the se tting  of im m u n o su p p ressio n . 
Som e system ic fo rm s of vasculitis, such  as po lyarte ritis  
nodosa, m ay  invo lve cerebral vessels a n d  cause single or 
m u ltip le  infarcts. Primary angiitis of the CNS is a fo rm  of 
vascu litis tha t involves m u ltip le  sm all- to m ed ium -sized  
parenchym al a n d  sub arach n o id  vessels an d  is character
ized  by  chronic in flam m ation , m ultinuc lea te  g ian t cells 
(w ith  or w ith o u t g ran u lo m a form ation), a n d  destruc tion

of vessel w alls. A ffected in d iv id u a ls  p re sen t w ith  a diffuse 
encephalopathy , o ften  w ith  cognitive dysfunction . T reat
m en t consists o f im m u n o su p p ress iv e  agents.

^ S U M M A R Y

C E R E B R O V A S C U L A R  DISEASES

• S t r o k e  is the clinical term  for acute-onset neurologic deficits 

resulting from hemorrhagic or obstructive vascular lesions.

• Cerebral infarction follows loss of blood supply and can be 

widespread or focal, or affect regions with the least robust 

vascular supply (“watershed” infarcts).

• Focal cerebral infarcts are most commonly embolic; with sub

sequent dissolution of the embolus and reperfusion, a nonhem

orrhagic infarct can become hemorrhagic.

• Primary intraparenchymal hemorrhages typically are due to  

either hypertension (most commonly in white matter, deep 

gray matter, or posterior fossa contents) or cerebral amyloid 

angiopathy (cerebral cortex).

• Spontaneous subarachnoid hemorrhage usually is caused by 

a structural vascular abnormality, such as an aneurysm or 

arteriovenous malformation.

CENTRAL NERVOUS 
SYSTEM TRAUM A

T rau m a to the b ra in  a n d  sp ina l co rd  is a significant cause 
of d e a th  a n d  disability . The severity  a n d  site of in ju ry  
affect the outcom e: in ju ry  of several cubic cen tim eters of 
b ra in  p a ren ch y m a m ay  be clinically silen t (if in  the fron ta l 
lobe), severely  d isab ling  (affecting the  sp inal cord), o r fatal 
(involv ing  the b ra in  stem ).

A  b low  to the h ead  m ay  be penetrating o r blunt; it m ay  
cause a n  open or a closed in jury . The m ag n itu d e  an d  d istri
b u tio n  of resu ltin g  traum atic  b ra in  lesions d e p e n d  on  the 
shape  of the object causing  the traum a, the  force of im pact, 
an d  w h e th e r  the h ead  is in  m o tio n  a t the tim e of in jury . 
Severe b ra in  dam ag e  can  occur in  the absence of ex ternal 
signs of h e a d  in jury , a n d  conversely , severe lacerations an d  
even  skull fractu res do  n o t necessarily  ind ica te  dam age 
to the  u n d e rly in g  brain . W hen  the  b ra in  is dam aged , the 
in juries m ay  involve the parenchym a, the  vascu la tu re , 
o r both.

Traumatic Parenchymal Injuries
W hen a n  object im pacts the  head , b ra in  in jury  m ay  occur 
a t the  site of im p a c t—a coup injury — or o pposite  the  site of 
im p ac t on  the o ther side  of the  b ra in —a contrecoup injury. 
B oth coup  a n d  con trecoup  lesions a re  con tusions, w ith  
com parab le  gross an d  m icroscopic appearances. A  con
tusion is caused  by ra p id  tissue d isp lacem ent, d is ru p tio n  
of vascu lar channels, an d  su b seq u en t hem orrhage , tissue 
in jury , a n d  edem a. Since they  are closest to the skull, the 
crests of the gyri are the p a rts  o f the b ra in  th a t a re  m ost 
suscep tib le  to  traum atic  in jury . C on tusions are com m on  in 
reg ions of the b ra in  overly ing  ro u g h  a n d  irreg u la r inner 
sku ll surfaces, such  as the o rb ito fron ta l reg ions a n d  the 
tem pora l lobe tips. P en e tra tio n  of the  b ra in  by  a projectile
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such  as a bu lle t o r a sku ll frag m en t from  a fractu re  causes 
a  laceration , w ith  tissue tearing , vascu lar d is rup tion , an d  
hem orrhage .

M O R P H O L O G Y

Contusions are wedge-shaped, with the widest aspect closest 

to  the point of impact (Fig. 2 3 .I2A ). W ithin a few hours of 

injury, blood extravasates throughout the involved tissue, across 

the width of the cerebral cortex, and into the white matter 

and subarachnoid spaces. Although functional effects are seen 

earlier, morphologic evidence of neruonal injury (nuclear pykno- 

sis, cytoplasmic eosinophilia, cellular disintegration) takes about 

24 hours to  appear. The inflammatory response to  the injured 

tissue follows its usual course, with neutrophils preceding the 

appearance of macrophages. In contrast with ischemic lesions, in 

which the superficial layer of cortex may be preserved, trauma 

affects the superficial layers most severely.

Old traumatic lesions characteristically appear as depressed, 

retracted, yellowish brown patches involving the crests of 

gyri (see Fig. 23. I2B). These lesions show gliosis and residual 

hemosiderin-laden macrophages.

Although contusions are more easily seen, trauma may also 

cause more subtle but widespread injury to axons within the 

brain (called diffuse axonal in ju ry), sometimes with devas

tating consequences. The movement of one region of brain 

relative to  another is thought to disrupt axonal integrity and 

function. Angular acceleration, even in the absence of impact, 

may cause axonal injury as well as hemorrhage. As many as 50% 

of patients who develop coma shortly after trauma are believed 

to  have white matter damage and diffuse axonal injury, usually 

in the form of axonal swellings that appear within hours of the 

injury.

Concussion describes reversib le  a lte red  b ra in  func
tion, w ith  o r w ith o u t loss o f consciousness, from  head  
in jury . The characteristic  tran sien t neuro log ic  dysfunc
tion  includes loss of consciousness, tem p o rary  resp ira to ry  
arrest, a n d  loss o f reflexes. N euro log ic  recovery  is the norm , 
a lth o u g h  am nesia  for the  ev en t persists. The p a thogenesis 
of the su d d e n  d is ru p tio n  of n e rv o u s activ ity  is u n k n o w n . 
R epeated  ep isodes of concussion  can  re su lt in  p e rsis ten t 
an d  p ro fo u n d  neuro log ic  deficits in c lu d in g  cognitive 
im pairm en t, park in son ism , an d  o thers, a n d  la te r develop 
m en t o f n eu ro d eg en era tiv e  p rocesses. In itially  described  in  
boxers (dementia pugilistica), it is n o w  recogn ized  to  occur in  
a w id e r  range  of settings, such  as in  a th le tes p a rtic ipa ting  
in  contact sports. This synd rom e is te rm ed  chronic trau
matic encephalopathy a n d  is charac terized  by  accum ula tion  
of tang les in  cerebral cortex  a n d  o th e r b ra in  reg ions (see the 
" N eu ro d eg en era tiv e  D iseases" section  la te r in  the chapter).

Traumatic Vascular Injury

C N S  tra u m a  o fte n  d ire c tly  d is ru p ts  vesse l w a lls , le a d in g  

to  h e m o rrh a g e  (Table 23.1). D ep en d in g  on  the affected 
vessel, the h em o rrh ag e  m ay  be epidural, subdural, subarach
noid, or intraparenchymal (Fig. 23.13A), occu rring  alone 
o r in  com bination . S ubarachno id  a n d  in trap aren ch y m al

Fig. 23.12 Cerebral trauma. (A) Acute contusions are present in both 
temporal lobes, with areas of hemorrhage and tissue disruption. (B) Remote 
contusions, seen as discolored yellow areas, are present on the inferior 
frontal surface of this brain.

hem orrhages m o st o ften  occur a t sites of contusions and  
lacerations.

Epidural H e m a to m a

D ura l vesse ls—especially  the m id d le  m en ingeal a rte ry  — 
are  v u lnerab le  to  trau m atic  in jury . In  infants, traum atic  
d isp lacem en t o f the easily  defo rm ab le  sku ll m ay  tear a 
vessel, even  in  the absence of a sku ll fracture . In  ch ild ren  
an d  ad u lts , by  con trast, tears invo lv ing  d u ra l vessels 
a lm ost a lw ays stem  from  skull fractures. O nce a vessel 
tears, b lood  accum ulates u n d e r  arte ria l p ressu re  an d  
dissects the tigh tly  a p p lied  d u ra  aw ay  fro m  the inner 
sku ll surface (see Fig. 23.13B), p ro d u c in g  a h em atom a 
th a t com presses the b ra in  surface. C linically, pa tien ts  
can  be luc id  for several h o u rs  after the  traum atic  even t 
before neuro log ic  signs ap p ear. A n ep id u ra l hem ato m a 
m ay  ex p an d  rap id ly  a n d  constitu tes a  neu rosu rg ica l 
em ergency  necessita ting  p ro m p t d ra in ag e  a n d  rep a ir  to 
p rev en t death .

Subdural H e m a to m a

R apid  m ovem en t of the  b ra in  d u r in g  trau m a  can  tear the 
b rid g in g  veins th a t ex tend  fro m  the cerebral hem ispheres
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Table 23.1 Patterns of Vascular In jury in the  C entral Nervous System

Location E tio logy A d d itio n a l Features

Epidural space Trauma Usually associated with a skull fracture (in adults); rapidly evolving 
neurologic symptoms requiring intervention

Subdural space Trauma Level of trauma may be mild; slowly evolving neurologic symptoms, 
often with a delay from the time of injury

Subarachnoid space Vascular abnormalities (arteriovenous 
malformation or aneurysm)

Trauma

Sudden onset of severe headache, often with rapid neurologic 
deterioration; secondary injury may emerge due to vasospasm 

Typically associated with underlying contusions

Intraparenchymal Trauma (contusions)

Hemorrhagic conversion of an ischemic 
infarction

Cerebral amyloid angiopathy 

Hypertension

Tumors (primary or metastatic)

Selective involvement of the crests of gyri where the brain contacts 
the skull (frontal and temporal tips, orbitofrontal surface)

Petechial hemorrhages in an area of previously ischemic brain, usually 
following the cortical ribbon

“Lobar” hemorrhage, involving cerebral cortex, often with extension 
into the subarachnoid space

Centered in the deep white matter, thalamus, basal ganglia, or brain 
stem; may extend into the ventricular system 

Associated with high-grade gliomas or certain metastases (melanoma, 
choriocarcinoma, renal cell carcinoma)

EPIDURAL HEMATOMA SUBDURAL HEMATOMA

B

Dura (peeled off skull) 

Skull fracture

Arterial 
blood

Dura (still attached to skull)

Venous
blood

Fig. 23.13 Traumatic intracranial hemorrhages. (A) Epidural hematoma ( le f t )  in which rupture of a meningeal artery, usually associated with a skull fracture, 
has led to accumulation of arterial blood between the dura and the skull. In a subdural hematoma ( r ig h t ) ,  damage to bridging veins between the brain and 
the superior sagittal sinus has led to the accumulation of blood between the the two layers of dura. (B) Epidural hematoma covering a portion of the dura. 
(C) Large organizing subdural hematoma attached to the dura. (B , C o u r te s y  o f  t h e  la te  D r .  R a y m o n d  D . A d a m s ,  M a s s a c h u s e t t s  G e n e r a l  H o s p i t a l ,  B o s to n ,  

M a s s a c h u s e t t s . )
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th ro u g h  the subarach n o id  an d  su b d u ra l space to  the  d u ra l 
sinuses. Their d is ru p tio n  p ro d u ces  b leed ing  in to  the sub 
d u ra l space. Because the in n e r cell layer o f the d u ra  is 
q u ite  th in  an d  in  very  close p rox im ity  to  the arachno id  
layer, the b lood  ap p ea rs  to  be be tw een  the d u ra  a n d  arach 
no id , b u t in  reality  it is be tw een  the tw o  layers of the 
d u ra . In  p a tien ts  w ith  b ra in  a tro p h y , the b rid g in g  veins 
are  stre tched  o u t a n d  the  b ra in  has ad d itio n a l space w ith in  
w h ich  to  m ove, accoun ting  for the h igher ra te  of su b d u ra l 
hem atom as in  o lder adu lts . In fan ts also  are suscep tib le  to 
su b d u ra l hem atom as because their b rid g in g  veins are  th in  
w alled .

S u b d u ra l hem atom as typ ically  becom e m an ifest w ith in  
the  first 48 h o u rs  after in jury . They are  m o st com m on over 
the la te ra l aspects of the  cerebral hem ispheres  a n d  m ay  be 
b ilateral. N euro log ic  signs a re  a ttrib u tab le  to  the p ressu re  
exerted  on  the ad jacen t brain . S ym ptom s are m o st often  
nonlocalizing , tak ing  the fo rm  of headache, confusion, an d  
slow ly p rog ressive  neuro log ic  deterio ra tion .

M O R P H O L O G Y

Acute subdural hematoma appears as a collection of freshly 

clotted blood apposed to  the contour of the brain surface, 

without extension into the depths of sulci (see Fig. 2 3 . I 3C). The 

underlying brain is flattened, and the subarachnoid space is often 

clear. Subdural hematomas organize by lysis of the clot (about I 

week), growth of granulation tissue from the dural surface into 

the hematoma (2 weeks), and fibrosis (1-3 months). Subdural 

hematomas commonly rebleed, presumably from the thin-walled 

vessels of the granulation tissue, leading to microscopic findings 

consistent with hemorrhages of varying ages. Symptomatic sub

dural hematomas are treated by surgical removal of the blood 

and associated reactive tissue.
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Ä S U M M A R Y

C E N T R A L  N E R V O U S  SY STEM  T R A U M A

• Physical injury to the brain can occur when the inside of the 

skull comes into forceful contact with the brain.

• In blunt trauma, there may be brain injury both at the original 

point of contact (coup injury) and on the opposite side of the 

brain (contrecoup injury) owing to  impacts with the skull.

• Rapid displacement of the head and brain can tear axons 

(diffuse axonal injury), often causing severe, irreversible neu

rologic deficits.

• Traumatic tearing of blood vessels, depending on the location, 

leads to  epidural, subdural, or intraparenchymal hematoma as 

well as subarachnoid hemorrhage.

C O NG ENITAL MALFORMATIONS  
A N D  PERINATAL BRAIN INJURY

The incidence of CNS m alfo rm ations, g iv ing  rise to  m en ta l 
re ta rda tion , cerebral palsy , o r n e u ra l tube defects, is

estim ated  a t 1% to 2%. M alfo rm ations of the b ra in  are m ore 
com m on  in  the se tting  o f m u ltip le  b irth  defects. P renata l o r 
p e rin a ta l in su lts  m ay  in terfere  w ith  no rm al CNS develop 
m en t o r cause tissue dam age. D u rin g  gestation , the  tim ing  
of an  in jury  d e term ines the  p a tte rn  of m alfo rm ation , w ith  
earlier even ts typically  lead in g  to  m ore severe pheno types. 
M u ta tions affecting  genes th a t regu la te  the d ifferen tiation , 
m atu ra tio n , o r in te rce llu la r com m un ica tion  of n eu ro n s  or 
glial cells can  cause CNS m alfo rm ation  o r dysfunction . 
A dd itiona lly , various chem icals a n d  in fectious agen ts have  
tera togenic  effects.

Som e d eve lopm en ta l d iso rd ers  p ro d u ce  p ro fo u n d  n eu 
ronal d ysfunction  in  the  absence o f m orpho log ic  abno rm al
ities. G enetic u n d e rp in n in g s  for v a rio u s form s of autism 
h av e  em erg ed  recently; m an y  of the im p lica ted  genes con
tribu te  to  the  d ev e lo p m en t o r m ain tenance  of synap tic  con
nections. Rett syndrome is a n  X -linked d o m in an t d iso rd er 
associated  w ith  m u ta tio n s in  the gene encod ing  a  regu la to r 
o f ep igenetic  m odifications of ch rom atin . D evelopm en t in  
affected  girls in itia lly  is norm al, b u t neuro log ic  deficits 
affecting  cogn ition  a n d  m ovem en t ap p e a r by  1 to  2 y ears  
of age.

Malformations

N e u ra l Tube D efects

O ne of the earliest steps in  b ra in  d ev e lo p m en t is the for
m ation  of the  n e u ra l tube, w h ich  gives rise  to  the  ven 
tricu lar system , brain , a n d  sp ina l cord . P a r tia l fa i lu re  

o r re v e rs a l o f  n e u ra l tu b e  c losu re  m a y  le a d  to  severa l 

m a lfo rm a tio n s , each c h a ra c te rize d  b y  a b n o rm a lit ie s  

in v o lv in g  n e u ra l tiss u e , m e n in g e s , a n d  o v e r ly in g  b o n e  

o r s o ft tiss u e s . Collectively, neural tube defects are the 
m ost freq u en t type of CNS m alform ation . Folate defi
ciency d u rin g  the  first trim ester sharp ly  increases risk  
th ro u g h  u n ce rta in  m echan ism s a n d  rep resen ts  a n  im p o r
tan t o p p o rtu n ity  for p reven tion , as ad m in is tra tio n  of folate 
to w o m e n  of ch ild -bearing  age reduces the  incidence of 
n eu ra l tube defects by  u p  to  70%. The com bination  of 
im ag ing  s tud ies  a n d  m a te rn a l screen ing  for e leva ted  a - 
fe top ro te in  has increased  the  early  de tec tion  o f n eu ra l tube 
defects.

N eu ra l tube  defects inc lude  the follow ing:
• The m o st com m on  defects invo lve the p o ste rio r en d  of 

the n e u ra l tube, from  w h ich  the  sp ina l co rd  form s. These 
can  range  from  asym ptom atic  bony  defects (spina bifida 
occulta) to  spina bifida, a  severe m alfo rm ation  consisting  
of a  flat, d iso rgan ized  segm en t o f sp ina l co rd  associated  
w ith  a n  overly ing  m en ingeal ou tpouch ing .

• Myelomeningocele is a n  ex tension  of CNS tissue th ro u g h  
a defect in  the  v e rteb ra l co lum n  th a t occurs m o st com 
m on ly  in  the lum bosacral reg ion  (Fig. 23.14). P atien ts 
have m o to r a n d  sensory  deficits in  the low er ex trem i
ties a n d  p rob lem s w ith  bow el a n d  b lad d e r control. 
The clinical p rob lem s derive  from  the  ab n o rm al sp inal 
cord  segm ent a n d  o ften  are  c o m p o u n d ed  by infections 
ex tend ing  from  the  th in  or u lcera ted  overly ing  skin.

• Anencephaly is a m alfo rm ation  of the  an te rio r en d  of the 
n eu ra l tube  th a t leads to  the  absence o f the fo rebra in  and  
the  top  of the skull. V ary ing  am o u n ts  o f po ste rio r fossa 
s tru c tu res  m ay  be p resen t.
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Fig. 23.14 Myelomeningocele. Both meninges and spinal cord parenchyma 
are included in the cystlike structure visible just above the buttocks.

• A n  encephalocele is a d iv e rticu lu m  of m alfo rm ed  CNS 
tissue e x tend ing  th ro u g h  a defect in  the cran ium . It m ost 
o ften  invo lves the occipital reg ion  o r the p o ste rio r fossa. 
W hen  it occurs an terio rly , b ra in  tissue m ay  ex tend  in to  
the sinuses.

Forebrain M a lfo rm atio n s

Microencephaly describes the g ro u p  of m alfo rm ations in  
w h ich  the vo lum e of b ra in  is too sm all; u su a lly  it is asso 
c ia ted  w ith  a sm all h ead  as w ell (microcephaly). It has a 
w id e  ran g e  of associations, in c lu d in g  ch rom osom e abno r
m alities, fetal alcohol syndrom e, an d  h u m a n  im m u n o 
deficiency v iru s  (HIV) an d  Z ika v iru s  infection  acqu ired  
in  u tero . The u n ify ing  fea tu re  is decreased  genera tion  of 
n e u ro n s  destin ed  for the cerebral cortex. D u rin g  the  early  
stages of b ra in  developm ent, as p ro g en ito r cells p ro lifera te  
in  the su b ep en d y m al v en tricu lar zone, the  balance be tw een  
cells leav ing  the p ro g en ito r p o p u la tio n  to  fo rm  the cortex 
an d  those  rem ain in g  in  the  p ro life ra ting  poo l affects the 
overall n u m b er of n eu ro n s  a n d  glial cells genera ted . If too 
m any  cells leave the p ro g en ito r poo l p rem atu re ly , there  
is in ad eq u a te  genera tion  of m a tu re  neu rons, lead in g  to  a 
sm all b ra in . Megalencephaly, excessive b ra in  v o lum e th a t is 
a lw ays associa ted  w ith  a large  head , is far less com m on 
an d  is m ostly  associa ted  w ith  ra re  genetic  d iso rders.

D isru p tio n  of n eu ro n a l m ig ra tio n  a n d  d ifferen tia tion  
d u rin g  d ev e lo p m en t can  lead  to  abnorm alities of gyra
tion  a n d  neocortical a rch itectu re , o ften  tak ing  the fo rm  
of n eu ro n s  e n d in g  u p  in  the w ro n g  location. M uta tions 
in  v a rio u s genes th a t con tro l m ig ra tio n  resu lt in  a  varie ty  
of m alfo rm ations. A  rep resen ta tiv e  exam ple  is holopros- 
encephaly, charac terized  by  d is ru p tio n  of n o rm al m id line

p a tte rn in g . M ild form s show  absence of the o lfactory bu lbs 
a n d  re la ted  s tru c tu res  (arrhinencephaly). In  severe form s, 
the b ra in  is n o t d iv id ed  in to  hem isp h eres  o r lobes, an d  
there  m ay  be facial m id line  defects such  as cyclopia. The 
best k n o w n  genetic  causes involve acq u ired  or inherited  
loss of function  m u ta tio n s in  com ponen ts of the H ed g eh o g  
signaling  p a th w ay .

O ther exam ples include loss o f gyri, w h ich  m ay  be com 
p le te  (lissencephaly) o r partia l, a n d  increased  n u m b er of 
irregu la rly  fo rm ed  gyri (polym icrogyria).

Posterior Fossa A nom alies

The m ost com m on  m alfo rm ations in  th is reg ion  of the 
b ra in  re su lt in  m isp lacem en t o r absence of p o rtio n s  of the 
cerebellum .
• Arnold-Chiari malformation (C hiari type  II m alfo rm a

tion) com bines a sm all p o ste rio r fossa w ith  a m isshapen  
m id line  cerebellum  a n d  d o w n w a rd  ex tension  of the 
verm is th ro u g h  the fo ram en  m agnum ; h y d ro cep h a 
lus a n d  a lu m b ar m yelom eningocele  typically  are also 
p resen t.

• The far m ild e r Chiari type I malformation has low -ly ing  
cerebellar tonsils th a t ex tend  th ro u g h  the fo ram en  
m agnum . Excess tissue in  the  fo ram en  m a g n u m  resu lts  
in  p a rtia l ob stru c tio n  of CSF flow  a n d  com pression  of 
the m edu lla , w ith  sym ptom s of headache or cranial 
nerve  deficits o ften  m an ifesting  on ly  in  a d u lt  life. Sur
gical in te rv en tio n  can  a llev iate  the  sym ptom s.

• Dandy-Walker malformation is charac terized  by an  
en larged  p o ste rio r fossa, absence of the cerebellar 
verm is, a n d  a large  m id line  cyst.

Perinatal Brain Injury

B rain  in jury  occurring  in  the  p e rin a ta l p e rio d  is an  im p o r
ta n t cause of ch ildhood  neuro log ic  d isability . Cerebral palsy 
is a te rm  for n onp rog ressive  neuro log ic  m o to r deficits 
charac terized  by spasticity , dyston ia , atax ia o r athetosis, 
a n d  paresis  a ttribu tab le  to  in jury  occurring  d u rin g  the  p re 
n a ta l a n d  p erin a ta l p e rio d s. Signs a n d  sym ptom s m ay  n o t 
be a p p a re n t a t b irth  a n d  on ly  declare them selves later, w ell 
after the causal event.

T h e  tw o  m a jo r  typ e s  o f  in ju r y  th a t  occur in  th e  p e r in a 

ta l  p e r io d  are h em o rrh a g e s  a n d  in fa rc ts . These d iffer from  
the o therw ise  sim ilar lesions in  a d u lts  in  te rm s of their 
locations a n d  the tissue reactions they engender. In  p rem a 
tu re  infants, there  is an  increased  risk  for intraparenchymal 
hemorrhage w ith in  the germ inal m atrix , m ost o ften  ad jacen t 
to the  an te rio r h o rn  of the la te ra l ventricle. H em o rrh ag es 
m ay  ex tend  in to  the v en tricu la r system  a n d  from  there  to 
the sub arach n o id  space, som etim es causing  h yd rocepha 
lus. Infarcts m ay  occur in  the su p ra ten to ria l p e riv en tricu 
la r w h ite  m a tte r (periventricular leukomalacia), especially  in  
p re m a tu re  in fants. The re s id u a  of these in farcts a re  chalky 
yellow  p laq u es  consisting  of d iscrete  reg ions of w h ite  
m a tte r necrosis a n d  d ystroph ic  calcification (Fig. 23.15). 
W hen  severe e n o u g h  to  involve the gray  m a tte r an d  w h ite  
m atte r, large  cystic lesions can  develop  th ro u g h o u t the 
hem ispheres, a cond ition  te rm ed  multicystic encephalopathy.

C erta in  infections, w h ich  m ay  be acq u ired  transp lacen 
tally o r d u rin g  b irth , have  a p ro p en sity  to  cause destruc tive
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Fig. 23.15 Perinatal brain injury. This specimen from a patient with periven
tricular leukomalacia contains a central focus of white matter necrosis with 
a peripheral rim of mineralized axonal processes.

b ra in  lesions. A gents in  th is g ro u p  (com m only  re ferred  to 
as TORCH) in c lude  toxop lasm osis a n d  CMV, w h ich  can  
bo th  resu lt in  pa renchym al calcifications a long  w ith  the 
tissue in jury; these are d iscussed  in  m ore deta il later.

f t  S U M M A R Y

C O N G E N IT A L  M A L F O R M A T IO N S  A N D  P E R IN A T A L  

B R A IN  IN JU R Y

• Malformations of the brain can occur because of genetic 

factors or external insults.

• The developmental timing and position of the injury determine 

its pattern and characteristics.

• Various malformations stem from failure of neural tube closure, 

improper formation of neural structures, and altered neuronal 

migration.

• Perinatal brain injury mostly takes one of two forms: (1) hem

orrhage, often in the region of the germinal matrix with the 

risk for extension into the ventricular system; and (2) ischemic 

infarcts, leading to periventricular leukomalacia.

• Certain infections may affect the brain during development with 

subsequent tissue destruction and neurologic consequences.

INFECTIONS OF THE 
NERVOUS SYSTEM

The b ra in  a n d  its coverings can  be sites of infection. Som e 
infectious agen ts have  a re la tive  or abso lu te  p red ilec tion  
for the n e rv o u s  system  (e.g., rabies), w h ile  o thers affect 
m an y  o th e r o rgans as w ell as the  b ra in  (e.g., Staphylococcus 
aureus). D am age to  n e rv o u s  tissue m ay  be the  consequence 
of d irec t in ju ry  of n eu ro n s  o r glial cells by  the  infectious 
agen t o r m icrobial toxins, o r m ay  be a consequence of the 
ho st im m u n e  response.

Infectious agen ts  m ay  reach  the  n e rv o u s system  th ro u g h  
several routes:
• Hematogenous spread by  w ay  of the arte ria l b lood  supp ly

is the m ost com m on m eans of en try . T here can  also

be re tro g rad e  ven o u s sp read  th ro u g h  the  anastom oses 
be tw een  the  veins of the  face a n d  the  ven o u s sinuses 
of the skull.

• Direct implantation of m icroorgan ism s is a lm ost invari
ably  d u e  to  o p e n  o r p e n e tra tin g  traum a; ra re  cases can  
be iatrogenic, as w h e n  m icrobes are in tro d u ced  w ith  a 
lu m b ar p u n c tu re  need le  o r in to  a surg ical field.

• Local extension can  occur w ith  in fections of the  skull 
o r sp ine. Sources inc lude  a ir sinuses, m ost o ften  the 
m asto id  o r frontal; in fected  teeth; cran ia l o r sp inal 
osteom yelitis; a n d  congen ita l m alfo rm ations, such  as 
m eningom yelocele.

• Peripheral nerves also  m ay  serve as p a th s  of en try  for a 
few  p a th o g e n s—in  particu lar, v iru ses such  as rab ies and  
h erp es  zoster.

Basic m echan ism s of in jury  associa ted  w ith  infectious 
agen ts a re  d iscussed  in  C h ap te r 9; in  the fo llow ing  sec
tions w e  discuss in fections th a t a re  specific to  the cen tra l 
n e rv o u s system  (Table 23.2).

Epidural and Subdural Infections
T h e  e p id u ra l a n d  s u b d u ra l spaces can  b e  in v o lv e d  b y  

b a c te r ia l or fu n g a l in fe c tio n s , u s u a lly  as a  con sequence  

o f  d ire c t lo c a l sp read . Epidural abscesses arise  from  an  
ad jacen t focus of infection, such  as sinusitis  o r osteom y
elitis. W h en  abscesses occur in  the  sp ina l e p id u ra l space, 
they m ay  cause sp ina l co rd  com pression  a n d  constitu te  
a n eu rosu rg ica l em ergency. Infections of the sku ll o r air 
sinuses m ay  also  sp read  to  the  su b d u ra l space, p ro d u c 
in g  subdural empyema. The u n d e rly in g  a rachno id  an d  
su barachno id  spaces u su a lly  are unaffected , b u t a  large 
su b d u ra l em p y em a m ay  p ro d u ce  a m ass effect. In  ad d i
tion, th rom boph leb itis  m ay  develop  in  the  b rid g in g  veins 
th a t cross the  su b d u ra l space, re su ltin g  in  ven o u s occlu
sion  a n d  in farc tion  of the brain . M ost p a tien ts  a re  febrile, 
w ith  headache  a n d  neck  stiffness, a n d  if u n tre a te d  m ay 
develop  focal neuro log ic  signs referab le  to  the site o f the 
infection, le thargy , a n d  com a. W ith  trea tm en t, in c lu d in g  
surg ical d ra inage , reso lu tion  of the em p y em a occurs from  
the d u ra l side; if reso lu tion  is com plete, a th ickened  d u ra  
m ay  be the on ly  resid u a l finding. W ith  p ro m p t trea tm en t, 
com plete recovery  is usual.

Meningitis
M e n in g itis  is  a n  in f la m m a to ry  process in v o lv in g  th e  

le p to m e n in g e s  w i th in  th e  s u b a ra c h n o id  space; i f  

th e  in fe c t io n  spreads in to  th e  u n d e r ly in g  b ra in , i t  is  

te rm e d  m eningoencephalitis. These term s are also  u sed  
in  non-infectious se ttings such  as chemical meningitis, a 
response  to  a nonbacteria l irr itan t such  as debris  from  a 
ru p tu re d  ep id e rm o id  cyst, a n d  carcinomatous meningitis, 
the sp read  of m etasta tic  cancer cells to  the subarachno id  
space.

In fe c tio u s  m e n in g it is  can  be  b ro a d ly  d iv id e d  in to  

acute pyogen ic  (u s u a lly  b a c te r ia l), asep tic  (u s u a lly  

v ir a l) ,  a n d  chronic  (u s u a lly  tu b e rc u lo u s , s p iro c h e ta l, 

o r fu n g a l)  s u b typ es . E xam ination  of the  CSF is often  
u sefu l in  d is tin g u ish in g  am o n g  the v a rio u s causes of 
m eningitis.
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Table 23.2 C om m on C entral Nervous System Infections

Type of 
In fection

C lin ica l
S yn d ro m e

C o m m o n  C ausative  
O rgan ism s

B acterial Infections

Meningitis Acute pyogenic 
meningitis

Chronic meningitis

E s c h e r ic h ia  c o l i or group B 
streptococci (infants) 

N e is s e r ia  m e n in g i t id is  (young 
adults)

S t r e p to c o c c u s .  p n e u m o n ia e  or 
L is te r ia  m o n o c y to g e n e s  

(older adults) 
M y c o b a c t e r iu m  tu b e r c u lo s is

Localized
infections

Abscess Streptococci and 
staphylococci

Empyema Polymicrobial
(staphylococci, anaerobic 
gram-negative)

V ira l Infections

Meningitis Acute aseptic 
meningitis

Enteroviruses 
Measles (subacute 

sclerosing 
panencephalitis) 

Influenza species 
Lymphocytic

choriomeningitis virus

Encephalitis Encephalitic
syndromes

Arthropod-borne
encephalitis

Herpes simplex (HSV-1, 
HSV-2)

Cytomegalovirus 
Human immunodeficiency 

virus
JC polyomavirus

(progressive multifocal 
leukoencephalopathy) 

West Nile virus, other 
arboviruses

Brain stem and 
spinal cord 
syndromes

Rhombencephalitis 
Spinal poliomyelitis

Rabies
Polio
West Nile virus

R ickettsia, Spirochetes, and Fungi

Meningitic
syndromes

Rocky Mountain 
spotted fever 

Neurosyphilis 
Lyme disease

(neuroborreliosis) 
Fungal meningitis

R ic k e t ts ia  r ic k e t t s i i

T r e p o n e m a  p a l l id u m  

B o r r e l ia  b u r g d o r f e r i

C ry p to c o c c u s  n e o fo r m a n s  

C a n d id a  a lb ic a n s

P ro to zo a  and M etazo a

Meningitic
syndromes

Cerebral malaria 
Amebic encephalitis

P la s m o d iu m  f a lc ip a r u m  

N a e g le r ia  s p e c ie s

Localized
infections

Toxoplasmosis
Cysticercosis

T o x o p la s m a  g o n d i i  

T a e n ia  s o l iu m

A cute Pyogenic M en ingitis  (B acteria l M ening itis)

The m ost likely causes of bacteria l m en ing itis  va ry  w ith  
p a tie n t age. In  neonates, com m on o rgan ism s are  Escherichia 
coli a n d  g ro u p  B streptococci. In  ado lescen ts a n d  y o u n g  
ad u lts , Neisseria meningitidis is the m ost com m on  pa thogen ; 
in  o lder adu lts , Streptococcus pneumoniae a n d  Listeria mono
cytogenes are  m ore  com m on. A cross ages, p a tien ts  typically  
show  system ic signs of in fection  a long  w ith  m en ingeal 
irr ita tio n  a n d  neuro log ic  im pairm en t, in c lu d in g  headache, 
pho to p h o b ia , irritab ility , c loud ing  of consciousness, an d  
neck  stiffness. L um bar p u n c tu re  reveals a n  increased  p res 
sure; exam ination  of the CSF show s a b u n d a n t neu troph ils ,

e leva ted  p ro te in , a n d  re d u ced  glucose. U n trea ted  pyo 
genic m en ing itis  is o ften  fatal, b u t w ith  p ro m p t d iagno 
sis a n d  ad m in is tra tio n  of an tib io tics, m ost p a tien ts  can 
be saved.

M O R P H O L O G Y

In acute meningitis, an exudate is evident within the leptomen- 

inges on the surface of the brain (Fig. 2 3 .I6 A ). The meningeal 

vessels are engorged and prominent, and tracts of pus may 

extend along blood vessels. On microscopic examination, neu

trophils may fill the entire subarachnoid space or, in less severe 

cases, may be confined to  regions adjacent to leptomeningeal 

blood vessels. In untreated meningitis, Gram stain reveals varying 

numbers of the causative organism. Severe involvement of lep

tomeningeal veins (phlebitis) may lead to venous occlusion and 

hemorrhagic infarction of the underlying brain. W hen the menin

gitis is fulminant, the organisms and the associated inflammatory 

cells may spread into the substance of the brain (focal cerebritis), 

sometimes leading to the formation of abscesses, discussed later 

(see Fig. 23 .I6B ). Extension to  the ventricles (ventriculitis) also 

may occur. If treated early and effectively, resolved meningitis 

may leave little or no residuum.

A septic M en ingitis  (V ira l M en ing itis)

Aseptic meningitis is a clinical te rm  for acu te  illness w ith  
m en ingeal signs an d  sym ptom s th a t is believed  to  be of 
v ira l orig in . The clinical course  is less fu lm in an t th a n  in  
pyogen ic  m en ing itis  a n d  is typically  self-lim iting. In  con
tras t to pyogen ic  m eningitis, exam ination  of the CSF often  
show s lym phocytosis, m o d era te  p ro te in  elevation , an d  
a n o rm al glucose level, b u t bacteria  can n o t be cu ltu red . 
W hile  a n  u n d e rly in g  v ira l ag en t is suspected , it is o ften  dif
ficult to  iden tify  the  responsib le  v iru s  by cu ltu re  an d  sero
logic m ethods; app lica tion  of nucleic  acid sequencing  has 
the p o ten tia l to  change o u r u n d e rs ta n d in g  of these cases. 
T here are no  d istinctive  m acroscopic find ings except for 
b ra in  sw elling, w h ich  m ay  be seen in  on ly  som e instances. 
O n  m icroscopic exam ination , there  is e ither no  recogniz
ab le abno rm ality  o r a m ild  to  m o d era te  lep tom eningeal 
lym phocy tic  infiltrate.

Chronic M en ingitis

Several pa thogens, in c lu d in g  m ycobacteria , som e spi
rochetes, an d  fungi, cause a chronic m eningitis; infec
tions w ith  these o rgan ism s also  m ay  involve the b rain  
parenchym a.

Tubercu lous M eningitis

T ubercu lous m en ing itis  u sua lly  m an ifests w ith  general
ized  signs a n d  sym ptom s of headache, m alaise, m en ta l 
confusion, a n d  vom iting . T here is on ly  a m o d era te  increase 
in  CSF cellu larity , w ith  m o nonuclear cells o r a m ix tu re  
of p o ly m o rp h o n u c lea r an d  m ononuclear cells; the p ro te in  
level is elevated , o ften  strik ing ly  so, an d  the  glucose con ten t 
typically  is m odera te ly  red u ced  or norm al. Infection 
w ith  Mycobacterium tuberculosis also  m ay  re su lt in  a w ell- 
c ircum scribed  in trap aren ch y m al m ass (tuberculoma), w hich  
m ay  be associa ted  w ith  m en ing itis. C hronic  tubercu lous
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Fig. 23.16 Bacterial infections. (A) Pyogenic meningitis. A thick layer of 
suppurative exudate covers the brain stem and cerebellum and thickens the 
leptomeninges. (B) Cerebral abscesses in the frontal lobe white matter 
( a r r o w s ) .  (A ,  F ro m  G o ld e n  J A , L o u is  D N :  Im a g e s  in  c l in ic a l  m e d ic in e :  a c u te  b a c t e r ia l  

m e n in g it is .  N Engl J Med 3 3 3 : 3 6 4 ,  1 9 9 4 .  C o p y r ig h t  ©  1 9 9 4  M a s s a c h u s e t t s  

M e d ic a l  S o c ie ty . A l l  r ig h t s  r e s e r v e d . )

m ening itis  leads to a rachno id  fibrosis a n d  h y d ro cep h a lu s 
from  in terference w ith  reso rp tio n  of CSF.

S p irocheta l Infections

Neurosyphilis, a te rtia ry  stage of syphilis, occurs in  ab o u t 
10% of in d iv id u a ls  w ith  u n tre a te d  Treponema pallidum 
infection. Infection  w ith  H IV  increases the risk  for devel
o p in g  neurosyph ilis , a n d  the d isease is o ften  m ore aggres
sive in  th is setting . T here are several p a tte rn s  of CNS 
invo lvem en t by  syphilis, w h ich  m ay  be p re sen t alone or in  
com bination .
• Meningovascular neurosyphilis is a  chronic m en ing i

tis, u su a lly  invo lv ing  the  base of the  brain , o ften  w ith

an  ob litera tive  en d arte ritis  rich  in  p lasm a  cells and  
lym phocytes.

• Paretic neurosyphilis stem s from  parenchym al involve
m en t by  sp irochetes a n d  is associa ted  w ith  n eu ro n a l loss 
an d  m ark ed  p ro life ra tion  of m icroglial cells. C linically, 
th is fo rm  of the  d isease causes a n  in sid ious p rog res 
sive loss of m en ta l a n d  physical functions, m o o d  altera 
tions (inc lud ing  de lusions of g randeu r), a n d  even tually  
severe dem entia .

• Tabes dorsalis resu lts  from  dam age  to  the  sensory  nerves 
in  the do rsa l roots. C onsequences include im p a ired  
jo in t position  sense a n d  ataxia; loss of p a in  sensa
tion, lead in g  to  sk in  a n d  jo in t dam age  (Charcot joints); 
o ther sensory  d istu rbances, p articu larly  characteris
tic " lig h tn in g  pain s"; a n d  the absence of deep  ten d o n  
reflexes.

Neuroborreliosis refers to  invo lvem en t of the n e rv o u s 
system  by  the sp irochete Borrelia burgdorferi, the  causative  
agen t o f Lym e disease. N euro log ic  signs a n d  sym ptom s are  
h igh ly  variab le  a n d  inc lude  asep tic  m en ing itis, facial nerve 
palsies, m ild  encephalopathy , a n d  p o lyneu ropath ies .

Fungal M eningitis

Fungal in fection  of the  n e rv o u s system  can  give rise  to 
chronic m en ing itis  and , as w ith  o th e r pa thogens, th is can 
be associa ted  a t tim es w ith  p a ren ch y m al infection. Im m u 
n o su p p ress io n  increases the  risk  for these d iseases, b u t it 
is n o t a req u irem en t for infection  to  occur. Several fungal 
p a th o g en s  cause CNS disease:
• Cryptococcus neoformans can  cause bo th  m en ing i

tis an d  m en ingoencephalitis , o ften  in  the se tting  of 
im m u n o su p p ressio n . It m ay  be fu lm in an t a n d  fa ta l 
in  as little  as 2  w eeks o r m ay  be indo len t, evo lv ing  
over m o n th s  o r years. The CSF m ay  have  few  cells b u t 
e levated  p ro te in , a n d  the  m u co id  en cap su la ted  yeasts  
can  be v isua lized  o n  Ind ia  ink  p rep ara tio n s. Exten
sion in to  the b ra in  fo llow s vessels in  the  V irchow - 
R obin spaces. A s o rgan ism s pro liferate , these spaces 
expand , g iv ing  rise to  a  "so ap  b u b b le"-lik e  app earan ce  
(Fig. 23.17).

• Histoplasma capsulatum com m only  invo lves the n e rv o u s 
system  in  the se tting  of d issem inated  infection. T here is 
an  increased  risk  fo r d isease in  the se tting  of H IV  infec
tion. H istop lasm osis typically  causes a basila r m en ing i
tis, w ith  e levated  CSF p ro te in , m ild ly  decreased  glucose, 
an d  m ild  lym phocy tic  pleocytosis. P arenchym al lesions 
can  occur, m ostly  from  track ing  of o rgan ism s along  
V irchow -R obin  spaces.

• Coccidioides immitis, a fu n g u s  endem ic to  dese rt reg ions 
of the A m erican  S outhw est, m o st com m only  causes 
m en ing itis  in  the se tting  of d issem inated  infection. 
D iagnosis can  be m ad e  by exam in ing  the  CSF for spe
cific an tibody . W ith o u t trea tm en t, coccidio idal m en ing i
tis has a  h ig h  fatality .

Parenchymal Infections

The en tire  g a m u t of in fectious p a th o g en s (v iruses to  p a ra 
sites) can  infect the  brain , o ften  in  characteristic  pa tte rn s . 
In  general, v ira l infections a re  diffuse, bacterial infections 
(w hen  n o t associa ted  w ith  m eningitis) a re  localized, w h ile
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Fig. 23.17 Cryptococcal infection. (A) Whole-brain section showing the numerous areas of tissue destruction associated with the spread of organisms in 
the perivascular spaces. (B) At higher magnification, it is possible to see the cryptococci in the lesions.

o th e r o rgan ism s p ro d u ce  m ixed  p a tte rn s . In  im m u n o su p - 
p ressed  hosts, m ore  w id e sp re a d  inv o lv em en t w ith  any 
ag en t is typical.

Brain Abscesses

B ra in  abscesses are m o s t o fte n  caused  b y  b a c te r ia l in fe c 

t io n s . These can  arise by  d irec t im p lan ta tio n  of o rgan ism s, 
local ex tension  from  ad jacen t foci (m astoid itis, p a ran asa l 
sinusitis), o r hem ato g en o u s sp read  (usually  from  a p rim ary  
site in  the heart, lungs, o r  d ista l bones, o r after too th  extrac
tion). P red isp o sin g  cond itions include acute bacterial endo
carditis, from  w h ich  septic em boli a re  re leased  th a t m ay  
p ro d u ce  m u ltip le  abscesses; cyanotic congenital heart disease, 
associated  w ith  a  righ t-to -left sh u n t an d  loss of p u lm o n ary  
filtra tion  of organism s; a n d  chronic pulmonary infections, as 
in  b ronchiectasis, w h ich  p ro v id e  a source of m icrobes tha t 
sp read  hem atogenously .

A bscesses a re  d iscre te  d estruc tive  lesions w ith  cen tra l 
liquefactive necrosis su rro u n d e d  by a rim  of vascu larized  
g ran u la tio n  a n d  fib rous tissue (see Fig. 23.16B). O u tsid e  
the  fib rous capsu le  is a zone of reactive gliosis. P atien ts 
a lm ost invariab ly  p re se n t w ith  p rog ressive  focal deficits as 
w ell as general signs re la ted  to increased  in trac ran ia l p res
sure . W hile  CSF w h ite  b lood  cell co u n t a n d  p ro te in  m ay  be 
elevated , lu m b ar p u n c tu re  has little  ro le  in  the  d iagnosis 
o f b ra in  abscess since o rgan ism s are  m ore reliab ly  cu ltu red  
by d ra in in g  the abscess d irectly . In  ad d itio n , if there  is 
significant m ass effect from  the abscess, the  decrease in  
lu m b ar CSF p ressu re  fo llow ing  lu m b ar p u n c tu re  can  resu lt 
in  d o w n w a rd  hern ia tio n  of cerebral con ten ts a n d  n eu ro 
logic de terio ra tion . A  system ic o r  local source o f infection  
m ay  o r  m ay  n o t be ap p a ren t. The increased  in tracran ia l 
p ressu re  m ay  cause fa ta l b ra in  hern ia tion , a n d  abscess 
ru p tu re  can  lead  to ven tricu litis, m eningitis, a n d  venous 
sinus th rom bosis. Surgery  a n d  an tib io tics reduce  the o ther
w ise  h ig h  m orta lity  rate, w ith  earlie r in te rv en tio n  lead ing  
to  be tte r outcom es.

Viral Encephalitis

V ir a l  e n c e p h a litis  is  a  p a re n c h y m a l in fe c tio n  o f  th e  

b ra in  th a t  is  a lm o s t in v a r ia b ly  associated  w i th  m e n in 

g e a l in f la m m a tio n  (meningoencephalitis). W hile  d ifferen t 
v iru ses  show  v ary in g  p a tte rn s  of in jury , the m o st charac
teristic histologic fea tu res a re  periv ascu la r a n d  parenchy 
m al m o nonuclear cell infiltrates, m icroglial nodu les, and  
n eu ro n o p h ag ia  (Fig. 23.18A-B). C erta in  v iru ses also  fo rm  
characteristic  inclusion  bodies.

The n erv o u s system  is p a rticu la rly  suscep tib le  to certa in  
v iru ses such  as rab ies v iru s  a n d  po liov irus. Som e v iruses 
infect specific CNS cell types, w h ile  o thers p referen tia lly  
involve p a rticu la r b ra in  reg ions (such  as the m ed ia l tem po 
ra l lobes, o r the lim bic system ) th a t lie a long  the v ira l rou te  
of en try . In trau te rin e  v ira l infection  fo llow ing  transp la 
cen ta l sp read  of rubella  a n d  CM V  m ay  cause destruc tive  
lesions, a n d  Z ika v iru s  causes d eve lopm en ta l abnorm ali
ties o f the brain . In  ad d itio n  to d irec t in fection  of the 
n e rv o u s system , the CNS also can  be in ju red  by  im m u n e  
m echan ism s after system ic v ira l infections.

A rb o v iru s e s

Arboviruses (a rth ro p o d -b o rn e  v iruses) a re  a n  im p o r
ta n t cause of ep idem ic  encephalitis, especially  in  trop i
cal reg ions o f the w o rld , a n d  are  capable o f causing  
serious m o rb id ity  a n d  h igh  m orta lity . A m o n g  the m ore 
com m only  encoun te red  types are E astern  an d  W estern  
equ ine  encephalitis a n d  W est N ile  v iru s  infection. P atien ts 
develop  generalized  neuro log ic  sym ptom s, such  as sei
zu res, confusion, delirium , an d  s tu p o r o r com a, as w ell as 
focal signs, such  as reflex asym m etry  a n d  ocu lar palsies. 
The CSF u sually  is colorless b u t w ith  a slightly  e levated  
p ressu re  a n d  a n  early  n eu tro p h ilic  p leocytosis th a t rap id ly  
converts  to a lym phocytosis; the  p ro te in  concen tra tion  is 
elevated , b u t the glucose is no rm al. T hus, CSF exam ina
tion  he lp s to d is tin g u ish  v ira l from  bacterial infections of 
the CNS.
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D

Fig. 23.18 Viral infections. (A and B) Characteristic findings in many forms of viral meningitis include perivascular cuffing of lymphocytes (A) and microglial 
nodules (B). (C) Herpes encephalitis showing extensive destruction of inferior frontal and anterior temporal lobes. (D) Human immunodeficiency virus (HIV) 
encephalitis. Note the accumulation of microglia forming a microglial nodule and multinucleate giant cell. (C ,  C o u r te s y  o f  D r .  T W .  S m ith ,  U n iv e r s i t y  o f  M a s s a c h u s e t t s  

M e d ic a l  S c h o o l,  W o r c e s te r ,  M a s s a c h u s e t t s . )

^  M O R P H O L O G Y

Arbovirus encephalitides produce a similar histopathologic 

picture. Characteristically, there is a perivascular lymphocytic 

meningoencephalitis (sometimes with neutrophils) (see Fig. 

2 3 .I8 A ). Multifocal gray matter and white matter necrosis is 

seen, often associated with neuronophagia, the phagocytosis of 

neuronal debris, as well as localized collections of microglia 

termed m icrog lia l nodules (see Fig. 23 .I8B ). In severe cases, 

there may be a necrotizing vasculitis with associated focal 

hemorrhages.

H erp esviruses

HSV-1 encephalitis  m ay  occur in  any  age g ro u p  b u t is 
m o st com m on in  ch ild ren  a n d  y o u n g  adu lts . It typically  
m an ifests  w ith  a lte ra tions in  m ood, m em ory , a n d  behavior, 
reflecting  invo lvem en t o f the fron ta l a n d  tem pora l lobes. 
R ecu rren t HSV-1 encephalitis is som etim es associated  w ith  
in h e rited  m u ta tio n s th a t in terfere  w ith  Toll-like recep to r 
signaling  (specifically th a t o f TLR-3), w h ich  has a n  im p o r
tan t ro le  in  an ti-v ira l defense.

M O R P H O L O G Y

Herpes encephalitis starts in and most severely involves the infe

rior and medial regions of the temporal lobes and the orbital gyri 

of the frontal lobes (see Fig. 23 .I8 C ). The infection is necrotizing 

and often hemorrhagic in severely affected regions. Perivascular 

inflammatory infiltrates usually are present, and large eosino

philic intranuclear viral inclusions (Cowdry type A  bodies) can 

be found in both neurons and glial cells.

HSV-2 also  affects the n e rv o u s  system , u su a lly  in  the 
fo rm  of m en ing itis  in  adu lts . D issem inated  severe enceph 
alitis occurs in  m an y  neonates b o rn  by vag inal delivery  to 
w o m en  w ith  active p rim ary  HSV genital infections.

V aricella-zoster v iru s  (VZV) causes chickenpox d u rin g  
p rim ary  infection, u su a lly  w ith o u t any  ev idence of n eu 
rologic invo lvem ent. The v iru s  estab lishes la ten t infection  
in  n eu ro n s  of do rsa l ro o t ganglia . R eactivation  in  a d u lts  
m an ifests as a painfu l, vesicu lar sk in  e ru p tio n  in  the  d istri
b u tio n  of one o r a  few  derm atom es (shingles). This usua lly  
is a self-lim ited  process, b u t there  m ay  be a p e rsis ten t p a in  
synd rom e in  the  affected reg ion  (postherpetic neuralgia).
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VZV also  m ay  cause a  g ran u lo m ato u s  a rte ritis  th a t can  lead  
to  tissue infarcts. In  im m u n o su p p ressed  patien ts, acu te  
h e rp es  zoster encephalitis can  occur. Inclusion  bod ies can  
be fo u n d  in  glial cells a n d  neurons.

C yto m eg a lo v iru s

CM V  infects the n e rv o u s  system  in  fe tuses a n d  im m u n o 
su p p ressed  in d iv idua ls . A ll cells w ith in  the  CNS (neurons, 
glial cells, ep en d y m a, a n d  en do the lium ) are suscep tib le  
to infection. In trau te rin e  in fection  causes pe riven tricu la r 
necrosis, fo llow ed  la te r by  m icrocephaly  w ith  periven tric 
u la r  calcification. W h en  a d u lts  a re  infected , CM V  p ro d u ces 
a subacu te  encephalitis, w h ich  is also  o ften  m o st severe in  
the  p e riv en tricu la r reg ion . Lesions can  be hem orrhag ic  an d  
con ta in  typical v ira l in c lu s io n -b earin g  cells.

Poliovirus

P oliov irus is a n  en te ro v iru s  th a t m ost o ften  causes a sub 
clinical o r m ild  gastroen teritis; in  a sm all fraction  of cases, 
it secondarily  in v ad es the  n e rv o u s system  a n d  dam ages 
m o to r n eu ro n s  in  the sp ina l cord  an d  b ra in  stem  (para
lytic poliomyelitis). The loss of m o to r n eu ro n s  resu lts  in  a 
flaccid para ly sis  w ith  m uscle  w astin g  a n d  hyporeflex ia in  
the co rresp o n d in g  reg ion  of the  body . In  the  acu te  d isease, 
d ea th  can  occur from  p ara ly sis  of re sp ira to ry  m uscles. 
L ong  after the in fection  has reso lved , typically  25 to  35 
years after the  in itial illness, a poo rly  u n d e rs to o d  post-polio 
syndrome of p rog ressive  w eakness  associated  w ith  decreased  
m uscle bu lk  a n d  p a in  m ay  ap p ear. The re-em ergen t 
w eakness has the sam e d is trib u tio n  as the  p rio r po lio  
infection.

Rabies V irus

R abies is a fatal encephalitic  infection  tran sm itted  to  h u m an s 
from  rab id  anim als, u su a lly  by  a bite. V arious m am m als 
a re  n a tu ra l reservo irs. E xposure  to  som e b a t species, even  
w ith o u t ev idence of a bite, is a lso  a risk  factor. The v iru s  
en ters the C N S by  ascend ing  a long  the  p e rip h e ra l nerves 
from  the  w o u n d  site, so the incuba tion  p e rio d  (usually  a 
few  m onths) d e p en d s  o n  the d istance be tw een  the w o u n d  
an d  the  brain . The d isease m an ifests in itia lly  w ith  non 
specific sym ptom s of m alaise, headache, a n d  fever. As 
the in fection  advances, the p a tien t show s ex trao rd inary  
CNS excitability; the s ligh test touch  is pain fu l, w ith  v io len t 
m o to r responses p ro g ressin g  to  convulsions. C o n trac tu re  
of the  p h a ry n g ea l m u scu la tu re  m ay  create a n  aversion  to 
sw allow ing  even  w a te r  (hydrophobia). P eriods o f m an ia  an d  
s tu p o r p rog ress  to  com a a n d  even tua lly  dea th , typically  
from  resp ira to ry  failure.

H u m a n  Im m u n o d efic ien cy  V irus

In  the first 15 years o r so after recogn ition  of AIDS, n eu 
ropatho log ic  changes w ere  d em o n stra ted  a t p o s tm o rtem  
exam ination  in  as m an y  as 80% to 90% of cases, o w ing  
to  d irec t effects of the v iru s  o n  the n e rv o u s system  (HIV 
encephalitis), along  w ith  o p p o rtu n is tic  infections an d  
p rim ary  C N S lym phom a. In tro d u c tio n  of h igh ly  active an ti
re tro v ira l th e rap y  (HAART) has decreased  the frequency  
of these secondary  effects o f HIV  infection. H ow ever, cog
n itive  d y sfunction  ran g in g  from  m ild  to  fu ll-b low n  d em en 
tia th a t is lu m p e d  u n d e r  the um bre lla  te rm  HIV-associated 
neurocognitive disorder (HAND) con tinues to  be a source of

m orb id ity . This synd rom e is believed  to  stem  from  HIV 
infection  of m icroglial cells in  the b ra in  an d  ac tiva tion  of 
in n a te  im m u n e  responses. N eu ro n a l in jury  likely stem s 
from  a com bination  of cy tok ine-induced  in flam m ation  an d  
toxic effects of H IV -derived  p ro te ins.

A septic  m en ing itis  occurs w ith in  1 to 2 w eeks of onse t 
o f p rim ary  HIV  infection  in  ab o u t 10% of patien ts; an ti
bod ies to  H IV  can  be d em o n stra ted , a n d  the  v iru s  can  be 
iso la ted  from  the  CSF. The few  n eu ropa tho log ic  s tud ies  of 
the  early  a n d  acu te  phases of sym ptom atic  o r a sy m p to m 
atic  H IV  invasion  of the n e rv o u s  system  have  sh o w n  m ild  
lym phocy tic  m eningitis, p erivascu lar in flam m ation , an d  
som e m yelin  loss in  the hem ispheres.

W hen  effective anti-H IV  th e rap y  is b eg u n  in  the se tting  
of estab lished  infection, there  is a risk  for neuro log ic  
inv o lv em en t associa ted  w ith  the immune reconstitution 
inflammatory syndrome (IRIS). N euro log ic  m an ifesta tions 
inc lude  rap id ly  d eve lop ing  cognitive im p a irm en t and  
cerebral edem a. The p a thogenesis of IRIS is unc lear b u t it 
is th o u g h t to  be d u e  to  the ac tiva tion  of a p rev iously  su p 
p ressed  in flam m atory  response  b ro u g h t a b o u t by  effective 
trea tm en t of HIV  infection. IRIS is o ften  associated  w ith  the 
p resence of a m ycobacterial, fungal o r v ira l o p p o rtu n is tic  
CNS infection, a lth o u g h  it can  also  occur in  the absence of 
an y  o th e r inciting  d isease.

M O R P H O L O G Y

HIV encephalitis is a chronic inflammatory process with widely 

distributed m icrog lia l nodules, sometimes with associated 

foci of tissue necrosis and reactive gliosis (see Fig. 2 3 .I8 D ). The 

microglial nodules also are found in the vicinity of small blood 

vessels, which show abnormally prominent endothelial cells 

and perivascular foamy or pigment-laden macrophages. These 

changes are especially prominent in the subcortical white matter, 

diencephalon, and brain stem. An important component of the 

microglial nodule are macrophage-derived m u ltin u c le a te  cells. 

In some cases, there also is a disorder of white matter char

acterized by multifocal or diffuse areas of myelin pallor, axonal 

swellings, and gliosis. H IV  is present in C D 4+  mononuclear and 

multinucleate macrophages and microglia.

Unlike HIV encephalitis, the brain lesions of IRIS may be asso

ciated with a C D 8+ T  cell infiltrate, both around blood vessels 

and diffusely in the parenchyma, in the absence of significant HIV  

burden or multinucleated cells.

Polyom avirus and Progressive M ultifocal 

Leukoen cep ha lo pathy

P rogressive  m ultifocal leu koencepha lopa thy  (PML) is 
caused  by  JC v irus, a po lyom av iru s, w h ich  preferen tia lly  
infects o ligodendrocy tes, re su ltin g  in  d em yelina tion  as 
these cells a re  in ju red  a n d  th en  die. M ost peop le  show  sero
logic ev idence of exposu re  to  JC v iru s  d u rin g  ch ildhood , 
an d  it is believed  th a t PM L resu lts  from  v iru s  reactivation , 
as the  d isease is restric ted  to  im m u n o su p p ressed  in d iv id 
uals. P a tien ts  develop  focal an d  relen tlessly  p rog ressive  
neuro log ic  signs a n d  sym ptom s, a n d  im ag ing  s tud ies  show  
extensive, o ften  m ultifocal lesions in  the hem ispheric  o r 
cerebellar w h ite  m atter.
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Fig. 23.19 Progressive multifocal leukoencephalopathy. (A) Section stained 
for myelin showing irregular, poorly defined areas of demyelination, which 
become confluent in places. (B) Enlarged oligodendrocyte nuclei stained for 
viral antigens surround an area of early myelin loss.

M O R P H O L O G Y

The lesions are patchy, irregular, ill-defined areas of white matter 

destruction that enlarge as the disease progresses (Fig. 23.19). 

Each lesion is an area of demyelination, in the center of which 

are scattered lipid-laden macrophages and a reduced number of 

axons. A t the edges of the lesion are greatly enlarged oligoden

drocyte nuclei whose chromatin is replaced by glassy-appearing 

amphophilic viral inclusions. The virus also infects astrocytes, 

leading to  bizarre giant forms with irregular, hyperchromatic, 

sometimes multiple nuclei that can be mistaken for a tumor.

Fungal Encephalitis

F ungal infections u sua lly  p ro d u ce  p aren ch y m al g ranu lo 
m as or abscesses, o ften  associa ted  w ith  m eningitis. The 
m o st com m on fungal infections have  the fo llow ing  distinc
tive pa tte rns:
• Candida albicans u sua lly  p ro d u ces  m u ltip le  m icroab 

scesses, w ith  o r w ith o u t g ran u lo m a form ation .
• Mucormycosis, caused  by  several fung i belong ing  to  the 

o rd e r  Mucorales, typically  p resen ts  as a n  infection  of the 
n asa l cavity  o r sinuses in  a d iabetic  p a tien t w ith  ketoaci
dosis. It m ay  sp read  to  the  b ra in  th ro u g h  vascu lar inva
sion  o r by  d irect ex tension  th ro u g h  the  c rib rifo rm  p late. 
The procliv ity  of M ucor to  invade  the b ra in  d irectly

sets it a p a r t from  o th e r fungi, w h ich  reach  the b ra in  by 
hem ato g en o u s d issem ination  from  d is tan t sites.

• Aspergillus fumigatus ten d s to  cause a  d istinctive  p a tte rn  
of w id e sp re a d  sep tic  hem orrhag ic  in farctions because of 
its m ark ed  p red ilec tion  for b lood  vessel w all invasion  
w ith  su b seq u en t throm bosis.

O th e r M eningoencephalitides

W hile a w id e  range  of o th e r o rgan ism s can  infect the 
nervous sy stem  a n d  its covering, on ly  th ree  relatively  
com m on en tities are  considered  here.

C e re b ra l Toxoplasm osis

C erebral infection  w ith  the p ro to zo an  Toxoplasma gondii can 
occur in  im m u n o su p p ressed  ad u lts  o r in  new borns w h o  
acquire  the o rg an ism  transp lacen ta lly  from  a m o th e r w ith  
a n  active infection. The consequences inc lude  the  triad  of 
chorioretinitis, hydrocephalus, and intracranial calcifications. In 
adu lts , the clinical sym ptom s are  subacu te , evo lv ing  over 
w eeks, an d  m ay  be b o th  focal an d  diffuse. D ue  to  inflam 
m atio n  a n d  b reak d o w n  of the b lood -b ra in  b a rrie r a t sites 
of infection, im ag ing  s tud ies  o ften  show  ed em a associated  
w ith  ring -enhancing  lesions.

M O R P H O L O G Y

W hen the infection is acquired in immunosuppressed adults, the 

brain shows abscesses, frequently multiple, most often involving 

the cerebral cortex (near the gray-white junction) and deep 

gray nuclei. Acute lesions consist of central foci of necrosis sur

rounded by acute and chronic inflammation, macrophage infil

tration, and vascular proliferation. Both free tachyzoites and 

encysted bradyzoites may be found at the periphery of the 

necrotic foci (Fig. 23.20).

C ysticercosis

C ysticercosis is the consequence of an  end -stage  infection  
by  the tap ew o rm  Tenia solium. If ing ested  la rva l o rgan 
ism s leave the  lu m en  of the  gastro in testina l tract, w here  
they  w o u ld  o therw ise  develop  in to  m a tu re  tapew orm s, 
they  encyst. C ysts can  be fo u n d  th ro u g h o u t the  bo d y  an d  
are  com m on  w ith in  the  b ra in  a n d  su barachno id  space. 
C ysticercosis typically  m an ifests as a m ass lesion  a n d  can 
cause seizures. S ym ptom s can  in tensify  w h e n  the encysted  
o rg an ism  dies, as occurs after therapy .

The o rgan ism  is fo u n d  w ith in  a cyst w ith  a  sm ooth  
lin ing. The bo d y  w all a n d  hooklets from  m o u th  p a rts  are 
m o st com m only  recognized . D eath  of the encysted  o rgan 
ism  m ay  p ro d u ce  a n  in tense  in flam m atory  reaction  in  
the  su rro u n d in g  brain , o ften  in c lu d in g  eosinophils, an d  
m ark ed  gliosis.

A m ebiasis

Amebic meningoencephalitis m anifests w ith  d ifferen t clini
cal syndrom es, d e p e n d in g  on  the  responsib le  p a thogen . 
Naegleria fowleri, associated  w ith  sw im m ing  in  s tag n an t 
w a rm  fresh  w a te r  p o nds, causes a rap id ly  fa ta l necro tiz ing  
encephalitis. By contrast, v a rio u s species o f Acanthamoeba 
cause a chronic g ran u lo m ato u s m en ingoencephalitis.
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Fig. 23.20 Toxoplasma infection. (A) Abscesses are present in the putamen and thalamus. (B) Free tachyzoites are demonstrated by immunohistochemical 
staining. In s e t, Bradyzoites are present as a pseudocyst, again highlighted by immunohistochemical staining.

Prion Diseases Wild type

P r io n  diseases are  a  g ro u p  o f  in fe c tio u s  d iseases in  w h ic h  

th e  cau sa tive  a g e n t is  a n  a b n o rm a l fo r m  o f  a  c e llu la r  

p ro te in . These inc lude  sporad ic , fam ilial, ia trogenic, an d  
v a ria n t fo rm s of C reu tzfe ld t-Jakob  d isease (CJD), as w ell as 
an im al d iseases such  as scrapie in  sheep a n d  bovine spon 
g iform  encepha lopa thy  in  cattle ("m ad  cow  disease"). The 
causative  p ro te in , te rm ed  prion protein (PrP), m ay  u n d e rg o  
a confo rm ational change from  its n o rm al shape  (PrPc) to 
an  abno rm al con fo rm ation  called  PrPsc (sc for scrapie). P rP  
n o rm ally  is rich  in  a-helices, b u t P rP sc has a h ig h  con ten t 
o f ß-sheets, a characteristic  th a t m akes it re s is tan t to  p ro te 
o lysis (hence a n  a lte rna tive  te rm  for the  p a thogen ic  form , 
P rP es_ i.e . ,  p ro tease-resistan t). M ore im p o rtan t, w h e n  P rP sc 
physically  in te rac ts  w ith  P rP  m olecules, it induces th em  to 
a d o p t the P rP sc confo rm ation  (Fig. 23.21), a p ro p e rty  th a t 
accounts for the " in fectious" n a tu re  of P rP sc. O ver tim e, 
th is self-am plify ing  p rocess leads to  the accum ula tion  of 
a h ig h  b u rd e n  of pathogen ic  P rP sc m olecu les in  the brain . 
C erta in  m u ta tio n s  in  the gene encod ing  P rP c (PRNP) accel
e ra te  the ra te  of sp o n tan eo u s confo rm ational change; these 
v a rian ts  a re  associa ted  w ith  early -onse t fam ilial fo rm s of 
p rio n  d isease (fam ilial C reu tzfe ld t-Jakob  d isease [fCJD]). 
P rP c also  m ay  change its confo rm ation  spon tan eo u sly  (bu t 
a t a n  ex trem ely  low  rate), accoun ting  for sporad ic  cases of 
p rio n  d isease (sporad ic  C reu tzfe ld t-Jakob  d isease [sCJD]). 
A ccum ulation  of P rP sc in  n e u ra l tissue seem s to  be the 
cause of cell in jury , b u t the m echan ism s u n d e rly in g  the 
cy topath ic  changes a n d  ev en tua l n eu ro n a l d e a th  are still 
u n know n .

Creutzfeldt-Jakob D isease (CJD)

CJD is a rap id ly  p rog ressive  d em en tin g  illness, w ith  
a  typ ical d u ra tio n  from  first onse t of sub tle  changes in  
m em o ry  a n d  behav io r to  d ea th  in  on ly  7 m onths. It is spo 
rad ic  in  app rox im ate ly  85% of cases an d  has a  w o rld w id e  
an n u a l incidence of ab o u t 1 p e r  m illion. W hile com m only

INITIATION

PROPAGATION

AGGREGATION

Prpc Inoculation 
or ingestion

1
NEURONAL TOXICITY

Fig. 23.21 Pathogenesis of prion disease. a-Helical PrPc may spontaneously 
shift to the p-sheet PrPsc conformation, an event that occurs at a much higher 
rate in familial disease associated with germ line PrP mutations. PrPsc may 
also be from exogenous sources, such as contaminated food, medical instru
mentation, or medicines. Once present, PrPsc converts additional molecules 
of PrPc into PrPsc through physical interaction, eventually leading to the 
formation of pathogenic PrPsc aggregates.
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affecting  in d iv id u a ls  o lder th an  70 years o f age, fam il
ia l fo rm s caused  by m u ta tio n s in  PRNP m ay  p resen t in  
y o u n g e r in d iv iduals . In  keep in g  w ith  the  in fectious n a tu re  
of P rP sc, there  a re w ell-estab lished  cases o f ia trogenic  trans
m ission  by  con tam ina ted  deep  im p lan ta tio n  e lectrodes a n d  
h u m a n  g ro w th  ho rm o n e  p repara tions.

M O R P H O L O G Y

The progression to death in CJD usually is so rapid that there 

is little, if any, macroscopic evidence of brain atrophy. On micro

scopic examination, the pathognomonic finding is a spong iform  

tra n s fo rm a tio n  o f th e  ce re b ra l c o rte x  and deep  gray  

m a tte r  s truc tu res  (caudate, putamen); this multifocal process 

results in the uneven formation of small, apparently empty, micro

scopic vacuoles of varying sizes within the neuropil (the eosino

philic regions in grey matter that contain dendrites, axons, and 

synapses) and sometimes in the perikaryon of neurons (Fig. 

23.22A). In advanced cases, there is severe neuronal loss, reactive 

gliosis, and sometimes expansion of the vacuolated areas into 

cystlike spaces (“status spongiosus”). N o inflammatory infiltrate 

is present. Immunohistochemical staining demonstrates the pres

ence of proteinase K-resistant PrPsc in tissue, while western 

blotting of tissue extracts after partial protease digestion allows 

detection of diagnostic PrPsc.

870 C H A P T E R  23 Central Nervous System

V arian t Creutzfeldt-Jakob Disease

S tarting  in  1995, cases of a CJD-like illness ap p e a re d  in  
the  U n ited  K ingdom . The n eu ropa tho log ic  find ings an d  
m o lecu lar fea tu res of these new  cases w ere  sim ilar to  those 
of CJD, suggesting  a close re la tionsh ip  be tw een  the tw o 
illnesses, y e t th is new  d iso rd e r d iffered  from  typical CJD 
in  several im p o rta n t respects: the d isease affected  y o u n g  
adu lts ; behav io ral d iso rd ers  f igu red  p ro m in en tly  in  early  
d isease stages; a n d  the neuro log ic  sy n d ro m e p rog ressed  
so m ew h at m ore  slow ly th a n  typ ical CJD. M ultip le  lines 
o f ev idence ind icate  th a t th is new  disease, te rm ed  variant 
Creutzfeldt-Jakob disease (vCJD) is a  consequence of expo
su re  to  the  p rio n  d isease of cattle, called  bovine spongi
form encephalopathy. Also, there  is n o w  d o cu m en ta tio n  of

transm ission  by  b lood  transfusion . This v a rian t fo rm  has a 
sim ilar patho log ic  a p p earan ce  to  th a t in  o th e r types o f CJD, 
w ith  spong ifo rm  change an d  absence of in flam m ation . 
In  vCJD, how ever, there  a re  a b u n d a n t cortical am ylo id  
p laques, su rro u n d e d  by the spong ifo rm  change (see 
Fig. 23.22B).

Ä S U M M A R Y

IN F E C T IO N S  O F  T H E  N E R V O U S  SYSTEM

• Pathogens from viruses through parasites can infect the brain; 

in addition, prion disease is a protein-induced transmissible 

disease that is unique to  the nervous system.

• Different pathogens use distinct routes to reach the brain, and 

they cause different patterns of disease.

• Bacterial infections may cause meningitis, cerebral abscesses, 

or a chronic meningoencephalitis.

• Viral infections can cause meningitis or meningoencephalitis.

• H IV can directly cause meningoencephalitis, or indirectly affect 

the brain by increasing the risk for opportunistic infections 

(toxoplasmosis, CMV) or CNS lymphoma.

• Prion diseases are transmitted by an altered form of a 

normal cellular protein. They can be sporadic, transmitted, or 

inherited.

DISEASES OF MYELIN

W ith in  the CNS, axons are  tigh tly  en sh ea th ed  by  m yelin , 
a n  electrical in su la to r th a t a llow s ra p id  p ro p ag a tio n  of 
n e u ra l im pu lses. M yelin  consists of m u ltip le  layers of 
h igh ly  specialized , closely a p p o sed  p lasm a m em branes 
th a t are assem bled  by  o ligodendrocy tes. A lth o u g h  m yelin 
a ted  axons a re  p re sen t in  all a reas  of the brain , they  a re  the 
d o m in a n t co m p o n en t in  the w h ite  m atter; therefore, m ost 
d iseases of m yelin  a re  p rim arily  w h ite  m a tte r d iso rders. 
The m yelin  in  p e rip h e ra l nerves is sim ilar to  the m yelin  
in  the  CNS, b u t w ith  several im p o rta n t differences: (1) 
p e rip h e ra l m yelin  is m ad e  by S chw ann  cells, n o t oligo
dendrocy tes; (2) each S chw ann  cell in  a  p e rip h e ra l nerve

Fig. 23.22 Prion disease. (A) Histologic features of Creutzfeldt-Jakob disease (CJD) include spongiform change in the cerebral cortex. In s e t, High magnifica
tion of a neuron with vacuoles. (B) Variant CJD (vCJD) is characterized by amyloid plaques ( in s e t )  that sit in the regions of greatest spongiform change.
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p ro v id es  m yelin  for on ly  one in te rnode , w h ile  in  the CNS, 
m an y  in te rn o d es a re  crea ted  by p rocesses com ing  from  a 
single o ligodendrocyte; an d  (3) the specia lized  p ro te in s  
a n d  lip id s are  also  d ifferent. M ost d iseases of CNS m yelin  
d o  n o t involve the p e rip h e ra l nerves to  any  significant 
extent, a n d  vice versa.

In  general, CNS d iseases invo lv ing  m yelin  a re  separa ted  
in to  tw o  b ro ad  g roups.
• D em yelina ting  d iseases of the  CNS are acqu ired  con

d itions charac terized  by p referen tia l dam age to  p rev i
ously  n o rm al m yelin . The m ost com m on d iseases in  
th is  g ro u p  re su lt from  im m u n e-m ed ia ted  in jury , such  
as m u ltip le  sclerosis (MS) a n d  re la ted  d iso rders. O ther 
p rocesses th a t can  cause th is type  of d isease inc lude  
v ira l in fection  of o ligodendrocy tes, as in  p rog ressive  
m ultifocal leu k oencephalopathy  (see earlier), a n d  in jury  
caused  by d ru g s  an d  o th e r toxic agents.

• By contrast, in  o th e r d iseases, m yelin  is n o t fo rm ed  
p ro p e rly  o r has  ab n o rm al tu rn o v e r kinetics. A s w o u ld  
be expected , m ost o f these are caused  by m u ta tio n s 
th a t d is ru p t the function  of p ro te in s  req u ired  for the 
fo rm ation  of n o rm al m yelin  sheaths. These d iseases 
are  g ro u p ed  u n d e r  leu k o d y stro p h y  o r dysm yelina ting  
diseases.

Multiple Sclerosis (MS)

M S  is a n  a u to im m u n e  d e m y e lin a tin g  d is o rd e r character

iz e d  b y  ep isodes  o f  d isease a c tiv ity , sep a ra te d  in  t im e ,  

th a t  p ro d u c e  w h ite  m a tte r  le s io n s  th a t  are s ep ara ted  in  

space. It is the  m ost com m on  d em yelina ting  d iso rder, 
h av in g  a p revalence of app rox im ate ly  1  p e r  1 0 0 0  in d iv id 
u a ls  in  the U n ited  S tates an d  E urope, a n d  its incidence 
ap p ea rs  to  be increasing. The d isease m ay  p re se n t a t any 
age, b u t o n se t in  ch ildhood  o r after 50 y ears  o f age is rare. 
W om en  are  affected tw ice as o ften  as m en.

Pathogenesis

T h e  les io n s  o f  M S  are caused  b y  a n  a u to im m u n e  

response  d ire c te d  a g a in s t c o m p o n e n ts  o f  th e  m y e lin  

sheath . As in  o ther au to im m u n e  d iseases (C hap ter 5), the 
d ev e lo p m en t o f MS is re la ted  to  genetic  suscep tib ility  an d  
largely  u n d efin ed  en v iro n m en ta l triggers. The incidence 
of MS is 15-fold h igher w h e n  the d isease is p re se n t in  a 
first-degree  relative a n d  ro u g h ly  150-fold h igher w ith  an  
affected m onozygo tic  tw in . O n ly  a p o rtio n  of the genetic 
basis o f the  d isease has been  explained , a n d  m an y  of the 
iden tified  loci a re  associa ted  w ith  o ther au to im m u n e  dis
eases. T here is a  stro n g  effect of the m ajor h istocom pat
ib ility  com plex; each copy  of the  HLA-DRB1*1501 allele an  
in d iv id u a l in h erits  b rings w ith  it a ro u g h ly  3-fold increase 
in  the risk  for MS. O ther genetic  loci th a t are associ
a ted  w ith  MS inc lude  the IL-2 a n d  IL-7 recep to r genes 
an d  o th e r genes encod ing  p ro te in s  invo lved  in  im m u n e  
responses.

Im m u n e  m echan ism s th a t u n d e rlie  the d estru c tio n  of 
m yelin  are  the focus of m u ch  investigation . The availab le 
ev idence ind icates th a t the  d isease is in itia ted  by  TH1 an d  
TH17 T  cells th a t react ag a in st m yelin  an tig en s a n d  secrete 
cytokines. E xperim en tal au to im m u n e  encephalom yeli
tis, a n  an im al m odel of MS in  w h ich  d em yelina tion  and  
in flam m ation  occur after im m u n iza tio n  of an im als w ith

m yelin  p ro te in s, can  be passively  tran sfe rred  to  u n im 
m u n ized  an im als w ith  TH1 an d  TH17 cells th a t recognize 
m yelin  an tigens. TH1 cells secrete IFN-y, w h ich  activates 
m acrophages, a n d  TH17 cells p ro m o te  the rec ru itm en t 
of leukocytes. The d em yelina tion  is caused  by activated  
leukocytes a n d  their in ju rious p ro d u c ts . The in filtrate  in  
p laq u es  a n d  su rro u n d in g  reg ions of the b ra in  consists o f T 
cells (m ainly  CD4+, som e C D 8 +) a n d  m acrophages. B lym 
phocy tes a n d  an tibod ies  also  p lay  a n  im p o rtan t, b u t poo rly  
defined, role in  the d isease, as in d ica ted  by the su rp ris in g  
success of B cell d ep le tin g  therap ies.

M O R P H O L O G Y

MS is primarily a multifocal white matter disease. Grossly, the 

characteristic lesions, termed plaques, are discrete, slightly 

depressed, glassy-appearing, and gray-tan in color (Fig. 23.23A). 

Plaques are common near the ventricles and also frequently 

occur in the optic nerves and chiasm, brain stem, ascending and 

descending fiber tracts, cerebellum, and spinal cord. The lesions 

have sharply defined borders at the microscopic level (see Fig 

23.23B). A c tiv e  p laques contain abundant macrophages stuffed 

with myelin debris, evidence of ongoing myelin breakdown. Lym

phocytes also are present, mostly as perivascular cuffs. Small 

active lesions often are centered on small veins. Axons are rela

tively preserved but may be reduced in number. W hen plaques 

become quiescent (in a c tiv e  p laques), the inflammation mostly 

disappears, leaving behind little to no myelin, astrocytic prolifera

tion, and gliosis.

C lin ica l Features

The course of M S is variable, b u t com m only  there  are m u l
tip le  relapses fo llow ed  by  ep isodes of remission; typically , 
recovery  d u r in g  rem issions is n o t com plete. A s a conse
quence, over tim e there  is u sua lly  a  g radual, o ften  step 
w ise, accum ula tion  of neuro log ic  deficits. Im ag ing  s tud ies  
have  d em o n stra ted  th a t there  a re  o ften  m ore  lesions in  
the  b ra in s of p a tien ts  w ith  MS th an  m ig h t be expected  
from  the clinical exam ination , a n d  th a t lesions can  com e 
an d  go m u ch  m ore  often  th an  w as p rev iously  suspected . 
C hanges in  cognitive function  can  be p resen t, b u t are  
o ften  m u ch  m ild er th an  the o ther deficits. In  any  in d iv id 
ua l patien t, it is d ifficult to  p red ic t w h e n  the nex t re lapse  
w ill occur; m ost c u rren t trea tm en ts, w h ich  are in ten d ed  
to contro l the im m u n e  response, a im  a t decreasing  the 
ra te  a n d  severity  o f re lapses ra th e r  th an  recovering  lost 
function .

The CSF in  p a tien ts  w ith  MS show s a m ild ly  e levated  
p ro te in  level w ith  a n  increased  p ro p o rtio n  of im m unog lob 
ulin; in  o n e-th ird  of cases, there  is m o d era te  pleocytosis. 
W hen  the im m u n o g lo b u lin  is exam ined  fu rther, oligoclonal 
bands u sua lly  are iden tified . These an tibod ies  are  d irected  
aga in st a varie ty  of an tigen ic  ta rge ts an d  can  be u sed  as 
m ark ers  o f d isease activity . The co n tribu tion  of these an ti
bod ies to  the  d isease  p rocess is unclear.

Other Acquired Demyelinating Diseases

Im m u n e -m e d ia te d  d e m y e lin a tio n  can  occur a fte r  a  

n u m b e r  o f  sys tem ic  in fe c tio u s  illn e s s e s , in c lu d in g
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B

Fig. 23.23 Multiple sclerosis (MS). (A) Section of fresh brain showing a 
plaque around occipital horn of the lateral ventricle. (B) Unstained regions 
of demyelination (MS plaques) around the fourth ventricle. Luxol fast blue- 
periodic acid-Schiff stain for myelin.

re la t iv e ly  m i ld  v ir a l  d iseases. These are  n o t th o u g h t to 
be re la ted  to  d irec t sp read  of the  in fectious agen ts to the 
n e rv o u s  system . R ather, it is believed  th a t im m u n e  cells 
re sp o n d in g  to  pathogen -assoc ia ted  an tigens cross-react 
aga in st m yelin  an tigens, re su ltin g  in  m yelin  dam age.

T here are tw o  general p a tte rn s  of postin fectious au to 
im m u n e  reactions to m yelin; un like  MS, they  b o th  are  
associa ted  w ith  acu te-onse t m onophasic  illnesses. In  acute 
disseminated encephalomyelitis, sym ptom s typically  develop  
1  o r 2  w eeks after a n  an teced en t infection  a n d  a re  nonlocal
iz ing  (headache, le thargy , an d  com a), in  co n trast w ith  the 
focal find ings of MS. S ym ptom s p rog ress  rap id ly , a n d  the 
illness is fatal in  as m an y  as 2 0 % of cases; in  the  rem ain ing

patien ts, there  is com plete recovery . Acute necrotizing hem
orrhagic encephalomyelitis is a m ore  d ev asta tin g  re la ted  d is
o rd er, w h ich  typ ically  affects y o u n g  a d u lts  a n d  ch ild ren .

O th e r acq u ired  d iseases of m yelin  include neuromy
elitis optica (NMO), a n  an tib o d y -m ed ia ted  dem yelina ting  
d isease cen tered  o n  the optic  nerves an d  sp ina l cord , an d  
central pontine myelinolysis, caused  by  n o n im m u n e  dam age 
to o ligodend rocy tes typically  after su d d e n  correction  
of h ypona trem ia , th a t m ay  resu lt in  a rap id ly  evolv ing  
quad rip leg ia .

A s d iscussed  earlier, progressive multifocal leukoencepha- 
lopathy (PML) is a d em yelina ting  d isease th a t occurs after 
reac tiva tion  o f the JC v iru s  in  im m u n o su p p ressed  patien ts.

Leukodystrophies

L e u k o d y s tro p h ie s  are in h e r ite d  d y s m y e lin a tin g  d iseases  

caused  b y  a b n o rm a l m y e lin  syn th es is  or tu r n o v e r . They 
are  caused  by m u ta tio n s of genes w hose  p ro d u c ts  are  
invo lved  in  the generation , tu rnover, o r m ain tenance  of 
m yelin . Som e of these m u ta tio n s  affect lysosom al enzym es, 
w h ile  o thers involve perox isom al enzym es; a few  are 
associa ted  w ith  m u ta tio n s  in  m yelin  p ro te ins. M ost are  
o f au to som al recessive inheritance, a lth o u g h  X -linked dis
eases also  occur. There is typ ically  d iffuse inv o lv em en t of 
w h ite  m a tte r lead in g  to  de te rio ra tio n  in  m o to r skills, spas
ticity, hypo ton ia , o r ataxia. Several clinical fea tu res  sepa
ra te  leu k o d y stro p h ies  from  d em yelina ting  d iseases. The 
leu k o d y stro p h ies  typically  p re se n t w ith  a n  in sid ious an d  
p rog ressive  loss o f function , o ften  beg in  a t y o u n g e r ages, 
an d  are associated  w ith  d iffuse a n d  sym m etric  changes on  
im ag ing  stud ies.

M O R P H O L O G Y

Much of the pathologic change of leukodystrophy is found in 

the white matter, which is diffusely abnormal in color (gray 

and translucent) and volume (decreased). Early in their course, 

some diseases may show patchy involvement, while others have 

a predilection for occipital lobe involvement. In the end, though, 

nearly all of the white matter usually is affected. W ith  the loss of 

white matter, the brain becomes atrophic, the ventricles enlarge, 

and secondary changes can be found in the gray matter. Myelin 

loss is associated with infiltration of macrophages, which often 

become stuffed with lipid. Some of these diseases also show spe

cific inclusions created by the accumulation of particular lipids.

Ä S U M M A R Y

P R IM A R Y  DISEASES O F  M Y E L IN

• Because of the critical role of myelin in nerve conduction, dis

eases of myelin can lead to  widespread and severe neurologic 

deficits.

• Multiple sclerosis, an autoimmune demyelinating disease, is 

the most common disorder of myelin, affecting young adults. 

It often pursues a relapsing-remitting course, with eventual 

progressive accumulation of neurologic deficits.

• Other, less common forms of immune-mediated demyelination 

often follow infections and are more acute illnesses.

• Leukodystrophies are genetic disorders in which myelin pro

duction or turnover is abnormal.
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GENETIC METABOLIC DISEASES

S e v e ra l g en e tic  d iseases d is ru p t  m e ta b o lic  processes  

in  n e u ro n s  a n d  g lia , re s u lt in g  in  p ro g res s iv e  d is o rd ers  

th a t  p re s e n t e a r ly  in  l i fe .  These d iseases can  be g ro u p ed  
by  the cells o r co m p artm en t affected  (neu rons vs. w h ite  
m atter), the subcellu lar o rganelle  affected  (e.g., lysosom e, 
peroxisom e, o r m itochondrion), o r the m etabolic  p a th w ay  
affected  (e.g., sph ingo lip idoses, very  lo n g -ch a in  fa tty  acid 
m etabolism ). The m u ta tio n s  u n d e rly in g  these d iseases 
typically  affect syn thetic  or d e g rad a tio n  p a th w a y s  th a t are  
specific to the  n e rv o u s system .
• Neuronal storage diseases are  charac terized  by  the  accu

m u la tio n  of sto rage m ateria l w ith in  neu rons, typically  
lead in g  to  n eu ro n a l dea th . C ortical n eu ro n a l involve
m en t leads to  loss o f cognitive function  a n d  m ay  also 
cause  seizures. M ost com m only , they  are  au to som al 
recessive d iso rd ers  caused  by the deficiency of a spe
cific enzym e in vo lved  in  the  catabolism  of sph ingolip- 
id s (includ ing  the gangliosides), m ucopo lysaccharides, 
o r m ucolip ids; o thers ap p e a r to  be caused  by defects 
in  p ro te in  or lip id  trafficking w ith in  neu rons. Several 
exam ples of these d iseases, such  as Tay-Sachs an d  
N iem ann-P ick  d iseases a n d  m ucopolysaccharidoses, 
a re  d iscussed  in  C h ap te r 7.

• Mitochondrial encephalomyopathies are  d iso rd ers  o f oxi
da tive  pho sp h o ry la tio n , o ften  affecting  m u ltip le  tissues 
in c lu d in g  skeletal m uscle (C hap ter 22). W hen  they 
involve the brain , g ray  m a tte r is m ore  severely  affected 
th an  w hite  m atte r, as w o u ld  be expected  because of the 
g rea te r m etabolic  req u irem en ts  of n eu rons. These d isor
ders m ay  be caused  by  m u ta tio n s in  the  m itochondria l 
o r the  nuclear genom es.

ACQ UIRED METABOLIC A N D  TO XIC  
DISTURBANCES

Toxic a n d  acq u ired  m etabolic  d iseases are relatively  
com m on  causes o f neuro log ic  illnesses. Because o f  its  h ig h  

m e ta b o lic  d e m a n d s , th e  b ra in  is p a r t ic u la r ly  v u ln e ra b le  

to  n u tr it io n a l d iseases a n d  a lte ra tio n s  in  m e ta b o lic  state.

Som e of these d iso rd ers  have  u n ev en  pa tho log ic  lesions 
a n d  d istinct clinical p resen ta tio n s because of u n iq u e  fea
tu res  o r req u irem en ts  of d ifferen t anatom ic reg ions of the 
brain . A  few  of the m ore com m on  types of in ju ry  are d is
cussed  here.

Nutritional Diseases

Th iam ine  D eficiency

In  a d d itio n  to  the  system ic effects o f th iam ine  deficiency 
(beriberi), it a lso  m ay  be associa ted  w ith  the  a b ru p t onse t 
o f confusion, abnorm alities in  eye m ovem en t a n d  ataxia, 
sy n d ro m e te rm ed  Wernicke encephalopathy. T reatm en t w ith  
th iam ine reverses these deficits, b u t if trea tm en t is delayed  
the re su lt is a  largely  irreversib le  p ro fo u n d  m em ory  d is tu r
bance called Korsakoff syndrome. Because the  tw o  synd rom es 
are  closely linked , the te rm  Wernicke-Korsakoff syndrome is 
o ften  u sed . The synd rom e is p a rticu la rly  com m on  in  the

se tting  of chronic alcoholism  b u t also  m ay  be encoun 
te red  in  pa tien ts  w ith  th iam ine deficiency resu ltin g  from  
gastric  d iso rders, gastric bypass su rgery , o r p e rsis ten t 
vom iting .

M O R P H O L O G Y

Wernicke encephalopathy is characterized by foci of hemorrhage 

and necrosis, particularly in the mammillary bodies but also adja

cent to the ventricles, especially the third and fourth ventricles. 

Early lesions show dilated capillaries with prominent endothelial 

cells and progress to hemorrhage. As the lesions resolve, a 

cystic space appears along with hemosiderin-laden macrophages. 

Lesions in the medial dorsal nucleus of the thalamus seem to best 

correlate with the memory disturbance in Korsakoff syndrome.

Vitam in  B 12 D eficiency

In  ad d itio n  to  causing  anem ia, deficiency of v itam in  B1 2  

m ay  lead  to  neuro log ic  deficits associa ted  w ith  changes 
in  the sp ina l cord , resu ltin g  in  a synd rom e called  subacute 
combined degeneration of the spinal cord. A s the nam e im plies, 
b o th  ascend ing  an d  d escend ing  tracts o f the sp ina l cord  
are  affected. S ym ptom s develop  over w eeks. Early clinical 
signs o ften  inc lude  m ild  a taxia an d  low er-ex trem ity  n u m b 
ness an d  tingling , w h ich  can  p rog ress  to  spastic  w eakness 
of the  low er extrem ities; som etim es, com plete parap leg ia  
ensues. P ro m p t v itam in  rep lacem en t th e rap y  p ro d u ces 
clinical im provem ent; how ever, if p a rap leg ia  has devel
o ped , recovery  is poor.

Metabolic Disorders

Several system ic m etabolic  deran g em en ts  m ay  p ro d u ce  
CNS dysfunction ; on ly  those associated  w ith  abno rm al 
glucose levels a n d  liver d ysfunction  are considered  here.

H ypoglycem ia

Since the b ra in  req u ires  glucose as a substra te  for energy  
p roduc tion , the cellu lar effects of d im in ished  glucose 
generally  resem ble  those  of global hypoxia. H ip p o cam 
pal n eu ro n s  are p articu larly  suscep tib le  to  hypoglycem ic 
in jury , w h ile  cerebellar P urk in je  cells a re  re la tively  spared . 
As w ith  anoxia, if the level a n d  d u ra tio n  of hypog lycem ia 
are  sufficiently  severe, there  m ay  be w id esp read  in jury  to 
m any  areas of the brain .

H yperg lycem ia

H yperg lycem ia is m o st com m on  in  the  se tting  of in ad 
equate ly  con tro lled  d iabetes m ellitu s a n d  can  be associated  
w ith  e ither ketoacidosis o r h yperosm ola r com a. P atien ts 
develop  confusion , stu p o r, a n d  even tua lly  com a associated  
w ith  in trace llu la r d eh y d ra tio n  caused  by the  h yperosm o 
lar state. The hyperg lycem ia  m u s t be corrected  g rad u 
ally, because ra p id  co rrection  can  p ro d u ce  severe cerebral 
edem a.

H e p a tic  Encephalopathy

D ecreased  hepatic  function  m ay  be associa ted  w ith  
d ep ressed  levels of consciousness a n d  som etim es com a. 
In  the early  stages, p a tien ts  exhib it a  characteristic  "flap 
p in g "  trem or (asterixis) w h e n  ex tend ing  the  a rm s w ith
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p a lm s facing the observer. E levated  levels o f am m onia , 
w h ich  the liver no rm ally  clears th ro u g h  the u rea  cycle, in  
com bination  w ith  in flam m ation  a n d  h ypona trem ia , cause 
the  changes in  b ra in  function . Because it is on ly  one con
tr ib u tin g  factor, am m on ia  levels in  sym ptom atic  p a tien ts  
v a ry  w idely . W ith in  the  CNS, am m on ia  m etabo lism  occurs 
on ly  in  astrocy tes th ro u g h  the action  of g lu tam ine  syn the
tase, a n d  in  the se tting  of h y p eram m onem ia , astrocy tes in  
the  cortex  an d  basal ganglia  develop  sw ollen, pa le  nuclei 
(referred  to  as A lzheim er type II cells).

Toxic Disorders

The list o f toxins w ith  effects o n  the b ra in  is ex trem ely  
long. A m ong  the  m ajor categories o f neuro tox ic  substances 
a re  metals, in c lu d in g  lead , arsenic, a n d  m ercury ; industrial 
chemicals, in c lu d in g  o rg an o p h o sp h a te s  (in pesticides) an d  
m eth an o l (causing  b lindness  from  re tina l dam age); an d  
environmental pollutants such  as carbon  m onox ide  (com bin
in g  hypox ia  w ith  selective in jury  to  the  g lobus pallidus).

Ethanol has a varie ty  of effects on  the brain . W hile acu te 
in tox ication  is reversib le , excessive in take can  re su lt in  
p ro fo u n d  m etabolic  d istu rbances, in c lu d in g  b ra in  sw ell
in g  a n d  dea th . C hronic  alcohol exposu re  leads to  cerebel
la r d ysfunction  in  ab o u t 1 % of cases, w ith  trunca l ataxia, 
u n s te a d y  gait, a n d  n ystagm us, associa ted  w ith  a tro p h y  in  
the  an te rio r verm is of the cerebellum .

Ionizing radiation, com m only  u se d  to  trea t in tracran ia l 
tum ors, can  cause rap id ly  evo lv ing  signs a n d  sym ptom s 
in c lu d in g  headache , nausea , vom iting , a n d  p ap illedem a, 
ev en  m o n th s to  y ears  after irrad ia tion . A ffected b ra in  
reg ions show  large areas of coagu lative  necrosis, edem a, 
a n d  b lood  vessels w ith  th ickened  w alls  con ta in ing  in tra 
m u ra l fib rin  like m aterial.

874 C H A P T E R  23 Central Nervous System

NEURODEGENERATIVE DISEASES

N e u ro d e g e n e ra t iv e  d iseases are  c h a ra c te rize d  b y  th e  

p ro g res s iv e  loss o f  n e u ro n s , ty p ic a lly  a ffe c tin g  g ro u p s  

o f  n e u ro n s  w i th  fu n c tio n a l in te rc o n n e c tio n s . D ifferent 
d iseases ten d  to  invo lve p a rticu la r n eu ra l system s an d  
therefore  have  re la tively  stereo typ ic  p re sen tin g  signs an d  
sy m p to m s (Table 23.3):
• D iseases th a t involve the h ip p o cam p u s a n d  associated  

cortices p re sen t w ith  cognitive changes, o ften  inc lud 
ing  d istu rb an ces of m em ory , behavior, an d  language. 
W ith  tim e these p rog ress  to  dem entia , as occurs w ith  
A lzheim er d isease.

• D iseases th a t affect the basal ganglia  m an ifest as m ove
m en t d iso rders; these  m ay  be hypokinetic , as w ith  Par
k in son  disease, o r hyperk inetic , as w ith  H u n tin g to n  
disease.

• D iseases th a t affect the  cerebellum  or its in p u t and  
o u tp u t c ircu itry  resu lt in  ataxia, as seen  in  the sp inocer
ebellar ataxias.

• W h en  the  m o to r system  bears the b u rd en , w eakness 
a n d  difficulty  w ith  sw allow ing  a n d  resp ira tio n  are often  
seen  first, as w ith  am yo troph ic  la te ra l sclerosis.

A  p a th o lo g ic  process sh ared  b y  m o st n eu ro d e g e n e ra 

t iv e  d iseases is th e  a c c u m u la tio n  o f  p ro te in  aggregates ,

Table 23.3 Features o f the  M ajo r N eurodegenerative Diseases

Disease C lin ica l P a tte rn
P ro te in
Inclusions

Alzheimer disease Dementia Aß (plaques)
(AD) Tau (tangles)

Frontotemporal lobar Behavioral changes, Tau
degeneration language TDP43
(FTLD) disturbance Others (rare)

Parkinson disease Hypokinetic a-synuclein
(PD) movement

disorder
Tau

Huntington disease Hyperkinetic Huntingtin
(HD) movement (polyglutamine

disorder repeat
expansions)

Spinocerebellar Cerebellar ataxia Various proteins
ataxias (polyglutamine

repeat
expansions)

Amyotrophic lateral Weakness with SODI
sclerosis (ALS) upper and lower 

motor neurons 
signs

TDP43

w h ic h  serve as h is to lo g ic  h a llm a rk s  o f  specific  d is o rd ers  

(Table 23.3). A ggregates m ay  arise because of m u ta tio n s 
th a t a lte r the  p ro te in 's  confo rm ation  o r th a t d is ru p t p a th 
w ay s in vo lved  in  p rocessing  o r c learance o f the p ro te ins. In 
o th e r situations, there  m ay  be a sub tle  im balance be tw een  
p ro te in  syn thesis a n d  clearance (d u e  to  genetic, env iron 
m ental, o r stochastic factors) th a t a llow s g rad u a l accu
m u la tio n  of p ro te in s. The aggregates o ften  are  resis tan t 
to d eg rad a tio n  by n o rm al cellu lar p ro teases, accum ulate  
w ith in  cells, elicit a n  in flam m atory  response, a n d  m ay  be 
d irectly  toxic to  neu rons. A s is ev id en t from  Table 23.3, the 
sam e p ro te in s  m ay  be p re sen t as agg regates in  m u ltip le  
diseases. The clinical p h en o ty p e  of the n eu ro d eg en era 
tive d isease is d e te rm in ed  m ore  by the d is tr ib u tio n  of the 
agg regates th a n  by the n a tu re  of the ag g reg a tin g  pro te in .

T w o o th er fea tu res are com m on  to m an y  n eu ro d eg en 
era tive  diseases:
• T here is experim en ta l ev idence th a t m any  of the  p ro te in  

agg regates th a t accum ulate  in  n e u ro n s  affected  in  these 
d iseases ap p e a r to  be capable of sp read in g  to  healthy  
neurons. Thus, aggregates can  seed  the d ev e lo p m en t of 
m ore  aggregates, a n d  the d isease p rocess can  sp read , 
like p rions. H ow ever, there  is no  ev idence for transm is
sion from  affected to  hea lthy  ind iv iduals.

• A ctivation  of the  in n a te  im m u n e  system  is a com m on 
fea tu re  of n eu ro d eg en era tiv e  d iseases. The im portance  
of th is in te rac tion  be tw een  the b ra in  a n d  the im m u n e  
system  has been  fu rth e r s tren g th en ed  by the identifica
tion  of genes th a t confer risk  for d iseases (e.g., TREM2 
for A lzheim er disease) th a t encode com ponen ts  of 
im m u n e  reg u la to ry  p a th w ay s.

Alzheimer Disease

A lz h e im e r  d isease (A D )  is th e  m o s t c o m m o n  cause o f  

d e m e n tia  in  o ld e r  a d u lts , w i th  a n  in c re a s in g  in c id e n c e  as
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a function  o f age. The incidence is ab o u t 3% in  in d iv id u a ls  
65 to  74 years of age, 19% in  those 75 to  84 y ears  o f age, an d  
47% in  those  o ld e r th a n  84 years of age. M ost cases of AD 
are  sporad ic , b u t a t least 5% to 10% are  fam ilial. S poradic 
cases rare ly  p re sen t before 50 y ears  o f age, b u t early  onse t 
is seen w ith  som e heritab le  form s.

The d isease u sua lly  m anifests w ith  the  in sid ious onse t 
o f im p a ired  h ig h er in te llectual function , m em ory  im p a ir
m en t, a n d  a lte red  m ood  a n d  behavior. O ver tim e, d isori
en ta tio n  a n d  aphasia , find ings ind ica tive  of severe cortical 
dysfunction , o ften  develop ; those in  the final phases of 
A D  are  p ro fo u n d ly  d isab led , o ften  m u te  a n d  im m obile. 
D ea th  u sua lly  occurs from  in te rcu rren t p n eu m o n ia  or 
o th e r infections.

Pathogenesis

The fundam ental abnorm ality in  A D  is the accum ulation  
o f tw o proteins (AP and tau) in  specific brain regions, 
in  the form s o f p laq u es and tangles, respectively; these  
changes result in  secondary effects in c lu d in g  neuronal 
dysfunction , neuronal death, and inflam m atory reac
tion s. P laques are deposits  o f agg reg a ted  A p p ep tid es  in  
the neu rop il, w h ile  tang les a re  agg regates o f the  m icro 
tu b u le  b in d in g  p ro te in  tau , w h ich  develop  in tracellu larly  
a n d  th en  pers is t ex tracellu larly  after n eu ro n a l death . Both 
p laq u es a n d  tangles ap p e a r to  con tribu te  to  n eu ra l dys
function . The deta ils of the in te rp lay  be tw een  the  processes 
th a t lead  to the  accum ula tion  o f these ab n o rm al aggregates 
are  a critical aspec t of A D  p a thogenesis  th a t has  y e t to  be 
un raveled .

C linical a n d  experim en ta l ev idence strong ly  suggests 
th a t AP generation  is the critical in itia tin g  event for 
the d evelop m en t o f A D . N otably , m u ta tio n s  o r a ltera 
tions in  copy  n u m b er of the gene encod ing  the p recu rso r 
p ro te in  for A p are  associa ted  w ith  a n  e levated  risk  of AD, 
w h ereas m u ta tio n s  in  the gene for tau  do  n o t give rise  to 
AD b u t ra th e r cause fron to tem pora l lobar degenerations. 
O verexpression  of Ap can  rep licate  the d isease in  an im al 
m odels.

The pa thogenesis  of A D  involves A p a n d  T au  deposits, 
as w ell as o th e r risk  factors a n d  in flam m ato ry  reactions.
• Role of Ap. A p is created  w h e n  the transm em brane  

p ro te in  am y lo id  p recu rso r p ro te in  (APP) is sequen 
tially  cleaved  by the enzym es P -am ylo id -converting  
enzym e (BACE) a n d  y-secretase (Fig. 23.24). A PP also 
can  be cleaved  by  a-secre tase  a n d  y-secretase, liberating  
a d ifferen t p e p tid e  th a t is nonpathogen ic . M u ta tions in  
A PP o r in  co m ponen ts  of y-secretase (encoded  by the 
presenilin-1  or p resen ilin -2  gene) lead  to  fam ilial AD 
by increasing  the  ra te  a t w h ich  Ap, p articu larly  its m ost 
agg rega tion -p rone  form , is generated . The APP gene is 
located  on  ch rom osom e 21, a n d  the risk  for A D  also 
is h ig h er in  those  w ith  a n  ex tra  copy  of the APP gene, 
such  as p a tien ts  w ith  trisom y 21 (D ow n syndrom e) and  
in d iv id u a ls  w ith  sm all in te rstitia l d up lica tions of APP, 
p resu m ab ly  because th is too  leads to  g rea ter A p genera 
tion. O nce genera ted , Ap is h igh ly  p ro n e  to aggrega 
tion; it first fo rm s sm all o ligom ers, a n d  these even tually  
p ro p ag a te  in to  large  aggregates a n d  fibrils. It is these 
agg regates th a t d ep o sit in  the b ra in  a n d  are  visible as 
p laques. T here is ev idence th a t these o ligom ers decrease 
the n u m b er of synapses p re sen t a n d  a lte r the  function

of those th a t rem ain  so th a t the cellu lar p rocesses felt to 
u n d erlie  lea rn in g  a n d  m em ory  are  d isru p ted .

• Role of tau. Because neurofibrillary  tangles con tain  the 
tau  p ro te in , there  has been  m u ch  in terest in  the  role 
o f th is p ro te in  in  AD. T au is a m icro tubule-associated  
p ro te in  p resen t in  axons in  association  w ith  the m icro tu 
b u lar netw ork . W ith  the developm en t of tangles in  AD, 
tau  shifts to  a  som atic-dendritic  d istribu tion , becom es 
hyperp h o sp h o ry la ted , a n d  loses the ability  to  b in d  to 
m icro tubules. The fo rm ation  of tangles is an  im p o rtan t 
com ponen t of AD, b u t the m echan ism  of tang le  in jury  
to neu ro n s rem ains poorly  u n d ersto o d . Tw o p a th w ay s 
have been  suggested; 1 ) aggregates o f tau  p ro te in  elicit 
a stress response, w h ich  persists an d  even tua lly  leads to 
cell death ; a n d  2 ), the m icro tubu le  stabilizing  function  of 
tau  p ro te in  is lost, lead ing  to  n eu ro n a l toxicity a n d  death . 
It has  been  sh o w n  th a t tau  aggregates can  be passed  
across synapses from  one n eu ro n  to the next; th is m ay 
u nderlie  som e of the sp read  of lesions across the brain.

• Other genetic risk factors. The genetic locus on  chrom o
som e 19 th a t encodes ap o lip o p ro te in  E (ApoE) has a 
strong  influence o n  the risk  for d eve lop ing  AD. Three 
alleles have  been  iden tified  (e2, e3, a n d  e4) based  o n  tw o 
am in o  acid  p o lym orph ism s. The dosage of the e4 allele 
increases the risk  for AD. This A poE  isoform  p rom otes  
Ap genera tion  an d  deposition , a lth o u g h  the m echa
n ism s have  n o t been  estab lished . O verall, th is locus has 
been  estim ated  to convey  ab o u t one fo u rth  of the risk  for 
d ev e lo p m en t o f la te-onset AD. G enom e-w ide associa
tion  s tud ies  have  iden tified  m u ltip le  o th e r loci th a t con
tribu te  to  the  risk  for AD, b u t the roles o f the  encoded  
p ro te in s  in  d isease pa thogenesis are n o t estab lished .

• Role of inflammation. Both genetic  a n d  histo logic stud ies 
have  ind ica ted  th a t the  in n a te  im m u n e  system  re sp o n d s  
to  A p a n d  tau . D eposits  of A p elicit a n  in flam m atory  
response  from  m icroglia  a n d  astrocytes. This response  
p robab ly  assists in  the clearance of the  agg regated  
p ep tid e , b u t also  m ay  stim u la te  the secretion  of m ed ia 
to rs th a t cause n eu ro n a l in jury  over tim e.

• Basis for cognitive impairment. D eposits of A p a n d  tangles 
beg in  to  ap p e a r in  the  b ra in  w ell in  ad vance  of cog
n itive  im pairm en t. W hile  there  rem ains d isag reem en t 
reg a rd in g  the best corre la te  o f d em en tia  in  in d iv id u a ls  
w ith  AD, the p resence of a large  b u rd e n  of p laques 
an d  tangles is strong ly  associated  w ith  severe cogni
tive dysfunction . The n u m b er of neuro fib rilla ry  tangles 
correlates be tte r w ith  the degree  of dem en tia  th a n  does 
the n u m b er of neu ritic  p laques. B iochem ical m arkers 
th a t have  been  co rre la ted  w ith  the degree  of d em en tia  
include am ylo id  b u rden .

M O R P H O L O G Y

Brains involved by A D  show a variable degree of cortical atrophy, 

resulting in a widening of the cerebral sulci that is most pro

nounced in the frontal, temporal, and parietal lobes. The atrophy 

produces a compensatory ventricular enlargement (hydrocepha

lus ex vacuo). A t the microscopic level, A D  is diagnosed by 

the presence of n eu ritic  p laques (an extracellular lesion) and 

n eu ro fib rilla ry  tang les (an intracellular lesion) (Fig. 23.25).
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Fig. 23.24 Ap peptide genesis and consequences in Alzheimer disease. Amyloid precursor protein cleavage by a-secretase and y-secretase produces a harm
less soluble peptide, whereas amyloid precursor protein cleavage by p-amyloid-converting enzyme (BACE) and y-secretase releases Ap peptides, which form 
pathogenic aggregates and contribute to the characteristic plaques and tangles of Alzheimer disease.

Fig. 23.25 Alzheimer disease. (A) Plaques ( a r r o w )  contain a central core of amyloid and a surrounding region of dystrophic neurites (Bielschowsky stain). 
(B) Immunohistochemical stain for Ap. Peptide is present in the core of the plaques as well as in the surrounding region. (C) Neurons containing tangles 
stained with an antibody specific for tau.
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N e u r itic  p laques are focal, spherical collections of dilated, 

tortuous, processes derived from dystrophic neurites, often 

around a central amyloid core (see Fig. 23.25A). Neuritic plaques 

range in size from 20 to  200 |t,m in diameter; microglial cells 

and reactive astrocytes are present at their periphery. Plaques 

can be found in the hippocampus and amygdala as well as in the 

neocortex, although there is relative sparing of primary motor 

and sensory cortices until late in the disease course.The amyloid 

core contains AP (see Fig. 23.25B). AP deposits also can be 

found that lack the surrounding neuritic reaction, termed diffuse  

plaques; these are found in the superficial cerebral cortex, the 

basal ganglia, and the cerebellar cortex and may represent an 

early stage of plaque development.

N e u ro fib r illa ry  tang les are bundles of paired helical fila

ments visible as basophilic fibrillary structures in the cytoplasm 

of the neurons that displace or encircle the nucleus; tangles 

can persist after neurons die, becoming a form of extracellular 

pathology. They are commonly found in cortical neurons, espe

cially in the entorhinal cortex, as well as in the pyramidal cells 

of the hippocampus, the amygdala, the basal forebrain, and the 

raphe nuclei. A  major component of paired helical filaments is 

h yp erp ho sph ory la ted  tau  (see Fig. 23.25C).

In individuals harboring autosomal dominant mutations that 

cause AD, deposition of AP and the formation of tangles precede 

the emergence of cognitive impairment by as much as 15 to  20 

years. For this reason, the current diagnostic criteria consider the 

burden and distribution of amyloid deposits, tangles, and neuritic 

plaques— a constellation known as A lz h e im e r  disease n eu ro 

patho log ic  changes. The staging of each of these processes, 

which has a fairly consistent pattern across individuals, is then 

used to assess the likelihood that the observed lesions resulted 

in cognitive impairment.

Frontotemporal Lobar Degeneration

F ro n to te m p o ra l lo b a r d e g e n e ra tio n  (F T L D )  encom passes  

se v era l d is o rd e rs  th a t  p re fe r e n t ia lly  a ffe c t th e  f ro n ta l and,/ 

o r te m p o ra l lo b es . As a resu lt, these d iso rd ers  have  certa in  
sh a red  clinical featu res, such  as p rog ressive  d e terio ra tion  
of language  a n d  changes in  personality . The te rm  degen
eration is ap p lied  to  describe the  n eu ropa tho log ic  changes; 
clinically, these synd rom es com m only  are re ferred  to  as 
frontotemporal dementias. D ep en d in g  o n  the d isease d istri
b u tio n  (frontal o r tem poral), behav io ral changes o r lan 
guage  p rob lem s m ay  dom inate . In  general, behav io ra l an d  
language  p rob lem s p recede  m em ory  d istu rbances, a d is
tinc tion  th a t assists in  the clinical d iscrim ination  be tw een  
FTLD a n d  AD. The onse t o f sym ptom s occurs a t y o u n g e r 
ages for FTLD th a n  for AD.

In  a d d itio n  to  the clinical classification, tw o  patho log ic  
su b g ro u p s  exist th a t are  d is tin g u ish ed  based  o n  the  com 
position  of characteristic  n eu ro n a l inclusions, w h ich  m ay  
con ta in  tau  or TDP43. O ne w ell-recogn ized  sub ty p e  of 
FTLD -tau is Pick disease, w h ich  is associa ted  w ith  sm ooth , 
ro u n d  inclusions k n o w n  as Pick bodies. H o w  tau  aggrega 
tion  m ay  lead  to  n eu ro d eg en era tio n  w as  d iscussed  earlier, 
in  the context of A lzheim er disease. The o th er m ajor fo rm  
of FTLD is charac terized  by aggregates con ta in ing  the 
D N A /R N A -b in d in g  p ro te in  TDP43 (FTLD-TDP43). It is

u n certa in  h o w  th is leads to  neu rodegeneration ; b o th  loss 
of TDP43 activ ity  a n d  a toxic gain-of-function  re la ted  to  the 
p ro te in  agg regates rem ain  possib ilities. TDP43 n eu ro n a l 
inclusions also  a re  fo u n d  in  a  large  p ro p o rtio n  of cases of 
am yo troph ic  la te ra l sclerosis (ALS). This overlap  is m an i
fest clinically, as m an y  in d iv id u a ls  w ith  ALS also  show  
ev idence of FTLD.

M O R P H O L O G Y

The gross appearance is independent of the type of inclusions, 

with atrophy of frontal and temporal lobes of variable extent 

and severity, accompanied by neuronal loss and gliosis (Fig 

23.26A -B ). In FTLD-tau, the characteristic additional lesion is 

the presence of tau-containing neurofibrillary tangles, similar to  

the tangles found in A D  (see Fig. 23.26C). In FTLD-TDP, there is 

loss of nuclear staining for TDP43 associated with the appear

ance of TDP43-positive inclusions (see Fig. 23.26D).

Parkinson Disease

P a rk in s o n  d isease (P D ) is  a  n e u ro d e g e n e ra tiv e  d isease  

m a rk e d  b y  a h y p o k in e tic  m o v e m e n t d is o rd e r th a t  

is  caused b y  loss  o f  d o p a m in e rg ic  n e u ro n s  f r o m  th e  

s u b s ta n tia  n ig ra . Parkinsonism is a  clinical synd rom e 
charac terized  by trem or, rig id ity , b radyk inesia , a n d  insta 
bility. These types of m o to r d is tu rbances m ay  be seen  in  
a range  of d iseases th a t dam age dopam inerg ic  neurons, 
w h ich  pro ject from  the  substan tia  n ig ra  to  the  s tr ia tu m  
an d  are  in vo lved  in  contro l of m o to r activ ity . P ark in son 
ism  can  be in d u ced  by  d ru g s  such  as d o p am in e  an tag 
on ists o r toxins th a t selectively in jure dopam inerg ic  
neurons. A m o n g  the n eu ro d eg en era tiv e  diseases, m ost 
cases of p a rk in so n ism  are  caused  by  PD, w h ich  is asso 
ciated  w ith  characteristic  n eu ro n a l inclusions con ta in ing  
a-synucle in .

Pathogenesis

P D  is associated  w i t h  p ro te in  a c c u m u la tio n  a n d  agg reg a 

t io n , m ito c h o n d r ia l a b n o rm a lit ie s , a n d  n e u ro n a l loss in  

th e  s u b s ta n tia  n ig ra  a n d  e ls e w h e re  in  th e  b ra in . Based on  
the genetics o f PD, it ap p ea rs  th a t ab n o rm al p ro te in  an d  
organelle  clearance d u e  to  defects in  au to p h ag y  a n d  lyso
som al d e g rad a tio n  have  a p a thogen ic  ro le  in  the  d isease. 
O ne clue a n d  d iagnostic  fea tu re  of the d isease is the Lew y 
body , a characteristic  inclusion  con ta in ing  a-synuclein, a 
p ro te in  invo lved  in  synap tic  transm ission . W hile  PD  in  
m ost cases is sporad ic , p o in t m u ta tio n s  an d  d up lica tions 
of the  gene encod ing  a -sy n u c le in  cause au to som al dom i
n a n t PD. Synuclein  aggregates are  c leared  by au to p h ag y  
(C hap ter 2), a n d  several m u ta tio n s  associa ted  w ith  PD  are  
in  genes w hose  p ro d u c ts  (LRRK2, P ark in , o thers) all ap p ea r 
to hav e  ro les in  endosom al trafficking p a th w ay s  im pli
ca ted  in  au to p h ag y . It also  has been  d em o n stra ted  th a t 
he terozygosity  for the G aucher d isease -cau sin g  m u ta tio n  
in  g lucocerebrosidase  is a risk  factor for PD. G lucocerebro- 
sidase  is a  lysosom al enzym e, y e t an o th e r clue suggesting  
th a t abno rm al tu rn o v e r o f cellu lar constituen ts som ehow  
sets the stage for the  d ev e lo p m en t of PD.
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Fig. 23.26 Frontotemporal lobar degeneration (FTLD). (A) Atrophy of the temporal cortex can be seen in comparison to the relative preservation of frontal 
cortex. (B) Severe neuronal loss and gliosis in the region of atrophy. (C) FTLD-tau. Cytoplasmic inclusions containing TDP43 are seen in association with loss 
of normal nuclear immunoreactivity. (D) FTLD-TDP. Some forms of FTLD are associated with neuronal intranuclear inclusions containing TDP43.

M O R P H O L O G Y

A  typical gross finding at autopsy is pallor of the substantia nigra 

(Fig. 23.27A-B) and locus ceruleus. Microscopic features include 

loss of the pigmented, catecholaminergic neurons in these 

regions associated with gliosis. Lew y bodies (see Fig. 23.27C) 

may be found in those neurons that remain. These are single or 

multiple, cytoplasmic, eosinophilic, round to  elongated inclusions. 

On ultrastructural examination, Lewy bodies consist of fine fila

ments, composed of a-synuclein and other proteins, including

neurofilaments and ubiquitin. The other major histologic finding 

is the presence of Lew y n eu rite s , dystrophic neurites that also 

contain aggregated a-synuclein. Immunohistochemical staining 

for a-synuclein highlights more subtle Lewy bodies and Lewy 

neurites in many brain regions outside of the substantia nigra and 

in non-dopaminergic neurons, including regions of the medulla, 

the pons, the amygdala, and the cerebral cortex. Eventually they 

appear in the subcortical areas and the cerebral cortex. W ith  

involvement of the cerebral cortex, there is typically dementia 

present in addition to the movement disorder.

Fig. 23.27 Parkinson disease. (A) Normal substantia nigra. (B) Depigmented substantia nigra in idiopathic Parkinson disease. (C) Lewy body in a neuron from 
the substantia nigra stains pink.
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C lin ica l Features

PD  com m only  m an ifests as a m o v em en t d iso rd e r in  the 
absence of a toxic exposu re  o r o ther k n o w n  u n d e rly in g  eti
ology. The d isease u sua lly  p rog resses over 10 to 15 years, 
even tua lly  p ro d u c in g  severe m o to r slow ing  to  the p o in t 
of n ear im m obility . D ea th  u sua lly  is the  re su lt o f asp ira 
tion  p n eu m o n ia  or trau m a  from  falls caused  by  p o stu ra l 
instability .

M ovem en t sym ptom s of PD  in itially  re sp o n d  to 
L-d ih y d ro x y p h en y la lan in e  (L-DOPA), b u t th is trea tm en t 
does n o t slow  d isease p rogression . O ver tim e, L-D O PA  
becom es less effective a n d  begins to  cause p rob lem atic  
fluc tua tions in  m o to r function . A n o th er trea tm en t for the 
m o to r sym ptom s of PD  is deep  b ra in  s tim ulation , in  w h ich  
e lectrodes a re  im p lan ted  in  the  g lobus p a llid u s  o r su b th a 
lam ic nucleus to  m o d u la te  basal ganglia  circuitry , often  
a llow ing  a significant red u c tio n  in  L-D O PA  dose.

W hile the m o vem en t d iso rd e r associa ted  w ith  loss of 
the n ig rostria ta l dopam inerg ic  p a th w a y  is a n  im p o rtan t 
fea tu re  of PD , it is clear th a t the d isease has m ore exten 
sive clinical a n d  pa tho log ic  m an ifesta tions. Lesions in  the 
b ra in  stem  (in  the do rsa l m o to r n ucleus o f the v ag u s a n d  in  
the re ticu lar fo rm ation), in  ad vance  of n ig ra l invo lvem ent, 
can  give rise  to  behav io ra l sleep d iso rd er o ften  before the 
m o to r p rob lem s. D em entia , typically  w ith  a m ild ly  fluc
tu a tin g  course  a n d  ha llucinations, em erges in  m any  ind i
v id u a ls  w ith  PD  a n d  is a ttrib u tab le  to  invo lvem en t o f the 
cerebral cortex. W hen  d em en tia  arises w ith in  1 y ear of 
the onse t of m o to r sym ptom s, it is re ferred  to  Lewy body 
dementia (LBD).

The m u ta n t p ro te in  is subject to  u b iq u itin a tio n  a n d  p ro 
teolysis, y ie ld ing  fragm en ts th a t can  fo rm  large in tra 
nuclear aggregates. A s in  o th e r degenera tive  diseases, 
sm aller agg regates of the abno rm al p ro te in  fragm en ts are 
su spec ted  to be toxic. These aggregates have  been  show n  
to have  a range  of po ten tia lly  in ju rious actions, inc lud ing  
sequestra tion  of transc rip tion  factors, d is ru p tio n  o f p ro te in  
d e g rad a tio n  pa th w ay s, a n d  p e rtu rb a tio n  of m itochondria l 
function . It is likely th a t som e com bination  of these aber
ra tio n s con tribu tes to  H D  pathogenesis.

M O R P H O L O G Y

On gross examination, the brain is small and shows striking 

atrophy of the caudate nucleus and, sometimes less dramati

cally, the putamen (Fig. 23.28). The globus pallidus may be atro

phied secondarily, and the lateral and third ventricles are dilated. 

Atrophy frequently also is seen in the frontal lobe, less often in 

the parietal lobe, and occasionally in the entire cortex.

Microscopic examination reveals severe loss of neurons 

from affected regions of the striatum along with gliosis. The 

medium-sized, spiny neurons that release the neurotransmit

ters y-aminobutyric acid (GABA), enkephalin, dynorphin, and 

substance P are especially sensitive, disappearing early in the 

disease. There is a strong correlation between the degree of 

degeneration in the striatum and the severity of m otor symp

toms; there is also an association between cortical neuronal loss 

and dementia. In remaining striatal neurons and in the cortex, 

there are intranuclear inclusions that contain aggregates of ubiq- 

uitinated huntingtin protein (see Fig. 23.28, i n s e t ) .

Huntington Disease

H u n t in g to n  d isease ( H D )  is a n  a u to s o m a l d o m in a n t  

m o v e m e n t d is o rd e r associated  w i th  d e g e n e ra tio n  o f  th e  

s tr ia tu m  (caudate  a n d  p u ta m e n ). The d iso rd e r is charac
te rized  by in v o lu n ta ry  jerky  m ovem en ts  o f all p a rts  of the 
body; w rith in g  m ovem en ts  of the  ex trem ities are typical. 
The d isease is re len tlessly  p rogressive , re su ltin g  in  dea th  
after a n  average course of ab o u t 15 years. Early cognitive 
sym ptom s inc lude  forgetfu lness a n d  th o u g h t a n d  affec
tive d iso rders, a n d  there  m ay  be a p rog ressio n  to  severe 
dem entia . As a p a r t  o f these early  behav io ra l changes, H D  
carries a n  increased  risk  for suicide.

Pathogenesis

H D  is  caused  b y  C A G  tr in u c le o t id e  re p e a t expan s io ns  

in  a  g en e  lo c a te d  o n  4p 16 .3  th a t  encodes th e  p ro te in  

h u n tin g t in .  N orm al alleles con ta in  11 to  34 copies o f the 
repeat; in  d isease-causing  alleles, the n u m b er of rep ea ts  is 
increased , som etim es in to  the  h u n d red s . T here is a strong  
g en o type-pheno type  correlation , w ith  la rger n u m b ers  of 
rep ea ts  re su ltin g  in  earlier-onset disease. O nce the sym p
tom s appear, how ever, the  course of the illness is n o t 
affected  by rep ea t leng th . F u rth e r expansions of the CA G  
(g lu tam ine-encoding) rep ea ts  occur d u r in g  sperm atogene 
sis, so p a te rn a l transm ission  m ay  be associa ted  w ith  earlier 
onse t in  the nex t generation , a  p h en o m en o n  referred  to  as 
anticipation (C hap ter 7).

H D  a p p ea rs  to  be caused  by a toxic gain-of-function  
re la ted  to  the ex p an d ed  p o lyg lu tam ine  tract in  h u n ting tin .

Spinocerebellar Ataxias

S p in o c e re b e lla r atax ias  (S C A s ) are a  h ete ro gen eou s  g ro u p  

o f  severa l d o z e n  d iseases w i th  c lin ic a l f in d in g s  th a t  

in c lu d e  a  c o m b in a tio n  o f  c e re b e lla r a n d  sensory a tax ia , 

sp as tic ity , a n d  sens o rim o to r p e r ip h e ra l n e u ro p a th y . They 
are  d is tingu ished  from  one ano th er based  on  d ifferen t

Fig. 23.28 Huntington disease. Normal hemisphere ( le f t )  compared with a 
hemisphere with Huntington disease ( r ig h t )  showing atrophy of the striatum 
and ventricular dilation. in s e t , An intranuclear inclusion in a cortical neuron 
is strongly immunoreactive for ubiquitin. (G ro s s  p h o t o  c o u r te s y  o f  D r .  V o n s a tte l,  

C o lu m b ia  U n iv e r s it y ,  N e w  Y o rk ,  N e w  Y o rk .)
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causative  m uta tions, p a tte rn s  of inheritance, age a t onset, 
a n d  signs an d  sym ptom s. This g roup  of d iseases affects, to a 
variab le  extent, the cerebellar cortex, sp inal cord , o ther b ra in  
regions, a n d  perip h era l nerves. D egeneration  of neurons, 
o ften  w ith o u t o ther d istinctive h istopatho log ic  changes, 
occurs in  the affected areas a n d  is associated  w ith  m ild  
gliosis. The ad d itio n a l clinical sym ptom s tha t accom pany 
the  atax ia can  help  d istingu ish  be tw een  w ell-characterized  
sub types. A lthough  m any  d istinct genetic types of SCA 
have  been  identified , there rem ain  m any  cases th a t do  n o t 
fall in to  one of the a lread y  characterized  form s.

A s w ith  H D , several fo rm s of SCA are  caused  by  CA G  
rep ea t expansions encod ing  p o ly g lu tam in e  tracts in  various 
genes. In  these fo rm s of SCA, as is tru e  for H D , n eu ro n a l 
in tran u c lea r inclusions a re  p re sen t con ta in ing  the  ab n o r
m al p ro te in , a n d  there  is a n  inverse  co rre la tion  b e tw een  the 
degree  of re p e a t expansion  a n d  age of onset. O ther SCAs 
are  cau sed  by  rep ea t expansions in  u n tran s la ted  reg ions or 
by o th e r types of m u ta tions.

Friedreich ataxia is an  au to som al recessive d iso rd e r th a t 
generally  m anifests in  the  first decade of life w ith  gait 
a taxia, fo llow ed  by h a n d  c lum siness a n d  d ysarth ria . M ost 
p a tien ts  develop  pes cavus a n d  kyphoscoliosis, a n d  there  
is a  h ig h  incidence of card iac  d isease a n d  d iabetes. The 
d isease u sua lly  is cau sed  by  a  G A A  trinucleo tide  rep ea t 
expansion  in  the gene encod ing  fratax in , a  p ro te in  tha t 
regu la tes cellu lar iron  levels, p articu larly  in  the  m itochon 
dria . The rep ea t expansion  resu lts  in  decreased  p ro te in  
levels th ro u g h  transc rip tiona l silencing; decreased  fra tax in  
leads to  m itochondria l d y sfunction  as  w e ll as increased  
ox idative  dam age.

Amyotrophic Lateral Sclerosis

A m y o tro p h ic  la te ra l sclerosis (A L S ) re s u lts  f r o m  th e  d e a th  

o f  lo w e r  m o to r n e u ro n s  in  th e  s p in a l co rd  a n d  b ra in  s tem  

as w e l l  as u p p e r  m o to r n e u ro n s  (B e tz  ce lls) in  th e  m o to r  

cortex . The loss o f low er m o to r n eu ro n s  resu lts  in  d en erv a 
tion  of m uscles, m u scu la r a tro p h y  (the "am y o tro p h y "  of 
the  condition), w eakness, a n d  fasciculations, w h ile  the  loss 
o f u p p e r  m o to r n eu ro n s  resu lts  in  paresis, hyperreflexia, 
a n d  spasticity , a long  w ith  a  B abinski sign. A n  ad d itio n a l 
consequence of u p p e r  m o to r n e u ro n  loss is degenera tion  of 
the co rticosp inal tracts in  the  la te ra l p o rtio n  of the  sp inal 
co rd  ("la tera l sclerosis"). S ensation  u sually  is unaffected , 
b u t cogn itive  im p a irm en t is no t in frequen t.

The d isease affects m en  sligh tly  m ore frequen tly  than  
w o m en  a n d  becom es clinically  m an ifest in  the  fifth  decade 
or later. It u sua lly  beg ins w ith  subtle  asym m etric  d ista l 
ex trem ity  w eakness. As the  d isease p rogresses, m uscle 
s tren g th  a n d  bu lk  d im in ish , a n d  in v o lu n ta ry  con tractions 
of in d iv id u a l m o to r un its , te rm ed  fasciculations, occur. 
The d isease even tua lly  invo lves the resp ira to ry  m uscles, 
lead in g  to  recu rren t b ou ts  o f p u lm o n ary  infection, w h ich  
is the u su a l cause  of dea th . The balance be tw een  u p p e r  an d  
low er m o to r n e u ro n  invo lvem en t can  vary , a lth o u g h  m ost 
pa tien ts  exhib it invo lvem en t o f bo th . In  som e patien ts, 
degenera tion  of the  low er b ra in  stem  cran ia l m o to r nuclei 
occurs early  a n d  p rog resses rap id ly , a  p a tte rn  of d isease 
re ferred  to  as bulbar amyotrophic lateral sclerosis. W ith  th is 
d isease p a tte rn , abno rm alities o f sw allow ing  a n d  speak ing  
dom inate .

Pathogenesis

W hile m ost cases are  sporad ic , ab o u t 10% are fam ilial, 
m ostly  w ith  au to som al d o m in an t inheritance. Fam ilial 
d isease beg ins earlier in  life th a n  sporad ic  disease, b u t 
once sym ptom s ap p ea r, the clinical cou rse  is sim ilar in  
bo th  form s. M uta tions in  the superox ide  d ism u tase  gene, 
SOD1, on  chrom osom e 21 w ere  the first iden tified  genetic 
cause  of ALS a n d  accoun t for ab o u t 20% of the  fam ilial 
form s. These m u ta tio n s  a re  th o u g h t to  generate  ab n o rm al 
m isfo lded  fo rm s of the SOD1 pro te in , w h ich  m ay  trigger 
the u n fo ld ed  p ro te in  response  a n d  cause  apop to tic  dea th  
of neurons.

A  n u m b er of o th e r genetic loci have been  iden tified  as 
associa ted  w ith  ALS. The m ost co m m on  cause  of fam ilial 
ALS is hexanucleo tide  rep ea t expansion  in  a  gene w ith  the 
ra th e r  cum bersom e nam e C9orf72, w h ich  is also  frequen tly  
ex p an d ed  in  fron to tem pora l lobar degenera tion . The 
p ro te in  encoded  by C9orf72 associates w ith  R N A  b in d in g  
pro te ins; no tably , tw o  o th e r genes th a t w h e n  m u ta ted  
m ay  cause ALS, TDP43 (also associa ted  w ith  FTLD) an d  
FUS, encode R N A  b in d in g  p ro te ins. This convergence sug 
gests th a t a n  ab n o rm ality  of R N A  p rocessing  d irectly  or 
ind irectly  con tribu tes to  the pa thogenesis  of ALS, b u t it 
is u n certa in  how  m u ta tio n s  in  SOD1 fit in to  th is p ic tu re , 
a n d  m u ch  rem ains to  be d iscovered . A s expected  from  the 
genetic overlap , there  is som e clinical overlap  be tw een  ALS 
a n d  FTLD, such  as  cognitive im pairm en t.

• Neurodegenerative diseases cause symptoms that depend 

on the pattern of brain involvement. Cortical disease usually 

manifests as cognitive change, alterations in personality, and 

memory disturbances; basal ganglia disorders usually manifest 

as movement disorders.

• Many of the neurodegenerative diseases are associated with 

various protein aggregates, which serve as pathologic hall

marks. Familial forms of these diseases are associated with 

mutations in the genes encoding these proteins or controlling 

their metabolism. Some of these protein aggregates can show 

prion like properties, facilitating spread from one cell to  the 

next.
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• Among dementias, Alzheimer disease (with plaques of AP and 

tangles of tau) is the most common; other predominantly 

dementing diseases include the various forms of FTLDs (both 

forms with tau-containing lesions and with other types of 

inclusions) and dementia with Lewy bodies (with a-synuclein 

containing lesions).

• Among the hypokinetic movement disorders, Parkinson disease 

is the most common, with a-synuclein containing inclusions.

• Amyotrophic lateral sclerosis (ALS) is the most common form 

of m otor neuron disease, with diverse genetic causes as well 

as sporadic forms.

TUMORS

The an n u a l incidence of CNS tum ors ranges from  10 to  17 
p e r  1 0 0 , 0 0 0  in d iv id u a ls  for in tracran ia l tu m o rs a n d  1  to  2  

p e r 1 0 0 , 0 0 0  in d iv id u a ls  for in trasp in a l tum ors; a b o u t one- 
h a lf to  th ree-fou rth s are p rim ary  tum ors, a n d  the  rest are  
m etasta tic . T um ors of the CNS m ake u p  a la rger p ro p o r
tion  of ch ildhood  cancers, accoun ting  for as m an y  of 2 0 % 
of all p ed ia tric  tum ors. C h ild h o o d  CNS tu m o rs d iffer from  
those  in  a d u lts  in  b o th  h isto logic su b ty p e  a n d  location. In 
ch ildhood , tu m o rs are  likely to  arise in  the p o ste rio r fossa, 
w h ereas  tu m o rs in  a d u lts  are m ostly  sup ra ten to ria l.

T um ors of the n e rv o u s system  have  u n iq u e  character
istics th a t set them  a p a r t from  neop lastic  p rocesses else
w h ere  in  the body .
• These tu m o rs do  n o t have  m orpho log ically  ev id en t 

p re m a lig n an t o r in  s itu  stages com parab le  to  those of 
carcinom as.

• E ven  low -g rade  lesions m ay  in filtrate  large  reg ions of 
the  brain , lead in g  to  serious clinical deficits, inab ility  to 
be resected , a n d  p o o r p rognosis.

• The ana tom ic  site o f the neop lasm  can  influence 
ou tcom e in d e p e n d e n t o f h isto logic classification d u e  to 
local effects (e.g., a ben ign  m en ing iom a m ay  cause car
d io resp ira to ry  a rre s t from  com pression  o f the m edulla).

• E ven  the m o st h igh ly  m alig n an t g liom as rare ly  sp read  
o u ts ide  of the  CNS.

Gliomas

G lio m a s  are tu m o rs  o f  th e  b ra in  p a re n c h y m a  th a t  h av e  

lo n g  b e e n  c la ss ifie d  as a s t r o c y t o m a s ,  o l i g o d e n d r o g l i o m a s ,  

a n d  e p e n d y m o m a s  b as e d  o n  th e ir  m o rp h o lo g ic  resem 

b la n c e  to  d if fe r e n t  typ e s  o f  g lia l  ce lls . W ith  em erg ing  
genetic in fo rm ation , it has  becom e clear th a t the g liom as 
are  a m olecu larly  d istinc t fam ily  of neop lastic  lesions, inde 
p e n d e n t o f the  h isto logic p a tte rn s . N onetheless, h isto logic 
p a tte rn s  con tinue  to  in fo rm  d iagnosis a n d  g u id e  treatm en t, 
w ith  re finem ent based  on  m o lecu lar characterization . The 
d iffuse g liom as constitu te  the  v as t m ajority  of g liom as 
th a t occur in  adu lts , a n d  inc lude  d iffuse astrocy tom as an d  
o ligodendrog liom as.

D iffuse  A strocytom a

A strocy tom as accoun t for ab o u t 80% of a d u lt  gliom as. 
T hey are  m ost freq u en t in  the  fo u rth  th ro u g h  the sixth

decades of life. They u sually  are fo u n d  in  the cerebral 
hem ispheres. The m ost com m on p resen tin g  signs an d  
sym ptom s are seizures, headaches, an d  focal neuro log ic  
deficits re la ted  to  the ana tom ic  site of invo lvem ent. O n  th e  

basis o f  h is to lo g ic  fea tu re s , astrocytom as are  s tra tif ie d  

in to  th re e  g roups: d if fu s e  as tro c y to m a  (g rad e  I I ) ,  a n a p la s 

tic  as tro c y to m a  (g rad e  I I I ) ,  a n d  g lio b la s to m a  (g rad e  IV ) ,  

w ith  in c re a s in g ly  g r im  p ro g n o s is  as th e  g ra d e  increases. 

There is em erg ing  ev idence th a t genetic su b ty p in g  p ro 
v ides im p o rta n t ad d itio n a l p rognostic  in form ation .

D iffuse astrocy tom as can  be static for several years, b u t 
a t som e p o in t they  p rogress; the m ean  su rv iva l is m ore  
th an  5 years. E ventually , pa tien ts  suffer ra p id  clinical dete 
rio ra tio n  th a t is co rre la ted  w ith  the app earan ce  of anap las 
tic fea tu res a n d  m ore ra p id  tu m o r g row th . O ther pa tien ts  
p re se n t w ith  g liob lastom a from  the ou tset. O nce the h is
tologic fea tu res o f g liob lastom a ap p ear, the p ro g n o sis  is 
very  poor; w ith  trea tm en t (resection, rad io th erap y , an d  
chem otherapy), the m ed ian  su rv iva l is on ly  15 m onths.

M O R P H O L O G Y

Grade II and III astrocytomas are poorly defined, gray, infiltra

tive tumors that expand and distort the invaded brain without 

forming a discrete mass (Fig. 23.29A). Infiltration beyond the 

grossly evident margins is always present. The cut surface of the 

tum or is either firm or soft and gelatinous; cystic degeneration 

may be seen. In glioblastoma, variation in the gross appearance 

of the tum or from region to region is characteristic (see Fig. 

23.29B). Some areas are firm and white, others are soft and 

yellow (the result of tissue necrosis), and still others show 

regions of cystic degeneration and hemorrhage.

Microscopically, low-grade (W H O  grade II) astrocytomas are 

characterized by a mild to moderate increase in the number 

of glial cell nuclei, somewhat variable nuclear pleomorphism, 

and an intervening feltwork of fine, glial fibrillary acidic protein 

(GFAP)-positive astrocytic cell processes that give the back

ground a fibrillary appearance. The transition between neoplastic 

and normal tissue is indistinct, and tum or cells can be seen 

infiltrating normal tissue many centimeters from the main lesion. 

Anaplastic astrocytomas show regions that are more densely 

cellular and have greater nuclear pleomorphism; mitotic figures 

are present. Glioblastoma has a histologic appearance similar to  

that of anaplastic astrocytoma, as well as either necrosis (com

monly present as serpiginous bands of necrosis with palisaded 

tum or cells along the border) or microvascular proliferation 

(see Fig. 23.29C).

O ligodendrogliom a

O ligodend rog liom as accoun t for 5% to 15% of g liom as 
an d  m o st com m only  are  de tec ted  in  the fo u rth  a n d  fifth  
decades of life. P atien ts m ay  have  h a d  several y ea rs  of 
an teced en t neuro log ic  com plain ts, o ften  in c lu d in g  seizures. 
The lesions a re  fo u n d  m ostly  in  the  cerebral hem ispheres, 
m ain ly  in  the fron ta l o r tem p o ra l lobes. The com bination  
of surgery , chem otherapy , a n d  ra d io th e rap y  y ie ld s  an  
average su rv iva l o f 1 0  to  2 0  y ears for w ell-d iffe ren tia ted  
(W H O  grade  II) o ligodend rog liom as or 5 to  10 y ears  for 
anap lastic  (W H O  grade  III) o ligodendrog liom as.
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Fig. 23.29 Diffuse astrocytomas. (A) Grade II astrocytoma is seen as expanded white matter of the left cerebral hemisphere and thickened corpus callosum 
and fornices. (B) Glioblastoma appearing as a necrotic, hemorrhagic, infiltrating mass. (C) Glioblastoma is a densely cellular tumor with necrosis and pseudo
palisading of tumor cell nuclei along the edge of the necrotic zone.
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M O R P H O L O G Y

Well-differentiated oligodendrogliomas (W H O  grade II) are 

infiltrative tumors that form gelatinous, gray masses and may 

show cysts, focal hemorrhage, and calcification. On microscopic 

examination, the tum or is composed of sheets of regular cells 

with spherical nuclei containing finely granular chromatin (similar 

to  that in normal oligodendrocytes) surrounded by a clear halo 

of cytoplasm (Fig. 23.30). The tum or typically contains a delicate 

network of anastomosing capillaries. Calcification, present in as 

many as 90% of these tumors, ranges in extent from microscopic 

foci to  massive depositions. Mitotic activity usually is low. Ana

plastic oligodendroglioma (W H O  grade III) is a more aggres

sive subtype with higher cell density, nuclear anaplasia, increased 

mitotic activity, and often microvascular proliferation.

G en e tics  and Pathogenesis

Several classes o f tu m or-causing  genetic a lte ra tions have  
been  described  in  gliom as.
• M uta tions in  isocitrate dehydrogenase (IDH) genes are com 

m only  observed  in  g rade II astrocy tom as a n d  o ligoden 
drogliom as. These m u ta tions m ay  occur in  IDH1 or ID H 2

a n d  lead  to  increased  p ro d u c tio n  of 2 -hydroxyg lu tara te , 
w h ich  in terferes w ith  the activity  of several enzym es th a t 
regu la te  gene expression  (C hap ter 6 ).

• M u ta tio n s in  the  p ro m o te r for telomerase, w h ich  contrib 
u te  to  the im m orta liza tion  of tu m o r cells (C hap ter 6 ), 
are  seen in  g liob lastom as a n d  o th e r astrocy tic  tum ors. 
In  tu m o rs w ith  ID H  m uta tions, te lom erase  m u ta tio n s 
are  uncom m on; instead , these tu m o rs often  have  loss 
of function  m u ta tio n s in  A T R X , w h ich  no rm ally  su p 
p resses recom bination  even ts th a t can  p reserve  telom ere 
length , a m echan ism  called  a lte rna tive  len g th en in g  of 
telom eres.

• C o-dele tion  of 1p a n d  19q ch rom osom al segm ents are  
p re se n t in  o ligodendrog liom as. The m echan ism  th ro u g h  
w h ich  these ch rom osom al a lte ra tions shape  tu m o r m or
pho logy  a n d  response  to  trea tm en t is n o t know n.

• O th e r genetic  a ltera tions, w h ich  are  a lso  com m on  in 
tu m o rs o u ts id e  the CNS, inc lude  m u ta tio n s th a t lead  to 
overexp ression  of the EGF recep to r an d  o ther recep to r 
ty rosine  k inases or d isable p53 o r RB (C hap ter 6 ).

M id lin e  G liom a

M idline g liom as arise m o st com m only  in  the b ra in  stem
(specifically in  the pons) a n d  also  occur in  the sp ina l cord
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Fig. 23.30 In oligodendroglioma, tumor cells have round nuclei, often with 
a clear cytoplasmic halo. Blood vessels in the background are thin and can 
form an interlacing pattern.

an d  tha lam us. They are  in filtra tive  an d  re su lt in  signifi
can t neuro log ic  im p a irm en t because of the  d is ru p tio n  of 
critical nearby  struc tu res. A lth o u g h  they  m ay  n o t show  
typical h igh -g rade  fea tu res such  as necrosis o r vascu lar 
pro lifera tion , they  o ften  b ehave aggressively . These lesions 
typically  have  acq u ired  p o in t m u ta tio n s  in  h istone  H3, the 
consequence of w h ich  is loss of a lysine resid u e  th a t is 
the ta rge t o f p ost-transla tiona l m odifications th a t regu late  
gene expression , an o th er exam ple  of oncogenesis v ia  alter
a tion  of the cancer cell "ep igenom e". Precisely h o w  th is 
m u ta tio n  con tribu tes to cellu lar tran sfo rm atio n  rem ains to 
be d e term ined .

Pilocytic A strocytom a

Pilocytic astrocy tom as are re la tively  ben ign  tu m o rs th a t 
typically  affect ch ild ren  a n d  y o u n g  adu lts . M ost com m only  
located  in  the cerebellum , they  also  m ay  involve the th ird  
ventricle, the  op tic  p a th w ay s, the sp ina l cord , a n d  occa
sionally  the cerebral hem ispheres. There is o ften  a cyst 
associated  w ith  the  tum or, a n d  sym ptom s a p p ea rin g  after 
the incom plete  resection  of the lesions m ay  be associated  
w ith  cyst en largem ent, ra th e r th an  g ro w th  of the  solid 
com ponen t. T um ors th a t involve the  h y p o th a lam u s are  
especially  p rob lem atic  because they  canno t be resected  
com pletely.

A  h ig h  p ro p o rtio n  of p ilocytic astrocy tom as hav e  acti
va tin g  m u ta tio n s or translocations invo lv ing  the gene 
encod ing  the serine-th reon ine  k inase  BRAF, w h ich  resu lt 
in  ac tiva tion  of the  M A PK  signaling  p a th w ay . Pilocytic 
astrocy tom as do  n o t have  m u ta tio n s  in  IDH1 a n d  IDH2, 
su p p o rtin g  the ir d istinc tion  from  the  low -g rade  diffuse 
gliom as.

M O R P H O L O G Y

A  pilocytic astrocytoma often is cystic, with a mural nodule in 

the wall of the cyst; if solid, it is usually well circumscribed. The 

tum or is composed of bipolar cells with long, thin “hairlike” 

processes that are GFAP-positive. Rosenthal fibers, eosinophilic 

granular bodies, and microcysts are often present, while necrosis 

and mitoses are rare.

E pendym om a

E pen d y m o m as m ost o ften  arise  nex t to  the ependym a- 
lined  ven tricu la r system , in c lu d in g  the cen tra l canal o f the 
sp ina l cord . In  the first 2 decades of life, they  typically  
occur near the  fo u rth  ven tric le  a n d  constitu te  5% to 10% 
of the p rim ary  b ra in  tu m o rs in  th is age g roup . In  adu lts , 
the  sp ina l cord  is their m o st com m on location; tu m o rs in  
th is site are  p articu larly  freq u en t in  the se tting  of n eu ro 
fib rom atosis type  2 (C hap ter 22). The clinical ou tcom e for 
com pletely  resected  su p ra ten to ria l a n d  sp ina l ep en d y m o 
m as is b e tte r th a n  for those  in  the posterio r fossa.

M O R P H O L O G Y

In the fourth ventricle, ependymomas typically are solid or papil

lary masses extending from the ventricular floor. The tumors are 

composed of cells with regular, round to oval nuclei and abun

dant granular chromatin. Between the nuclei is a variably dense 

fibrillary background. Tumor cells may form round or elongated 

structures (ro se ttes , canals) that resemble the embryologic 

ependymal canal, with long, delicate processes extending into a 

lumen (Fig. 23.31); more frequently present are perivascu lar 

pseudorosettes  in which tum or cells are arranged around 

vessels with an intervening zone containing thin ependymal pro

cesses. Anaplastic ependymomas show increased cell density, 

high mitotic rates, necrosis, microvascular proliferation, and less 

evident ependymal differentiation.

Neuronal Tumors

Far less freq u en t th an  gliom as, tu m o rs com posed  of cells 
w ith  n eu ro n a l characteristics are typically  low er-g rade  
lesions th a t o ften  p re se n t w ith  seizures. W hile som e n eu 
ronal d ifferen tia tion  can  be observed  in  m any  tum ors, 
lesions in  th is g ro u p  are  p rim arily  com posed  of cells tha t 
express n eu ro n a l m arkers, such  as sy n ap to p h y sin  an d  
neurofilam ents.
• Central neurocytoma is a low -g rade  n eo p lasm  found  

w ith in  a n d  ad jacen t to the ven tricu la r system  (m ost 
com m only  the  la tera l or th ird  ventricle); it is character
ized  by  evenly  spaced, ro u n d , u n ifo rm  nucle i a n d  often  
islands of neurop il.

Fig. 23.31 Microscopic appearance of ependymoma.
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• Dysembryoplastic neuroepithelial tumor is a d istinctive, 
low -g rade  tu m o r of ch ild ren  an d  y o u n g  a d u lts  th a t 
g row s slow ly, o ften  m anifests as a se izure  d iso rder, and  
carries a favorab le  p rognosis  after resection . It typically  
is located  in  the superficial tem p o ra l lobe a n d  consists 
of sm all, ro u n d  n eu ro n a l cells a rran g ed  in  co lum ns an d  
a ro u n d  central cores of processes.

• Gangliogliomas are tum ors w ith  a m ix tu re  of glial ele
m ents, u sua lly  a low -g rad e  astrocy tom a a n d  m atu re- 
ap p e a rin g  neu rons. M ost of these tu m o rs a re  slow  
grow ing , a n d  o ften  m an ifest w ith  seizures. A b o u t 20% 
to 50% of gangliog liom as h arb o r p o in t m u ta tio n s  in  the 
BRAF gene.

Embryonal (Primitive) Neoplasms

Som e tu m o rs of neu ro ec to d erm al o rig in  hav e  a p rim i
tive "sm all ro u n d  cell" app earan ce  th a t is rem in iscen t of 
no rm al p ro g en ito r cells enco u n te red  in  the develop ing  
CNS. D ifferen tia tion  is o ften  lim ited , b u t m ay  p rog ress  
a long  m u ltip le  lineages. The m o st com m on  is the medul
loblastoma, accoun ting  for 2 0 % of p ed ia tric  b ra in  tum ors.

M ed u llob las to m a

M edullob lastom a occurs p red o m in an tly  in  ch ild ren  an d  
exclusively  in  the  cerebellum . N eu ro n a l a n d  glial m arkers 
are  nearly  a lw ays expressed , a t least to  a lim ited  extent. 
It is h igh ly  m alignan t, a n d  the  p rognosis  for u n trea ted  
p a tien ts  is dism al; how ever, m ed u llob lastom a is exqui
sitely  rad iosensitive . W ith  to ta l excision, chem otherapy , 
an d  irrad ia tion , the 5-year su rv ival ra te  m ay  be as h ig h  as 
75%. T here are a  series o f h isto logic p a tte rn s  observed  in  
m edu llob lastom a, w h ich  are in fo rm ative  ab o u t p rognosis 
an d  corre la te  in  p a r t  w ith  the u n d e rly in g  genetics.

M O R P H O L O G Y

In children, medulloblastomas are located in the midline of the 

cerebellum; lateral tumors occur more often in adults.The tum or 

often is well circumscribed, gray, and friable and may be seen 

extending to  the surface of the cerebellar folia and involving

the leptomeninges (Fig. 23.32A). Medulloblastomas are densely 

cellular, with sheets of anaplastic (“small blue”) cells (see Fig. 

23.32B). Individual tum or cells are small, with little cytoplasm and 

hyperchromatic nuclei; mitoses are abundant. Often, focal neuro

nal differentiation is seen in the form of rosettes, which closely 

resemble the rosettes encountered in neuroblastomas; they are 

characterized by primitive tum or cells surrounding central neu

ropil (delicate pink material formed by neuronal processes).

Pathogenesis

G enetic analysis  o f m ed u llob lastom a has revea led  several 
sub types associa ted  w ith  d iffe ren t clinical ou tcom es. 
C u rre n t app ro ach es separa te  m ed u llob lastom a in to  d is
tinct g ro u p s  w ith  d iffe ren t core p a thogen ic  p a th w ay s  or 
d riv e r m u ta tions. E xam ples of oncogenic p a th w a y s  in  
these tu m o rs are  the follow ing:
• Wnt pathway activation, m o st com m only  associa ted  w ith  

ga in  of function  m u ta tio n s in  the gene for P-catenin; 
these have  the  m ost favorab le  p rognosis  of all of the 
genetic sub types a n d  are com m only  classic-type tum ors.

• Hedgehog pathway activation, m ost com m only  associated  
w ith  loss o f function  m u ta tio n s  in  PTCH1, a negative  
reg u la to r of the  H edgehog ; these tu m o rs h av e  a n  in te r
m ed ia te  p rognosis, b u t the  concom itan t p resence of 
TP53 m u ta tio n  confers a very  p o o r p rognosis.

• MYC overexpression, d u e  to  MYC am plification  as w ell as 
o ther changes th a t resu lt in  increased  expression; these 
tum ors have  the  p o o rest p rognosis.

C linical trials a re  ongo ing  th a t seek to  ta ilo r the rap y  
ta rge ted  to  m o lecu lar altera tions, w ith  the goal o f av o id ing  
rad ia tio n  th e rap y  w h e n  possible.

Other Parenchymal Tumors

P rim ary  C en tra l N ervous System Lym phom a

P rim ary  CNS lym phom a, occurring  m ostly  as diffuse large 
B-cell lym phom as, accounts for 2% of ex tranoda l ly m p h o 
m as a n d  1% of in tracran ia l tum ors. It is the m o st com m on 
CNS n eo p lasm  in  im m u n o su p p ressed  in d iv iduals , in

A

Fig. 23.32 Medulloblastoma. (A) Sagittal section of a brain showing medulloblastoma involving the superior vermis of the cerebellum. (B) Microscopic appear
ance of medulloblastoma, showing mostly small, blue, primitive-appearing tumor cells.
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w h o m  the tu m o rs are  nearly  a lw ays positive  for Epstein- 
Barr v iru s  (EBV). In  n o n im m u n o su p p ressed  p o p u la tions, 
the  age sp ec tru m  is re la tively  w ide , w ith  the  incidence 
increasing  after 60 years of age. R egard less of the clinical 
context, p rim ary  b ra in  ly m p h o m a is an  aggressive d isease 
w ith  a  re la tively  p o o r response  to  chem otherapy  as com 
p a re d  w ith  p e rip h e ra l lym phom as.

P atien ts  w ith  p rim ary  b ra in  ly m p h o m a o ften  are  found  
to have  m u ltip le  tu m o r n o d u les  w ith in  the b ra in  p a ren 
chym a, y e t invo lvem en t o f sites o u ts id e  of the  CNS is 
uncom m on. C onversely , lym p h o m a o rig ina ting  o u ts ide  
the  CNS rare ly  sp read s to  the  b ra in  parenchym a; w h e n  
th is  occurs, the  tu m o r u sua lly  also  involves the  CSF or the 
m eninges.

M O R P H O L O G Y

Lesions often involve deep gray structures, as well as the white 

matter and the cortex. Periventricular spread is common. The 

tumors are relatively well defined as compared with glial neo

plasms, but they are not as discrete as metastases. EBV-associated 

tumors often show extensive areas of necrosis. The tumors are 

nearly always aggressive large B-cell lymphomas, although other 

histologic types may be encountered. Microscopically, malignant 

lymphoid cells accumulate around blood vessels and infiltrate 

the surrounding brain parenchyma. The diagnosis is confirmed by 

immunohistochemistry for B cell markers such as CD20, which 

also is a target of therapeutic antibodies.

G erm  Cell Tumors

P rim ary  b ra in  germ cell tumors occur a long  the m id line, 
m ost com m only  in  the  p in ea l a n d  the sup rase lla r regions. 
T hey accoun t for 0.2% to 1% of b ra in  tu m o rs in  in d iv id u 
als of E u ro p ean  descen t b u t in  as m any  as 10% of b ra in  
tu m o rs in  in d iv id u a ls  o f Japanese  ethnicity . They are a 
tu m o r of the young , w ith  90% occurring  d u rin g  the first 2 
decades of life. G erm  cell tu m o rs in  the p inea l reg ion  show  
a stro n g  m ale p redom inance . The m ost com m on  p rim ary  
CNS germ  cell tu m o r is germinoma, a tu m o r th a t closely 
resem bles testicu lar sem inom a (C hap ter 18). Secondary  
CNS invo lvem en t by  m etasta tic  g onadal g erm  cell tum ors 
also  occurs.

Meningiomas
Meningiomas are  p red o m in an tly  ben ign  tu m o rs th a t arise 
from  a rachno id  m en ingo the lia l cells. They u su a lly  occur 
in  a d u lts  a n d  are  o ften  a ttach ed  to  the  d u ra . M eningio 
m as m ay  be fo u n d  a long  any  of the  ex ternal surfaces of 
the b ra in  as w ell as w ith in  the  v en tricu lar system , w h ere  
they arise  from  the  strom al a rachno id  cells o f the choro id  
p lexus. T hey often  com e to a tten tio n  because of vague  
non localiz ing  sym ptom s, o r w ith  focal find ings referable 
to  com pression  of ad jacen t b ra in . M ost m en ing iom as are  
easily  separab le  from  u n d e rly in g  brain , b u t som e tum ors 
a re  infiltrative, a fea tu re  associa ted  w ith  a n  increased  risk  
for recurrence. The overall p rognosis  is d e te rm in ed  by  the 
lesion  size a n d  location, surg ical accessibility, a n d  h isto 
logic grade.

W hen  a n  in d iv id u a l has  m u ltip le  m en ing iom as, espe
cially in  association  w ith  e igh th -nerve  schw annom as or 
glial tum ors, the d iagnosis of neuro fib rom atosis  type  2  

(NF2) sh o u ld  be considered  (C hap ter 22). A b o u t half of 
m en ing iom as n o t associa ted  w ith  NF2 have  som atic  loss- 
o f-function  m u ta tio n s  in  the NF2 tu m o r su p p resso r gene 
on  the long  a rm  of ch rom osom e 22 (22q). These m u ta tio n s 
are  fo u n d  in  all g rades of m en ing iom a, suggesting  th a t they 
are  in vo lved  in  tu m o r in itia tion . A m ong  sporad ic  tum ors 
th a t lack m u ta tio n s  in  NF2, several o th e r d riv e r m u ta tio n s 
have  been  iden tified  in c lu d in g  in  genes th a t regu la te  the 
H ed g eh o g  p a th w a y  as w ell as in  va rio u s signaling  m ol
ecules a n d  tran sc rip tio n  factors.

M O R P H O L O G Y

M en ing iom as (W H O  grade I) grow as well-defined durabased 

masses that may compress the brain but do not typically invade 

it (Fig. 23.33A). Extension into the overlying bone may be present. 

The varied histologic patterns include: m e n in g o th e lia l, named 

for whorled, tight clusters of cells without visible cell mem

branes; fib rob las tic , with elongated cells and abundant collagen 

deposition; tra n s itio n a l, with features of the meningothelial 

and fibroblastic types; p sa m m o m a to u s , with numerous psam

moma bodies (see Fig. 23.33B); and secre to ry , with glandlike 

spaces containing PAS-positive eosinophilic material.

A ty p ic a l m en ing iom as  (W H O  grade II) are recognized by 

the presence of either an increased mitotic rate, or prominent 

nucleoli, increased cellularity, patternless growth, high nucleus-to- 

cytoplasm ratio, or necrosis. These tumors demonstrate more 

aggressive local growth and a higher rate of recurrence and 

may require therapy in addition to surgery. Some histologic 

patterns— clear cell and chordoid— also correlate with more 

aggressive behavior, as does the presence of brain invasion.

A n ap las tic  (m a lig n a n t) m en ing iom as (W H O  grade III) 

are highly aggressive tumors that may resemble a high-grade 

sarcoma or carcinoma morphologically. Mitotic rates are typically 

much higher than in atypical meningiomas.

Metastatic Tumors

M etastatic  lesions, m ostly  carcinom as, accoun t for app rox i
m ately  o ne-fou rth  to  one-half of in tracran ia l tum ors. The 
m ost com m on p rim ary  sites a re  lung , b reast, sk in  (m ela
nom a), k idney , an d  gastro in testina l tract, w h ich  together 
accoun t for ab o u t 80% of cases. M etastases fo rm  sharp ly  
dem arca ted  m asses, o ften  a t the g rey-w hite  m a tte r junction , 
a n d  elicit local ed em a (Fig. 23.34). The b o u n d a ry  be tw een  
tu m o r an d  b ra in  p a ren ch y m a is sharp  a t the m icroscopic 
level as w ell, w ith  su rro u n d in g  reactive gliosis.

In  a d d itio n  to  the d irec t a n d  localized  effects p ro d u ced  
by  m etastases, paraneoplastic syndromes m ay  invo lve the 
p e rip h e ra l a n d  cen tra l n e rv o u s system s, som etim es even  
p reced ing  the  clinical recogn ition  of the  m alig n an t neo
p lasm . M any  p a tien ts  w ith  pa raneop lastic  synd rom es 
have  an tibod ies ag a in st tu m o r an tigens. Som e of the m ore 
com m on  p a tte rn s  include the  follow ing:
• Subacute cerebellar degeneration resu ltin g  in  ataxia, w ith  

d estru c tio n  of P urk in je  cells, gliosis, a n d  a m ild  inflam 
m ato ry  in filtrate
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Fig. 23.33 Meningioma. (A) Parasagittal multilobular meningioma attached to the dura with compression of underlying brain. (B) Meningioma with a whorled 
pattern of cell growth and psammoma bodies.

• Limbic encephalitis causing  a subacu te  dem entia , w ith  
periv ascu la r in flam m atory  cells, m icroglial nodu les, 
n eu ro n a l loss, a n d  gliosis, all cen tered  in  the m ed ial 
tem pora l lobe

• Subacute sensory neuropathy lead in g  to a lte red  p a in  sen
sation , w ith  loss o f sensory  n eu ro n s  from  do rsa l roo t 
ganglia , in  associa tion  w ith  in flam m ation

• Syndrome of rapid-onset psychosis, catatonia, epilepsy, and 
coma associa ted  w ith  o v arian  te ra tom a a n d  an tibod ies 
ag a in st the N -m ethyl-D-asp arta te  (NM DA) receptor.

Familial Tumor Syndromes

Several in h erited  synd rom es caused  by m u ta tio n s in  
various tu m o r su p p resso r genes are  associa ted  w ith  an  
increased  risk  for p a rticu la r types of cancers. Those w ith  
p a rticu la r invo lvem en t o f the CNS are  d iscussed  here; 
fam ilial sy n d ro m es associa ted  w ith  tu m o rs of the p e rip h 
era l n e rv o u s  system  are covered  in  C h ap te r 22.

Fig. 23.34 Metastatic melanoma. Metastatic lesions are distinguished grossly 
from most primary central nervous system tumors by their multicentricity 
and well-demarcated margins. The dark color of the tumor nodules in this 
specimen is due to the presence of melanin.

Tuberous Sclerosis

T uberous sclerosis is a n  au to so m al d o m in an t synd rom e 
charac terized  by the d ev e lo p m en t o f ham arto m as an d  
ben ig n  neop lasm s invo lv ing  the b ra in  a n d  o th er tissues. 
CNS ham arto m as variously  consist o f cortical tu b ers  an d  
su b ep en d y m al ham artom as, in c lu d in g  a la rger tum efac- 
tive fo rm  k n o w n  as subependymal giant cell astrocytoma. 
Because of their p rox im ity  to  the fo ram en  of M onro, 
they o ften  p re sen t acu te ly  w ith  obstruc tive  h y d ro cep h a 
lus, w h ich  requ ires surg ical in te rv en tio n  a n d /o r  the rap y  
w ith  a n  m TO R  inh ib ito r (see later). Seizures are  associated  
w ith  cortical tubers  an d  can  be d ifficult to  con tro l w ith  
an ti-ep ilep tic  d ru g s. E xtracerebral lesions inc lude  renal 
ang iom yolipom as, re tina l glial ham artom as, p u lm o n ary  
lym phang iom yom atosis , a n d  card iac rh abdom yom as. 
C ysts m ay  be fo u n d  a t v a rio u s sites, in c lu d in g  the  liver, 
k idneys, a n d  pancreas. C u tan eo u s lesions inc lude  angiofi
b rom as, lea thery  th ickenings in  localized  p atches (shagreen  
patches), h y p o p ig m en ted  areas (ash  leaf patches), a n d  sub 
u n g u a l fibrom as.

T u b ero u s sclerosis resu lts  from  d is ru p tio n  of e ither 
TSC1, w h ich  encodes ham artin , o r TSC2, w h ich  encodes 
tuberin . The tw o  TSC p ro te in s  fo rm  a d im eric  com plex 
th a t negatively  regu la tes m TOR, a k inase  th a t "senses" 
the  cell's n u tr ie n t s ta tu s  a n d  regu la tes  cellu lar m etabolism . 
Loss of e ither p ro te in  u p reg u la te s  m TO R  activ ity , w h ich  
d isru p ts  n o rm al feedback  m echan ism s th a t restric t u p tak e  
of n u trien ts  a n d  leads to  increased  cell g row th .

M O R P H O L O G Y

C o rtic a l h a m a rto m a s  are firmer than normal cortex and 

have been likened in appearance to  potatoes— hence the appel

lation tubers. They are composed of haphazardly arranged large 

neurons that lack the normal cortical laminar architecture. These 

cells may exhibit a mixture of glial and neuronal features, having 

large vesicular nuclei with nucleoli (like neurons) and abundant 

eosinophilic cytoplasm. Similar abnormal cells are present in 

subependym al nodules, in which large astrocyte like cells 

cluster beneath the ventricular surface.
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von H ip p e —Lindau Disease

In  th is  au to som al d o m in a n t d iso rder, affected  in d iv id u a ls  
develop  hem ang iob lastom as w ith in  the cerebellar hem i
spheres, re tina , and , less com m only , the b ra in  stem , sp inal 
cord , a n d  nerve  roo ts. P atien ts also  m ay  have  cysts involv 
in g  the pancreas, liver, a n d  k id n ey s a n d  hav e  a n  increased  
p ro p en sity  to develop  ren a l cell carcinom a. The d isease 
frequency  is 1 in  30,000 to 40,000. T herapy  is d irected  a t 
the sym ptom atic  neop lasm s, in c lu d in g  surg ical resection  
of cerebellar tu m o rs a n d  laser ab la tion  of re tina l tum ors.

The affected  gene, the tu m o r su p p resso r VHL, encodes 
a  p ro te in  th a t is p a r t  o f a ub iqu itin -ligase  com plex  th a t 
d eg rad es the  tran sc rip tio n  factor hypox ia-inducib le  factor 
(HIF). T um ors arising  in  p a tien ts  w ith  v o n  H ip p e l-L in d a u  
d isease generally  have  lost all VHL p ro te in  function . A s a 
resu lt, the  tu m o rs express h ig h  levels of HIF, w h ich  d rives 
the  expression  o f VEGF, va rio u s g ro w th  factors, a n d  som e
tim es ery th ropo ie tin ; the la tte r effect m ay  p ro d u ce  a p a ra 
neop lastic  fo rm  of polycythem ia.

M O R P H O L O G Y

H e m a n g io b la s to m a , the principal neurologic manifestation 

of the disease, is a highly vascular neoplasm that occurs as 

a mural nodule associated with a large, fluid-filled cyst. These 

occur most commonly in the cerebellum, but can be found 

along the spinal cord and in the retina, and rarely at other sites 

in the brain. On microscopic examination, the lesion consists of 

numerous capillary-sized or somewhat larger thin-walled vessels 

separated by intervening stromal cells with a vacuolated, lightly 

PAS-positive, lipid-rich cytoplasm. These stromal cells express 

inhibin, a member of the TGF-P family, which serves as a useful 

diagnostic marker.

Ä s U M M A R Y

T U M O R S  O F  T H E  C E N T R A L  N E R V O U S  SYSTEM

• Tumors of the CNS may arise from the cells of the coverings 

(meningiomas), the brain (gliomas, neuronal tumors, choroid 

plexus tumors), or other CNS cell populations (primary CNS  

lymphoma, germ cell tumors), or they may originate elsewhere 

in the body (metastases).

• Even low-grade or benign tumors can have poor clinical out

comes, depending on where they occur in the brain.

• Distinct types of tumors affect specific brain regions (e.g., 

cerebellum for medulloblastoma, an intraventricular location 

for central neurocytoma) and specific age populations (medul

loblastoma and pilocytic astrocytomas in pediatric age groups, 

and glioblastoma and lymphoma in older patients).

• Glial tumors are broadly classified into astrocytomas, oligoden

drogliomas, and ependymomas. Increasing tum or malignancy is 

associated with more cytologic anaplasia, increased cell density, 

necrosis, and mitotic activity.

• Metastatic spread of brain tumors to  other regions of the body 

is rare, but the brain is not comparably protected against the 

spread of distant tumors. Carcinomas are the dominant type 

of systemic tumors that metastasize to  the nervous system.
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Skin d iseases are com m on a n d  diverse, ran g in g  from  irri
ta tin g  acne to  life -th rea ten ing  m elanom a. M any are  in trin 
sic to  the skin, b u t som e are  m an ifesta tions of d iseases 
invo lv ing  m an y  tissues, such  as system ic lu p u s  ery the 
m ato su s or genetic sy n d ro m es such  as neuro fib rom atosis. 
In  th is sense, the  skin  is a u n iq u e ly  accessible "w in d o w " 
th ro u g h  w h ich  n u m ero u s  d iso rd ers  can  be recognized .

S kin  is n o t a m ere  p ro tective  m an tle  b u t ra th e r a 
com plex  o rgan , actually  the  la rgest in  the body . It is con
stan tly  exposed  to m icrobial a n d  nonm icrob ial an tigens 
from  the env ironm en t. G iven  this, it is n o t su rp ris in g  th a t 
the  sk in  is a n  active p a rtic ip an t in  im m u n e  responses. Envi
ronm en ta lly  de rived  an tigens are  p rocessed  by in traep i
thelial L angerhans cells, w h ich  bear their an tigen ic  cargo 
to reg ional ly m p h  nodes an d  in itia te  im m u n e  responses. 
S quam ous cells (keratinocytes) help  m a in ta in  skin  hom eo 
stasis by  p ro v id in g  a physical b a rrie r to  env ironm en ta l 
in su lts  a n d  by secreting  a p le th o ra  of cy tokines th a t influ 
ence b o th  the sq u am o u s a n d  d erm al m icroenv ironm ents. 
The derm is contains resid en t p o p u la tio n s  of CD4+ he lper 
a n d  C D 8 + cytotoxic T lym phocytes, som e of w h ich  hom e 
to the sk in  by v irtu e  of specia lized  recep to rs such  as cu ta 
neous lym phocy te  an tigen , as w ell as m em ory  T cells, 
reg u la to ry  T cells (Tregs) a n d  occasional B cells. The ep i
d e rm is  contains in traep ithe lia l lym phocy tes, in c lu d in g  y /  8  

T cells, w h ile  the derm is con tains perivascu lar m ast cells 
a n d  scattered  m acrophages, all co m ponen ts  of the innate  
im m u n e  system . R esponses invo lv ing  these im m u n e  cells 
a n d  locally re leased  cy tok ines account for the m o rp h o 
logic p a tte rn s  an d  clinical expressions o f in flam m atory  an d  
in fectious sk in  d iso rders.

This ch ap te r focuses o n  com m on a n d  pathogen i- 
cally illu stra tive  sk in  d iseases. In  considering  these d is
eases, it is im p o rtan t to  ap p rec ia te  th a t the practice of

T h e  c o n tr ib u t io n s  o f D r. G e o rg e  M u rp h y  to  th is  c h a p te r  in  p r e v i 
o u s  e d it io n s  a re  g ra te fu l ly  a c k n o w le d g e d .

d erm ato p a th o lo g y  relies on  close in teractions w ith  clini
cians, p articu larly  derm ato log ists, as the  clinical h isto ry , 
g ross appearance, a n d  d is trib u tio n  of lesions are o ften  as 
im p o rta n t as the m icroscopic find ings in  a rriv in g  a t a spe
cific d iagnosis. D iseases of the  sk in  can  be confusing  for 
the s tuden t, in  p a r t  because derm ato log ists  and  derm a- 
topa tho log ists  com m unicate  u s in g  a large, "skin-specific" 
lexicon th a t s tu d en ts  m u s t becom e fam iliar w ith  in  o rd e r 
to  u n d e rs ta n d  sk in  d iseases. The m ost im p o rta n t of these 
te rm s an d  defin itions are  lis ted  in  Table 24.1.

ACUTE INFLAMMATORY 
DERMATOSES

T h o u san d s of in flam m ato ry  derm atoses exist, challenging  
the  d iagnostic  acum en  of even  experienced  clinicians. In 
general, acu te  lesions, defined  as d ay s to  several w eeks in  
d u ra tio n , are charac terized  by in flam m ation , edem a, and  
som etim es ep iderm al, vascu lar, o r subcu taneous in jury . 
A cu te  derm atoses are o ften  m ark ed  by in filtra tes consist
ing  of m o nonuclear cells ra th e r th an  neu tro p h ils , un like  
acu te  in flam m ato ry  d iso rd ers  a t m o st o th e r sites. Som e 
acu te  lesions m ay  persist, tran sitio n in g  to  a chronic phase , 
w h ile  o th e rs  a re  self-lim ited.

Urticaria
U r t ic a r ia  (" h iv e s " ) is  a  c o m m o n  d is o rd e r m e d ia te d  b y  

lo c a liz e d  m a s t c e ll d e g ra n u la tio n , w h ic h  lead s  to  d e rm a l  

m ic ro v a s c u la r h y p e rp e rm e a b ility . The resu ltin g  ery the 
m atous, edem atous, a n d  p ru ritic  p laq u es are te rm ed  wheals.

Pathogenesis

In  m o st cases, u rtica ria  stem s from  a n  im m ed ia te  (type 
1) h y persensitiv ity  reaction  (C hap ter 5), in  w h ich  an ti
gens trigger m ast cell d eg ran u la tio n  by b in d in g  to
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Table 24.1 N o m enclature  of Skin Lesions

M acroscopic
Lesions D e fin itio n

Excoriation Traumatic lesion breaking the epidermis 
and causing a raw linear area (i.e., deep 
scratch); often self-inflicted

Lichénification Thickened, rough skin (similar to a lichen 
on a rock); usually the result of repeated 
rubbing

Macule, patch Circumscribed, flat lesion distinguished 
from surrounding skin by color. Macules 
are 5 mm in diameter or less, while 
patches are greater than 5 mm in size.

Papule, nodule Elevated dome-shaped or flat-topped lesion. 
Papules are 5 mm in diameter or less, 
while nodules are greater than 5 mm in 
size.

Plaque Elevated flat-topped lesion, usually greater 
than 5 mm in diameter (may be formed 
by coalescence of papules)

Pustule Discrete, pus-filled, raised lesion

Scale Dry, horny, platelike excrescence; usually 
the result of imperfect cornification

Vesicle, bulla, blister Fluid-filled raised lesion 5 mm or less in 
diameter (vesicle) or greater than 5 mm 
in diameter (bulla). B l is te r  is the common 
term for both lesions.

Wheal Itchy, transient, elevated lesion with variable 
blanching and erythema formed as the 
result of dermal edema

M icroscopic
Lesions D e fin itio n

Acanthosis Diffuse epidermal hyperplasia

Dyskeratosis Abnormal, premature keratinization within 
cells below the stratum granulosum

Hyperkeratosis Thickening of the stratum corneum, often 
associated with a qualitative abnormality 
of the keratin

Papillomatosis Surface elevation caused by hyperplasia and 
enlargement of contiguous dermal 
papillae

Parakeratosis Retention of nuclei in the stratum corneum 
of a squamous epithelium. On mucous 
membranes, parakeratosis is normal.

Spongiosis Intercellular edema of the epidermis

im m u n o g lo b u lin  E (IgE) an tibod ies a ttach ed  to  the  m ast 
cell surface th ro u g h  the ir Fc recep tor. R esponsib le an tigens 
inc lude  v iruses, po llens, foods, d ru g s, a n d  insect venom . 
IgE -in d ep en d en t u rtica ria  a lso  can  re su lt from  exposu re  
to  substances th a t d irectly  incite m ast cell deg ranu la tion , 
such  as op ia tes a n d  certa in  antib io tics. In  the  v as t m ajority  
o f cases, no  clinical cause is d iscovered  even  w ith  extensive 
investigation .

M O R P H O L O G Y

The histologic features of urticaria often are subtle. There is 

usually a sparse superficial perivenular infiltrate of mononuclear 

cells, rare neutrophils, and sometimes eosinophils. Superficial

dermal edema causes splaying of collagen bundles, making them  

appear to be more widely spaced than normal. Degranulation of 

mast cells, which reside around superficial dermal venules, is dif

ficult to  appreciate with routine hematoxylin-eosin (H&E) stains 

but can be highlighted using a Giemsa stain.

Clinical Features

U rticaria  typically  affects in d iv id u a ls  be tw een  20 a n d  40 
years of age, b u t no  age is im m une. In d iv id u a l lesions 
u sua lly  develop  a n d  fade w ith in  hou rs, b u t ep isodes can  
p ers is t for days or even  m on ths. Lesions range  in  size an d  
n a tu re  from  sm all, p ru ritic  p a p u le s  to  large, edem atous, 
e ry th em ato u s p laques. They m ay  be localized  to  a  p a r 
ticu lar p a r t  of the  bo d y  o r generalized . In  a specific type 
of u rtica ria  te rm ed  pressure urticaria, lesions a re  found  
on ly  in  a reas  exposed  to  p ressu re  (such  as the feet o r b u t
tocks). A lth o u g h  n o t life-th reaten ing , severe p ru r itu s  an d  
the social em b arrassm en t of u rticaria  can  com prom ise  
q ua lity  of life. M ost cases re sp o n d  to  an tih istam ines, b u t 
m ore  severe, refracto ry  d isease m ay  req u ire  trea tm en t w ith  
leuko triene  an tagon ists , m onoclonal an tibod ies  th a t block 
the ac tion  of IgE, or im m u n o su p p ress iv e  d rugs.

Acute Eczematous Dermatitis

Eczema is a  clinical te rm  th a t em braces a n u m b er of con
d itions w ith  va ried  u n d e rly in g  etiologies. N ew  lesions 
take the fo rm  of e ry th em ato u s p apu les, o ften  w ith  overly 
in g  vesicles, w h ich  ooze a n d  becom e crusted . P ru ritu s  is 
characteristic . W ith  persistence, these lesions coalesce in to  
raised , scaling  p laques. The n a tu re  a n d  degree  of these 
changes vary  a m o n g  the  clinical sub types, w h ich  inc lude  
the  follow ing:
• Allergic contact dermatitis— stem s from  topical exposu re  

to a n  a llergen  an d  is caused  by de lay ed  hypersensitivy  
reactions.

• Atopic dermatitis — form erly  a ttr ib u te d  to  a lle rgen  expo 
sure , now  th o u g h t to  o ften  stem  from  defects in  kerati- 
nocyte  ba rrie r function , defined  as sk in  w ith  increased  
perm eab ility  to  substances to  w h ich  it is exposed , such  
as p o ten tia l an tigens

• Drug-related eczematous dermatitis — hypersensitiv ity  
reaction  to  a  d ru g

• Photoeczematous dermatitis — a p p ea rs  as a n  abno rm al 
reaction  to  UV o r v isib le ligh t

• Primary irritant dermatitis — resu lts  from  exposu re  to 
substances th a t chem ically , physically , o r m echanically  
dam age the skin

W hile atop ic  d e rm atitis  reflects a genetic  p red isp o si
tion  a n d  can  pers is t for years o r decades, o th e r fo rm s 
of eczem atous d erm atitis  reso lve com plete ly  w h e n  the 
o ffend ing  s tim u lus is rem oved  or exposu re  is lim ited , 
stressing  the im portance  of investiga ting  the u n d erly in g  
cause. O nly  the m o st com m on  form , contact dermatitis, is 
considered  here.

A lle rg ic  con tac t d e rm a tit is  is  tr ig g e re d  b y  exposure  

to  a n  e n v iro n m e n ta l c o n ta c t-s e n s itiz in g  a g e n t, such  as 

p o is o n  iv y ,  th a t  c h e m ic a lly  reacts w i t h  s e lf-p ro te in s , cre

a t in g  n e o a n tig e n s  th a t  can  be  re c o g n iz e d  b y  th e  T  ce ll
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arm o f the adaptive im m une system . The self-proteins 
m od ified  by the ag en t a re  p rocessed  by  ep id erm al Lang
e rh an s  cells, w h ich  m ig ra te  to  d ra in in g  ly m p h  n o d es an d  
p re se n t the  an tig en  to  na ïve  T cells. This sensitiza tion  even t 
leads to  acqu isition  of im m unolog ic  m em ory; on  reexpo 
su re  to  the an tigen , the ac tivated  m em ory  CD4+ T ly m p h o 
cytes m ig ra te  to  the affected  sk in  sites d u r in g  the course 
of no rm al c irculation . T here they  release cy tok ines tha t 
rec ru it ad d itio n a l in flam m atory  cells a n d  also  m ed ia te  ep i
d erm al dam age, as in  any  de layed -type  hypersensitiv ity  
reaction  (C hap ter 5).

M O R P H O L O G Y

As the name implies, skin involvement in contact dermatitis 

is limited to sites of direct contact with the triggering agent 

(Fig. 2 4 .IA ), whereas in other forms of eczema, lesions may be 

widely distributed. Spongiosis, or epidermal edema, charac

terizes all forms of acute eczematous dermatitis— hence the 

synonym spongiotic  d e rm a titis . Edema fluid seeps into the 

epidermis, where it splays apart keratinocytes (Fig. 24 .IB ). Inter

cellular bridges are stretched and become more prominent and 

are easier to  visualize. This change is accompanied by a super

ficial perivascular lymphocytic infiltrate, edema of dermal papil

lae, and mast cell degranulation. Eosinophils may be present 

and are especially prominent in spongiotic eruptions provoked 

by drugs, but in general the histologic features are similar 

regardless of cause, emphasizing the need for careful clinical 

correlation.

C lin ica l Features

Lesions of acu te  eczem atous derm atitis  are p ru ritic , edem 
atous, oozing  p laques, o ften  con ta in ing  vesicles an d  bullae. 
W ith  p e rsis ten t an tig en  exposure , lesions m ay  becom e 
scaly (hyperkerato tic) as the  ep id erm is  th ickens (acan
thosis). Som e changes are p ro d u c e d  o r exacerbated  by 
scra tch ing  of the lesion  (see " L ichen Sim plex C hron icus", 
d iscussed  later). The clinical causes of eczem a are  som e
tim es d iv id ed  in to  " in s ide  jobs" — reaction  to  a n  in te rna l 
c ircu la ting  an tig en  (such as a n  ingested  food  or d rug ) — 
a n d  "o u ts id e  jobs" — disease re su ltin g  from  con tact w ith  
an  ex ternal an tig en  (such  as p o iso n  ivy).

S usceptib ility  to atop ic  d e rm atitis  is o ften  inherited ; 
the  d iso rd e r is conco rdan t in  80% of iden tical tw ins and  
20% of fra te rna l tw ins. It u sua lly  a p p ea rs  in  early  ch ild 
hood  a n d  rem its spon tan eo u sly  as pa tien ts  m a tu re  in to  
adu lts . C h ild ren  w ith  a top ic  d erm atitis  o ften  have  asth m a 
a n d  allergic rh in itis, te rm ed  the atopic triad. R ecent genetic 
s tu d ies  have  iden tified  p o ly m o rp h ism s associa ted  w ith  
increased  risk  in  genes th a t encode p ro te in s  invo lved  in  
keratinocyte  ba rrie r function , inna te  im m un ity , an d  T  cell 
function .

Erythema Multiforme

Erythem a m ultiform e is characterized by ep ithelia l 
injury m ediated  by sk in -h om in g CD8+ cytotoxic T lym 
phocytes. It is a n  uncom m on , u sua lly  self-lim ited d iso rd er 
th a t a p p ea rs  to  be a hypersensitiv ity  response  to  certa in  
in fections a n d  d ru g s. A n teceden t infections inc lude  those

caused  by  herpes sim plex, m ycop lasm a, a n d  som e fungi, 
w h ile  im p licated  d ru g s  inc lude  su lfonam ides, penicillin , 
salicylates, h ydan to in s, a n d  an ti-m alaria ls. The cytotoxic 
T cell a ttack  is focused  o n  the  basal cells o f cu taneous 
a n d  m ucosa l ep ithelia , p re su m ab ly  d u e  to  recogni
tion  of still u n k n o w n  an tigens. C erta in  h u m a n  ly m p h o 
cyte an tig en  (HLA) h ap lo ty p es  are associa ted  w ith  the 
d isease.

^  M O R P H O L O G Y

Affected individuals present with a wide array of lesions, which 

may include macules, papules, vesicles, and bullae (hence the 

term  m u l t i f o r m e ) .  Well-developed lesions have a characteristic 

“targetoid” appearance (Fig. 24.2A). Early lesions show a super

ficial perivascular lymphocytic infiltrate associated with dermal 

edema and margination of lymphocytes along the dermoepider- 

mal junction in intimate association with apoptotic keratinocytes 

(see Fig. 24.2B). W ith  time, discrete, confluent zones of basal

B

Fig. 24.1 Eczematous dermatitis. (A) Patterned erythema and scale stem
ming from a nickel-induced contact dermatitis produced by a necklace. 
(B) Microscopically, there is accumulation of fluid (spongiosis) between 
epidermal cells, which may progress to frank blister formation.
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Fig. 24.2 Erythema multiforme. (A) Target like lesions consisting of a pale 
central blister or zone of epidermal necrosis surrounded by macular ery
thema. (B) Early lesions show lymphocytes along the dermoepidermal junc
tion (interface dermatitis) associated with scattered apoptotic keratinocytes, 
marked by dark shrunken nuclei and eosinophilic cytoplasm.

epidermal necrosis appear, with concomitant blister formation. In 

a rarer and more severe form of this disease, tox ic  e p id e rm a l 

necrolysis, the necrosis extends through the full thickness of 

the epidermis.

C lin ica l Features

E ry them a m u ltifo rm e has a b ro ad  range  of severity . The 
fo rm s associa ted  w ith  infection  (m ost o ften  herpesv irus) 
a re  less severe. E ry them a m u ltifo rm e caused  by  m ed ica 
tions m ay  p ro g ress  to  m ore serious e ru p tio n s, such  as 
S tevens-Johnson  sy n d ro m e o r toxic ep id erm al necrolysis. 
These form s can  be life-th reaten ing , as they  m ay  cause 
slough ing  of large  p o rtio n s of the ep iderm is, re su ltin g  in  
flu id  loss a n d  infections com plications sim ilar to  those  seen 
in  b u rn -in ju red  patien ts.

C H R O N IC  INFLAMMATORY 
DERMATOSES

C hronic  in flam m atory  d erm atoses a re  p e rs is ten t sk in  con
d itions th a t exh ib it the ir m ost characteristic  fea tu res over 
m an y  m o n th s to  years, a lth o u g h  they  m ay  beg in  w ith  an  
acu te  stage. The sk in  surface in  som e chronic in flam m atory

derm atoses is ro u g h e n e d  as a re su lt o f excessive o r abno r
m al scale fo rm ation  a n d  sh e d d in g  (desquamation).

Psoriasis
Psoriasis is a com m on chronic inflam m atory  derm atosis, 
affecting 1% to 2% of ind iv iduals resid ing  in  the U nited  
States. Recent epidem iologic stud ies have show n  tha t pso 
riasis is associated w ith  a n  increased risk for h eart a ttack  and  
stroke, a  re la tionsh ip  that m ay  be re la ted  to  a chronic inflam 
m ato ry  state. Psoriasis also is associated in  u p  to  10% of 
patien ts w ith  arthritis, w hich  in som e cases m ay be severe.

Pathogenesis

P sorias is  is  a  T  c e ll-m e d ia te d  in f la m m a to ry  d isease, p re 

s u m e d  to  b e  a u to im m u n e  in  o r ig in , a lth o u g h  the an tigens 
a re  n o t w ell described. B oth genetic (H LA  types an d  o ther 
suscep tib ility  loci) a n d  en v iro n m en ta l factors con tribu te  
to  the  risk. It is unc lear w h e th e r  the inciting  an tigens are  
self-antigens, en v iro n m en ta l an tigens, o r som e com bina
tion  of the tw o. Sensitized  p o p u la tio n s  of T cells hom e to 
the  derm is, in c lu d in g  CD4+ TH17 a n d  TH1 cells a n d  C D 8 + 
T cells, an d  accum ula te  in  the  ep iderm is. These cells secrete 
cy tok ines an d  g row th  factors tha t induce  keratinocyte  
h y perp ro life ra tion , re su ltin g  in  the characteristic  lesions. 
Psoria tic  lesions can be in d u ced  in  suscep tib le  in d iv id u a ls  
by  local trau m a  (Koebner phenomenon), w h ich  m ay  induce  
a local in flam m atory  response  th a t p rom otes  lesion  devel
o pm en t. G enom e-w ide associa tion  s tud ies  (GW AS) have  
linked  an increased  risk  for pso riasis  to  p o ly m o rp h ism s in 
H L A  loci a n d  genes affecting  an tig en  p resen ta tion , TNF 
signaling , a n d  sk in  b a rrie r function . Several loci also  are  
associated  w ith  the d ev e lo p m en t o f pso ria tic  arth ritis , a 
m ore  severe com plication  of th is d isease.

^  M O R P H O L O G Y

The typical lesion is a w e ll-d e m a rc a te d , p in k  to  s a lm o n -  

co lo red  p laque covered by loosely a d h e re n t s ilver-w h ite  

scale (Fig. 24.3A). There is marked epidermal thickening (acan 

thosis), with regular downward elongation of the rete ridges 

(see Fig. 24.3B). The pattern of this downward growth has been 

likened to “test tubes in a rack.” Increased epidermal cell turn

over and lack of maturation results in loss o f th e  s tra tu m  

g ranu losu m  and exten s ive  p a ra k e ra to tic  scale. Also seen 

is thinning of the epidermal cell layer overlying the tips of dermal 

papillae (suprapapillary plates), and dilated and tortuous blood 

vessels within the papillae. These vessels bleed readily when 

the scale is removed, giving rise to  multiple punctate bleeding 

points (A u s p itz  sign). Neutrophils form small aggregates within 

both the spongiotic superficial epidermis and the parakeratotic 

stratum corneum. Similar changes can be seen in superficial 

fungal infections, which need to  be excluded with appropriate 

special stains.

C lin ica l Features

Psoriasis m ost frequen tly  affects the  skin  of the  elbow s, 
knees, scalp, lum bosacral areas, in te rg lu tea l cleft, g lans 
pen is, a n d  vu lva. N ail changes on  the fingers a n d  toes 
occur in  30% of cases. In  m ost cases pso riasis  is lim ited  in
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Fig. 24.3 Chronic psoriasis. (A) Erythematous psoriatic plaques covered by silvery-white scale. (B) Microscopic examination shows marked epidermal hyper
plasia, downward extension of rete ridges (psoriasiform hyperplasia), and prominent parakeratotic scale with infiltrating neutrophils.

d istribu tion , b u t it can  be w id e sp re a d  a n d  severe. The clini
cal sub types are  defined  by p a tte rn  of invo lvem en t an d  
severity . T rea tm en t is a im ed  a t p rev en tin g  the release or 
actions of in flam m atory  m ed ia to rs. M ild  d isease is trea ted  
topically  w ith  o in tm en ts  con ta in ing  corticostero ids or o ther 
im m u n o m o d u la to ry  agents, w h ereas m ore severe d isease 
is trea ted  w ith  p h o to th e rap y  (w hich  has im m u n o su p p res 
sive effects) o r system ic th e rap y  w ith  im m u n o su p p ress iv e  
agen ts  such  as m etho trexa te  o r TN F an tagon ists.

Lichen Planus

"P ru ritic , p u rp le , po lygonal, p lan a r p ap u les , a n d  p laques" 
a re  the to ngue-tw isting  Ps th a t describe th is  d iso rd e r of 
sk in  a n d  sq u am o u s m ucosa. The lesions m ay  re su lt from  a 
CD 8 + T ce ll-m ed ia ted  cytotoxic response  ag a in st an tigens 
in  the basal cell layer a n d  the d e rm o ep id erm al junc tion  
th a t are  p ro d u ced  by u n k n o w n  m echanism s, p e rh a p s  as a 
consequence of a v ira l in fection  o r d ru g  exposure.

M O R P H O L O G Y

Cutaneous lesions of lichen planus consist of p ru r it ic , v io 

laceous, fla t-to p p e d  papules that may coalesce focally to  

form plaques (Fig. 24.4A). These papules are highlighted by white 

dots or lines termed W ic k h a m  s tr ia e . Hyperpigmentation may 

result from melanin loss into the dermis from damaged keratino- 

cytes. Microscopically, lichen planus is a prototypical in te rfa c e  

d e rm a titis , so called because the inflammation and damage 

are concentrated at the interface of the squamous epithelium 

and papillary dermis. There is a dense, continuous infiltrate of 

lymphocytes along the dermoepidermal junction (see Fig. 24.4B). 

The lymphocytes are intimately associated with basal keratino- 

cytes, which often atrophy or become necrotic. Perhaps as a 

response to  damage, the basal cells take on the appearance of 

the more mature cells of the stratum spinosum (squamatization). 

This pattern of inflammation causes the dermoepidermal inter

face to  assume an angulated, zigzag contour (saw to o th in g ). 

Anucleate, necrotic basal cells are seen in the inflamed papil

lary dermis and are referred to as colloid bodies or C iv a tte

bodies. Although these changes bear some similarities to those 

in erythema multiforme (another type of interface dermatitis 

discussed earlier), lichen planus shows well-developed changes 

of chronicity, including epidermal hyperplasia, hypergranulosis, 

and hyperkeratosis.

Fig. 24.4 Lichen planus. (A) Flat-topped pink-purple polygonal papule with 
white lacelike markings referred to as W ic k h a m  s t r ia e .  (B) Microscopic 
examination shows a bandlike infiltrate of lymphocytes along the dermoepi
dermal junction, hyperkeratosis, hypergranulosis, and pointed rete ridges 
(“sawtoothing”), which results from chronic injury of the basal cell layer.
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C lin ica l Features

Lichen p lan u s  is an  unco m m o n  d iso rd e r th a t usua lly  
p re sen ts  in  m id d le -ag ed  adu lts . The cu tan eo u s lesions 
a re  m u ltip le  a n d  are  u sua lly  sym m etrically  d is trib u ted , 
p a rticu la rly  o n  the  extrem ities, a n d  often  occur a ro u n d  
the  w ris ts  a n d  e lbow s a n d  o n  the  v u lv a  a n d  g lans penis. 
A pprox im ate ly  70% of cases also  invo lve the  o ral m ucosa, 
w h ere  the lesions m an ifest as w h ite  p ap u le s  w ith  a re ticu 
la te  o r netlike appearance. The cu tan eo u s lesions of lichen 
p la n u s  u su a lly  reso lve spon tan eo u sly  w ith in  1 to  2 years, 
b u t the o ral lesions m ay  p ersis t an d  be of sufficient severity  
to in terfere  w ith  food  in take.

Lichen Simplex Chronicus

Lichen sim plex  ch ron icus m an ifests as ro u g h en in g  of the 
skin, w h ich  takes o n  an  app earan ce  rem in iscen t o f lichen 
o n  a tree. It is a response  to  local repe titive  traum a, u sua lly  
from  ru b b in g  o r scratching. N o d u la r fo rm s exist th a t are  
re ferred  to  as prurigo nodularis. The pa thogenesis  o f lichen 
sim plex chronicus is n o t u n d ers to o d , b u t the trau m a  p ro b 
ably  in d u ces ep ithelia l hy p erp lasia  an d  ev en tu a l de rm al 
scarring.

M O R P H O L O G Y

Lichen simplex chronicus is characterized by acanthosis, 

hyperkeratos is , and hypergranulosis. Also seen are elonga

tion of the rete ridges, fibrosis of the papillary dermis, and a 

dermal chronic inflammatory infiltrate (Fig. 24.5). O f interest, 

these lesions are similar in appearance to  normal volar (palms 

and soles) skin, in which skin thickening serves as an adaptation 

to  repetitive mechanical stress.

C lin ica l Features

The lesions o ften  are  ra ised , e ry them atous, a n d  scaly 
a n d  can  be m istaken  for keratinocytic  neop lasm s. L ichen 
sim plex  ch ron icus can  be su p erim p o sed  on  a n d  m ask

Fig. 24.5 Lichen simplex chronicus. Note the distinctive acanthosis, hyper
keratosis, and hypergranulosis. Superficial dermal fibrosis and vascular ectasia, 
both common features, also are present.

an o th e r (often  p ru ritic ) derm atosis. It is therefore  im p o r
ta n t to ru le  o u t an  u n d e rly in g  cause w h ile  recogn izing  th a t 
the  lesion  m ay  be en tire ly  traum a-re la ted .

f t  S U M M A R Y

IN F L A M M A T O R Y  D E R M A T O S E S

• Many specific inflammatory dermatoses exist and can be 

mediated by IgE antibodies (urticaria), antigen-specific T  cells 

(eczema, erythema multiforme, and psoriasis), or trauma 

(lichen simplex chronicus).

• Underlying genetic susceptibility plays a role in atopic derma

titis and psoriasis.

• These disorders can be grouped based on patterns of inflam

mation (e.g., interface dermatitis in lichen planus and erythema 

multiforme).

• Clinical correlation is essential to diagnose specific skin dis

eases, since many have overlapping, nonspecific histologic 

features.

INFECTIOUS DERMATOSES

Bacterial Infections

N u m ero u s  bacterial infections occur in  skin. These range 
from  superficial infections k n o w n  as impetigo, to  deeper 
d erm al abscesses associated  w ith  p u n c tu re  w o u n d s  tha t 
a re  caused  by bacteria  such  as Pseudomonas aeruginosa. The 
p a thogenesis  is sim ilar to  th a t for m icrobial in fections else
w h ere  (C hap ter 9). O nly  im petigo  is d iscussed  here.

M O R P H O L O G Y

Impetigo is characterized by an accumulation of neutrophils 

beneath the stratum corneum that often produces a subcorneal 

pustule. Nonspecific reactive epidermal alternation and super

ficial dermal inflammation accompany these findings. Bacterial 

cocci in the superficial epidermis can be demonstrated by Gram  

stain.

C lin ica l Features

Impetigo, one of the m ost com m on  bacterial infections of 
the skin, is seen  p rim arily  in  ch ild ren . The causative  o rgan 
ism  is u sua lly  Staphylococcus aureus or, less com m only , 
Streptococcus pyogenes, a n d  is typically  acqu ired  th ro u g h  
direct con tact w ith  a source. Im petigo  often  beg ins as a 
single sm all m acule, u sua lly  on  the ex trem ities o r the  face 
near the nose o r the  m o u th , w h ich  rap id ly  evolves in to  a 
larger lesion (Fig. 24.6), o ften  w ith  a honey-co lo red  cru st 
of d ried  serum . In d iv id u a ls  w h o  are colon ized  by S. aureus 
or S. pyogenes (usually  n asa l o r anal) a re  m ore  likely to  be 
affected. A  less com m on  bu llous fo rm  of ch ildhood  im pe
tigo m ay  m im ic a n  au to im m u n e  b liste ring  d iso rder.

Fungal Infections
F ungal infections are varied , ran g in g  from  superficial 
in fections w ith  Tinea or Candida spp . to  life-th reaten ing
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Fig. 24.6 Impetigo. A child's arm involved by a superficial bacterial infection 
showing the characteristic erythematous scablike lesions crusted with dried 
serum. ( C o u r te s y  o f  D r .  A n g e la  W y a t t ,  B e l la ir e , Texas.)

Aspergillus spp . in fections in  im m u n o su p p ressed  in d iv id u 
als. F ungal infections can  be superficial (s tra tu m  corneum , 
hair, an d  nails), deep  (derm is o r subcutis), o r system ic, the 
last type  arising  th ro u g h  h em atogenous sp read , o ften  in  an  
im m u n o co m p ro m ised  pa tien t.

M O R P H O L O G Y

The histologic appearance varies depending on the organism, 

host response, and degree of superinfection. Superficial infec

tions are often associated with a neutrophilic infiltrate in the 

epidermis. Deep fungal infections produce greater tissue damage 

and often elicit a granulomatous response. A s p e r g i l l u s  can be 

angioinvasive. Periodic acid—Schiff (PAS) and Gomori methena- 

mine silver stains are helpful in identifying the fungal organisms.

C lin ica l Features

Superficial infections u sua lly  p ro d u ce  e ry th em ato u s 
m acu les w ith  superficial scale th a t can  be p ru ritic , w h ile  
d eep er in fections such  as those seen  w ith  Aspergillus spp . 
a re  e ry th em ato u s a n d  often  n o d u la r  a n d  som etim es associ
a ted  w ith  local hem orrhage . Superficial fungal infections 
m ay  have  an  an n u la r  appearance. H ow ever, they  a lso  m ay  
in d u ce  lesions th a t m im ic o ther p so riasifo rm  o r eczem a
tous derm atoses, so it is im p o rta n t to  consider the possi
bility  of fungal infection  w h e n  these cond itions are  in  the 
d ifferen tial d iagnosis.

Verrucae (Warts)
V e rru c a e  are p ro life ra t iv e  le s io n s  o f  s q u am o u s  e p ith e lia l  

ce lls  th a t  are caused  b y  h u m a n  p a p illo m a v ir u s  (H P V ) .

T hey are  m o st com m on  in  ch ild ren  a n d  adolescen ts, b u t 
m ay  be en co u n te red  in  any  age g roup . H PV  infection  
u sua lly  stem s from  d irec t con tact w ith  a n  infected  in d iv id 
ua l o r au to inocu la tion . V errucae generally  are self-lim ited, 
m o st o ften  reg ressing  spon tan eo u sly  w ith in  6  m o n th s to 
2  years.

Pathogenesis

W hile som e m em bers  of the H PV  fam ily  are associa ted  w ith  
p reneop lastic  a n d  invasive  cancers o f the anogen ita l reg ion  
(C hap ters 6  a n d  18), cu taneous w a rts  are  m ain ly  caused  by

low -risk  H PV  sub types th a t lack tran sfo rm in g  po ten tia l. 
Like h igh-risk  HPV, low -risk  v iru ses  express v ira l E6  an d  
E7 oncopro te ins th a t lead  to  d y sreg u la ted  ep id erm al cell 
g ro w th  a n d  increased  surv ival. W hy  low -risk  v iru ses cause 
w a rts  in stead  of cancer is likely d u e  to  s tru c tu ra l varia tion  
in  E 6  a n d  E7 p ro te in s  th a t affect their in te rac tions w ith  ho st 
p ro te in s. Because the  g ro w th  of w arts  is no rm ally  h a lted  
by the im m u n e  response, im m unodefic iency  is associated  
w ith  m ore n u m ero u s  a n d  la rger verrucae.

^  M O R P H O L O G Y

Different kinds of warts are identified on the basis of their 

gross appearance and location and generally are caused by dis

tinct HPV subtypes. V e rru c a  vulgaris (Fig. 24.7A), the most 

common type of wart, can occur anywhere but is found most 

frequently on the hands, particularly on the dorsal surfaces and 

periungual areas, where it appears as a gray-white to tan, flat to  

convex, 0.1- to  1-cm papule with a rough, pebble like surface. 

V e rru c a  p lana, or f la t w a r t ,  is common on the face or dorsal 

surfaces of the hands. These warts are flat, smooth, tan macules. 

V e rru c a  p lan taris  and v e rru c a  p a lm aris  occur on the soles 

and palms, respectively. These rough, scaly lesions can reach 1 to  

2 cm in diameter and may coalesce to  form a surface that can 

be confused with ordinary calluses. C o n d y lo m a  a c u m in a tu m  

(ven erea l w a r t )  occurs on the penis, female genitalia, urethra, 

and perianal areas (Chapters 18 and 19). Histologic features 

common to  verrucae include e p id e rm a l hyperp lasia, which 

is often undulant in character (so-called verrucous  or pap il

lom ato us  e p id e rm a l hyperplasia) (Fig. 24.7B, t o p  p a n e l ) ,  and 

cytoplasmic vacuolization (ko ilocytos is ), which preferentially 

involves the more superficial epidermal layers, producing halos 

of pallor surrounding infected nuclei. Infected cells also may 

demonstrate prominent keratohyalin granules and jagged eosino

philic intracytoplasmic protein aggregates as a result of impaired 

maturation (Fig. 24.7B, b o t t o m  p a n e l ) .

BLISTERING (BULLOUS) DISORDERS

A lth o u g h  vesicles a n d  bu llae  (blisters) occur as secondary  
p h en o m en a  in  several u n re la ted  cond itions (e.g., he rp es
v iru s  infection, spongio tic  derm atitis), there  is a g ro u p  of 
d iso rd ers  in  w h ich  b listers are the  p rim ary  a n d  m o st d is
tinctive featu re . B listering in  these d iseases ten d s  to  occur 
a t specific levels w ith in  the skin, a  m orpho log ic  d istinction  
th a t is critical for d iagnosis (Fig. 24.8).

Pemphigus (Vulgaris and Foliaceus)

P e m p h ig u s  is a n  u n c o m m o n  a u to im m u n e  b lis te r in g  d is 

o rd e r re s u lt in g  f r o m  loss o f  n o rm a l in te rc e llu la r  a ttach 

m e n ts  w i th in  th e  e p id e rm is  a n d  th e  s q u am o u s  m u co sa l 

e p ith e liu m . T here are  th ree  m ajor varian ts:
• P em p h ig u s  vu lg aris  (the m ost com m on type)
• P em p h ig u s  foliaceus
• P araneop lastic  p e m p h ig u s

The last en tity  is associated  w ith  in te rn a l m alignancy  
an d  is n o t d iscussed  here.
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Fig. 24.7 Verruca vulgaris. (A) Multiple warts, with characteristic rough, 
pebble like surfaces. (B) Microscopically, common warts contain zones of 
papillary epidermal proliferation that often radiate symmetrically like the 
points of a crown ( to p ) . Pallor or halos around nuclei, prominent keratohyalin 
granules, and related cytopathic changes are seen at higher magnification 
( b o t to m ) .

Pathogenesis

P em p h ig u s  vu lgaris  an d  p e m p h ig u s  foliaceus a re  au to 
im m u n e  d iseases caused  by an tib o d y -m ed ia ted  (type II) 
h ypersensitiv ity  reactions (C hap ter 5). The pathogen ic  
an tibod ies  are IgG  au to an tib o d ies  th a t b in d  to  in tercel
lu la r desm osom al p ro te in s  (desm oglein  types 1 an d  3) 
fo u n d  in  the sk in  a n d  m ucous m em branes. The an tib o d 
ies d is ru p t the  in tercellu lar adhesive  function  of desm o
som es a n d  m ay  activate  in tercellu lar p ro teases as w ell. The 
d is trib u tio n  of desm og le in  p ro te in s  w ith in  the ep iderm is

de te rm in es the  location  of the  lesions. By direct im m u 
nofluorescence s tudy , lesional sites show  a characteristic  
fishnet-like p a tte rn  of in te rce llu la r IgG  deposits  (Fig. 24.9). 
A s w ith  m an y  o ther au to im m u n e  diseases, p e m p h ig u s  is 
associa ted  w ith  p a rticu la r H LA  alleles.

M O R P H O L O G Y

Pem phigus vu lgaris  involves both mucosa and skin, especially 

on the scalp, face, axillae, groin, trunk, and points of pressure. 

The lesions are superficial flaccid vesicles and bullae that rupture 

easily, leaving deep and often extensive erosions covered with a 

serum crust (Fig. 2 4 .I0 A ). Pem phigus foliaceus, a rare, milder 

form of pemphigus, results in bullae that are mainly confined 

to  the skin, with only infrequent involvement of mucous mem

branes. The blisters in this disorder are superficial, such that 

more limited zones of erythema and crusting of ruptured blisters 

are seen (Fig. 2 4 . I IA ).

The common histologic denominator in all forms of pemphi

gus is acantholysis, lysis of the intercellular adhesive junctions 

between neighboring squamous epithelial cells that results in the 

rounding up of detached cells. In pemphigus vulgaris, acantholysis 

selectively involves the layer of cells immediately above the basal 

cell layer, giving rise to a suprabasal acan tho ly tic  b lis te r (Fig. 

24.I0B ). In pemphigus foliaceus, acantholysis selectively involves 

the superficial epidermis at the level of the stratum granulosum 

(Fig. 2 4 . I IB ). Variable superficial dermal infiltrates composed of 

lymphocytes, macrophages, and eosinophils accompany all forms 

of pemphigus.

C lin ica l Features

P em p h ig u s  v u lgaris  is a ra re  d iso rd er th a t occurs m ost 
com m only  in  o lder a d u lts  a n d  m ore o ften  in  w o m en  than  
in  m en. Lesions are  pain fu l, p a rticu la rly  w h e n  ru p tu re d , 
a n d  frequen tly  develop  secondary  infections. M ost affected 
pa tien ts  have  o ro p h ary n g ea l inv o lv em en t a t som e p o in t in  
the ir course. The m ainstay  of trea tm en t is im m u n o su p p res 
sive therapy , som etim es for life. M edications can  induce  
pem p h ig u s, m ore  often  p e m p h ig u s  foliaceus th a n  pem 
p h ig u s  vu lgaris . T here is also  an  u n u su a l endem ic fo rm  of 
p e m p h ig u s  foliaceus in  S ou th  A m erica (fogo selvagem) th a t 
is p u ta tiv e ly  associa ted  w ith  the bite o f a black fly.

Bullous Pemphigoid

B ullous p e m p h ig o id  is a n o th e r d istinctive  acq u ired  b lister
ing  d iso rd e r w ith  an  au to im m u n e  basis.

Pathogenesis

B lis te r in g  in  b u llo u s  p e m p h ig o id  is tr ig g e re d  b y  th e  

l in e a r  d e p o s it io n  o f  a u to re a c tiv e  Ig G  a n tib o d ie s  a n d  

c o m p le m e n t in  th e  e p id e rm a l b a s e m e n t m e m b ra n e  (Fig. 
24.12A). R eactivity  also  occurs in  the b asem en t m em brane  
a ttach m en t p laq u es (hem idesm osom es), w h e re  m ost 
b u llo u s p em p h ig o id  an tig en  (m ost com m only  type  XVII 
collagen) is located . The p ro te in s  th a t are recogn ized  by the 
au to an tib o d ies  have s tru c tu ra l ro les in  d e rm o ep id erm al 
adhesion . IgG  au to an tib o d ies  to  h em idesm osom e com po
n en ts  fix com plem en t an d  cause tissue in jury  by recru it
ing  n eu tro p h ils  a n d  eosinophils. B ullous p e m p h ig o id  an d  
p em p h ig u s  v u lgaris  are th u s  caused  by  sim ilar pathogen ic
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A Subcorneal B Suprabasal C Subepidermal

Fig. 24.8 Levels of blister formation. (A) Subcorneal (as in pemphigus foliaceus). (B) Suprabasal (as in pemphigus vulgaris). (C) Subepidermal (as in bullous 
pemphigoid or dermatitis herpetiformis).

m echanism s, b u t d iffer in  their clinical p re sen ta tio n  an d  
course  d u e  to  v a ria tio n  in  the location  of the ta rge t an tigen  
(hem idesm osom es in  b u llous p em p h ig o id , desm osom es in  
pem ph igus).

M O R P H O L O G Y

Bullous pemphigoid is associated with tense sub ep id erm al 

bullae filled with clear fluid (Fig. 24 .I2B ). The overlying epider

mis characteristically lacks acantholysis. Early lesions show vari

able numbers of eosinophils at the dermal-epidermal junction, 

occasional neutrophils, superficial dermal edema, and associated 

basal cell layer vacuolization. The vacuolated basal cell layer even

tually gives rise to a fluid-filled blister (Fig. 2 4 .I2 C ). The blister 

roof consists of full-thickness epidermis with intact intercellular 

junctions, a key distinction from the blisters seen in pemphigus.

Fig. 24.9 Direct immunofluorescence findings in pemphigus. (A) Pemphigus 
vulgaris. Note the uniform deposition of immunoglobulin ( g re e n )  along kera- 
tinocyte cell membranes in a characteristic “fishnet” pattern. (B) Pemphigus 
foliaceus. Immunoglobulin deposits are confined to superficial layers of the 
epidermis.

C lin ica l Features

The lesions of b u llo u s p e m p h ig o id  do  n o t ru p tu re  as read ily  
as in  p e m p h ig u s  and , if uncom plica ted  by infection, heal 
w ith o u t scarring . The d isease ten d s to  fo llow  a rem ittin g  
an d  re lap sin g  course  an d  re sp o n d s  to  top ical o r system ic 
im m u n o su p p ress iv e  agents. G esta tional p e m p h ig o id  (also 
k n o w n  as herpes gestationis, a  m isnom er since there  is no

Fig. 24.10 Pemphigus vulgaris. (A) An erosion on the leg arising from 
coalescence of a group of “unroofed” blisters. (B) Suprabasal intraepidermal 
blister in which rounded, dissociated (acantholytic) keratinocytes are plenti
ful ( in s e t ) .
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Fig. 24.11 Pemphigus foliaceus. (A) A typical blister, which is more superfi
cial than those seen in pemphigus vulgaris. (B) Microscopic appearance of a 
characteristic subcorneal blister.

v ira l etiology) is a clinically d istinc t sub type  th a t ap p ea rs  
su d d en ly  d u rin g  the second  o r th ird  trim ester o f p reg 
nancy . It also  is caused  by  au to an tib o d ies  ag a in st bu llous 
p em p h ig o id  an tigen . G esta tional p e m p h ig o id  typically  
reso lves after ch ildb irth , b u t m ay  recu r w ith  su b seq u en t 
pregnancies.

Dermatitis Herpetiformis
D e rm a tit is  h e rp e t ifo rm is  is a n  a u to im m u n e  b lis te r in g  

d is o rd e r associated  w i th  g lu te n  s e n s it iv ity  th a t  is  char

a c te r iz e d  b y  e x tre m e ly  p ru r it ic  g ro u p e d  ves ic les  a n d  

p a p u le s . The d isease affects p red o m in an tly  m ales, often  
in  the th ird  a n d  fo u rth  decades of life. U p to  80% of cases 
a re  associated  w ith  celiac d isease; conversely , on ly  a  sm all 
fraction  of p a tien ts  w ith  celiac d isease develop  d erm atitis  
herpetifo rm is. Like celiac disease, d e rm atitis  herpe tifo rm is 
re sp o n d s  to  a  g lu ten-free diet.

Pathogenesis

The stro n g  associa tion  of derm atitis  herpe tifo rm is w ith  
celiac d isease p ro v id es a clue to  its pathogenesis. G eneti-

Fig. 24.12 Bullous pemphigoid. (A) Deposition of IgG antibody (detected 
by direct immunofluorescence) in the subepidermal basement membrane 
(epidermis is on the left side of the fluorescent band). (B) Gross appearance 
of characteristic tense, fluid-filled blisters. (C) Subepidermal vesicle with an 
eosinophil-rich inflammatory infiltrate. (C , C o u r te s y  o f  D r .  V ic to r  G . P r ie to ,  

H o u s to n ,  T e x a s .)

cally p red isp o sed  in d iv id u a ls  develop  IgA  an tibod ies to 
d ie ta ry  g lu ten  (derived  from  the w h e a t p ro te in  g liadin) as 
w ell as IgA  au to an tib o d ies  th a t cross-react w ith  endom y- 
s iu m  a n d  tissue transg lu tam inases, in c lu d in g  ep id erm al 
tran sg lu tam in ase  exp ressed  by keratinocytes. By direct 
im m unofluorescence, the  skin  show s d iscon tinuous,
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g ran u la r deposits  o f IgA  selectively localized  in  the  tips 
o f de rm al pap illae  (Fig. 24.13A). The re su ltan t in ju ry  an d  
in flam m ation  p ro d u ce  a su b ep id erm al blister.

M O R P H O L O G Y

The lesions of dermatitis herpetiformis are bilateral, symmetric, 

and grouped and preferentially involve the extensor surfaces, 

elbows, knees, upper back, and buttocks (Fig. 24 .I3B ). Initially, 

neutrophils accumulate selectively at the tips  o f d e rm a l pap il

lae, forming small microabscesses (Fig. 2 4 .I3 C ). The basal cells 

overlying these microabscesses show vacuolization and focal 

dermoepidermal separation that ultimately coalesce to  form a 

true su b ep id erm al b lister.

Ä S U M M A R Y

B L IS T E R IN G  D IS O R D E R S

• Blistering disorders are classified based on the level of the 

epidermis that is affected.

• These disorders often are caused by autoantibodies specific 

for epithelial or basement membrane proteins that lead to  

unmooring of keratinocytes (acantholysis).

• Pemphigus is associated with IgG autoantibodies to various 

intercellular desmogleins (part of the desmosome), resulting 

in bullae that are either subcorneal (pemphigus foliaceus) or 

suprabasilar (pemphigus vulgaris).

• Bullous pemphigoid is associated with IgG autoantibodies to  

basement membrane proteins (part of the hemidesmosome) 

and produces a subepidermal blister.

• Dermatitis herpetiformis is associated with IgA autoantibodies 

to transglutaminase, and also is characterized by subepidermal 

blisters.

TUMORS OF THE SKIN

Benign and Premalignant Epithelial Lesions

B enign ep ithelia l neop lasm s are  com m on  an d  p robab ly  
arise  from  stem  cells res id in g  in  the ep iderm is  a n d  hair 
follicles. These tu m o rs g row  to a  lim ited  size a n d  generally  
do  n o t u n d e rg o  m alig n an t transfo rm ation .

Seborrheic Keratosis

These com m on p ig m en ted  ep id erm al tu m o rs occur m ost 
frequen tly  in  m idd le-age  or o lder in d iv idua ls . T hey arise 
spon tan eo u sly  a n d  a re  p articu larly  n u m ero u s  o n  the  trunk , 
a lth o u g h  the  extrem ities, head , a n d  neck  also  m ay  be sites 
of involvem ent.

Fig. 24.13 Dermatitis herpetiformis. (A) Characteristic selective deposition 
of IgA autoantibody at the tips of the dermal papillae. (B) Lesions consist of 
intact and eroded (usually scratched) erythematous blisters, often grouped 
(seen here on elbows and arms). (C) Blisters associated with basal cell layer 
injury, initially caused by accumulation of neutrophils (microabscesses) at the 
tips of the dermal papillae. (A , C o u r te s y  o f  D r .  V ic to r  G . P r ie to ,  H o u s to n ,  T e x a s .)

C
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S eb o rrh e ic  keratoses are caused b y  a c q u ire d  a c tiva t

in g  m u ta tio n s  in  g ro w th  fac to r s ig n a lin g  p a th w a y s . A
significant fraction  of these tum ors harbo r activating  m u ta 
tions in  fibroblast g row th  factor recep tor 3 (FGFR3), w h ich  
possesses a  tyrosine kinase activity tha t stim ulates RAS 
an d  the P I3K /A K T  pathw ay , w hile  o thers have activat
in g  m uta tions in  d ow nstream  p a th w ay  com ponents such 
as RAS an d  PI3K. Except for cosm etic concerns, seborrheic 
keratoses are  usually  of little clinical im portance. H ow ever, 
in  rare  patien ts h u n d re d s  of lesions m ay  ap p ear sud 
den ly  as a paraneoplastic  syndrom e (sign o f Leser-Trelat). 
Patients w ith  this p resen ta tion  m ay  harbo r in te rna l m alig 
nancies, m ost com m only  gastro in testinal tract carcinom as, 
w hich p roduce  grow th  factors th a t stim ulate ep iderm al 
proliferation.

M O R P H O L O G Y

Seborrheic keratoses are round , exop hytic , co in like  p laques

that vary in diameter from millimeters to centimeters and have 

a “ s tu ck-o n ” appearance (Fig. 24.14, i n s e t ) .  They are tan to  

dark brown and have a velvety- to  granular-appearing surface. 

Occasionally, their dark color is suggestive of melanoma, leading 

to  surgical removal.

Microscopically, seborrheic keratoses are composed of 

monotonous sheets of small cells that resemble the basal cells 

of the normal epidermis (see Fig. 24.14). Variable melanin pig

mentation is present within these basaloid cells, accounting for 

the brown coloration seen grossly. Hyperkeratosis occurs at 

the surface, and the presence of small keratin-filled cysts (horn 

cysts) and downgrowth of keratin into the main tum or mass 

(pseudo-horn cysts) are characteristic features.

Actinic Keratosis

A c tin ic  k e ra to s is  is a  p re m a lig n a n t  le s io n  caused  b y  

U V - in d u c e d  D N A  d am a g e  th a t  is  associated  w i t h  m u ta 

tio n s  in  T P 5 3  a n d  o th e r genes th a t  also  are  fre q u e n t ly  

m u ta te d  in  s q u am o u s  c e ll c a rc in o m a  o f  th e  s k in . Because 
such lesions u sua lly  a re  the resu lt of chronic exposu re  to

Fig. 24.14 Seborrheic keratosis. A characteristic roughened, brown, waxy 
lesion that appears to be “stuck on” the skin ( in s e t ) . Microscopic examination 
shows an orderly proliferation of uniform, basaloid keratinocytes that tend 
to form keratin microcysts (horn cysts).

su n lig h t a n d  are  associated  w ith  hyperkera tosis , they  are  
called  actinic (sun-re la ted) keratoses. The ra te  of p rog ression  
to  sq u am o u s cell carc inom a is sm all, va ry in g  from  0 .1 % to 
2.6% p e r year. M ost reg ress o r rem ain  stable.

^  M O R P H O L O G Y

Actinic keratoses usually are less than 1 cm in diameter, tan- 

brown or red, and rough (sandpaper-like) to the touch (Fig. 

2 4 .I5 A ). Microscopically, lower portions of the epidermis show 

cyto logic  a typ ia , often associated with hyperplasia of basal 

cells (see Fig. 24 .I5B ) or with atrophy and diffuse thinning of 

the epidermal surface. The dermis contains thickened, blue-gray 

elastic fibers (solar elastosis), the result of chronic sun damage. 

The stratum corneum is thickened and shows abnormal reten

tion of nuclei (parakeratosis). Uncommonly, full-thickness epi

dermal atypia is seen; such lesions are considered squamous cell 

carcinoma in situ (Fig. 2 4 .I5 C ).

C lin ica l Features

A ctinic k eratoses a re  v ery  com m on  in  fa ir-sk inned  in d iv id 
ua ls an d  increase  in  inc idence w ith  age a n d  su n  exposure . 
As w o u ld  be expected , there  is a p red ilec tion  for sun- 
exposed  areas (face, arm s, d o rsu m  of the  hands). D esp ite  
the low  risk  for m alig n an t p rogression , actinic keratoses 
are  o ften  treated , e ithe r to  p rev en t p rog ression  or for cos
m etic  reasons. Local erad ica tion  w ith  c ryo therapy  (super
ficial freezing) o r topical agen ts is effective an d  safe.

^ S U M M A R Y

B E N IG N  A N D  P R E M A L IG N A N T  E P IT H E L IA L  

L E S IO N S

• S e b o r r h e i c  k e r a t o s is :  Round, flat plaques made up of prolif

erating monotonous epidermal basal cells, which sometimes 

contain melanin. Hyperkeratosis and keratin-filled cysts are 

characteristic.

• A c t i n i c  k e r a t o s is :  Present on sun-exposed skin, these lesions 

show cytologic atypia in lower parts of the epidermis and 

infrequently progress to  carcinoma in situ.

• Although both of these lesions are associated with oncogenic 

mutations, malignant transformation is exceedingly rare in seb

orrheic keratoses and occurs in only a small subset of actinic 

keratoses.

Malignant Epidermal Tumors

Squam ous Cell C arcinom a

S quam ous cell carc inom a is a com m on  tu m o r th a t typically  
arises on  sun-exposed  sites in  o lder adu lts . These tum ors 
have a h igher incidence in  m en  th a n  in  w om en.

Pathogenesis

C u ta n e o u s  sq u a m o u s  c e ll c a rc in o m a  is m a in ly  caused  

b y  U V  l ig h t  exp o su re , w h ic h  lead s  to  w id e s p re a d  D N A  

d am a g e  a n d  e x tre m e ly  h ig h  m u ta t io n a l lo ad s  (C hap ter 6 ). 
A s one m ig h t im agine, pa tien ts  w ith  the ra re  d iso rd e r xero
derma pigmentosum, w h ich  d is ru p ts  rep a ir  o f U V -induced 
D N A  dam age, are a t an  exceptionally  h ig h  risk. TP53



Tumors of the Skin 901

B

•KV-.yui' '■

Fig. 24.15 Actinic keratosis. (A) Red, rough (sandpaper-like) lesions owing to excessive scale are present on the cheek and nose. (B) Basal cell layer atypia 
(dysplasia) with epithelial buds associated with marked hyperkeratosis, parakeratosis, and dermal solar elastosis ( a s te r is k ) . (C) Squamous cell carcinoma in situ 
lesion showing full-thickness epithelial atypia.

m u ta tio n s  a re  com m on, as are  activa ting  m u ta tio n s  in  RAS  
an d  loss-of-function  m u ta tio n s  in  N o tch  recep tors, w h ich  
tran sm it signals th a t regu la te  the o rderly  d iffe ren tia tion  of 
n o rm al sq u am o u s epithelia .

Im m u n o su p p ressio n , p a rticu larly  in  o rg an  tran sp lan t 
recip ients, is associa ted  w ith  a n  increased  incidence of 
cu taneous sq u am o u s cell carcinom as th a t are  likely to  be 
associated  w ith  H PV  infection. O ther p red isp o sin g  factors 
include in d u stria l carcinogens (tars a n d  oils), chronic non 
healing  ulcers, o ld  b u rn  scars, ingestion  of arsenicals, an d  
ion iz ing  rad ia tion .

M O R P H O L O G Y

Squamous cell carcinomas in situ appear as sharply defined, 

red, scaling plaques; some appear to arise in association with 

prior actinic keratoses. Microscopically, squamous cell carcinoma 

in situ is characterized by highly atypical cells at all levels of 

the epidermis, with nuclear crowding and disorganization. More 

advanced, invasive squamous cell carcinomas are nodular, often 

scaly lesions that may undergo ulceration (Fig. 2 4 .I6A ). Such 

tumors show variable degrees of differentiation, ranging from 

tumors with cells arranged in orderly lobules that exhibit exten

sive keratinization to  neoplasms consisting of highly anaplastic 

cells with foci of necrosis and only abortive, single-cell keratiniza- 

tion (dyskeratosis) (Fig. 24 .I6B ).

C lin ica l Features

Invasive  sq u am o u s cell carcinom as of the  sk in  o ften  are  
d iscovered  w h ile  sm all a n d  resectable. Less th a n  1% w ill 
have  m etastasized  to  reg ional ly m p h  n o d es a t d iagnosis. 
The likelihood  of m etastasis  is re la ted  to  the  th ickness of 
the lesion  a n d  degree  of invasion  in to  the subcutis. T um ors 
arising  from  actin ic keratoses m ay  be locally aggressive  b u t 
generally  m etastasize  on ly  after long  p erio d s  o f tim e, w h ile  
those  arising  in  b u rn  scars, ulcers, a n d  n o n -su n -ex p o sed  
sk in  o ften  behave m ore  aggressively . S quam ous cell carci
nom as arising  a t in te rn a l sites (o ropharynx , lung , e sopha 
gus, anus) are generally  invasive  a n d  aggressive, possib ly  
because (unlike in  the  skin) early  lesions go unrecogn ized .

Fig. 24.16 Invasive squamous cell carcinoma. (A) A nodular, hyperkeratotic 
lesion occurring on the ear, associated with metastasis to a prominent 
postauricular lymph node ( a r r o w ) .  (B) Tumor invades the dermal soft tissue 
as irregular projections of atypical squamous cells exhibiting acantholysis.
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Basal Cell C arcinom a

Basal cell carc inom a is a com m on  slow -grow ing  cancer 
th a t rare ly  m etastasizes. It ten d s to  occur a t sites subject to 
chronic su n  exposu re  an d  in  ligh tly  p ig m en ted  in d iv idua ls .

Pathogenesis

T h e  m o le c u la r h a llm a rk  o f basal ce ll c a rc in o m a is loss-o f- 

fu n c tio n  m u ta tio n s  in  PTCH1, a  tu m o r suppressor gene  

th a t n e g a tiv e ly  reg u la tes  H e d g e h o g  s ig n a lin g ; hence, 

tu m o rs  e x h ib it  c o n s titu tiv e  H e d g e h o g  p a th w a y  ac tiva 

tio n . Excessive activation  of H edgehog  in  tu rn  activates a 
host o f d ow nstream  genes im plicated  in  cell g ro w th  and  
surv ival an d  o ther p heno types linked  to m alignan t transfor
m ation. In  sporadic basal cell carcinom a, PTCH1 m u ta tions 
bear the  telltale signs of UV lig h t-in d u ced  D N A  dam age. 
The central role o f increased H edgehog  signaling  in  basal 
cell carcinom a is fu rther em phasized  by Gorlin syndrome, an  
au tosom al dom inan t d iso rder caused  by inherited  defects 
in  PTCH1 that is associated  w ith  fam ilial basal cell carci
nom a. The H edgehog  p a th w ay  is an  im portan t regulator 
of em bryonic developm ent, a n d  patien ts w ith  G orlin  syn
drom e also often  m anifest subtle developm ental anom alies. 
M utations in  TP53 caused  by UV lig h t-in d u ced  dam age also 
are com m on in  bo th  fam ilial an d  sporad ic tum ors.

^  M O R P H O L O G Y

Basal cell carcinomas manifest as p early  papules , often with 
prominent, dilated subepidermal blood vessels (te lang iec tas ia )

(Fig. 24.I7A). Some tumors contain melanin pigment and can 
have an appearance similar to melanocytic nevi or melanomas. 
Microscopically, the tumor cells resemble the normal epidermal 
basal cell layer or follicular germinative elements. Because they 
arise from either the epidermis or the follicular epithelium, they 
are not encountered on mucosal surfaces. Two common pat
terns are seen: m u ltifo ca l superfic ia l g row ths, originating 
from the epidermis, and n o d u la r lesions growing downward 
into the dermis as cords and islands of variably basophilic cells 
with hyperchromatic nuclei, embedded in a fibrotic or muci
nous stromal matrix (Fig. 24.I7B). Peripheral tumor cell nuclei 
align in the outermost layer (a pattern termed palisading), which 
often separates from the stroma, creating a characteristic cleft 
(Fig. 24.I7C).

C lin ica l Features

It is es tim ated  th a t m ore  th a n  1 m illion  basal cell carcino
m as are trea ted  in  the  U n ited  S tates annually . By far the 
m o st im p o rta n t risk  factor is cum ula tive  su n  exposure; 
basal cell carcinom a is m ore  com m on  in  w a rm  so u th ern  
reg ions of the U n ited  States, a n d  its incidence is 40-fold 
h ig h er in  su n n y  clim ates n ear the  equato r, such  as A us
tralia, th a n  it is in  N o rth e rn  E u ro p ean  locales. In d iv id u a l 
tum ors usua lly  are  cu red  by  local excision, b u t ap p ro x 
im ately  40% of p a tien ts  develop  an o th e r basal cell car
c inom a w ith in  5 years. A dvan ced  lesions m ay  ulcerate , 
an d  extensive local invasion  of bone or facial s inuses m ay 
occur if the  lesions a re  neglected . M etastasis is exceedingly  
rare. H ed g eh o g  p a th w a y  inh ib ito rs a re  u sed  to  trea t locally 
ad v an ced  o r m etasta tic  tum ors.

C:a
Fig. 24.17 Basal cell carcinoma. (A) A prototypical pearly, smooth-surfaced papule with telangiectatic vessels. (B) Tumor is composed of nests of basaloid 
cells infiltrating a fibrotic stroma. (C) Tumor cells with scant cytoplasm and small hyperchromatic nuclei that palisade on the outside of the nest. The cleft 
between the tumor cells and the stroma is a highly characteristic artifact of sectioning.
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Ä s U M M A R Y

M A L IG N A N T  E P ID E R M A L  T U M O R S

• The incidence of both basal cell and squamous cell carcinoma 

is strongly correlated with increasing lifetime sun exposure.

• Risk factors for cutaneous squamous cell carcinoma include 

fair skin, UV light exposure, exposure to carcinogenic chemi

cals, chronic skin inflammation and scarring, and HPV infection 

(in the setting of immunosuppression).

• Cutaneous squamous cell carcinoma has the potential for metas

tasis but usually is recognized and excised before it does so.

• Basal cell carcinoma, the most common malignancy worldwide, 

is a locally aggressive tum or associated with mutations in the 

Hedgehog pathway. Metastasis is very rare.

Melanocytic Proliferations

M elano cytic  N ev i

Strictly speaking , the te rm  nevus  deno tes any  congenital 
lesion  of the  skin. Melanocytic nevus, how ever, refers to  any 
ben ig n  congenita l o r acqu ired  n eo p lasm  of m elanocytes.

Pathogenesis

M e la n o c y t ic  n e v i are  b e n ig n  n eo p la s m s  caused  b y  

som atic  g a in -o f - fu n c t io n  m u ta tio n s  in  B R A F  or R A S .

N evi are  d e riv ed  from  m elanocytes, p ig m en t-p ro d u c in g  
cells w ith  den d ritic  pro jections th a t a re  no rm ally  in te r
spersed  a m o n g  basal keratinocytes. You w ill recall th a t 
BRAF  encodes a s e r in e /th re o n in e  k inase  th a t lies d o w n 
stream  of RAS in  the ex tracellu lar reg u la ted  k inase  (ERK) 
p a th w ay . E xperim en tal ev idence suggests th a t u n b rid led  
B R A F/R A S signaling  in itially  in d u ces m elanocytic  p ro 
liferation  fo llow ed by senescence. H o w  these o p p o sin g  
effects a re  co o rd in a ted  is unclear, b u t it is believed  tha t 
the "b rak e"  on  p ro life ra tion  p ro v id e d  by in d u ced  senes
cence explains w h y  v ery  few  nev i tran sfo rm  in to  m alignan t

m elanom as. Indeed , the g ro w th  a n d  m ig ra tio n  of nevus 
cells from  the d e rm o ep id erm al ju n c tio n  in to  the u n d erly in g  
derm is is accom pan ied  by  m orpho log ic  changes th a t a re  
taken  as ev idence of cellu lar senescence (Fig. 24.18). S uper
ficial n ev u s cells a re  la rger an d  ten d  to  p ro d u ce  m elan in  
p ig m en t a n d  g row  in  nests; d eep er n ev u s cells are sm aller, 
p ro d u ce  little  o r no  p igm en t, a n d  g row  in  co rds o r single 
cells. The d eep est n ev u s cells hav e  fusifo rm  con tou rs an d  
g row  in  fascicles. This sequence of m orpho log ic  changes 
is o f d iagnostic  im portance, since they  are  absen t from  
m elanom as.

^  M O R P H O L O G Y

Common melanocytic nevi are tan-to-brown, uniformly pig

mented, small papules (5 mm or less across) with well-defined, 

rounded borders (Fig. 2 4 .I9A ). Early lesions are composed of 

round to  oval cells that grow in “nests” along the dermoepi

dermal junction. Nuclei are uniform and round, and contain 

inconspicuous nucleoli with little or no mitotic activity. Such 

early-stage lesions are called ju n c tio n a l nevi. Eventually, most 

junctional nevi grow into the underlying dermis as nests or 

cords of cells (co m p o un d  nevi), and in older lesions the epi

dermal nests may be lost entirely, creating in tra d e rm a l nevi 

(Fig. 24 .I9B ).

C lin ica l Features

T here a re  n u m ero u s  types of m elanocytic  nevi, w ith  varied  
appearances. A lth o u g h  these lesions u sua lly  are o f only  
cosm etic concern , they  m ay  cause irr ita tio n  o r m im ic m ela
nom a, req u irin g  their surg ical rem oval. C o m p o u n d  an d  
in trad e rm a l nev i o ften  are  m ore e levated  th a n  junctional 
nevi.

Dysplastic Nevus

D ysplastic  nev i m ay  be spo rad ic  o r fam ilial. The la tte r are  
im p o rta n t clinically because they  iden tify  in d iv id u a ls  w h o

--------------------- ►

Fig. 24.18 Possible steps in the development of melanocytic nevi. (A) Normal skin shows only scattered melanocytes. (B) Junctional nevus. (C) Compound 
nevus. (D) Intradermal nevus. (E) Intradermal nevus with extensive cellular senescence.
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Fig. 24.19 Melanocytic nevus. (A) Melanocytic nevi are relatively small, symmetric, and uniformly pigmented. (B) A nevus composed of melanocytes that lose 
pigmentation and become smaller and more dispersed as they extend into the dermis— all signs that speak to the benign nature of the proliferation.

h av e  a n  increased  risk  of develop ing  m elanom a. As w ith  
conven tional m elanocytic  nevi, ac tiva ting  R A S  o r BRAF  
m u ta tio n s  a re  com m only  fo u n d  in  dysp lastic  nev i an d  are  
believed  to  have  a pathogen ic  role.

M O R P H O L O G Y

Dysplastic nevi are larger than most acquired nevi (often more 

than 5 mm across) and m ay n u m b e r in th e  hundreds (Fig. 

24.20A). They are flat macules to slightly raised plaques, with a 

“pebbly” surface. They usually have variable pigmentation (varie

gation) and irregular borders (Fig. 24.20A, i n s e t ) .

Microscopically, dysplastic nevi are mostly compound nevi 

that exhibit both architectural and cytologic evidence of 

abnormal growth. Nevus cell nests within the epidermis may 

be enlarged and exhibit abnormal fusion or coalescence with 

adjacent nests (bridging). As part of this process, single nevus 

cells begin to replace the normal basal cell layer along the 

dermoepidermal junction, producing so-called “ lentig inous

hyperp lasia” (Fig. 24.20B). Cytologic atypia consisting of irreg

ular, often angulated, nuclear contours and hyperchromasia is 

frequently observed (Fig. 24.20B-C). Associated alterations also 

occur in the superficial dermis. These consist of a sparse lym

phocytic infiltrate, release of melanin pigment that is phago- 

cytosed by dermal macrophages (melanin incontinence), and 

linear fibrosis surrounding epidermal nests of melanocytes. These 

dermal changes are elements of the host response to  these 

lesions.

Clinical Features

U nlike o rd in a ry  nevi, dysp lastic  nev i have  a tendency  to 
occur o n  bo d y  surfaces n o t exposed  to  the  su n  as w ell as 
o n  sun-exposed  sites. Familial dysplastic nevus syndrome is 
strong ly  associa ted  w ith  m elanom a, as the lifetim e risk  
for the d ev e lo p m en t o f m elanom a in  affected in d iv id u a ls  
is close to 100%. In  spo rad ic  cases, on ly  in d iv id u a ls  w ith  
10 or m ore  dysp lastic  nev i ap p e a r to  be  a t an  increased

BA

Fig. 24.20 Dysplastic nevus. (A) Numerous irregular nevi on the back of a patient with dysplastic nevus syndrome. The lesions usually are greater than 5 mm 
in diameter and have irregular borders and variable pigmentation ( in s e t ) . (B) Compound dysplastic nevus featuring a central dermal component and an asym
metric “shoulder” of exclusively junctional melanocytes (lentiginous hyperplasia). The former corresponds to the raised, more pigmented central zone seen 
in A  ( in s e t ) , and the latter corresponds to the less pigmented flat peripheral rim. (C) Other important features are cytologic atypia (irregular, dark-staining 
nuclei) and characteristic parallel bands of fibrosis.
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risk  for m elanom a. T ransfo rm ation  of dysp lastic  nevus 
to  m elanom a has been  d ocum en ted , b o th  clinically an d  
histologically . H ow ever, such  cases a re  the  exception , as 
m o st m elanom as a p p e a r to  arise  de novo a n d  n o t from  a 
p reex isting  nevus. T hus, the likelihood  th a t any  p a rticu la r 
n evus, dysp lastic  o r o therw ise , w ill develop  in to  m ela
n o m a is low , a n d  these lesions are best v iew ed  as m arkers 
o f m elanom a risk.

M e la n o m a

M elanom a is less com m on b u t m u ch  m ore d ead ly  than  
basal o r sq u am o u s cell carcinom a. Today, as a re su lt of 
increased  pub lic  aw areness  of the  earliest signs of skin 
m elanom as, m ost m elanom as are  cu red  surgically . N one 
theless, the incidence of these lesions has increased  d ra 
m atically  ov er the  p a s t several decades, a t least in  p a r t  as a 
re su lt o f increasing  su n  exposu re  a n d /o r  h igher detection  
ra tes resu ltin g  from  v igo rous surveillance.

Pathogenesis

A s  w i t h  o th e r cu tan eo u s  m a lig n a n c ie s , m e la n o m a  is  

m a in ly  caused  b y  U V  l ig h t - in d u c e d  D N A  d am a g e  th a t  

lead s  to  th e  s te p w is e  a c q u is it io n  o f  d r iv e r  m u ta tio n s . The
incidence is h ighest in  sun-exposed  sk in  a n d  in  geographic  
locales such  as A ustra lia , w h e re  su n  exposu re  is h ig h  an d  
m u ch  of the p o p u la tio n  is fa ir-sk inned . In tense  in te rm it
ten t exposu re  a t a n  early  age is p a rticu larly  harm fu l. 
H ered ita ry  p red isp o sitio n  also  p lays a  role in  a n  estim ated  
5% to 10% of cases, as a lread y  d iscussed  u n d e r  fam ilial 
dysp lastic  n ev u s syndrom e. For exam ple, germ -line m u ta 
tions in  the  CDKN2A  locus (located on  9p21) are fo u n d  in  
as m any  as 40% of the ra re  in d iv id u a ls  w h o  suffer from  
fam ilial m elanom a. This com plex locus encodes tw o  tu m o r 
suppresso rs: p16, a cyc lin -dependen t k inase  inh ib ito r th a t

regu la tes  the  Gj-S tran sitio n  of the  cell cycle by  m ain ta in 
in g  the re tinob lastom a (RB) tu m o r su p p resso r p ro te in  in  
its active state; a n d  p14, w h ich  au g m en ts  the activ ity  of 
the  p53 tu m o r su p p resso r by  p rev en tin g  its deg radation .

K e y  phases o f  m e la n o m a  d e v e lo p m e n t are m a rk e d  b y  

ra d ia l  a n d  v e rt ic a l g ro w th . The earliest recognizab le phase  
of m elanom a d ev e lo p m en t is p ro p o sed  to  consist of la tera l 
expansion  of m elanocytes a long  the  d e rm o ep id erm al junc
tion  (len tig inous h y p erp lasia  a n d  len tig inous co m p o u n d  
nevus; Fig. 24.21A-C). This th en  p rog resses to  the phase  
of m elanom a in  situ , w h ich  is m ark ed  by  radial growth 
w ith in  the ep iderm is, o ften  fo r a p ro lo n g ed  p erio d  (Fig. 
24.21D). D u rin g  th is  stage, m elanom a cells do  n o t have  the 
capacity  to  in v ad e  a n d  m etastasize . W ith  tim e, a  vertical 
growth phase supervenes, in  w h ich  the tu m o r g row s d o w n 
w a rd  in to  the  d eep e r d e rm al layers as an  expansile  m ass 
lack ing  cellu lar m a tu ra tio n  (Fig. 24.21E). This even t often  
is h e ra ld ed  by the d ev e lo p m en t o f a n o d u le  in  a  p rev iously  
flat lesion a n d  correlates w ith  the  em ergence of m etasta tic  
po ten tia l.

D N A  sequencing  of fam ilial a n d  spo rad ic  cases, inc lud 
in g  cases th a t a p p e a r to  have  arisen  from  ben ign  nevi, has 
p ro v id e d  im p o rta n t in sigh ts in to  the m o lecu lar p a th o g en 
esis of m elanom a (Fig. 24.22). The in itia ting  ev en t ap p ea rs  
to  be a n  ac tiva ting  m u ta tio n  in  BRAF  o r (less com m only) 
RAS. In  the v ast m ajority  o f cases, th is  p ro d u ces on ly  a 
ben ig n  n ev u s un less o th e r m u ta tio n s  are su perim posed . 
S equencing  of nev i w ith  "a typ ica l"  m orpho log ic  fea tu res 
suggestive  o f m elanom a as w ell as m elanom as in  the  rad ia l 
p h ase  of g ro w th  (m elanom a in  situ) has  sh o w n  th a t they 
com m only  h a rb o r m u ta tio n s th a t activate  the expression  of 
telom erase, w h ich  is p ro p o sed  to  serve as a n  an tid o te  to 
senescence (the u su a l fate o f b en ig n  nevi). W ith  ad d itio n a l 
m u ta tio n s  o r  ep igenetic  aberra tions th a t lead  to  loss of

T im e------------------------------------ ► 

Fig. 24.21 Possible steps in the development of melanoma. (A) Normal skin shows only scattered melanocytes. (B) Lentiginous melanocytic hyperplasia. (C) 
Lentiginous compound nevus with abnormal architecture and cytologic features (dysplastic nevus). (D) Early or radial growth phase melanoma (large dark 
cells in epidermis) arising in a nevus. (E) Melanoma in vertical growth phase with metastatic potential. Note that no melanocytic nevus precursor is identified 
in most cases of melanoma. They are believed to arise de novo, perhaps all using the same pathway.
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Fig. 24.22 Molecular evolution of cutaneous melanoma. The most important driver mutations and the overall mutational burden (point mutations and 
genomic copy-number variations) at various histologic phases of melanocytic lesion progression are indicated. Note that as the tumor metastasizes to internal 
sites, UV light-induced DNA damage leading to point substitutions ceases, and copy number changes related to aneuploidy increase.

CDNK2A an d  its enco d ed  tu m o r su p p resso r p16, the tu m o r 
shifts to  the  invasive  vertical phase  of g row th . T h rough 
o u t th is cu tan eo u s phase  of tu m o r evolu tion , exposu re  
to  UV ligh t a d d s  to  the m u ta tio n a l b u rd e n  a n d  increases 
the  chances of tu m o r p rogression . Finally, w ith  ad d itio n a l 
m u ta tio n s  in  genes such  as tu m o r su p p resso rs  TP53 and  
PTEN, the  tu m o r acqu ires the capacity  for m etastasis. This 
phase  is m ark ed  by  the  ap p earan ce  of a n eu p lo id y  an d  
genom ic copy n u m b er alterations, w h ich  a d d  to  the genetic 
heterogeneity  of the  evo lv ing  tum or.

By contrast, the less com m on  m elanom as th a t arise in  
n o n -su n -ex p o sed  acral a n d  m ucosal sites follow  d ifferen t 
m olecu lar courses. The m o st com m on  in itia ting  m u ta tio n  
in  these  tu m o rs is a  gain-of-function  m u ta tio n  in  the  KIT 
recep to r ty rosine  k inase. S im ilarly, m elanom as arising  the 
u v ea  of the  eye also have a d istinc t set o f d riv e r gene 
m u ta tions, m ost no tab ly  m u tu a lly  exclusive m u ta tio n s  th a t 
activate the G T P -binding  p ro te in s  G N A Q  or GNA11.

In  add ition , it has long  been  specu la ted  th a t m elanom as 
express neoan tigens th a t sh o u ld  be subject to  recognition  
by the im m u n e  system . It fo llow s th a t for m elan o m a to 
develop , tu m o r cells m u s t acquire  the ability  to  e ither su p 
p ress  o r ev ad e  the h o st im m u n e  response. T h e  im p o rta n c e  

o f  im m u n e  e v a s io n  has b e e n  p ro v e n  b y  th e  resp on se  o f  

m a n y  a d v a n c e d  m e la n o m a s  to  im m u n e  c h e c k p o in t in h ib 

ito rs , agen ts  th a t  u n le a s h  m u z z le d  m e la n o m a -s p e c ific  T  

ce lls , a l lo w in g  th e m  to  a tta c k  th e  tu m o r  (described  later).

w o rse  b io logic b eh av io r o f m e lan o m as  ( te rm e d  B r e s l o w  

t h i c k n e s s ) .  By recording and using these and other variables in 

aggregate, accurate prognostication is possible.

Individual melanoma cells usually are considerably larger 

than nevus cells. They have large nuclei with irregular contours, 

chromatin that is characteristically clumped at the periphery of 

the nuclear membrane, and prominent “cherry red” eosinophilic 

nucleoli (Fig. 24.23D). Immunohistochemical stains can be helpful 

in identifying metastatic deposits (Fig. 24.23D, i n s e t ) .

C lin ica l Features

A lth o u g h  m ost o f these lesions arise in  the  skin, they  also 
m ay  occur in  the o ral and  anogen ita l m ucosal surfaces, 
the esophagus, the  m eninges, an d  the eye. The fo llow ing  
d iscussion  app lies to  cu tan eo u s m elanom as.

M elanom a of the sk in  u sua lly  is asym ptom atic , a lth o u g h  
p ru r itu s  m ay  be a n  early  m anifesta tion . The most important 
clinical sign is a change in the color or size of a pigmented lesion. 
The m ain  clinical w a rn in g  signs are as follow s:
1. R ap id  en la rg em en t of a p reex isting  n ev u s
2. Itch ing  or p a in  in  a lesion
3. D evelopm en t of a new  p ig m en ted  lesion  d u r in g  a d u lt 

life
4. Irregu la rity  o f the b o rd ers  o f a p ig m en ted  lesion
5. V ariegation  of color w ith in  a p ig m en ted  lesion

M O R P H O L O G Y

Unlike benign nevi, melanomas often exhibit s trik ing  varia tio n s  

in p ig m e n ta tio n , including shades of black, brown, red, dark 

blue, and gray (Fig. 24.23A). The borders  a re  irre g u la r and 

often “notched.” Microscopically, malignant cells grow as poorly 

formed nests or as individual cells at all levels of the epider

mis (pagetoid spread) and in expansile dermal nodules; these 

constitute the radial and vertical growth phases, respectively 

(Fig. 24.23B-C). O f note, superficial spreading melanomas are 

often associated with a brisk lymphocytic infiltrate (Fig. 24.23B), 

a feature that may reflect a host response to  tumor-specific 

antigens. Increasing thickness s trong ly  c o rre la tes  w ith

These princ ip les a re  expressed  in  the so-called "A BC s" 
of m elanom a: asym m etry , border, color, d iam eter, a n d  evo
lu tio n  (change of an  existing  nevus). It is v itally  im p o rtan t 
to  recognize m elanom as a n d  in tervene  as ra p id ly  as pos
sible. The v ast m ajority  o f superficial lesions are  curab le  
surgically , w h ile  m etasta tic  m elan o m a has a  very  poo r 
p rognosis.

The p robab ility  o f m etastasis  is p red ic ted  by  m easu rin g  
the  d e p th  of invasion  in  m illim eters of the  vertical g ro w th  
p h ase  n o d u le  from  the  top  of the g ran u la r cell layer of the 
overly ing  ep id erm is  (Breslow  thickness). M etastasis risk  
also  is increased  in  tu m o rs w ith  a h ig h  m ito tic  ra te  an d  in  
those  th a t fail to  induce  a local im m u n e  response. W hen  
m etastases occur, they  invo lve n o t on ly  reg ional ly m p h
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Fig. 24.23 Melanoma. (A) Lesions tend to be larger than nevi, with irregular contours and variable pigmentation. Macular areas indicate superficial (radial) 
growth, while elevated areas indicate dermal invasion (vertical growth). (B) Radial growth phase, with spread of nested and single melanoma cells within the 
epidermis. (C) Vertical growth phase, with nodular aggregates of infiltrating tumor cells within the dermis. (D) Melanoma cells with hyperchromatic irregular 
nuclei of varying size that have prominent nucleoli. An atypical mitotic figure is present in the center of the field). The in s e t  shows a sentinel lymph node 
containing a tiny cluster of metastatic melanoma ( a r r o w ) ,  detected by staining for the melanocytic marker HMB-45.

n o d es b u t also  liver, lungs, b ra in , a n d  v irtua lly  an y  o ther 
site th a t can  be seeded  hem atogenously . Sentinel ly m p h  
n o d e  b iopsy  (of the  first d ra in in g  node[s] o f a p rim ary  
m elanom a) a t the tim e of su rgery  p ro v id es ad d itio n a l 
in fo rm ation  on  biologic aggressiveness.

A gen ts th a t selectively inh ib it m u ta n t BRAF a n d  KIT 
h av e  p ro d u c e d  d ram atic  responses in  p a tien ts  w ith  m eta 
static tu m o rs w ith  BRAF  a n d  KIT  m u ta tions, respectively , 
an  en cou rag ing  d ev e lo p m en t in  a  p rev iously  hopeless 
disease. M ore recently , im m u n e  checkpo in t inh ib ito rs 
h av e  been  sh o w n  to be effective a t stab iliz ing  m etasta tic  
d isease a n d  in  som e instances causing  rem arkab le  tu m o r 
regression  a n d  even  clinical rem issions. Im m u n e  check
p o in t inh ib ito rs a re  an tibod ies th a t in terfere  w ith  the  func
tion  of p ro te in s  fo u n d  on  the  surface of T lym phocy tes 
th a t ab rogate  cytotoxic T cell responsiveness. By blocking 
these pa th w ay s, checkpo in t inh ib ito rs reactivate  the ho st 
T-cell response, w h ich  o therw ise  is h e ld  a t bay. C u rren t 
efforts are  focused  on  b u ild in g  u p o n  these successes by 
u sin g  com binations of d iffe ren t checkpo in t inh ib ito rs, as

w ell as checkpo in t inh ib ito rs toge ther w ith  o th e r ta rge ted  
the rap ies  such  as BRAF inh ibitors.

®  S U M M A R Y

M E L A N O C Y T IC  L E S IO N S , B E N IG N  A N D  

M A L IG N A N T

• Most m e la n o c y t i c  n e v i have activating mutations in B R A F  or less 

often N R A S ,  but the vast majority never undergoes malignant 

transformation.

• Most sporadic d y s p l a s t i c  n e v i  are best regarded as markers 

of melanoma risk rather than premalignant lesions. They are 

characterized by architectural disorder and cytologic atypia.

• M e l a n o m a  is a highly aggressive malignancy; tumors only a few 

millimeters in thickness can give rise to deadly metastases.

• In most cases, melanoma progresses from an intraepithelial 

(in situ) to an invasive (dermal) form. Characteristics of the 

dermal tum or such as depth of invasion and mitotic activity 

correlate with survival.
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