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cushion, including atrial septal defects, atrioventricular 
valve malformations, and ventricular septal defects 
(Chapter 10). Cardiac problems are responsible for a 
majority of the deaths in infancy and early childhood. 
Several other congenital malformations, including atre-
sias of the esophagus and small bowel, also are common.

• Children with trisomy 21 have a 10- to 20-fold increased 
risk of developing acute leukemia. Both acute lympho-
blastic leukemias and acute myeloid leukemias occur 
(Chapter 11).

• Virtually all patients with trisomy 21 older than age 40 
develop neuropathologic changes characteristic of 
Alzheimer disease, a degenerative disorder of the brain 
(Chapter 22).

• Patients with Down syndrome demonstrate abnormal 
immune responses that predispose them to serious 
infections, particularly of the lungs, and to thyroid  
autoimmunity (Chapter 19). Although several abnor-
malities, affecting mainly T cell functions, have been 
reported, the basis for the immunologic disturbances is 
not clear.

Despite all of these problems, improved medical care has 
increased the longevity of persons with trisomy 21. Cur-
rently the median age at death is 47 years (up from 25 years 
in 1983). Although the karyotype of Down syndrome has 
been known for decades, the molecular basis for this 
disease remains elusive. Data from the human genome 
project indicate that chromosome 21 carries about 500 
annotated genes, including approximately 170 that are con-
served protein-coding genes and 5 miRNAs. It is unclear 
whether the phenotype of Down syndrome arises as a con-
sequence of increased gene dosage of protein coding genes 
on chromosome 21 itself or of the effects of deregulated 
miRNA expression on target genes located on other chro-
mosomes (as described previously, miRNAs act through 
inhibition of target gene expression). Two chromosome 21 
candidate genes, DYRK1A, which codes for a serine-
threonine kinase, and RCAN1 (regulator of calcineurin 1), 
which codes for a protein that inhibits a critical cellular 
phosphatase enzyme called calcineurin, have emerged  
as the “top culprits” in the pathogenesis of Down 
syndrome.

 Deletion Syndro e
The 22q11.2 deletion syndrome encompasses a spectrum of 
disorders that result from a small interstitial deletion of 
band 11 on the long arm of chromosome 22. The clinical 
features of this deletion syndrome include congenital heart 
disease affecting the outflow tracts, abnormalities of the 
palate, facial dysmorphism, developmental delay, thymic 
hypoplasia with impaired T cell immunity (Chapter 4), and 
parathyroid hypoplasia resulting in hypocalcemia (Chapter 
19). Previously, these clinical features were believed to rep-
resent two different disorders: DiGeorge syndrome and velo-
cardiofacial syndrome. However, it is now known that both 
are caused by 22q11.2 deletion. Variations in the size and 
position of the deletion are thought to be responsible for 
the differing clinical manifestations. When T cell immuno-
deficiency and hypocalcemia are the dominant features, 
the patients are said to have DiGeorge syndrome, whereas 
patients with the so-called velocardiofacial syndrome have 
mild immunodeficiency but pronounced dysmorphology 

Some specific examples of diseases involving changes in 
the karyotype are presented next.

Cytogenetic Disorders Involving Autosomes

Three autosomal trisomies (21, 18, and 13) and one deletion 
syndrome (cri du chat syndrome), which results from 
partial deletion of the short arm of chromosome 5, were the 
first chromosomal abnormalities identified. More recently, 
several additional trisomies and deletion syndromes (such 
as that affecting 22q) have been described. Most of these 
disorders are quite uncommon, but their clinical features 
should permit ready recognition (Fig. 6–15).

Only trisomy 21 and 22q11.2 deletion occur with suffi-
cient frequency to merit further consideration.

Triso y  (Down Syndro e)
Down syndrome is the most common of the chromosomal 
disorders. About 95% of affected persons have trisomy 21, 
so their chromosome count is 47. As mentioned earlier, the 
most common cause of trisomy, and therefore of Down 
syndrome, is meiotic nondisjunction. The parents of such 
children have a normal karyotype and are normal in all 
respects. Maternal age has a strong influence on the incidence 
of Down syndrome. It occurs in 1 in 1550 live births in 
women younger than 20 years, in contrast with 1 in 25 live 
births in women older than 45 years. The correlation with 
maternal age suggests that in most cases the meiotic non-
disjunction of chromosome 21 occurs in the ovum. Indeed, 
in 95% of cases the extra chromosome is of maternal origin. 
The reason for the increased susceptibility of the ovum to 
nondisjunction is not fully understood. No effect of pater-
nal age has been found in those cases in which the extra 
chromosome is derived from the father.

In about 4% of all patients with trisomy 21, the extra 
chromosomal material is present not as an extra chromo-
some but as a translocation of the long arm of chromosome 
21 to chromosome 22 or 14. Such cases frequently (but not 
always) are familial, and the translocated chromosome is 
inherited from one of the parents, who typically is a carrier 
of a robertsonian translocation. Approximately 1% of 
patients with trisomy 21 are mosaics, usually having a 
mixture of 46- and 47-chromosome cells. These cases result 
from mitotic nondisjunction of chromosome 21 during an 
early stage of embryogenesis. Clinical manifestations in 
such cases are variable and milder, depending on the pro-
portion of abnormal cells.

The diagnostic clinical features of this condition—flat 
facial profile, oblique palpebral fissures, and epicanthic 
folds (Fig. 6–15) —are usually readily evident, even at 
birth. Down syndrome is a leading cause of severe mental 
retardation; approximately 80% of those afflicted have an 
IQ of 25 to 50. Ironically, these severely disadvantaged 
children may have a gentle, shy manner and may be more 
easily directed than their more fortunate normal siblings. 
Of interest, some mosaics with Down syndrome have mild 
phenotypic changes and often even have normal or near-
normal intelligence. In addition to the phenotypic abnor-
malities and the mental retardation already noted, some 
other clinical features are worthy of mention:
• Approximately 40% of the patients have congenital 

heart disease, most commonly defects of the endocardial 
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Figure 6–15 Clinical features and karyotypes of  the three most common autosomal trisomies. 
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with an active maternal X, the other with an active  
paternal X.

Although essentially accurate, the Lyon hypothesis sub-
sequently has been somewhat modified. Most important, 
the initial presumption that all of the genes on the inactive 
X are “switched off” has been revised as more recent 
studies suggest that 21% of genes on Xp, and a smaller 
number (3%) on Xq, escape X inactivation. This possibility 
has implications for monosomic X chromosome disorders, 
or Turner syndrome, as discussed later on.

Extra Y chromosomes are readily tolerated because the 
only information known to be carried on the Y chromo-
some seems to relate to male differentiation. Of note, what-
ever the number of X chromosomes, the presence of a Y 
invariably dictates the male phenotype. The gene for male 
differentiation (SRY, sex-determining region of Y chromo-
some) is located on the short arm of the Y.

Described briefly next are two disorders, Klinefelter syn-
drome and Turner syndrome, that result from aberrations 
of sex chromosomes.

linefelter Syndro e
Klinefelter syndrome is best defined as male hypogonadism that 
develops when there are at least two X chromosomes and one or 
more Y chromosomes. Most affected patients have a 47,XXY 
karyotype. This karyotype results from nondisjunction of 
sex chromosomes during meiosis. The extra X chromosome 
may be of either maternal or paternal origin. Advanced 
maternal age and a history of irradiation in either parent 
may contribute to the meiotic error resulting in this condi-
tion. Approximately 15% of the patients show mosaic  
patterns, including 46,XY/47,XXY, 47,XXY/48,XXXY,  
and variations on this theme. The presence of a 46,XY line 
in mosaics usually is associated with a milder clinical 
condition.

Klinefelter syndrome is associated with a wide range of 
clinical manifestations. In some persons it may be expressed 
only as hypogonadism, but most patients have a distinctive 
body habitus with an increase in length between the soles and 
the pubic bone, which creates the appearance of an elongated 
body. Also characteristic is eunuchoid body habitus. 
Reduced facial, body, and pubic hair and gynecomastia also are 
frequently seen. The testes are markedly reduced in size, 
sometimes to only 2 cm in greatest dimension. In keeping 
with the testicular atrophy, the serum testosterone levels are 
lower than normal, and urinary gonadotropin levels are 
elevated.

Klinefelter syndrome is the most common cause of hypogonad-
ism in males. Only rarely are patients fertile, and presum-
ably such persons are mosaics with a large proportion of 
46,XY cells. The sterility is due to impaired spermatogen-
esis, sometimes to the extent of total azoospermia. Histo-
logic examination reveals hyalinization of tubules, which 
appear as ghostlike structures on tissue section. By con-
trast, Leydig cells are prominent, as a result of either hyper-
plasia or an apparent increase related to loss of tubules. 
Although Klinefelter syndrome may be associated with 
mental retardation, the degree of intellectual impairment 
typically is mild, and in some cases, no deficit is detectable. 
The reduction in intelligence is correlated with the number 
of extra X chromosomes. Klinefelter syndrome is associ-
ated with a higher frequency of several disorders, includ-
ing breast cancer (seen 20 times more commonly than in 

and cardiac defects. In addition to these malformations, 
patients with 22q11.2 deletion are at particularly high risk for 
psychoses such as schizophrenia and bipolar disorder. The 
molecular basis for this syndrome is not fully understood. 
The affected region of chromosome 11 encodes many 
genes. Among these, a transcription factor gene called 
TBX1 is suspected to be responsible, since its loss seems to 
correlate with the occurrence of DiGeorge syndrome.

The diagnosis of this condition may be suspected on 
clinical grounds but can be established only by detection 
of the deletion by fluorescence in situ hybridization (FISH) 
(Fig. 6–37, B).

SUMMARY
Cytogenetic Disorders Involving Autosomes
• Down syndrome is associated with an extra copy of genes 

on chromosome 21, most commonly due to trisomy 21 
and less frequently from translocation of extra chromo-
somal material from chromosome 21 to other chromo-
somes or from mosaicism.

• Patients with Down syndrome have severe mental retar-
dation, flat facial profile, epicanthic folds, cardiac malforma-
tions, higher risk of leukemia and infections, and premature 
development of Alzheimer disease.

• Deletion of genes at chromosomal locus 22q11.2 gives 
rise to malformations affecting the face, heart, thymus, and 
parathyroids. The resulting disorders are recognized as (1) 
DiGeorge syndrome (thymic hypoplasia with diminished T 
cell immunity and parathyroid hypoplasia with hypocalce-
mia) and (2) velocardiofacial syndrome (congenital heart 
disease involving outflow tracts, facial dysmorphism, and 
developmental delay).

Cytogenetic Disorders Involving  
Sex Chromosomes

A number of abnormal karyotypes involving the sex chro-
mosomes, ranging from 45,X to 49,XXXXY, are compatible 
with life. Indeed, phenotypically normal males with two 
and even three Y chromosomes have been identified. Such 
extreme karyotypic deviations are not encountered with 
the autosomes. In large part, this latitude relates to two 
factors: (1) lyonization of X chromosomes and (2) the small 
amount of genetic information carried by the Y chromo-
some. The consideration of lyonization must begin with 
Mary Lyon, who in 1962 proposed that in females, only one 
X chromosome is genetically active. X inactivation occurs 
early in fetal life, about 16 days after conception: Either the 
paternal or the maternal X chromosome is randomly inac-
tivated in each of the primitive cells representing the devel-
oping embryo. Once inactivated, the same X chromosome 
remains genetically neutralized in all of the progeny of 
these cells. Moreover, all but one X chromosome is inacti-
vated, and so a 48,XXXX female has only one active X 
chromosome. This phenomenon explains why normal 
females do not have a double dose (compared with males) 
of phenotypic attributes encoded on the X chromosome. 
The Lyon hypothesis also explains why normal females are 
in reality mosaics, containing two cell populations: one 



C H A P T E R  6240 Genetic and Pediatric Diseases

accelerated loss of oocytes, which is complete by age  
2 years. In a sense, therefore, “menopause occurs before 
menarche,” and the ovaries are reduced to atrophic fibrous 
strands, devoid of ova and follicles (streak ovaries). Because 
patients with Turner syndrome also have other (nongo-
nadal) abnormalities, it follows that some genes for normal 
growth and development of somatic tissues also must 
reside on the X chromosome. Among the genes involved 
in the Turner phenotype is the short stature homeobox 
(SHOX) gene at Xp22.33. This is one of the genes that remain 
active in both X chromosomes and is unique in having an 
active homologue on the short arm of the Y chromosome. 
Thus, both normal males and females have two copies of 
this gene. One copy of SHOX gives rise to short stature. 
Indeed, deletions of the SHOX gene are noted in 2% to 5% 
of otherwise normal children with short stature. Whereas 
one copy of SHOX can explain growth deficit in Turner 
syndrome, it cannot explain other important clinical 

normal males), extragonadal germ cell tumors, and auto-
immune diseases such as systemic lupus erythematosus.

Turner Syndro e
Turner syndrome, characterized by primary hypogonad-
ism in phenotypic females, results from partial or complete 
monosomy of the short arm of the X chromosome. With 
routine cytogenetic methods, the entire X chromosome is 
found to be missing in 57% of patients, resulting in a 45,X 
karyotype. These patients are the most severely affected, 
and the diagnosis often can be made at birth or early in 
childhood. Typical clinical features associated with 45,X 
Turner syndrome include significant growth retardation, 
leading to abnormally short stature (below the third per-
centile); swelling of the nape of the neck due to distended 
lymphatic channels (in infancy) that is seen as webbing of 
the neck in older children; low posterior hairline; cubitus 
valgus (an increase in the carrying angle of the arms); 
shieldlike chest with widely spaced nipples; high-arched 
palate; lymphedema of the hands and feet; and a variety of 
congenital malformations such as horseshoe kidney, bicus-
pid aortic valve, and coarctation of the aorta (Fig. 6–16). 
Cardiovascular abnormalities are the most common cause 
of death in childhood. In adolescence, affected girls fail to 
develop normal secondary sex characteristics; the genitalia 
remain infantile, breast development is minimal, and little 
pubic hair appears. Most patients have primary amenor-
rhea, and morphologic examination reveals transformation 
of the ovaries into white streaks of fibrous stroma devoid 
of follicles. The mental status of these patients usually is 
normal, but subtle defects in nonverbal, visual-spatial 
information processing have been noted. Curiously, hypo-
thyroidism caused by autoantibodies occurs, especially in 
women with isochromosome Xp. As many as 50% of these 
patients develop clinical hypothyroidism. In adult patients, 
a combination of short stature and primary amenorrhea should 
prompt strong suspicion for Turner syndrome. The diagnosis 
is established by karyotyping.

Approximately 43% of patients with Turner syndrome 
either are mosaics (one of the cell lines being 45,X) or have 
structural abnormalities of the X chromosome. The most 
common is deletion of the short arm, resulting in the for-
mation of an isochromosome of the long arm, 46,X,i(X)
(q10). The net effect of the associated structural abnormali-
ties is to produce partial monosomy of the X chromosome. 
Combinations of deletions and mosaicism are reported. It 
is important to appreciate the karyotypic heterogeneity 
associated with Turner syndrome because it is responsible 
for significant variations in the phenotype. In contrast with 
the patients with monosomy X, those who are mosaics or have 
deletion variants may have an almost normal appearance and 
may present only with primary amenorrhea.

The molecular pathogenesis of Turner syndrome is not 
completely understood, but studies have begun to shed 
some light. As mentioned earlier, both X chromosomes are 
active during oogenesis and are essential for normal devel-
opment of the ovaries. During normal fetal development, 
ovaries contain as many as 7 million oocytes. The oocytes 
gradually disappear so that by menarche their numbers 
have dwindled to a mere 400,000, and when menopause 
occurs fewer than 10,000 remain. In Turner syndrome,  
fetal ovaries develop normally early in embryogenesis, but 
the absence of the second X chromosome leads to an  

Figure 6–16 Clinical features and karyotypes of  Turner syndrome. 
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features such as cardiac malformations and endocrine 
abnormalities. Clearly, several other genes located on the 
X chromosome also are involved.

SUMMARY
Cytogenetic Disorders Involving Sex Chromosomes
• In females, one X chromosome, maternal or paternal,  

is randomly inactivated during development (Lyon 
hypothesis).

• In Klinefelter syndrome, there are two or more X chromo-
somes with one Y chromosome as a result of nondisjunc-
tion of sex chromosomes. Patients have testicular atrophy, 
sterility, reduced body hair, gynecomastia, and eunuchoid 
body habitus. It is the most common cause of male 
sterility.

• In Turner syndrome, there is partial or complete mono-
somy of genes on the short arm of the X chromosome, 
most commonly due to absence of one X chromosome 
(45,X) and less commonly from mosaicism, or from dele-
tions involving the short arm of the X chromosome.  
Short stature, webbing of the neck, cubitus valgus, cardio-
vascular malformations, amenorrhea, lack of secondary 
sex characteristics, and fibrotic ovaries are typical clinical 
features.

SINGLE-GENE DISORDERS WITH 
ATYPICAL PATTERNS OF 
INHERITANCE

Three groups of diseases resulting from mutations affect-
ing single genes do not follow the mendelian rules of 
inheritance:
• Diseases caused by triplet repeat mutations
• Diseases caused by mutations in mitochondrial genes
• Diseases associated with alteration of imprinted regions 

of the genome

Triplet Repeat Mutations: Fragile X Syndrome

Fragile X syndrome is the prototype of diseases in which 
the causative mutation occurs in a long repeating sequence 
of three nucleotides. Other examples of diseases associated 
with trinucleotide repeat mutations are Huntington disease 
and myotonic dystrophy. About 40 diseases are now 
known to be caused by this type of mutation, and all dis-
orders discovered so far are associated with neurodegen-
erative changes. In each of these conditions, amplification of 
specific sets of three nucleotides within the gene disrupts its func-
tion. Certain unique features of trinucleotide repeat muta-
tions, described later, are responsible for the atypical 
pattern of inheritance of the associated diseases.

Fragile X syndrome results from a mutation in the FMR1 
gene, which maps to Xq27.3. The syndrome gets its name 
from the karyotypic appearance of the X chromosome in 

the original method of diagnosis: Culturing patient cells in 
a folate-deficient medium typically revealed a discontinuity 
of staining or constriction in the long arm of the X chromosome. 
This method has now been supplanted by DNA-based 
analysis of triplet repeat size as discussed later. With a 
frequency of 1 in 1550 for affected males and 1 in 8000 for 
affected females, fragile X syndrome is the second most common 
genetic cause of mental retardation, after Down syndrome. Clini-
cally affected males have moderate to severe mental retar-
dation. The characteristic physical phenotype includes a 
long face with a large mandible, large everted ears, and 
large testicles (macroorchidism). Although characteristic of 
fragile X syndrome, these abnormalities are not always 
present or may be quite subtle. The only distinctive physi-
cal abnormality that can be detected in at least  
90% of postpubertal males with fragile X syndrome is 
macroorchidism.

As with all X-linked diseases, fragile X syndrome pre-
dominantly affects males. Analysis of several pedigrees, 
however, reveals some patterns of transmission not typi-
cally associated with other X-linked recessive disorders 
(Fig. 6–17). These include the following:
• Carrier males: Approximately 20% of males who, by ped-

igree analysis and by molecular tests, are known to  
carry a fragile X mutation are clinically and cytogeneti-
cally normal. Because carrier males transmit the trait 
through all their daughters (phenotypically normal) to 
affected grandchildren, they are called normal transmit-
ting males.

• Affected females: From 30% to 50% of carrier females are 
affected (i.e., mentally retarded), a number much higher 
than that for other X-linked recessive disorders.

• Anticipation: This term refers to the phenomenon 
whereby clinical features of fragile X syndrome worsen 
with each successive generation, as if the mutation 
becomes increasingly deleterious as it is transmitted 
from a man to his grandsons and great-grandsons.

These unusual features have been related to the dynamic 
nature of the mutation. In the normal population, the 
number of repeats of the sequence CGG in the FMR1 gene 
is small, averaging around 29, whereas affected persons 
have 200 to 4000 repeats. These so-called full mutations are 
believed to arise through an intermediate stage of premuta-
tions characterized by 52 to 200 CGG repeats. Carrier males 
and females have premutations. During oogenesis (but not 
spermatogenesis), the premutations can be converted to 
full mutations by further amplification of the CGG repeats, 
which can then be transmitted to both the sons and the 
daughters of the carrier female. These observations provide 
an explanation for why some carrier males are unaffected 
(they have premutations), and certain carrier females are 
affected (they inherit full mutations). Recent studies indi-
cate that premutations are not so benign after all. Approxi-
mately 30% of females carrying the premutation have premature 
ovarian failure (before the age of 40 years), and about one third 
of premutation-carrying males exhibit a progressive neurodegen-
erative syndrome starting in their sixth decade. This syndrome, 
referred to as fragile X–associated tremor-ataxia, is charac-
terized by intention tremors and cerebellar ataxia and may 
progress to parkinsonism. It is clear, however, that the 
abnormalities in permutation carriers are milder and occur 
later in life.
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Figure 6–17 Fragile X pedigree. X and Y chromosomes are shown. Note that in the first generation, all sons are normal and all females are carriers. 
During oogenesis in the carrier female, premutation expands to full mutation; hence, in the next generation, all males who inherit the X with full muta-
tion are affected. However, only 50% of  females who inherit the full mutation are affected, and often only mildly. 
(Based on an original sketch courtesy of Dr. Nancy Schneider, Department of Pathology, University of Texas Southwestern Medical School, Dallas, Texas.)
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protein (FMRP) in neurons. FMRP plays a critical role in regulating the 
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proteins, in turn, play diverse roles in the microenvironment of  the 
synapse. 
(Adapted from Hin P, Warren ST: New insights into fragile X syndrome: from molecules to 
neurobehavior. Trends Biochem Sci 28:152, 2003.)
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PATHOGENESIS
The molecular basis for fragile X syndrome is beginning to be 
understood and relates to silencing of  the product of  the 
FMR1 gene, familial mental retardation protein (FMRP). The 
normal FMR1 gene contains CGG repeats in its 5′ untrans-
lated region. When the number of  trinucleotide repeats in 
the FMR1 gene exceeds approximately 230, the DNA of  the 
entire 5′ region of  the gene becomes abnormally methylated. 
Methylation also extends upstream into the promoter region 
of  the gene, resulting in transcriptional suppression of  FMR1. 
The resulting absence of  FMRP is believed to cause the phe-
notypic changes. FMRP is widely expressed in normal tissues, 
but higher levels are found in the brain and the testis. Current 
evidence suggests that FMRP is an RNA-binding protein that 
is transported from the cytoplasm to the nucleus, where it 
binds specific mRNAs and transports them to the axons and 
dendrites (Fig. 6–18). It is in the synapses that FMRP–mRNA 
complexes perform critical roles in regulating the translation 
of  specific mRNAs. The absence of  this finely coordinated 
“shuttle” function seems to underlie the causation of  fragile 
X syndrome.

As noted, in addition to fragile X syndrome, many other 
neurodegenerative diseases related to trinucleotide repeat 
expansions are recognized. Some general principles follow:
• In all cases, gene functions are altered by an expansion of  

the repeats, but the precise threshold at which 
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Figure 6–19 Sites of  expansion and the affected sequence in selected diseases caused by nucleotide repeat mutations. UTR, untranslated region.
*Though not strictly a trinucleotide-repeat disease, progressive myoclonus epilepsy is caused, like others in this group, by a heritable DNA expansion. 
The expanded segment is in the promoter region of  the gene. 
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SUMMARY
Fragile X Syndrome
• Pathologic amplification of trinucleotide repeats causes 

loss-of-function (fragile X syndrome) or gain-of-function 
mutations (Huntington disease). Most such mutations 
produce neurodegenerative disorders.

• Fragile X syndrome results from loss of FMR1  gene func-
tion and is characterized by mental retardation, macro-
orchidism, and abnormal facial features.

• In the normal population, there are about 29 CGG repeats 
in the FMR1  gene. The genomes of carrier males and 
females contain premutations with 52 to 200 CGG 
repeats that can expand to 4000 repeats (full mutations) 
during oogenesis. When full mutations are transmitted to 
progeny, fragile X syndrome occurs.

premutations are converted to full mutations differs with 
each disorder.

• While the expansion in fragile X syndrome occurs during 
oogenesis, in other disorders such as Huntington disease, 
premutations are converted to full mutations during 
spermatogenesis.

• The expansion may involve any part of  the gene, and the 
range of  possibilities can be divided into two broad cat-
egories: those that affect untranslated regions (as in fragile 
X syndrome) or coding regions (as in Huntington disease) 
(Fig. 6–19). When mutations affect noncoding regions, 
there is “loss of  function,” since protein synthesis is sup-
pressed (e.g., FMRP). By contrast, mutations involving 
translated parts of  the gene give rise to misfolded proteins 
that interfere with function of  normal proteins (e.g., Hun-
tington disease). Many of  these so-called toxic gain-of-
function mutations involve CAG repeats that encode 
polyglutamine tracts, and the resultant diseases are some-
times referred to as “polyglutamine diseases,” affecting 
primarily the nervous system. Accumulation of  misfolded 
proteins in aggregates within the cytoplasm is a common 
feature of  such diseases.

Diseases Caused by Mutations in  
Mitochondrial Genes

Mitochondria contain several genes that encode enzymes 
involved in oxidative phosphorylation. Inheritance of 
mitochondrial DNA differs from that of nuclear DNA in 
that the former is associated with maternal inheritance. The 
reason for this peculiarity is that ova contain mitochondria 
within their abundant cytoplasm, whereas spermatozoa 
contain few, if any, mitochondria. The mitochondrial DNA 
complement of the zygote is therefore derived entirely 
from the ovum. Thus, only mothers transmit mitochondrial 
genes to all of their offspring, both male and female; 
however, daughters but not sons transmit the DNA further 
to their progeny.

Diseases caused by mutations in mitochondrial genes 
are rare. Because mitochondrial DNA encodes enzymes 
involved in oxidative phosphorylation, diseases caused by 
mutations in such genes affect organs most dependent on 
oxidative phosphorylation (skeletal muscle, heart, brain). 
Leber hereditary optic neuropathy is the prototypical dis-
order in this group. This neurodegenerative disease mani-
fests itself as progressive bilateral loss of central vision that 
leads in due course to blindness.

Diseases Caused by Alterations of Imprinted 
Regions: Prader-Willi and Angelman Syndromes

All humans inherit two copies of each gene (except, of 
course, the sex chromosome genes in males), carried on 
homologous maternal and paternal chromosomes. It was 
long assumed that there was no difference between normal 
homologous genes derived from the mother and those 
from the father. Indeed, this is true for many genes. It has 
now been established, however, that functional differences 
exist between the paternal and the maternal copies of some 
genes. These differences arise from an epigenetic process 
called genomic imprinting, whereby certain genes are dif-
ferentially “inactivated” during paternal and maternal 
gametogenesis. Thus, maternal imprinting refers to tran-
scriptional silencing of the maternal allele, whereas paternal 
imprinting implies that the paternal allele is inactivated. At 
the molecular level, imprinting is associated with methyla-
tion of the gene promoter, as well as related events such as 
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of genes on the maternal chromosome at 15q12 is imprinted 
(and hence silenced), so the only functional alleles are pro-
vided by the paternal chromosome. When these are lost as 
a result of a deletion (in the paternal chromosome), the 
patient develops Prader-Willi syndrome. Conversely, a dis-
tinct gene that also maps to the same region of chromo-
some 15 is imprinted on the paternal chromosome. Only 
the maternally derived allele of the gene normally is active. 
Deletion of this maternal gene on chromosome 15 gives rise 
to the Angelman syndrome. Molecular studies of cytoge-
netically normal patients with Prader-Willi syndrome have 
revealed that in some cases, both of the structurally normal 
copies of chromosome 15 are derived from the mother. 
Inheritance of both chromosomes of a pair from one parent is 
called uniparental disomy. The net effect is the same (i.e., the 
patient does not have a functional set of genes from the 
[nonimprinted] paternal chromosome 15).

Angelman syndrome, as might be expected, also can result 
from uniparental disomy of parental chromosome 15. The 
Angelman syndrome gene (imprinted on the paternal chro-
mosome) is now known to encode a ligase that has a role 
in the ubiquitin-proteasome proteolytic pathway (Chapter 
1). This gene, called, somewhat laboriously, UBE3A, is 
expressed primarily from the maternal allele in specific 
regions of the normal brain. In Angelman syndrome, 
UBE3A is not expressed in these areas of the brain—hence 
the neurologic manifestations.

Prader-Willi syndrome, unlike Angelman syndrome, 
probably is caused by the loss of function of several genes 
located on chromosome 15 between q11 and q13. These 
genes are still being fully characterized.

modification of DNA-binding histone proteins, the sum 
total effect of which is to silence the gene. Imprinting occurs 
in ovum or sperm and is then stably transmitted to all 
somatic cells derived from the zygote.

Genomic imprinting is best illustrated by considering 
two uncommon genetic disorders: Prader-Willi syndrome 
and Angelman syndrome.

Prader-Willi syndrome is characterized by mental retarda-
tion, short stature, hypotonia, obesity, small hands and 
feet, and hypogonadism. In 60% to 75% of cases, an inter-
stitial deletion of band q12 in the long arm of chromosome 
15—del(15)(q11;q13)—can be detected. In many patients 
without a detectable cytogenetic abnormality, FISH analy-
sis reveals smaller deletions within the same region. It is 
striking that in all cases, the deletion affects the paternally 
derived chromosome 15. In contrast with Prader-Willi syn-
drome, patients with the phenotypically distinct Angelman 
syndrome are born with a deletion of the same chromosomal 
region derived from their mothers. Patients with Angel-
man syndrome also are mentally retarded, but in addition 
they present with ataxic gait, seizures, and inappropriate 
laughter. Because of the laughter and ataxia, this syndrome 
has been called the happy puppet syndrome. A comparison 
of these two syndromes clearly demonstrates the “parent-
of-origin” effects on gene function. If all the paternal and 
maternal genes contained within chromosome 15 were 
expressed in an identical fashion, clinical features resulting 
from these deletions would be expected to be identical 
regardless of the parental origin of chromosome 15.

The molecular basis of these two syndromes can be 
understood in the context of imprinting (Fig. 6–20). A set 

Figure 6–20 Genetics of  Angelman and Prader-Willi syndromes. 
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SUMMARY
Genomic Imprinting
• Imprinting involves transcriptional silencing of the paternal 

or maternal copies of certain genes during gametogenesis. 
For such genes only one functional copy exists in the 
individual. Loss of the functional allele (not imprinted) by 
deletions gives rise to diseases.

CONGENITAL ANOMALIES
Congenital anomalies are structural defects that are present 
at birth, although some, such as cardiac defects and renal 
anomalies, may not become clinically apparent until years 
later. As will be evident from the ensuing discussion, the 
term congenital does not imply or exclude a genetic basis 
for birth defects. It is estimated that about 120,000 babies 
are born with a birth defect each year in the United States, 
an incidence of 1 in 33. As indicated in Table 6–6, congeni-
tal anomalies constitute an important cause of infant mor-
tality. Moreover, they continue to be a significant cause of 
illness, disability, and death throughout the early years  
of life.

Before consideration of the etiology and pathogenesis of 
congenital anomalies, it is essential to define some of the 
terms used to describe errors in morphogenesis.
• Malformations represent primary errors of morpho-

genesis. In other words, there is an intrinsically abnormal 
developmental process. Malformations usually are 

PEDIATRIC DISEASES
As mentioned earlier and illustrated by several examples, 
many diseases of infancy and childhood are of genetic 
origin. Others, although not genetic, either are unique to 
children or take distinctive forms in this patient population 
and thus merit the designation pediatric diseases. During 
each stage of development, infants and children are prey 
to a somewhat different group of diseases (Table 6–6). 
Clearly, diseases of infancy (i.e., the first year of life) pose 
the highest risk of death. During this phase, the neonatal 
period (the first 4 weeks of life) is unquestionably the most 
hazardous time.

Once the infant survives the first year of life, the outlook 
brightens considerably. However, it is sobering to note that 
between 1 year and 14 years of age, injuries resulting from 
accidents are the leading cause of death. Not all conditions 
listed in Table 6–6 are described in this chapter; only a 
select few that are most common are considered here. 
Although general principles of neoplastic disease and spe-
cific tumors are discussed elsewhere, a few tumors of chil-
dren are described, to highlight the differences between 
pediatric and adult neoplasms.

• Prader-Willi syndrome results from deletion of paternal 
chromosomal region 15q12 and is characterized by mental 
retardation, short stature, hypotonia, obesity, and 
hypogonadism.

• Angelman syndrome results from deletion of maternal 
chromosomal region 15q12 and is characterized by mental 
retardation, ataxia, seizures, and inappropriate laughter.

Table –  Causes of Death by Age

Cause Rate

Under  ear .

Congenital malformations, deformations, and chromosomal 
anomalies

Disorders related to short gestation and lo  birth eight
Sudden infant death syndrome SIDS
Ne born affected by maternal complications of pregnancy
Ne born affected by complications of placenta, cord, and 

membranes
Respiratory distress syndrome of ne born
Accidents unintentional in uries
Bacterial sepsis of ne born
Neonatal hemorrhage
Diseases of the circulatory system

 ears .

Accidents unintentional in uries
Congenital malformations, deformations, and chromosomal 

abnormalities
Assault homicide

*Causes are listed in decreasing order of frequency. All causes and rates are final 2007 statistics.
†Rates are expressed per 100,000 population from all causes within each age group.
‡Excludes congenital heart disease.

Cause Rate

 ears cont d .

Malignant neoplasms
Diseases of the heart

 ears .

Accidents unintentional in uries
Malignant neoplasms
Congenital malformations, deformations, and chromosomal 

abnormalities
Assault homicide
Diseases of the heart

 ears .

Accidents unintentional in uries
Malignant neoplasms
Assault homicide
Intentional self harm suicide
Congenital malformations, deformations, and chromosomal 

abnormalities

Data from Heron MP, Sutton PD, Xu J, et al: Annual Summary of Vital Statistics: 2007. Pediatrics 125:4, 2010.
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multifactorial, rather than the result of a single gene or 
chromosomal defect. They may manifest in any of 
several patterns. In some presentations, such as con-
genital heart diseases, single body systems may be 
involved, whereas in others, multiple malformations 
involving many organs and tissues may coexist (Fig. 
6–21).

• Disruptions result from secondary destruction of an 
organ or body region that was previously normal in 
development; thus, in contrast with malformations, dis-
ruptions arise from an extrinsic disturbance in morphogen-
esis. Amniotic bands, denoting rupture of amnion with 
resultant formation of “bands” that encircle, compress, 
or attach to parts of the developing fetus, constitute  
the classic example of a disruption (Fig. 6–22). A variety 
of environmental agents may cause disruptions (see 
below). Disruptions are not heritable, of course, and 
thus are not associated with risk of recurrence in subse-
quent pregnancies.

• Deformations, like disruptions, also represent an extrinsic 
disturbance of development rather than an intrinsic error 
of morphogenesis. Deformations are common problems, 
affecting approximately 2% of newborn infants to 
various degrees. Fundamental to the pathogenesis of 
deformations is localized or generalized compression of 
the growing fetus by abnormal biomechanical forces, 
leading eventually to a variety of structural abnormali-
ties. The most common cause of such deformations  
is uterine constraint. Between weeks 35 and 38 of gesta-
tion, rapid increase in the size of the fetus outpaces  
the growth of the uterus, and the relative amount of 
amniotic fluid (which normally acts as a cushion) also 
decreases. Thus, even the normal fetus is subjected  
to some degree of uterine constraint. However,  
several variables increase the likelihood of excessive 
compression of the fetus, including maternal conditions 
such as first pregnancy, small uterus, malformed (bicor-
nuate) uterus, and leiomyomas. Causes relating to  
the fetus, such as presence of multiple fetuses, 

oligohydramnios, and abnormal fetal presentation, also 
may be involved.

• Sequence refers to multiple congenital anomalies that 
result from secondary effects of a single localized aberration 
in organogenesis. The initiating event may be a malforma-
tion, deformation, or disruption. An excellent example 
is the oligohydramnios (or Potter) sequence (Fig. 6–23, 
A). Oligohydramnios, denoting decreased amniotic 
fluid, may be caused by a variety of unrelated maternal, 
placental, or fetal abnormalities. Chronic leakage of 
amniotic fluid due to rupture of the amnion, uteropla-
cental insufficiency resulting from maternal hyperten-
sion or severe toxemia, and renal agenesis in the fetus 

Figure 6–21 Human malformations can range in severity from the incidental to the lethal. A, Polydactyly (one or more extra digits) and syndactyly 
(fusion of  digits), have little functional consequence when they occur in isolation. B, Similarly, cleft lip, with or without associated cleft palate, is compat-
ible with life when it occurs as an isolated anomaly; in this case, however, the child had an underlying malformation syndrome (trisomy 13) and expired 
because of  severe cardiac defects. C, Stillbirth representing a severe and essentially lethal malformation, in which the midface structures are fused or 
ill-formed; in almost all cases, this degree of  external dysmorphogenesis is associated with severe internal anomalies such as maldevelopment of  the 
brain and cardiac defects. 
(A and C, Courtesy of Dr. Reade Quinton, Department of Pathology, University of Texas Southwestern Medical Center, Dallas, Texas. B, Courtesy of Dr. Beverly Rogers, Department of Pathology, 
University of  Texas Southwestern Medical Center, Dallas, Texas.)

A CB

Figure 6–22 Disruptions occur in a developing organ because of  an 
extrinsic abnormality that interferes with normal morphogenesis. Amniotic 
bands are a frequent cause of  disruptions. In the gross specimen shown, 
the placenta is at the right of  the diagram, and the band of  amnion extends 
from the top portion of  the amniotic sac to encircle the leg of  the fetus. 
(Courtesy of Dr. Theonia Boyd, Children’s Hospital of Boston, Boston, Massachusetts.)
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viral infection or a specific chromosomal abnormality) 
that simultaneously affects several tissues.

• In addition to these global definitions, some general 
terms are applied to organ-specific malformations: 
Agenesis refers to the complete absence of an organ or its 
anlage, whereas aplasia and hypoplasia indicate incom-
plete development and underdevelopment, respectively, 
of an organ. Atresia describes the absence of an opening, 
usually of a hollow visceral organ or duct such as intes-
tines and bile ducts.

Etiology

Known causes of errors in human malformations can be 
grouped into three major categories: genetic, environmental, 
and multifactorial (Table 6–7). The cause has not been identified 
for almost half of the reported cases.

Genetic causes of malformations include all of the previ-
ously discussed mechanisms of genetic disease. Virtually 
all chromosomal syndromes are associated with congenital 
malformations. Examples are Down syndrome and other 
trisomies, Turner syndrome, and Klinefelter syndrome. 
Most chromosomal disorders arise during gametogenesis 
and hence are not familial. Single-gene mutations, charac-
terized by mendelian inheritance, may underlie major mal-
formations. For example, holoprosencephaly is the most 
common developmental defect of the forebrain and midface 
in humans (see Chapter 22); the Hedgehog signaling 

(because fetal urine is a major constituent of amniotic 
fluid) all are potential causes of oligohydramnios. The 
fetal compression associated with significant oligohy-
dramnios in turn results in a classic phenotype in the 
newborn infant, including flattened facies and positional 
abnormalities of the hands and feet (Fig. 6–23, B). The 
hips may be dislocated. Growth of the chest wall and 
the contained lungs also is compromised, sometimes to 
such an extent that survival is not possible. If the embry-
ologic connection between these defects and the initiat-
ing event is not recognized, a sequence may be mistaken 
for a malformation syndrome.

• Malformation syndrome refers to the presence of several 
defects that cannot be explained on the basis of a single 
localizing initiating error in morphogenesis. Syndromes 
most often arise from a single causative condition (e.g., 

Figure 6–23 A, Pathogenesis of  the oligohydramnios (Potter) sequence. 
B, Infant with oligohydramnios (Potter) sequence. Note flattened facial 
features and deformed foot (talipes equinovarus). 
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Data from Stevenson RE, Hall JG, Goodman RM (eds): Human Malformations and 
Related Anomalies. New York, Oxford University Press, 1993, p 115.

Cause
Fre uency of 

Malformations  

enetic
Chromosomal aberrations

Mendelian inheritance

nvironmental
Maternal placental infections
 Rubella
 o oplasmosis
 Syphilis
 Cytomegalovirus infection
 Human immunode ciency virus infection

Maternal disease states
 Diabetes
 Phenylketonuria
 ndocrinopathies

Drugs and chemicals ∼
 Alcohol
 Folic acid antagonists
 Androgens
 Phenytoin
 halidomide
 Warfarin
 Cis retinoic acid
 thers

Irradiation

Multifactorial

Unkno n

Table –  Causes of Congenital Malformations in Humans

*Live births.
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pathway plays a critical role in the morphogenesis of these 
structures, and loss-of-function mutations of individual 
components within this pathway are reported in families 
with a history of recurrent holoprosencephaly.

Environmental influences, such as viral infections, drugs, 
and radiation to which the mother was exposed during 
pregnancy, may cause fetal malformations (the appellation 
of “malformation” is used loosely in this context, since 
technically, these anomalies represent disruptions). Among 
the viral infections listed in Table 6–7, rubella was a major 
scourge of the 19th and early 20th centuries. Fortunately, 
maternal rubella and the resultant rubella embryopathy have 
been virtually eliminated in developed countries as a result 
of vaccination. A variety of drugs and chemicals have been 
suspected to be teratogenic, but perhaps less than 1% of 
congenital malformations are caused by these agents. The 
list includes thalidomide, alcohol, anticonvulsants, warfa-
rin (oral anticoagulant), and 13-cis-retinoic acid, which is 
used in the treatment of severe acne. For example, thalido-
mide, once used as a tranquilizer in Europe and currently 
used for treatment of certain cancers, causes an extremely 
high incidence (50% to 80%) of limb malformations. Alcohol, 
perhaps the most widely used agent today, is an important 
environmental teratogen. Affected infants show prenatal 
and postnatal growth retardation, facial anomalies (micro-
cephaly, short palpebral fissures, maxillary hypoplasia), 
and psychomotor disturbances. These features in combina-
tion are designated the fetal alcohol syndrome. While ciga-
rette smoke–derived nicotine has not been convincingly 
demonstrated to be a teratogen, there is a high incidence 
of spontaneous abortions, premature labor, and placental 
abnormalities among pregnant smokers; babies born to 
mothers who smoke often have a low birth weight and may 
be prone to the sudden infant death syndrome (SIDS).  
In light of these findings, it is best to avoid nicotine exposure 
altogether during pregnancy. Among maternal conditions 
listed in Table 6–7, diabetes mellitus is a common entity, and 
despite advances in antenatal obstetric monitoring and 
glucose control, the incidence of major malformations in 
infants of diabetic mothers stands between 6% and 10% in 
most reported series. Maternal hyperglycemia–induced 
fetal hyperinsulinemia results in fetal macrosomia (organo-
megaly and increased body fat and muscle mass); cardiac 
anomalies, neural tube defects, and other CNS malforma-
tions are some of the major anomalies seen in diabetic 
embryopathy.

Multifactorial inheritance, which implies the interaction of 
environmental influences with two or more genes of small 
effect, is the most common genetic cause of congenital mal-
formations. Included in this category are some relatively 
common malformations such as cleft lip and palate and 
neural tube defects. The importance of environmental con-
tributions to multifactorial inheritance is underscored by 
the dramatic reduction in the incidence of neural tube 
defects by periconceptional intake of folic acid in the diet. 
The recurrence risks and mode of transmission of multifac-
torial disorders are described earlier in this chapter.

PATHOGENESIS
The pathogenesis of  congenital anomalies is complex and  
still poorly understood, but two general principles of  

developmental pathology are relevant regardless of  the etio-
logic agent:
1. The timing of the prenatal teratogenic insult has 

an important impact on the occurrence and the 
type of anomaly produced. The intrauterine develop-
ment of  humans can be divided into two phases: (1) the 
embryonic period, occupying the first 9 weeks of  preg-
nancy, and (2) the fetal period, terminating at birth.
! In the early embryonic period (first 3 weeks after 

fertilization), an injurious agent damages either enough 
cells to cause death and abortion or only a few cells, 
presumably allowing the embryo to recover without 
developing defects. Between the third and the 
ninth weeks, the embryo is extremely suscep-
tible to teratogenesis, and the peak sensitivity during 
this period occurs between the fourth and the fifth 
weeks. During this period organs are being crafted out 
of  the germ cell layers.

! The fetal period that follows organogenesis is marked 
chiefly by the further growth and maturation of  the 
organs, with greatly reduced susceptibility to terato-
genic agents. Instead, the fetus is susceptible to growth 
retardation or injury to already formed organs. It is 
therefore possible for a given agent to produce different 
anomalies if  exposure occurs at different times of  
gestation.

2. The complex interplay between environmental teratogens 
and intrinsic genetic defects is exemplified by the fact that 
features of  dysmorphogenesis caused by environmental 
insults often can be recapitulated by genetic defects in the 
pathways targeted by these teratogens. Some representa-
tive examples follow:
! Cyclopamine is a plant teratogen. Pregnant sheep 

who feed on plants containing cyclopamine give birth to 
lambs that have severe craniofacial abnormalities includ-
ing holoprosencephaly and cyclopia (single fused 
eye—hence the origin of  the moniker cyclopamine). 
This compound is a potent inhibitor of  Hedgehog signal-
ing in the embryo, and as stated previously, mutations 
of  Hedgehog genes are present in subsets of  fetuses 
with holoprosencephaly.

! Valproic acid is an antiepileptic and a recognized 
teratogen. Valproic acid disrupts expression of  a family 
of  highly conserved developmentally critical transcrip-
tion factors known as homeobox (HOX) proteins. In 
vertebrates, HOX proteins have been implicated in the 
patterning of  limbs, vertebrae, and craniofacial struc-
tures. Not surprisingly, mutations in HOX family genes 
are responsible for congenital anomalies that mimic fea-
tures observed in valproic acid embryopathy.

! The vitamin A (retinol) derivative all-trans-retinoic 
acid is essential for normal development and differ-
entiation, and its absence during embryogenesis 
results in a constellation of  malformations affecting mul-
tiple organ systems, including the eyes, genitourinary 
system, cardiovascular system, diaphragm, and lungs 
(see Chapter 7 for vitamin A deficiency in the postnatal 
period). Conversely, excessive exposure to reti-
noic acid also is teratogenic. Infants born to 
mothers treated with retinoic acid for severe acne have 
a predictable phenotype (retinoic acid embryopa-
thy), including CNS, cardiac, and craniofacial defects, 
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such as cleft lip and cleft palate. The last entity may 
stem from retinoic acid–mediated deregulation of  com-
ponents of  the transforming growth factor-β (TGF-β) 
signaling pathway, which is involved in palatogenesis. 
Mice with knockout of  the Tgfb3  gene uniformly develop 
cleft palate, once again underscoring the functional rela-
tionship between teratogenic exposure and signaling 
pathways in the causation of  congenital anomalies.

are Toxoplasma (T), rubella virus (R), cytomegalovirus 
(C), herpesvirus (H), and any of a number of other (O) 
microbes such as Treponema pallidum. These agents are 
grouped together because they may evoke similar clini-
cal and pathologic manifestations. TORCH infections 
occurring early in gestation may cause chronic sequelae 
in the child, including growth restriction, mental retar-
dation, cataracts, and congenital cardiac anomalies, 
whereas infections later in pregnancy result primarily in 
tissue injury accompanied by inflammation (encephali-
tis, chorioretinitis, hepatosplenomegaly, pneumonia, 
and myocarditis).

PREMATURITY AND FETAL GROWTH 
RESTRICTION

Prematurity is the second most common cause of neonatal mor-
tality (second only to congenital anomalies), and is defined by a 
gestational age less than 37 weeks. As might be expected, 
infants born before completion of gestation also weigh less 
than normal (below 2500 gm). The major risk factors for 
prematurity include premature rupture of membranes; 
intrauterine infection leading to inflammation of the pla-
cental membranes (chorioamnionitis); structural abnormal-
ities of the uterus, cervix, and placenta; and multiple 
gestation (e.g., twin pregnancy). It is well established that 
children born before completion of the full period of gesta-
tion demonstrate higher morbidity and mortality rates 
than those reported for full-term infants. The immaturity 
of organ systems in preterm infants makes them especially 
vulnerable to several important complications:
• Respiratory distress syndrome (RDS), also called hyaline 

membrane disease
• Necrotizing enterocolitis (NEC)
• Sepsis
• Intraventricular and germinal matrix hemorrhage 

(Chapter 22)
• Long-term sequelae, including developmental delay
Although birth weight is low in preterm infants, it usually 
is appropriate once adjusted for gestational age. By con-
trast, as many as one third of infants who weigh less than 
2500 gm are born at term and are therefore undergrown 
rather than immature. These small-for-gestational-age 
(SGA) infants suffer from fetal growth restriction. Fetal 
growth restriction may result from fetal, maternal, or pla-
cental abnormalities, although in many cases the specific 
cause is unknown.
• Fetal factors: This category consists of conditions that 

intrinsically reduce growth potential of the fetus despite 
an adequate supply of nutrients from the mother. Prom-
inent among such fetal conditions are chromosomal 
disorders, congenital anomalies, and congenital infections. 
Chromosomal abnormalities may be detected in as many 
as 17% of fetuses evaluated for fetal growth restriction 
and in as many as 66% of fetuses with documented 
ultrasonographic malformations. Fetal infection should 
be considered in all growth-restricted neonates, with the 
TORCH group of infections (see earlier) being a common 
cause. When the causation is intrinsic to the fetus, 

SUMMARY
Congenital Anomalies
• Congenital anomalies result from intrinsic abnormalities 

(malformations) as well as extrinsic disturbances (defor-
mations, disruptions).

• Congenital anomalies can result from genetic (chromo-
somal abnormalities, gene mutations), environmental 
(infections, drugs, alcohol), and multifactorial causes.

• The timing of the in utero insult has profound influence 
on the extent of congenital anomalies, with earlier events 
usually demonstrating greater impact.

• The interplay between genetic and environmental causes 
of anomalies is demonstrated by the fact that teratogens 
often target signaling pathways in which mutations have 
been reported as a cause for the same anomalies.

PERINATAL INFECTIONS
Infections of the fetus and neonate may be acquired trans-
cervically (ascending infections) or transplacentally (hema-
tologic infections).
• Transcervical, or ascending, infections involve spread of 

infection from the cervicovaginal canal and may be 
acquired in utero or during birth. Most bacterial infec-
tions (e.g., α-hemolytic streptococcal infection) and a 
few viral infections (e.g., herpes simplex) are acquired 
in this manner. In general, the fetus acquires the infec-
tion by “inhaling” infected amniotic fluid into the lungs 
or by passing through an infected birth canal during 
delivery. Fetal infection usually is associated with 
inflammation of the placental membranes (chorioamnio-
nitis) and inflammation of the umbilical cord (funisitis). 
This mode of spread is typical for pneumonia and, in 
severe cases, sepsis and meningitis.

• Transplacental infections gain access to the fetal blood-
stream by crossing the placenta via the chorionic villi, 
and may occur at any time during gestation or occasion-
ally, as may be the case with hepatitis B and human 
immunodeficiency virus, at the time of delivery via 
maternal-to-fetal transfusion. Most parasitic (e.g., toxo-
plasma, malaria) and viral infections and a few bacterial 
infections (i.e., from Listeria and Treponema) demonstrate 
this mode of hematogenous transmission. The clinical 
manifestations of these infections are highly variable, 
depending largely on the gestational timing and the 
microorganism involved. The most important transpla-
cental infections can be conveniently remembered by the 
acronym TORCH. The elements of the TORCH complex 
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growth retardation is symmetric (i.e., affects all organ 
systems equally).

• Placental factors: Placental causes include any factor that 
compromises the uteroplacental supply line. This may 
result from placenta previa (low implantation of the pla-
centa), placental abruption (separation of placenta from 
the decidua by a retroplacental clot), or placental infarc-
tion. With placental (and maternal) causes of growth 
restriction, the growth retardation is asymmetric (i.e., the 
brain is spared relative to visceral organs such as the 
liver).

• Maternal factors: This category comprises by far the most 
common causes of the growth deficit in SGA infants. 
Important examples are vascular diseases such as pre-
eclampsia (“toxemia of pregnancy”) (Chapter 18) and 
chronic hypertension. The list of other maternal con-
ditions associated with fetal growth restriction is long, 
but some of the avoidable influences are maternal  
narcotic abuse, alcohol intake, and heavy cigarette 
smoking (as noted previously, many of these same 
causes also are involved in the pathogenesis of congeni-
tal anomalies). Drugs causing fetal growth restriction  
in similar fashion include teratogens, such as the  
commonly administered anticonvulsant phenytoin 
(Dilantin), as well as nonteratogenic agents. Maternal 
malnutrition (in particular, prolonged hypoglycemia) 
also may affect fetal growth, but the association between 
growth restriction in infants and the nutritional status 
of the mother is complex.

Not only is the growth-restricted infant handicapped in the 
perinatal period, but the deficits also persist into childhood 
and adult life. Affected persons are thus more likely to 
have cerebral dysfunction, learning disabilities, and sensory 
(i.e., visual and hearing) impairment.

RESPIRATORY DISTRESS SYNDROME 
OF THE NEWBORN

There are many causes of respiratory distress in the 
newborn, including excessive sedation of the mother, fetal 
head injury during delivery, aspiration of blood or amni-
otic fluid, and intrauterine hypoxia secondary to compres-
sion from coiling of the umbilical cord about the neck.  
The most common cause, however, is respiratory distress 
syndrome (RDS), also known as hyaline membrane disease 
because of the formation of “membranes” in the peripheral 
air spaces observed in infants who succumb to this condi-
tion. An estimated 24,000 cases of RDS are reported annu-
ally in the United States, and improvements in management 
of this condition have sharply decreased deaths due to 
respiratory insufficiency from as many as 5000 per year a 
decade ago to less than 900 cases yearly.

PATHOGENESIS
RDS is basically a disease of premature infants. It 
occurs in about 60% of  infants born at less than 28 weeks of  
gestation, 30% of  those born between 28 to 34 weeks’ gesta-
tion, and less than 5% of  those born after 34 weeks’ gesta-
tion. There are also strong though not invariable associations 
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Figure 6–24 Pathophysiology of  respiratory distress syndrome (see 
text). 

with male gender, maternal diabetes, and delivery by 
cesarean section.

The fundamental defect in RDS is the inability of  the imma-
ture lung to synthesize sufficient surfactant. Surfactant is a 
complex of  surface-active phospholipids, principally dipalmi-
toylphosphatidylcholine (lecithin) and at least two groups  
of  surfactant-associated proteins. The importance of  
surfactant-associated proteins in normal lung function can be 
gauged by the occurrence of  severe respiratory failure in 
neonates with congenital deficiency of  surfactant caused by 
mutations in the corresponding genes. Surfactant is synthe-
sized by type II pneumocytes and, with the healthy newborn’s 
first breath, rapidly coats the surface of  alveoli, reducing 
surface tension and thus decreasing the pressure required  
to keep alveoli open. In a lung deficient in surfactant, alveoli 
tend to collapse, and a relatively greater inspiratory effort is 
required with each breath to open the alveoli. The infant 
rapidly tires from breathing, and generalized atelectasis sets 
in. The resulting hypoxia sets into motion a sequence of  
events that lead to epithelial and endothelial damage and 
eventually to the formation of  hyaline membranes (Fig. 
6–24). As discussed later, this classical picture of  surfactant 
deficiency is greatly modified by surfactant treatment.

Surfactant synthesis is regulated by hormones. 
Cortico steroids stimulate the formation of  surfactant lipids 
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either by delaying labor until the fetal lung reaches matu-
rity or by inducing maturation of the lung in the fetus at 
risk. Critical to these objectives is the ability to assess fetal 
lung maturity accurately. Because pulmonary secretions 
are discharged into the amniotic fluid, analysis of amniotic 
fluid phospholipids provides a good estimate of the level 
of surfactant in the alveolar lining. Prophylactic adminis-
tration of exogenous surfactant at birth to extremely pre-
mature infants (born before a gestational age of 28 weeks) 
has been shown to be very beneficial, such that it is now 
uncommon for infants to die of acute RDS.

In uncomplicated cases, recovery begins to occur within 
3 or 4 days. In affected infants, oxygen is required. Use of 
high concentrations of ventilator-administered oxygen for 
prolonged periods, however, is associated with two well-
known complications: retrolental fibroplasia (also called reti-
nopathy of prematurity) in the eyes and bronchopulmonary 
dysplasia (BPD):
• Retinopathy of prematurity has a two-phase pathogen-

esis. During the hyperoxic phase of RDS therapy (phase 
I), expression of the pro-angiogenic vascular endothelial 
growth factor (VEGF) is markedly decreased, causing 
endothelial cell apoptosis; VEGF levels rebound after 
return to relatively hypoxic room air ventilation (phase 
II), inducing retinal vessel proliferation (neovasculariza-
tion) characteristic of the lesions in the retina.

• The major abnormality in BPD is a striking decrease in alveo-
lar septation (manifested as large, simplified alveolar 
structures) and a dysmorphic capillary configuration. 
Thus, the current view is that BPD is caused by a poten-
tially reversible impairment in the development of alve-
olar septation at the so-called saccular stage. Multiple 
factors—hyperoxemia, hyperventilation, prematurity, 
inflammatory cytokines, and vascular maldevelopment—
contribute to BPD and probably act additively or syner-
gistically to promote injury. The levels of a variety of 
pro-inflammatory cytokines (TNF and the interleukins 
IL-1β, IL-6, and IL-8) are increased in the alveoli of 
infants in whom BPD subsequently develops, suggest-
ing a role for these cytokines in arresting pulmonary 
development.

Fortunately, both complications are now significantly less 
common as a result of gentler ventilation techniques, ante-
natal glucocorticoid therapy, and prophylactic surfactant 
treatments.

Infants who recover from RDS also are at increased risk 
for developing a variety of other complications associated 
with preterm birth; most important among these are patent 
ductus arteriosus, intraventricular hemorrhage, and necrotizing 
enterocolitis (NEC). Thus, although technologic advances 
help save the lives of many infants with RDS, they also 
bring to the surface the exquisite fragility of the immature 
neonate.

Figure 6–25 Hyaline membrane disease (hematoxylin-eosin stain). 
Alternating atelectasis and dilation of  the alveoli can be seen. Note the 
eosinophilic thick hyaline membranes lining the dilated alveoli. 

MORPHOLOGY
The lungs in infants with RDS are of  normal size but are heavy 
and relatively airless. They have a mottled purple color, and 
on microscopic examination the tissue appears solid, with 
poorly developed, generally collapsed (atelectatic) alveoli. If  
the infant dies within the first several hours of  life, only 
necrotic cellular debris will be present in the terminal bron-
chioles and alveolar ducts. Later in the course, characteristic 
eosinophilic hyaline membranes line the respiratory 
bronchioles, alveolar ducts, and random alveoli (Fig. 6–25). 
These “membranes” contain necrotic epithelial cells admixed 
with extravasated plasma proteins. There is a remarkable 
paucity of  neutrophilic inflammatory reaction associated with 
these membranes. The lesions of  hyaline membrane disease 
are never seen in stillborn infants or in live-born infants who 
die within a few hours of  birth. If  the infant dies after several 
days, evidence of  reparative changes, including proliferation 
of  type II pneumocytes and interstitial fibrosis, is seen.

and associated proteins. Therefore, conditions associated 
with intrauterine stress and fetal growth restriction that 
increase corticosteroid release lower the risk of  developing 
RDS. Surfactant synthesis can be suppressed by the compen-
satory high blood levels of  insulin in infants of  diabetic 
mothers, which counteracts the effects of  steroids. This may 
explain, in part, why infants of  diabetic mothers are at higher 
risk for developing RDS. Labor is known to increase surfac-
tant synthesis; accordingly, cesarean section performed 
before the onset of  labor may be associated with increased 
risk for RDS.

Clinical Features
The classic clinical presentation before the era of treatment 
with exogenous surfactant was described earlier. Cur-
rently, the actual clinical course and prognosis for neonatal 
RDS vary, depending on the maturity and birth weight of 
the infant and the promptness of institution of therapy. A 
major thrust in the control of RDS focuses on prevention, 

SUMMARY
Neonatal Respiratory Distress Syndrome
• Neonatal RDS (hyaline membrane disease) is a disease of 

prematurity; most cases occur in neonates born before 
28 weeks of gestational age.
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NECROTIZING ENTEROCOLITIS
Necrotizing enterocolitis (NEC) most commonly occurs in 
premature infants, with the incidence of the disease being 
inversely proportional to the gestational age. It occurs in 
approximately 1 of 10 very-low-birth-weight infants (less 
than 1500 gm). In addition to prematurity, most cases are 
associated with enteral feeding, suggesting that some post-
natal insult (such as introduction of bacteria) sets in motion 
the cascade culminating in tissue destruction. While infec-
tious agents are likely to play a role in NEC pathogenesis, 
no single bacterial pathogen has been linked to the disease. 
A large number of inflammatory mediators have been associ-
ated with NEC. One particular mediator, platelet-activating 
factor (PAF), has been implicated in increasing mucosal 
permeability by promoting enterocyte apoptosis and com-
promising intercellular tight junctions, thereby “adding 
fuel to the fire.”

NEC typically involves the terminal ileum, cecum, and 
right colon, although any part of the small or large intestine 

Figure 6–26 Necrotizing enterocolitis. A, At postmortem examination in a severe case, the entire small bowel was markedly distended with a peril-
ously thin wall (usually this appearance implies impending perforation). B, The congested portion of  the ileum corresponds to areas of  hemorrhagic 
infarction and transmural necrosis seen on microscopy. Submucosal gas bubbles (pneumatosis intestinalis) can be seen in several areas (arrows). 

A B

• The fundamental abnormality in RDS is insufficient pul-
monary surfactant, which results in failure of lungs to 
inflate after birth.

• The characteristic morphologic pattern in RDS is the 
presence of hyaline membranes (consisting of necrotic 
epithelial cells and plasma proteins) lining the airways.

• RDS can be ameliorated by prophylactic administration of 
steroids, surfactant therapy, and by improved ventilation 
techniques.

• Long-term sequelae associated with RDS therapy include 
retinopathy of prematurity and BPD; the incidence of both 
complications has decreased with improvements in man-
agement of RDS.

may be involved. The involved segment typically is dis-
tended, friable, and congested (Fig. 6–26), or it can be 
frankly gangrenous; intestinal perforation with accompa-
nying peritonitis may be seen. On microscopic examina-
tion, mucosal or transmural coagulative necrosis, ulceration, 
bacterial colonization, and submucosal gas bubbles are  
all features associated with NEC. Evidence of reparative 
changes, such as granulation tissue and fibrosis, may be 
seen shortly after resolution of the acute episode.

The clinical course is fairly typical, with the onset of 
bloody stools, abdominal distention, and development of 
circulatory collapse. Abdominal radiographs often demon-
strate gas within the intestinal wall (pneumatosis intesti-
nalis). When detected early, NEC often can be managed 
conservatively, but many cases (20% to 60%) require opera-
tive intervention including resection of the necrotic seg-
ments of bowel. NEC is associated with high perinatal 
mortality; infants who survive often develop post-NEC 
strictures from fibrosis caused by the healing process.

SUDDEN INFANT DEATH SYNDROME
Sudden infant death syndrome (SIDS) is a disease of 
unknown cause. The National Institute of Child Health and 
Human Development defines SIDS as “the sudden death 
of an infant under 1 year of age which remains unexplained 
after a thorough case investigation, including performance of 
a complete autopsy, examination of the death scene, and review 
of the clinical history.” An aspect of SIDS that is not stressed 
in the definition is that the infant usually dies while 
asleep—hence the lay terms crib death and cot death. SIDS is 
the leading cause of death between the ages of 1 month and 
1 year in U.S. infants, and the third leading cause of death 
overall in this age group, after congenital anomalies and 
diseases of prematurity and low birth weight. In 90% of 
cases, the infant is younger than 6 months; most are 
between the ages of 2 and 4 months.
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PATHOGENESIS
The circumstances surrounding SIDS have been explored in 
great detail, and the general consensus is that it is a multi-
factorial condition, with a variable mixture of  contributing 
causes in a given case. A proposed “triple-risk” model of  SIDS 
postulates the intersection of  three overlapping variables: (1) 
a vulnerable infant, (2) a critical developmental 
period in homeostatic control, and (3) one or more 
exogenous stressors. According to this model, several 
factors make the infant vulnerable to sudden death during the 
critical developmental period (i.e., 1 month to 1 year). These 
vulnerability factors may be specific to the parents or the 
infant, while the exogenous stressor(s) is attributable to the 
environment (Table 6–8). Although numerous factors have 
been proposed to account for a vulnerable infant, the most 
compelling hypothesis is that SIDS reflects a delayed 
development of arousal and cardiorespiratory con-
trol. Regions of  the brain stem, particularly the arcuate 
nucleus located in the ventral medullary surface, play a criti-
cal role in the body’s arousal response to noxious stimuli such 
as hypercarbia, hypoxia, and thermal stress encountered 
during sleep. In addition, these areas regulate breathing, heart 
rate, and body temperature. In certain infants, for as-yet 
inexplicable reasons, there may be a maldevelopment or 
delay in maturation of  this region, compromising the arousal 
response to noxious stimuli. Certain polymorphic variants in 
genes related to serotonergic signaling and autonomic 
innervation have been identified at a higher frequency in 
SIDS babies than in the general population, suggesting that 
genetic factors may play a role in predisposing the infant to 
impaired arousal. Among the potential environmental causes, 
prone sleeping position, sleeping on soft surfaces, and thermal 
stress are possibly the most important modifiable risk factors 
for SIDS. The prone position increases the infant’s vulnerabil-
ity to one or more recognized noxious stimuli (hypoxia, 
hypercarbia, and thermal stress) during sleep. In addition, the 
prone position also is associated with decreased arousal 
responsiveness compared with the supine position. Results 
of  studies from Europe, Australia, New Zealand, and the 
United States showed clearly increased risk for SIDS in infants 
who sleep in a prone position, prompting the American 
Academy of  Pediatrics to recommend placing healthy 
infants on their back when laying them down to sleep. 
This “Back to Sleep” campaign has resulted in substantial 
decreases in SIDS-related deaths since its inception in 1994.
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o  socioeconomic group
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factors
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Brain stem abnormalities associated ith defective arousal and 
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Postmortem Abnormalities Detected in Cases of Sudden 
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Viral myocarditis
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Table –  Factors Associated ith Sudden Infant Death 
Syndrome SIDS

*SIDS is not the only cause of sudden unexpected death in infancy; instead, it is a 
diagnosis of exclusion. Therefore, performance of an autopsy may reveal findings that 
would explain the cause of sudden unexpected death. These cases should not, strictly 
speaking, be designated SIDS.
C4, complement component 4; KCNQ1, potassium voltage-gated channel; LCHAD, 
long-chain 3-hydroxyacyl coenzyme A dehydrogenase; MCAD, medium-chain acyl 
coenzyme A dehydrogenase; MTCYB, mitochondrial cytochrome b; SCHAD, 
short-chain 3-hydroxyacyl coenzyme A dehydrogenase; SCN5A, sodium channel, 
voltage-gated.

MORPHOLOGY
Anatomic studies of  victims have yielded inconsistent histo-
logic findings. Multiple petechiae are the most common 
finding in the typical SIDS autopsy (in approximately 80% of  
cases); these usually are present on the thymus, visceral and 
parietal pleura, and epicardium. On gross examination, the 
lungs usually are congested, and vascular engorgement 
with or without pulmonary edema is demonstrable on 
microscopic examination in a majority of  cases. Sophisticated 
morphometric studies have revealed quantitative brain stem 
abnormalities such as hypoplasia of the arcuate nucleus 
or a subtle decrease in brain stem neuronal populations in 
several cases; these observations are not uniform, however, 
and use of  such studies is not feasible in most “routine” 
autopsy procedures.

Of note, SIDS is not the only cause of sudden unexpected 
death in infancy. In fact, SIDS is a diagnosis of exclusion, 
requiring careful examination of the death scene and a 
complete postmortem examination. The latter can reveal an 
unsuspected cause of sudden death in as many as 20% or 
more of babies presumed to have died of SIDS (Table 6–8). 
Infections (e.g., viral myocarditis or bronchopneumonia) 
are the most common causes of sudden “unexpected” 
death, followed by an unsuspected congenital anomaly. As 
a result of advancements in molecular diagnostics, several 
genetic causes of sudden “unexpected” infant death  
have emerged. For example, fatty acid oxidation disorders, 
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characterized by defects in mitochondrial fatty acid oxida-
tive enzymes, may be responsible for as many as 5% of 
sudden deaths in infancy; of these, a deficiency in medium-
chain acyl-coenzyme A dehydrogenase is the most 
common. Retrospective analyses in cases of sudden infant 
death originally designated SIDS also have revealed muta-
tions of cardiac sodium and potassium channels, which 
result in a form of cardiac arrhythmia characterized by 
prolonged QT intervals; these cases account for no more 
than 1% of SIDS deaths. SIDS in an earlier sibling is associ-
ated with a five-fold relative risk of recurrence; traumatic 
child abuse must be carefully excluded under these 
circumstances.

SUMMARY
Sudden Infant Death Syndrome
• SIDS is a disorder of unknown cause, defined as the sudden 

death of an infant younger than 1 year of age that remains 
unexplained after a thorough case investigation including 
performance of an autopsy. Most SIDS deaths occur 
between the ages of 2 and 4 months.

• The most likely basis for SIDS is a delayed development 
in arousal reflexes and cardiorespiratory control.

• Numerous risk factors have been proposed, of which the 
prone sleeping position is best recognized—hence the 
success of the “Back to Sleep” program in reducing  
the incidence of SIDS.
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Table –  Ma or Causes of Fetal Hydrops

Modified from Machin GA: Hydrops, cystic hygroma, hydrothorax, pericardial effusions, 
and fetal ascites. In Gilbert-Barnes E (ed): Potter’s pathology of fetus and infant. St. 
Louis, Mosby, 1997.

*The cause of fetal hydrops may be “idiopathic” in as many as 20% of cases.

FETAL HYDROPS
Fetal hydrops refers to the accumulation of edema fluid in 
the fetus during intrauterine growth. The causes of fetal 
hydrops are manifold; the most important are listed in 
Table 6–9. In the past, hemolytic anemia caused by Rh 
blood group incompatibility between mother and fetus 
(immune hydrops) was the most common cause, but with 
the successful prophylaxis of this disorder during preg-
nancy, causes of nonimmune hydrops have emerged as the 
principal culprits. Notably, the intrauterine fluid accumu-
lation can be quite variable, ranging in degree from pro-
gressive, generalized edema of the fetus (hydrops fetalis), a 
usually lethal condition, to more localized and less marked 
edematous processes, such as isolated pleural and perito-
neal effusions or postnuchal fluid collections (cystic 
hygroma), that often are compatible with life (Fig. 6–27). The 
mechanism of immune hydrops is discussed first, followed 
by other important causes of fetal hydrops.

Immune Hydrops

Immune hydrops results from an antibody-induced hemo-
lytic disease in the newborn that is caused by blood group 
incompatibility between mother and fetus. Such an incom-
patibility occurs only when the fetus inherits red cell anti-
genic determinants from the father that are foreign to the 
mother. The most common antigens to result in clinically 
significant hemolysis are the Rh and ABO blood group 
antigens. Of the numerous antigens included in the Rh 

system, only the D antigen is a major cause of Rh incompat-
ibility. Fetal red cells may reach the maternal circulation 
during the last trimester of pregnancy, when the cytotro-
phoblast is no longer present as a barrier, or during child-
birth itself (fetomaternal bleed). The mother then becomes 
sensitized to the foreign antigen and produces antibodies 
that can freely traverse the placenta to the fetus, in which 
they cause red cell destruction. With initiation of immune 
hemolysis, progressive anemia in the fetus leads to tissue 
ischemia, intrauterine cardiac failure, and peripheral 
pooling of fluid (edema). As discussed later, cardiac failure 
may be the final pathway by which edema occurs in many 
cases of nonimmune hydrops as well.

Several factors influence the immune response to 
Rh-positive fetal red cells that reach the maternal 
circulation:
• Concurrent ABO incompatibility protects the mother 

against Rh immunization, because the fetal red cells are 
promptly coated by isohemagglutinins (pre-formed 
anti-A or anti-B antibodies) and removed from the 
maternal circulation.

• The antibody response depends on the dose of immu-
nizing antigen, so hemolytic disease develops only when 
the mother has experienced a significant transplacental 
bleed (more than 1 mL of Rh-positive red cells).

• The isotype of the antibody is important, because immu-
noglobulin G (IgG) (but not IgM) antibodies can cross 
the placenta. The initial exposure to Rh antigen evokes 
the formation of IgM antibodies, so Rh disease is very 
uncommon with the first pregnancy. Subsequent exposure 
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Figure 6–27 Hydrops fetalis. A, Generalized accumulation of  fluid in the fetus. B, Fluid accumulation particularly prominent in the soft tissues of  the 
neck. This condition has been termed cystic hygroma. Cystic hygromas are characteristically seen with, but not limited to, constitutional chromosomal 
anomalies such as 45,X karyotypes. 
(Courtesy of Dr. Beverly Rogers, Department of Pathology, University of Texas Southwestern Medical Center, Dallas, Texas.)

BA

during the second or third pregnancy generally leads to 
a brisk IgG antibody response.

Appreciation of the role of previous sensitization in the patho-
genesis of Rh-hemolytic disease of the newborn has led to its 
therapeutic control. Currently, Rh-negative mothers are 
given anti-D globulin soon after the delivery of an 
Rh-positive baby. The anti-D antibodies mask the antigenic 
sites on the fetal red cells that may have leaked into the 
maternal circulation during childbirth, thus preventing 
long-lasting sensitization to Rh antigens.

As a result of the remarkable success achieved in pre-
vention of Rh hemolysis, fetomaternal ABO incompatibil-
ity currently is the most common cause of immune 
hemolytic disease of the newborn. Although ABO incom-
patibility occurs in approximately 20% to 25% of pregnan-
cies, hemolysis develops in only a small fraction of infants 
born subsequently, and in general the disease is much 
milder than Rh incompatibility. ABO hemolytic disease 
occurs almost exclusively in infants of blood group A or B 
who are born to mothers of blood group O. The normal 
anti-A and anti-B isohemagglutinins in group O mothers 
usually are of the IgM type and therefore do not cross the 
placenta. However, for reasons not well understood, certain 
group O women possess IgG antibodies directed against 
group A or B antigens (or both) even without previous 
sensitization. Therefore, the firstborn may be affected. For-
tunately, even with transplacentally acquired antibodies, 
lysis of the infant’s red cells is minimal. There is no effec-
tive method of preventing hemolytic disease resulting from 
ABO incompatibility.

Nonimmune Hydrops

The major causes of nonimmune hydrops include those 
disorders associated with cardiovascular defects, chromosomal 
anomalies, and fetal anemia. Both structural cardiovascular 
defects and functional abnormalities (i.e., arrhythmias) 
may result in intrauterine cardiac failure and hydrops. 
Among the chromosomal anomalies, 45,X karyotype 
(Turner syndrome) and trisomies 21 and 18 are associated 
with fetal hydrops; the basis for this disorder usually is  
the presence of underlying structural cardiac anomalies, 
although in Turner syndrome there may be an abnormality 
of lymphatic drainage from the neck leading to postnuchal 
fluid accumulation (resulting in cystic hygromas). Fetal 
anemias due to causes other than Rh or ABO incompatibil-
ity also may result in hydrops. In fact, in some parts of  
the world (e.g., Southeast Asia), severe fetal anemia caused 
by homozygous α-thalassemia probably is the most 
common cause of fetal hydrops. Transplacental infection 
by parvovirus B19 is increasingly recognized as an impor-
tant cause of fetal hydrops. The virus gains entry into ery-
throid precursors (normoblasts), where it replicates. The 
ensuing cellular injury leads to the death of the normo-
blasts and aplastic anemia. Parvoviral intranuclear inclu-
sions can be seen within circulating and marrow erythroid 
precursors (Fig. 6–28). The basis for fetal hydrops in fetal 
anemia of both immune and nonimmune cause is tissue 
ischemia with secondary myocardial dysfunction and cir-
culatory failure. Additionally, secondary liver failure may 
occur, with loss of synthetic function contributing to 
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hypoalbuminemia, reduced plasma osmotic pressure, and 
edema.

Figure 6–28 Bone marrow from an infant infected with parvovirus B19. 
The arrows point to two erythroid precursors with large homogeneous 
intranuclear inclusions and a surrounding peripheral rim of  residual 
chromatin. 

 MORPHOLOGY
The anatomic findings in fetuses with intrauterine fluid accu-
mulation vary with both the severity of  the disease and the 
underlying etiologic disorder. As previously noted, hydrops 
fetalis represents the most severe and generalized manifes-
tation (Fig. 6–27), and lesser degrees of  edema such as iso-
lated pleural, peritoneal, or postnuchal fluid collections can 
occur. Accordingly, infants may be stillborn, die within the 
first few days, or recover completely. The presence of   
dysmorphic features suggests underlying constitutional chro-
mosomal abnormalities; postmortem examination may reveal 
a cardiac anomaly. In hydrops associated with fetal anemia, 
both fetus and placenta are characteristically pale; in most 
cases, the liver and spleen are enlarged as a consequence of  
cardiac failure and congestion. Additionally, the bone 
marrow shows compensatory hyperplasia of  erythroid pre-
cursors (parvovirus-associated aplastic anemia being a 
notable exception), and extramedullary hematopoiesis 
is present in the liver, the spleen, and possibly other tissues 
such as the kidneys, the lungs, the lymph nodes, and even the 
heart. The increased hematopoietic activity accounts for the 
presence in the peripheral circulation of  large numbers of  
normoblasts, and even more immature erythroblasts (eryth-
roblastosis fetalis) (Fig. 6–29).

The presence of  hemolysis in Rh or ABO incompatibility 
is associated with the added complication of  increased circu-
lating bilirubin from the red cell breakdown. The CNS may 
be damaged when hyperbilirubinemia is marked (usually 
above 20 mg/dL in full-term infants, but often less in prema-
ture infants). The circulating unconjugated bilirubin is taken 
up by the brain tissue, on which it apparently exerts a toxic 
effect. The basal ganglia and brain stem are particularly  
prone to deposition of  bilirubin pigment, which imparts a 
characteristic yellow hue to the parenchyma (kernicterus) 
(Fig. 6–30).

Figure 6–29 Numerous islands of  extramedullary hematopoiesis (small 
blue cells) are scattered among mature hepatocytes in this histologic 
preparation from an infant with nonimmune hydrops fetalis. 

Clinical Course
Early recognition of intrauterine fluid accumulation is 
imperative, since even severe cases can sometimes be sal-
vaged with currently available therapy. Fetal hydrops that 
results from Rh incompatibility may be more or less accu-
rately predicted, because severity correlates well with 
rapidly rising Rh antibody titers in the mother during preg-
nancy. Amniotic fluid obtained by amniocentesis may 
show high levels of bilirubin. The human anti-globulin test 
(Coombs test) (Chapter 11) using fetal cord blood yields a 
positive result if the red cells have been coated by maternal 
antibody. Antenatal exchange transfusion is an effective 
form of therapy. Postnatally, phototherapy is helpful, 
because visible light converts bilirubin to readily excreted 

Figure 6–30 Kernicterus. Severe hyperbilirubinemia in the neonatal 
period—for example, secondary to immune hydrolysis—results in depo-
sition of  bilirubin pigment (arrows) in the brain parenchyma. This occurs 
because the blood–brain barrier is less well developed in the neonatal 
period than it is in adulthood. Infants who survive develop long-term 
neurologic sequelae. 
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Hemangiomas, lymphangiomas, rhabdomyomas of the 
heart, and adenomas of the liver are considered by some 
researchers to be hamartomas and by others to be true 
neoplasms.

Benign Tumors

Virtually any tumor may be encountered in the pediatric 
age group, but three—hemangiomas, lymphangiomas, and 
sacrococcygeal teratomas—deserve special mention here 
because they occur commonly in childhood.

Hemangiomas are the most common tumors of infancy. 
Both cavernous and capillary hemangiomas may be 
encountered (Chapter 9), although the latter often are more 
cellular than in adults and thus may be deceptively 
worrisome-appearing. In children, most hemangiomas are 
located in the skin, particularly on the face and scalp, 
where they produce flat to elevated, irregular, red-blue 
masses; the flat, larger lesions are referred to as port wine 
stains. Hemangiomas may enlarge as the child gets older, 
but in many instances they spontaneously regress (Fig. 
6–31). The vast majority of superficial hemangiomas have 
no more than a cosmetic significance; rarely, they may  
be the manifestation of a hereditary disorder associated 
with disease within internal organs, such as the von 

SUMMARY
Fetal Hydrops
• Fetal hydrops refers to the accumulation of edema fluid 

in the fetus during intrauterine growth.
• The degree of fluid accumulation is variable, from general-

ized hydrops fetalis to localized cystic hygromas.
• The most common causes of fetal hydrops are nonimmune 

(chromosomal abnormalities, cardiovascular defects, and 
fetal anemia), while immune hydrops has become less 
frequent as a result of Rh antibody prophylaxis.

• Erythroblastosis fetalis (due to circulating immature ery-
throid precursors) is a characteristic finding of fetal 
anemia-associated hydrops.

• Hemolysis-induced hyperbilirubinemia can result in ker-
nicterus in the basal ganglia and brain stem, particularly in 
premature infants.

dipyrroles. As already discussed, in an overwhelming 
majority of cases, administration of anti-D globulins to the 
mother can prevent the occurrence of immune hydrops in 
subsequent pregnancies. Group ABO hemolytic disease is 
more difficult to predict but is readily anticipated by aware-
ness of the blood incompatibility between mother and 
father and by hemoglobin and bilirubin determinations in 
the vulnerable newborn infant. In fatal cases of fetal 
hydrops, a thorough postmortem examination is impera-
tive to determine the cause and to exclude a potentially 
recurring cause such as a chromosomal abnormality.

TUMORS AND TUMOR-LIKE LESIONS 
OF INFANCY AND CHILDHOOD

Malignant neoplasms constitute the second most common 
cause of death in children between the ages of 4 and 14 
years; only accidents exact a higher toll. Benign tumors are 
even more common than cancers.

It is difficult to segregate, on morphologic grounds, true 
tumors from tumor-like lesions in the infant and child. In 
this context, two special categories of tumor-like lesions 
should be recognized:
• Heterotopia or choristoma refers to microscopically normal 

cells or tissues that are present in abnormal locations. 
Examples are a pancreatic tissue “rest” found in the wall 
of the stomach or small intestine and a small mass of 
adrenal cells found in the kidney, lungs, ovaries, or else-
where. Heterotopic rests usually are of little clinical sig-
nificance, but on the basis of their appearance they can 
be confused with neoplasms.

• Hamartoma refers to an excessive but focal overgrowth 
of cells and tissues native to the organ in which it occurs. 
Although the cellular elements are mature and identical 
to those found in the remainder of the organ, they do 
not reproduce the normal architecture of the surround-
ing tissue. Hamartomas can be thought of as the linkage 
between malformations and neoplasms. The line of 
demarcation between a hamartoma and a benign neo-
plasm frequently is tenuous and is variously interpreted. 

Figure 6–31 Congenital capillary hemangioma at birth (A) and at 
2 years of  age (B) after the lesion had undergone spontaneous 
regression. 
(Courtesy of Dr. Eduardo Yunis, Children’s Hospital of Pittsburgh, Pittsburgh, Pennsylvania.)

A

B
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childhood differ biologically and histologically from those 
in adults. The main differences are as follows:
• Relatively frequent demonstration of a close relation-

ship between abnormal development (teratogenesis) 
and tumor induction (oncogenesis)

• Prevalence of constitutional genetic abnormalities or 
syndromes that predispose to cancer

• Tendency of fetal and neonatal malignancies to sponta-
neously regress or undergo “differentiation” into mature 
elements

• Improved survival or cure of many childhood tumors, 
so that more attention is now being paid to minimizing 
the adverse delayed effects of chemotherapy and radio-
therapy in survivors, including the development of 
second malignancies

Many malignant pediatric neoplasms are histologically 
unique. In general, they tend to have a primitive (em -
bryonal) rather than pleomorphic-anaplastic microscopic 
appearance, and frequently they exhibit features of organo-
genesis specific to the site of tumor origin. Because of their 
primitive histologic appearance, many childhood tumors 
have been collectively referred to as small, round, blue cell 
tumors. These are characterized by sheets of cells with 
small, round nuclei. The tumors in this category include 
neuroblastoma, lymphoma, rhabdomyosarcoma, Ewing 
sarcoma (peripheral neuroectodermal tumor), and some 
cases of Wilms tumor. Sufficient distinctive features usually 
are present to permit definitive diagnosis on the basis of 
histologic examination alone, but when necessary, clinical 
and radiographic findings, combined with ancillary studies 
(e.g., chromosome analysis, immunoperoxidase stains, 
electron microscopy) are used. Three common tumors—
neuroblastoma, retinoblastoma, and Wilms tumor—are 
described here to highlight the differences between pediat-
ric tumors and those in adults.

euro lasto a
The term neuroblastic includes tumors of the sympathetic 
ganglia and adrenal medulla that are derived from primor-
dial neural crest cells populating these sites; neuroblas-
toma is the most important member of this family. It is the 
second most common solid malignancy of childhood after 
brain tumors, accounting for 7% to 10% of all pediatric 
neoplasms, and as many as 50% of malignancies diagnosed 
in infancy. Neuroblastomas demonstrate several unique 
features in their natural history, including spontaneous 

Figure 6–32 Sacrococcygeal teratoma. Note the size of  the lesion com-
pared with that of  the infant. 

Hippel-Lindau and Sturge-Weber syndromes (Chapter 9). 
A subset of CNS cavernous hemangiomas can occur in the 
familial setting; affected families harbor mutations in one 
of three cerebral cavernous malformation (CCM) genes.

Lymphangiomas represent the lymphatic counterpart of 
hemangiomas. Microscopic examination shows cystic and 
cavernous spaces lined by endothelial cells and surrounded 
by lymphoid aggregates; the spaces usually contain pale 
fluid. They may occur on the skin but, more important, also 
are encountered in the deeper regions of the neck, axilla, 
mediastinum, and retroperitoneum. Although histologi-
cally benign, they tend to increase in size after birth and 
may encroach on mediastinal structures or nerve trunks in 
axilla.

Sacrococcygeal teratomas are the most common germ cell 
tumors of childhood, accounting for 40% or more of cases 
(Fig. 6–32). In view of the overlap in the mechanisms 
underlying teratogenesis and oncogenesis, it is interesting 
that approximately 10% of sacrococcygeal teratomas are 
associated with congenital anomalies, primarily defects of 
the hindgut and cloacal region and other midline defects 
(e.g., meningocele, spina bifida) not believed to result from 
local effects of the tumor. Approximately 75% of these 
tumors are histologically mature with a benign course, and 
about 12% are unmistakably malignant and lethal (Chapter 
17). The remainder are designated immature teratomas, and 
their malignant potential correlates with the amount of 
immature tissue elements present. Most of the benign tera-
tomas are encountered in younger infants (4 months of age 
or younger), whereas children with malignant lesions tend 
to be somewhat older.

Malignant Tumors

The organ systems involved most commonly by malignant 
neoplasms in infancy and childhood are the hematopoietic 
system, neural tissue, and soft tissues (Table 6–10). This 
distribution is in sharp contrast with that in adults, in 
whom tumors of the lung, heart, prostate, and colon are 
the most common forms. Malignant tumors of infancy and 

 ears of Age
 ears of 

Age  ears of Age
eukemia

Retinoblastoma
Neuroblastoma
Wilms tumor
Hepatoblastoma
Soft tissue sarcoma 

especially 
rhabdomyosarcoma

eratomas
CNS tumors

eukemia
Retinoblastoma
Neuroblastoma
Hepatocellular 

carcinoma
Soft tissue sarcoma

ing tumor
CNS tumors
ymphoma

Hepatocellular 
carcinoma

Soft tissue sarcoma
steogenic sarcoma
hyroid carcinoma

Hodgkin disease

Table –1  Common Malignant Neoplasms of Infancy and Childhood

CNS, central nervous system.



259Tumors and Tumor-Like Lesions of  Infancy and Childhood

A

B

Figure 6–33 A, Neuroblastoma. This tumor is composed of  small cells 
embedded in a finely fibrillar matrix (neuropil). A Homer-Wright pseudo-
rosette (tumor cells arranged concentrically around a central core of  
neuropil) is seen in the upper right corner. B, Ganglioneuromas, arising 
from spontaneous or therapy-induced maturation of  neuroblastomas, are 
characterized by clusters of  large cells with vesicular nuclei and abundant 
eosinophilic cytoplasm (arrow), representing neoplastic ganglion cells. 
Spindle-shaped Schwann cells are present in the background stroma. 

regression and spontaneous or therapy-induced maturation. 
Most occur sporadically, but 1% to 2% are familial, with 
autosomal dominant transmission, and in such cases the 
neoplasms may involve both of the adrenals or multiple 
primary autonomic sites. Germ line mutations in the  
anaplastic lymphoma kinase gene (ALK) recently have been 
identified as a major cause of familial predisposition to 
neuroblastoma. Somatic gain-of-function ALK mutations 
also are observed in a subset of sporadic neuroblastomas. 
It is envisioned that tumors harboring ALK mutations 
in either the germline or somatic setting will be amenable 
to treatment using drugs that target the activity of this 
kinase.

MORPHOLOGY
In childhood, about 40% of  neuroblastomas arise in the 
adrenal medulla. The remainder occur anywhere along the 
sympathetic chain, with the most common locations being 
the paravertebral region of  the abdomen (25%) and poste-
rior mediastinum (15%). Macroscopically, neuroblastomas 
range in size from minute nodules (the in situ lesions) to large 
masses weighing more than 1 kg. In situ neuroblastomas are 
reported to be 40 times more frequent than overt tumors. 
The great preponderance of  these silent lesions spontane-
ously regress, leaving only a focus of  fibrosis or calcification 
in the adult. Some neuroblastomas are sharply demarcated 
with a fibrous pseudocapsule, but others are far more infiltra-
tive and invade surrounding structures, including the kidneys, 
renal vein, and vena cava, and envelop the aorta. On transec-
tion, they are composed of  soft, gray-tan, brainlike tissue. 
Larger tumors have areas of  necrosis, cystic softening, and 
hemorrhage.

Histologically, classic neuroblastomas are composed of  
small, primitive-appearing cells with dark nuclei, scant cyto-
plasm, and poorly defined cell borders growing in solid sheets 
(Fig. 6–33, A). Mitotic activity, nuclear breakdown (“karyor-
rhexis”), and pleomorphism may be prominent. The back-
ground often demonstrates a faintly eosinophilic fibrillary 
material (neuropil) that corresponds to neuritic processes  
of  the primitive neuroblasts. Typically, so-called Homer-
Wright pseudo-rosettes can be found in which the 
tumor cells are concentrically arranged about a central space 
filled with neuropil (the absence of  an actual central lumen 
garners the designation “pseudo-”). Other helpful features 
include immunochemical detection of  neuron-specific 
enolase and demonstration on ultrastructural studies of  
small, membrane-bound, cytoplasmic catecholamine-
containing secretory granules.

Some neoplasms show signs of  maturation, either 
spontaneous or therapy-induced. Larger cells having more  
abundant cytoplasm with large vesicular nuclei and a promi-
nent nucleolus, representing ganglion cells in various stages 
of  maturation, may be found in tumors admixed with primi-
tive neuroblasts (ganglioneuroblastoma). Even better-
differentiated lesions contain many more large cells resembling 
mature ganglion cells in the absence of  residual neuroblasts; 
such neoplasms merit the designation ganglioneuroma 
(Fig. 6–33, B). Maturation of  neuroblasts into ganglion cells 
usually is accompanied by the appearance of  Schwann cells. 
In fact, the presence of  a “schwannian stroma” composed of  

organized fascicles of  neuritic processes, mature Schwann 
cells, and fibroblasts is a histologic prerequisite for the des-
ignation of  ganglioneuroblastoma and ganglioneuroma; gan-
glion cells in and of  themselves do not fulfill the criteria for 
maturation.

Clinical Course and Prognosis
Many factors influence prognosis, but the most important are the 
stage of the tumor and the age of the patient.
• Staging of neuroblastomas (Table 6–11) assumes great 

importance in establishing a prognosis. Special note 
should be taken of stage 4S (S means special), because 
the outlook for these patients is excellent, despite the 
spread of disease. As noted in Table 6–11, the primary 
tumor would be classified as stage 1 or 2 but for the 
presence of metastases, which are limited to liver, skin, 
and bone marrow, without bone involvement. Infants 
with 4S tumors have an excellent prognosis with minimal 
therapy, and it is not uncommon for the primary or 
metastatic tumors to undergo spontaneous regression. 
The biologic basis for this welcome behavior is not clear.
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metastases cause hepatomegaly, ascites, and bone pain. 
Neuroblastomas may metastasize widely through the 
hematogenous and lymphatic systems, particularly to 
liver, lungs, bones, and the bone marrow. In neonates, dis-
seminated neuroblastomas may manifest with multiple 
cutaneous metastases associated with deep blue discolor-
ation to the skin (earning the rather unfortunate moniker 
of “blueberry muffin baby”). As already noted, many vari-
ables can influence the prognosis of neuroblastomas, but 
as a rule of thumb, stage and age are the paramount deter-
minants. Tumors of all stages diagnosed in the first 18 
months of life, as well as low-stage tumors in older chil-
dren, have a favorable prognosis, while high-stage tumors 
diagnosed in children younger than 18 months of age  
have the poorest outcome. About 90% of neuroblastomas, 
regardless of location, produce catecholamines (similar to 
the catecholamines associated with pheochromocytomas), 
which constitutes an important diagnostic feature (i.e., 
elevated blood levels of catecholamines and elevated urine 
levels of catecholamine metabolites such as vanillylman-
delic acid [VMA] and homovanillic acid [HVA]). Despite 
the elaboration of catecholamines, hypertension is much 
less frequent with these neoplasms than with pheochromo-
cytomas (Chapter 19).

• Age is the other important determinant of outcome, and the 
outlook for children younger than 18 months is much 
more favorable than for older children at a comparable 
stage of disease. Most neoplasms diagnosed in children 
during the first 18 months of life are stage 1 or 2, or stage 
4S (“low” risk category in Table 6–11), while neoplasms 
in older children fall into the “intermediate” or “high” 
risk category.

• Morphology is an independent prognostic variable in 
neuroblastic tumors; evidence of schwannian stroma 
and gangliocytic differentiation is indicative of a favor-
able histologic pattern.

• Amplification of the NMYC oncogene in neuroblastomas is 
a molecular event that has profound impact on progno-
sis. NMYC amplification is present in about 25% to 30% 
of primary tumors, most in advanced-stage disease; the 
greater the number of copies, the worse the prognosis. 
NMYC amplification is currently the most important genetic 
abnormality used in risk stratification of neuroblastic tumors 
and automatically renders a tumor as “high” risk, irrespective 
of stage or age.

• Deletion of the distal short arm of chromosome 1, gain 
of the distal long arm of chromosome 17, and overex-
pression of telomerase all are adverse prognostic factors, 
while expression of TrkA, a high-affinity receptor for 
nerve growth factor that is indicative of differentiation 
toward sympathetic ganglia lineage, is associated with 
favorable prognosis.

Children younger than 2 years with neuroblastomas gen-
erally present with protuberant abdomen resulting from  
an abdominal mass, fever, and weight loss. In older chil-
dren the neuroblastomas may remain unnoticed until 

Adapted from Brodeur GM, Pritchard J, Berthold F, et al: Revisions of the international 
neuroblastoma diagnosis, staging, and response to treatment. J Clin Oncol 11:1466, 
1993.

Stage ocalized tumor completely e cised, ith or ithout 
microscopic residual disease  representative ipsilateral 
nonadherent lymph nodes negative for tumor nodes 
adherent to the primary tumor may be positive for 
tumor

Stage A ocalized tumor resected incompletely grossly  
representative ipsilateral nonadherent lymph nodes 
negative for tumor microscopically

Stage B ocalized tumor ith or ithout complete gross 
e cision, ipsilateral nonadherent lymph nodes positive 
for tumor  enlarged contralateral lymph nodes, hich 
are negative for tumor microscopically

Stage Unresectable unilateral tumor in ltrating across the 
midline ith or ithout regional lymph node 
involvement  or localized unilateral tumor ith 
contralateral regional lymph node involvement

Stage Any primary tumor ith dissemination to distant lymph 
nodes, bone, bone marro , liver, skin, and or other 
organs except as de ned for stage S

Stage S ocalized primary tumor as de ned for stage , A, or 
B  ith dissemination limited to skin, liver, and or bone 

marro  <  of nucleated cells are constituted by 
neoplastic cells  >  involvement of bone marro  is 
considered as stage  stage S li ited to infants younger 
than  year of age

Table –11 Staging of Neuroblastomas

*S, special.

SUMMARY
Neuroblastoma
• Neuroblastomas and related tumors arise from neural 

crest–derived cells in the sympathetic ganglia and adrenal 
medulla.

• Neuroblastomas are undifferentiated, whereas ganglio-
neuroblastomas and ganglioneuromas demonstrate evi-
dence of differentiation (schwannian stroma and ganglion 
cells). Homer-Wright pseudo-rosettes are characteristic 
of neuroblastomas.

• Age, stage, and NMYC amplification are the most impor-
tant prognostic features; children younger than 18 months 
usually have a better prognosis than older children, while 
children with higher-stage tumors or NMYC amplification 
fare worse.

• Neuroblastomas secrete catecholamines, whose metabo-
lites (VMA/HVA) can be used for screening patients.

Retino lasto a
Retinoblastoma is the most common primary intraocular 
malignancy of children. The molecular genetics of retino-
blastoma has been discussed previously (Chapter 5). 
Approximately 40% of the tumors are associated with a 
germline mutation in the RB1 gene and are therefore heri-
table. The remaining 60% of the tumors develop sporadi-
cally, and these have somatic RB1 gene mutations. Although 
the name retinoblastoma might suggest origin from a primi-
tive retinal cell that is capable of differentiation into both 
glial and neuronal cells, it is now clear that the cell of origin 
of retinoblastoma is neuronal. As noted earlier, in approxi-
mately 40% of cases, retinoblastoma occurs in persons who 
inherit a germ line mutation of one RB allele. Familial cases 
typically are associated with development of multiple tumors that 
are bilateral, although they may be unifocal and unilateral. 



261Tumors and Tumor-Like Lesions of  Infancy and Childhood

MORPHOLOGY
Retinoblastomas tend to be nodular masses, usually in the 
posterior retina, often with satellite seedings (Fig. 6–34, A). 
On light microscopic examination, undifferentiated areas of  
these tumors are found to be composed of  small, round cells 
with large hyperchromatic nuclei and scant cytoplasm, resem-
bling undifferentiated retinoblasts.

Differentiated structures are found within many retinoblas-
tomas, the most characteristic of  these being Flexner-
Wintersteiner rosettes (Fig. 6–34, B). These structures 
consist of  clusters of  cuboidal or short columnar cells 
arranged around a central lumen (in contrast with the 
pseudo-rosettes of  neuroblastoma, which lack a central 
lumen). The nuclei are displaced away from the lumen, which 
by light microscopy appears to have a limiting membrane 
resembling the external limiting membrane of  the retina.

Tumor cells may disseminate beyond the eye through the 
optic nerve or subarachnoid space. The most common sites 
of  distant metastases are the CNS, skull, distal bones, and 
lymph nodes.

All of the sporadic, nonheritable tumors are unilateral and 
unifocal. Patients with familial retinoblastoma also are at 
increased risk for the development of osteosarcoma and 
other soft tissue tumors.

A

B

Figure 6–34 Retinoblastoma. A, Poorly cohesive tumor in retina is seen abutting the optic nerve. B, Higher-power view showing Flexner-Wintersteiner 
rosettes (arrow) and numerous mitotic figures. 

Clinical Features
The median age at presentation is 2 years, although the 
tumor may be present at birth. The presenting findings 
include poor vision, strabismus, a whitish hue to the pupil 
(“cat’s eye reflex”), and pain and tenderness in the  
eye. Untreated, the tumors usually are fatal, but after  
early treatment with enucleation, chemotherapy, and 
radiotherapy, survival is the rule. As noted earlier, some 
tumors spontaneously regress, and patients with familial 

retinoblastoma are at increased risk for the development of 
osteosarcoma and other soft tissue tumors.

il s Tu or
Wilms tumor, or nephroblastoma, is the most common 
primary tumor of the kidney in children. Most cases occur 
in children between 2 and 5 years of age. This tumor illus-
trates several important concepts of childhood tumors:  
the relationship between congenital malformation and 
increased risk of tumors, the histologic similarity between 
tumor and developing organ, and finally, the remarkable 
success in the treatment of childhood tumors. Each of these 
concepts is evident in the following discussion.

Three groups of congenital malformations are associ-
ated with an increased risk for development of Wilms 
tumor. Of patients with the WAGR syndrome (i.e., Wilms 
tumor, aniridia, genital abnormalities, and mental retarda-
tion), approximately one in three will go on to develop this 
tumor. Another group of patients, those with the so-called 
Denys-Drash syndrome (DDS), also have an extremely high 
risk (approximately 90%) for the development of Wilms 
tumor. This syndrome is characterized by gonadal dysgen-
esis and renal abnormalities. Both of these conditions are 
associated with abnormalities of the Wilms tumor 1 gene 
(WT1), located on 11p13. The nature of genetic aberration 
differs, however: Patients with WAGR syndrome demon-
strate loss of genetic material (i.e., deletions) of WT1, and 
persons with DDS harbor a dominant negative inactivating 
mutation in a critical region of the gene. (A dominant nega-
tive mutation interferes with the function of the remaining 
wild-type allele.) The WT1 gene is critical to normal renal 
and gonadal development; it is not surprising, therefore, 
that constitutional inactivation of one copy of this gene 
results in genitourinary abnormalities in humans. A third 
group of patients, those with the Beckwith-Wiedemann syn-
drome (BWS), also are at increased risk for the development 
of Wilms tumor. These patients exhibit enlargement of 
individual body organs (e.g., tongue, kidneys, or liver) or 
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Figure 6–35 Wilms tumor in the lower pole of  the kidney with the 
characteristic tan to gray color and well-circumscribed margins. 

Clinical Course
Patients’ complaints usually are referable to the tumor’s 
enormous size. Commonly, there is a readily palpable 
abdominal mass, which may extend across the midline and 
down into the pelvis. Less often, the patient presents with 
fever and abdominal pain, with hematuria or, occasionally, 
with intestinal obstruction as a result of pressure from the 
tumor. The prognosis for Wilms tumor generally is very 
good, and excellent results are obtained with a combina-
tion of nephrectomy and chemotherapy. Anaplasia is a 
harbinger of adverse prognosis, but careful analyses by the 
National Wilms’ Tumor Study group in the United States 
have shown that as long as the anaplasia is focal and con-
fined within the resected nephrectomy specimen, the 
outcome is no different from that for tumors without evi-
dence of anaplasia. By contrast, Wilms tumors with diffuse 
anaplasia, especially those exhibiting extrarenal spread, 
have the least favorable outcome, underscoring the need 
for correctly identifying this histologic pattern.

entire body segments (hemihypertrophy); enlargement of 
adrenal cortical cells (adrenal cytomegaly) is a characteris-
tic microscopic feature. BWS is an example of a disorder of 
genomic imprinting (see earlier). The genetic locus that is 
involved in these patients is in band p15.5 of chromosome 
11 distal to the WT1 locus. Although this locus is called 
“WT2” for the second Wilms tumor locus, the gene involved 
has not been identified. This region contains at least 10 
genes that normally are expressed from only one of the two 
parental alleles, with transcriptional silencing of the other 
parental homologue by methylation of the promoter region, 
located upstream of the transcription start site. Of all can-
didate “WT2” genes, imprinting abnormalities of insulin-
like growth factor-2 (IGF2) have the strongest relationship 
to tumor predisposition in persons with BWS. IGF2 nor-
mally is expressed solely from the paternal allele, while the 
maternal allele is imprinted (i.e., silenced) by methylation. 
In some Wilms tumors, loss of imprinting (i.e., reexpression 
of IGF2 by the maternal allele) can be demonstrated, 
leading to overexpression of the IGF2 protein, which  
is postulated to result in both organ enlargement and 
tumorigenesis. Thus, these associations suggest that in 
some cases, congenital malformations and tumors repre-
sent related manifestations of genetic lesions affecting a  
single gene or closely linked genes. In addition to Wilms 
tumors, patients with BWS also are at increased risk for the 
development of hepatoblastoma, adrenocortical tumors, 
rhabdomyosarcomas, and pancreatic tumors. Recently, 
gain-of-function mutations of the gene encoding β-catenin 
(Chapter 5) have been demonstrated in approximately 10% 
of sporadic Wilms tumors.

MORPHOLOGY
As seen on gross examination, Wilms tumor typically is a 
large, solitary, well-circumscribed mass, although 10% are 
either bilateral or multicentric at the time of  diagnosis. On 
cut section, the tumor is soft, homogeneous, and tan to gray, 
with occasional foci of  hemorrhage, cystic degeneration, and 
necrosis (Fig. 6–35).

SUMMARY
Wilms Tumor
• Wilms tumor is the most common renal neoplasm of 

childhood.
• Patients with three syndromes are at increased risk for 

Wilms tumors: Denys-Drash, Beckwith-Wiedemann, and 

On microscopic examination, Wilms tumors are character-
ized by recognizable attempts to recapitulate different stages 
of  nephrogenesis. The classic triphasic combination of  
blastemal, stromal, and epithelial cell types is observed in 
most lesions, although the percentage of  each component is 
variable (Fig. 6–36, A). Sheets of  small blue cells, with few 
distinctive features, characterize the blastemal component. 
Epithelial “differentiation” usually takes the form of  abortive 
tubules or glomeruli. Stromal cells are usually fibrocytic 
or myxoid in nature, although skeletal muscle “differentia-
tion” is not uncommon. Rarely, other heterologous elements 
are identified, including squamous or mucinous epithelium, 
smooth muscle, adipose tissue, cartilage, and osteoid and 
neurogenic tissue. Approximately 5% of  tumors contain foci 
of  anaplasia (cells with large, hyperchromatic, pleomorphic 
nuclei and abnormal mitoses) (Fig. 6–36, B). The presence of  
anaplasia correlates with the presence of  acquired TP53  
mutations, and the emergence of  resistance to chemother-
apy. The pattern of  distribution of  anaplastic cells within the 
primary tumor (focal versus diffuse) has important implica-
tions for prognosis (see further on).

Nephrogenic rests are putative precursor lesions of  
Wilms tumors and are sometimes present in the renal paren-
chyma adjacent to the tumor. Nephrogenic rests have a spec-
trum of  histologic appearances, from expansile masses that 
resemble Wilms tumors (hyperplastic rests) to sclerotic rests 
consisting predominantly of  fibrous tissue with occasional 
admixed immature tubules or glomeruli. It is important to 
document the presence of  nephrogenic rests in the resected 
specimen, since these patients are at an increased risk for the 
development of  Wilms tumors in the contra lateral kidney.
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deposition of these data in publicly available databases; (2) 
the availability of numerous “off the shelf” polymerase 
chain reaction (PCR) kits tailor-made for the identification 
of specific genetic disorders; (3) the availability of high-
resolution microarrays (“gene chips”) that can interrogate 
both DNA and RNA on a genome-wide scale using a single 
platform; and finally, (4) the emergence of automated and 
extremely high-throughput, next-generation (“NextGen”) 
sequencing technologies. The last two advances have been 
especially useful in the context of new research to elucidate 
the genetic basis for both mendelian and complex disor-
ders. While a detailed discussion of molecular diagnostics 
is beyond the scope of this book, some of the better-known 
approaches are highlighted in the ensuing paragraphs. One 
important caveat at this juncture is that irrespective of the 
technique used, the genetic aberration being queried can 
be either in the germ line (i.e., present in each and every 
cell of the affected person, as with the CFTR mutation in a 
patient with CF) or somatic (i.e., restricted to specific tissue 
types or lesions, as with the NMYC amplification in neuro-
blastoma cells). This consideration will determine the 
nature of the sample (e.g., peripheral blood lymphocytes 
[PBLs], saliva, tumor tissue) used for the assay.

Molecular Diagnosis of Copy Number 
Abnormalities

As already discussed in this chapter, various diseases may 
occur as a result of copy number abnormalities, at the level 
of either the entire chromosome (trisomy 21), chromosomal 
segments (22q11 deletion syndrome), or submicroscopic 
intragenic deletions (WAGR syndrome). Karyotype analy-
sis of chromosomes by G banding remains the classic 
approach for identifying changes at the chromosomal level; 
however, as might be expected, the resolution with this 
technique is fairly low. In order to identify subchromo-
somal alterations, both focused analysis of chromosomal 
regions by FISH and global genomic approaches such as 
comparative genomic hybridization (CGH) have become 
popular.

A B

Figure 6–36 A, Wilms tumor with tightly packed blue cells consistent with the blastemal component and interspersed primitive tubules, representing 
the epithelial component. Although multiple mitotic figures are seen, none are atypical in this field. B, Focal anaplasia was present in other areas within 
this Wilms tumor, characterized by cells with hyperchromatic, pleomorphic nuclei and abnormal mitoses. 

MOLECULAR DIAGNOSIS OF 
MENDELIAN AND COMPLEX 
DISORDERS

In the past decade, few disciplines within pathology have 
seen a surge in both “supply” and “demand” comparable 
with that observed for molecular diagnostics. In the era 
predating the ready availability of molecular diagnostic 
assays, rendering the diagnosis of a genetic disorder 
depended on the identification of abnormal gene products 
(e.g., mutant hemoglobin or abnormal metabolites) or their 
clinical effects, such as mental retardation (e.g., in PKU). 
The nascent field of molecular diagnostics emerged in the 
latter half of the 20th century, with the application of low-
throughput approaches such as conventional karyotyping 
for recognition of cytogenetic disorders (e.g., Down syn-
drome) and DNA-based assays such as Southern blotting 
for the diagnosis of Huntington disease. Several factors 
have since enabled the rapid expansion of molecular diag-
nostics from the esoteric realm to an almost ubiquitous 
presence in both academic and commercial pathology labo-
ratories (with current estimates for the “worldwide market” 
running into tens of billions of dollars). These factors 
include (1) the sequencing of the human genome and the 

Wilms tumor, aniridia, genital abnormalities, and mental 
retardation syndrome.

• Wilms tumor, aniridia, genital abnormalities, and mental 
retardation syndrome and Denys-Drash syndrome are 
associated with WT1  inactivation, while Beckwith-
Wiedemann arises through imprinting abnormalities at 
the WT2  locus, principally involving the IGF2  gene.

• The morphologic components of Wilms tumor include 
blastema (small, round blue cells) and epithelial and 
stromal elements.

• Nephrogenic rests are precursor lesions of Wilms tumors.
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commonly, Cy5 and Cy3, which fluoresce red and green, 
respectively). The differentially labeled samples are then 
hybridized to an array of segments of genomic DNA 
“spotted” on a solid matrix, usually a glass slide (Fig. 6–38, 
A). These segments of DNA are representations of the 
human genome at regularly spaced intervals, and cover all 
22 autosomes and the sex chromosome (Fig. 6–38, A). 
Amplifications and deletions in the test sample produce an 
increase or decrease in signal relative to the normal DNA 
that can be detected down to a 10-kilobase (kb) resolution 
(Fig. 6–38, B). Newer generations of microarrays using 
single-nucleotide polymorphisms (SNPs) (see further on) 
provide even higher resolution (with more than 1 million 
SNPs from the human genome on a single microarray!) and 
are currently being used to uncover copy number abnor-
malities in a variety of diseases, from cancer to autism.

Direct Detection of DNA Mutations by 
Polymerase Chain Reaction (PCR) Analysis

PCR analysis, which involves exponential amplification of 
DNA, is now widely used in molecular diagnosis. If RNA 
is used as the substrate, it is first reverse-transcribed to 
obtain cDNA and then amplified by PCR. This method 
involving reverse transcription (RT) often is abbreviated as 
RT-PCR. One prerequisite for direct detection is that the 
sequence of the normal gene must be known. To detect the 
mutant gene, two primers that bind to the 3′ and 5′ ends of 
the normal sequence are designed. By utilizing appropriate 
DNA polymerases and thermal cycling, the target DNA is 
greatly amplified, producing millions of copies of the DNA 
sequence between the two primer sites. The subsequent 
identification of an abnormal sequence can then be per-
formed in several ways:

Fluorescence in Situ y ridi ation (FIS )
FISH utilizes DNA probes that recognize sequences spe-
cific to chromosomal regions of greater than 100 kilobases 
in size, which defines the limit of resolution with this tech-
nique for identifying chromosomal changes. Such probes 
are labeled with fluorescent dyes and applied to metaphase 
spreads or interphase nuclei. The probe hybridizes to its 
complementary sequence on the chromosome and thus 
labels the specific chromosomal region that can then be 
visualized under a fluorescence microscope. The ability of 
FISH to circumvent the need for dividing cells is invaluable 
when a rapid diagnosis is warranted (e.g., in a critically ill 
infant suspected of having an underlying genetic disorder). 
Such analysis can be performed on prenatal samples (e.g., 
cells obtained by amniocentesis, chorionic villus biopsy, or 
umbilical cord blood), peripheral blood lymphocytes,  
and even archival tissue sections. FISH has been used for 
detection of numeric abnormalities of chromosomes  
(aneuploidy) (Fig. 6–37, A); for the demonstration of 
subtle microdeletions (Fig. 6–37, B) or complex transloca-
tions not detectable by routine karyotyping; for analysis  
of gene amplification (e.g., NMYC amplification in 
neuroblastomas); and for mapping newly isolated genes of 
interest to their chromosomal loci.

Array ased eno ic y ridi ation
It is obvious from the preceding discussion that FISH 
requires previous knowledge of the one or few specific 
chromosomal regions suspected of being altered in the test 
sample. However, chromosomal abnormalities may also be 
detected without previous knowledge of what these aber-
rations may be, using a global strategy known as array-
based CGH. Here the test DNA and a reference (normal) 
DNA are labeled with two different fluorescent dyes (most 

Figure 6–37 Fluorescence in situ hybrid-
ization (FISH). A, Interphase nucleus from 
a male patient with suspected trisomy 18. 
Three different fluorescent probes have 
been used in a “FISH cocktail”; the green 
probe hybridizes to the X chromosome 
centromere (one copy), the red probe to 
the Y chromosome centromere (one 
copy), and the aqua probe to the chromo-
some 18 centromere (three copies). B, A 
metaphase spread in which two fluorescent 
probes have been used, one hybridizing to 
chromosome region 22q13 (green) and the 
other hybridizing to chromosome region 
22q11.2 (red). There are two 22q13 signals. 
One of  the two chromosomes does not 
stain with the probe for 22q11.2, indicating 
a microdeletion in this region. This abnor-
mality gives rise to the 22q11.2 deletion 
syndrome (DiGeorge syndrome). 
(Courtesy of Dr. Nancy R. Schneider and Jeff Doolittle, 
Cytogenetics Laboratory, University of Texas Southwest-
ern Medical Center, Dallas, Texas.)

A B
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Figure 6–38 Array comparative genomic hybridization (CGH) is performed by hybridization of  fluorescently labeled test DNA and control DNA on 
a slide that contains thousands of  probes corresponding to defined chromosomal regions across the human genome. The resolution with most currently 
available array CGH technology is on the order of  approximately 10 kb. A, Higher-power view of  the array demonstrates copy number aberrations 
in the test Cy5-labeled sample (red), including regions of  amplification (spots with excess of  red signal) and deletion (spots with excess of  green signal); 
yellow spots correspond to regions of  normal (diploid) copy number. B, The hybridization signals are digitized, resulting in a virtual karyotype of  the 
genome of  the “test” sample. In the illustrated example, array CGH of  a cancer cell line identifies an amplification on the distal long arm of  chromo-
some 8, which corresponds to increased copy number of  the oncogene MYC. 
(A, From Snijders AM, Nowak N, Segraves R, et al: Assembly of microarrays for genome-wide measurement of DNA copy number. Nat Genet 29:263, 2001; Web Figure A. Copyright 2001. Reprinted 
by permission from Macmillan Publishers Ltd.)
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• The DNA can be sequenced to obtain a readout of the 
order of nucleotides, and by comparison with a normal 
(wild-type) sequence, mutations can be identified. Most 
DNA sequencing machines are automated and use a 
fluorescent dye–based version of a sequencing technol-
ogy originally named after its inventor, Frederick Sanger. 
More recently, gene chips (microarrays) also have 
become available that can be used for sequencing genes 
or portions of genes. Short sequences of DNA (oligo-
nucleotides) that are complementary to the wild-type 
sequence and to known mutations are “tiled” adjacent 
to each other on the gene chip, and the DNA sample to 
be tested is hybridized to the array (Fig. 6–39). Before 
hybridization, the sample is labeled with fluorescent 
dyes. The hybridization (and, consequently, the fluores-
cent signal emitted) will be strongest at the oligonucle-
otide that is complementary to the wild-type sequence 
if no mutations are present, while the presence of a 
mutation will cause hybridization to occur at the com-
plementary mutant oligonucleotide. Computerized 
algorithms can then rapidly “decode” the DNA sequence 
for hundreds of thousands of base pairs of sequence 
from the fluorescent hybridization pattern on the chip, 
to identify potential mutations.

• Another approach for identifying mutations at a specific 
nucleotide position (say, a codon 12 mutation in the 
KRAS oncogene that converts glycine [GGT] to aspartic 
acid [GAT]) would be to add fluorescently labeled 

nucleotides C and T to the PCR mixture, which are com-
plementary to either the wild-type (G) or mutant (A) 
sequence, respectively. Since these two nucleotides are 
labeled with different fluorophores, the fluorescence 
emitted by the resulting PCR product can be of one or 
another color, depending on whether a C or a T becomes 
incorporated in the process of primer extension (Fig. 
6–40). The advantage of this allele-specific extension 
strategy is that it can detect the presence of mutant DNA 
even in heterogeneous mixtures of normal and abnor-
mal cells (for example, in clinical specimens obtained 
from patients suspected of harboring a malignancy). 
Many variations on this theme have been developed and 
are being currently used for mutation detection in the 
laboratory and clinical settings.

• In this context, one would be remiss not to mention next-
generation (“NextGen”) sequencing technologies, so 
named because the Sanger sequencing mentioned earlier 
is now considered “first generation.” The availability of 
NextGen sequencing technology has the potential to 
alter molecular diagnostics radically, by the sheer 
volume of sequencing data (more than 1 giga–base pairs 
or 1,000,000,000 base pairs of DNA per day!) at relatively 
cheap costs. The entire human genome has a little over 
3 gigabases, so true “whole genome sequencing” can be 
performed several times over in a matter of days. In 
contrast with Sanger sequencing, NextGen sequencing 
technologies utilize platforms where sequencing of 
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sequencing has started identifying the hitherto unknown 
genetic basis of rare mendelian disorders.

Linkage Analysis and Genome-Wide  
Association Studies

Direct diagnosis of mutations is possible only if the gene 
responsible for a genetic disorder is known and its sequence 
has been identified. In several diseases that have a genetic 
basis, including some common disorders, direct genetic 
diagnosis is not possible, either because the causal gene has 
not been identified or because the disease is multifactorial 
(polygenic) and no single gene is involved. In such cases, 
two types of analyses can be performed for unbiased iden-
tification of disease-associated gene(s): linkage analysis 
and genome-wide association studies (GWASs). In both 
instances, surrogate markers in the genome, also known as 
marker loci, must be used to localize the chromosomal 
regions of interest, based on their linkage to one or more 
putative disease-causing genes. The marker loci utilized 
are naturally occurring variations in DNA sequences 
known as polymorphisms. The most common DNA 
polymorphisms—SNPs—occur at a frequency of approxi-
mately one nucleotide in every 1000–base pair stretch and 
are found throughout the genome (e.g., in exons and 
introns and in regulatory sequences). SNPs serve both as a 
physical landmark within the genome and as a genetic 
marker whose transmission can be followed from parent 
to child.

Two technologic breakthroughs have enabled the appli-
cation of SNPs to high-throughput “gene hunting”: First is 
the completion of the so-called HapMap project, which has 
provided linkage disequilibrium patterns in three major eth-
noracial groups, based on genome-wide SNP mapping. 
The entire human genome can now be divided into blocks 
known as “haplotypes,” which contain varying numbers of 
contiguous SNPs on the same chromosome that are in 
linkage disequilibrium and hence inherited together as a 
cluster. As a result, rather than querying every single SNP 
in the human genome, comparable information about 
shared DNA can be obtained simply by looking for shared 
haplotypes, using single or a small number of SNPs that 

multiple fragments of the human genome (DNA or 
cDNA) can occur in parallel (“massively parallel 
sequencing”), significantly enhancing its speed (Fig. 
6–41). Fluorescently labeled nucleotides are incorpo-
rated complementary to the template DNA strands, 
which are immobilized on a solid phase, with one nucle-
otide added per template per cycle. The cycles are 
repeated until a sufficient length of “read” is generated 
that can then be mapped back to the human genome 
using sophisticated bioinformatics. Deep sequencing is 
now being utilized to sequence somatic mutations in 
some of the most common tumor types, while germline 

Figure 6–39 Microarray-based DNA sequencing. Left panel, A low-power digitized scan of  a “gene chip” that is no larger than a nickel in size but is 
capable of  sequencing thousands of  base pairs of  DNA. High-throughput microarrays have been used for sequencing whole organisms (such as viruses), 
organelles (such as the mitochondria), and entire human chromosomes. Right panel, A high-resolution view of  the gene chip illustrates hybridization 
patterns corresponding to a stretch of  DNA sequence. Typically, a computerized algorithm is available that can convert the individual hybridization 
patterns across the entire chip into actual sequence data within a matter of  minutes (“conventional” sequencing technologies would require days to 
weeks for such analysis). Here, the sequence on top is the reference (wild-type) sequence, while the lower one corresponds to the test sample sequence. 
As shown, the computerized algorithm has identified a C→G mutation in the test sample. 
(Adapted from Maitra A, Cohen Y, Gillespie SE, et al: The Human MitoChip: a high-throughput sequencing microarray for mitochondrial mutation detection. Genome Res 14:812, 2004.)
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using a “candidate gene” approach, in which genes are 
selected on the basis of how tightly they are associated 
with the disease and whether their biologic function 
seems likely to be involved in the disease under study. 
In addition to polygenic diseases, GWASs also have led 
to the identification of genetic loci that modulate 
common quantitative traits in humans, such as height, 
body mass, hair and eye color, and bone density.

Indications for Genetic Analysis

The preceding discussion described some of the many tech-
niques available today for the diagnosis of genetic diseases. 
For judicious application of these methods, it is important 
to recognize which persons require genetic testing. In 
general, genetic testing can be divided into prenatal and 
postnatal analysis. It may involve conventional cytogenet-
ics, FISH, molecular diagnostics, or a combination of these 
techniques.

Prenatal genetic analysis should be offered to all patients 
who are at risk of having cytogenetically abnormal progeny. 
It can be performed on cells obtained by amniocentesis, on 
chorionic villus biopsy material, or on umbilical cord 
blood. Some important indications are the following:
• Advanced maternal age (beyond 34 years), which is 

associated with greater risk of trisomies
• Confirmed carrier status for a balanced reciprocal trans-

location, Robertsonian translocation, or inversion (in 

Figure 6–41 Principle of  next-generation sequencing. Several alternative approaches currently are available for “NextGen” sequencing, and one of  
the more commonly used platforms is illustrated. A, Short fragments of  genomic DNA (“template”) between 100 and 500 base pairs in length are 
immobilized on a solid phase platform such as a glass slide, using universal capture primers that are complementary to adapters that have previously 
been added to ends of  the template fragments. The addition of  fluorescently labeled complementary nucleotides, one per template DNA per cycle, 
occurs in a “massively parallel” fashion, at millions of  templates immobilized on the solid phase at the same time. A four-color imaging camera captures 
the fluorescence emanating from each template location (corresponding to the specific incorporated nucleotide), following which the fluorescent dye 
is cleaved and washed away, and the entire cycle is repeated. B, Powerful computational programs can decipher the images to generate sequences 
complementary to the template DNA at the end of  one “run,” and these sequences are then mapped back to the reference genomic sequence, in 
order to identify alterations. 
(Reproduced with permission from Metzker M: Sequencing technologies—the next generation. Nat Rev Genet 11:31–46, 2010, © Nature Publishing Group.)
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“tag” or identify a specific haplotype. Second, it is now pos-
sible to simultaneously genotype hundreds of thousands 
to a million SNPs at one time, in a cost-effective way, using 
high-density SNP chip technology.
• Linkage analysis deals with assessing shared marker loci 

(i.e., SNPs) in family members exhibiting the disease or 
trait of interest, with the assumption that SNPs in linkage 
disequilibrium with the disease allele are transmitted 
through pedigrees. With time it becomes possible to 
define a “disease haplotype” based on a panel of SNPs, 
all of which cosegregate with the putative disease allele. 
Eventually, linkage analysis facilitates localization and 
cloning of the disease allele. Linkage analysis is most 
useful in mendelian disorders that are related to one 
gene with profound effects and high penetrance.

• It is now established that some of the most common 
human diseases, such as hypertension, diabetes, mental 
disorders, and asthma, have a polygenic basis, with mul-
tiple genetic loci contributing small independent effects, 
resulting in a disease phenotype. Conventional linkage 
analyses lack the statistical power to detect such genetic 
variants. In GWASs, large cohorts of patients with and 
without a disease (rather than families) are examined 
across the entire genome for variant SNPs that are over-
represented in persons with the disease. This identifies 
regions of the genome that contain a variant gene or 
genes that confer disease susceptibility. The causal 
variant within the region is then provisionally identified 
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Feinberg AP: Epigenetics at the epicenter of modern medicine. JAMA 
299:1345, 2008. [An outstanding review from the world expert on imprint-
ing, highlighting the role of epigenetic abnormalities in the pathogenesis 
of cancers and other human diseases.]

Hartl FU, Bracher A, Hayer-Hartl M: Molecular chaperones in protein 
folding and proteo stasis. Nature 475:324, 2011. [An excellent review 
of protein misfolding and chaperone therapy.]

Janoueix-Lerosey I, Schleiermacher G, Delattre O: Molecular patho-
genesis of peripheral neuroblastic tumors. Oncogene 29:1566,  
2010.

Judge DP, Dietz HC: Therapy of Marfan syndrome. Annu Rev Med 
59:43, 2008. [An outstanding review authored by one of the world’s fore-
most experts on the pathogenesis of Marfan syndrome, focused on “drug-
gable” targets that are undergoing clinical evaluation, mainly for 
prevention of cardiac and aortic complications.]

Kinney HC, Thach BT: The sudden infant death syndrome. N Engl J 
Med 361:795, 2009. [A succinct review on SIDS authored by the group 
that described some of the key neuropathological findings and neurotrans-
mitter abnormalities in this phenomenon.]

Kobrynski LJ, Sullivan KE: Velocardiofacial syndrome, DiGeorge  
syndrome: the chromosome 22q11.2 deletion syndromes. Lancet 
370:1443, 2007. [A well-written review on the 22q11.2 microdeletion 
syndromes, including clinical features, diagnosis, and management.]

Ku CS, Loy EY, Pawitan Y, Chia KS: The pursuit of genome-wide 
association studies: where are we now? J Hum Genet 55:195, 2010. 
[A five-year “audit” on the status of GWASs and how these have influ-
enced our understanding of complex disorders.]

Lin PW, Nasr TR, Stoll BJ: Necrotizing enterocolitis: recent scientific 
advances in pathophysiology and prevention. Semin Perinatol 
32:70, 2008. [A well-written review on the current understanding of the 
molecular pathogenesis of NEC, and avenues for prevention.]

Loscalzo ML: Turner syndrome. Pediatr Rev 29:219, 2008. [A well-
rounded review that covers both the basics of genetics as well as clinical 
aspects of Turner syndrome.]

Metzker M: Sequencing technologies—the next generation. Nat Rev 
Genet 11:31, 2010. [An update on the currently available next generation 
sequencing platforms and the applications thereof.]

Patterson D: Molecular genetic analysis of Down syndrome. Hum 
Genet 126:195, 2009. [An in-depth review of the molecular pathogenesis 
of Down syndrome.]

Staretz-Chacham O, Lang TC, LaMarca ME, et al: Lysosomal storage 
disorders in the newborn. Pediatrics 123:1191, 2009. [An excellent 
discussion of this class of rare disorders, with a particular emphasis on 
those presenting in the newborn period.]

Sweetser DA, Grabowski EF: Pediatric malignancies: retinoblastoma 
and Wilms tumor. In Chung DC, Haber DA (eds): Principles of 
Clinical Cancer Genetics: A Handbook from the Massachusetts 
General Hospital. Springer, New York, 2010, pp 163–180. [A well-
written book chapter that summarizes the clinical features, molecular 
pathogenesis, and management of these two solid tumors of childhood.]

Wheeler DA, Srinivasan M, Egholm M, et al: The complete genome of 
an individual by massively parallel DNA sequencing. Nature 
452:872, 2008. [Landmark paper describing the first complete sequencing 
of a human genome—that of the codiscoverer of the DNA double helix 
structure and Nobel laureate, James D. Watson, using next-generation 
sequencing.]

Winter J, Jung S, Keller S, et al: Many roads to maturity: microRNA 
biogenesis pathways and their regulation. Nat Cell Biol 11:228, 2009. 
[An outstanding review on how miRNA is synthesized and processed, and 
emerging knowledge on how this complex process is regulated—not for the 
faint of heart!]

such cases, the gametes may be unbalanced, so the 
progeny would be at risk for chromosomal disorders)

• A chromosomal abnormality affecting a previous child
• Determination of fetal sex when the patient or partner 

is a confirmed carrier of an X-linked genetic disorder
Postnatal genetic analysis usually is performed on peripheral 
blood lymphocytes. Indications are as follows:
• Multiple congenital anomalies
• Unexplained mental retardation and/or developmental 

delay
• Suspected aneuploidy (e.g., features of Down 

syndrome)
• Suspected unbalanced autosome (e.g., Prader-Willi 

syndrome)
• Suspected sex chromosome abnormality (e.g., Turner 

syndrome)
• Suspected fragile X syndrome
• Infertility (to rule out sex chromosome abnormality)
• Multiple spontaneous abortions (to rule out the parents 

as carriers of balanced translocation; both partners 
should be evaluated)

In the context of these and other clinical applications, an 
important point is that we are currently living in a breath-
taking era of so-called genomic medicine. Future years will 
foretell how the advances in elucidation of the genetic basis 
of human disease will affect its diagnosis, prevention, and 
therapy.
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Many diseases are caused or influenced by environmental 
factors. Broadly defined, the term environment encompasses 
the various outdoor, indoor, and occupational settings in 
which humans live and work. In each of these settings, the 
air people breathe, the food and water they consume, and 
the toxic agents they are exposed to are major determinants 
of health. Other environmental factors pertain to the indi-
vidual (“personal environment”) and include tobacco use, 
alcohol ingestion, therapeutic and “recreational” drug con-
sumption, diet, and the like. Factors in the personal envi-
ronment generally have a larger effect on human health 
than that of the ambient environment, but new threats 
related to global warming (described later on) may change 
this equation.

The term environmental disease refers to disorders caused 
by exposure to chemical or physical agents in the ambient, 
workplace, and personal environments, including diseases 
of nutritional origin. Environmental diseases are surpris-
ingly common. The International Labor Organization has 
estimated that work-related injuries and illnesses kill 1.1 
million people per year globally—more deaths than are 
caused by road accidents and wars combined. Most of 
these work-related problems are caused by illnesses rather 
than accidents. The burden of disease in the general popu-
lation created by nonoccupational exposures to toxic agents 
is much more difficult to estimate, mostly because of the 
diversity of agents and the difficulties in measuring the 
dose and duration of exposures. Whatever the precise 
numbers, environmental diseases are major causes of dis-
ability and suffering and constitute a heavy financial 
burden, particularly in developing countries.

Environmental  diseases are sometimes the  conse  -
quence of major disasters, such as the methyl mercury con-
tamination of Minamata Bay in Japan in the 1960s, the 
leakage of methyl isocyanate gas in Bhopal, India, in 1984, 

the Chernobyl nuclear accident in 1986, and the intentional 
contamination of Tokyo subways by the organophosphate 
pesticide sarin in 1995. Fortunately, these are unusual and 
infrequent occurrences. Less dramatic, but much more 
common, are diseases and injury produced by chronic 
exposure to relatively low levels of contaminants. Several 
agencies in the United States set permissible levels of expo-
sure to known environmental hazards (e.g., the maximum 
level of carbon monoxide [CO] in air that is noninjurious 
or the level of radiation exposure that is harmless or “safe”). 
But a host of factors, including complex interactions 
between pollutants producing multiplicative effects, as 
well as the age, genetic predisposition, and different tissue 
sensitivities of exposed persons, create wide variations in 
individual sensitivity. Nevertheless, such “safe” levels are 
useful for comparative studies of the effects of harmful 
agents between populations, and for estimating disease 
risk in heavily exposed persons. From this brief overview 
of the nature and magnitude of the problem, we turn to a 
consideration of mechanisms of toxicity and then some of 
the more important environmental hazards.

HEALTH EFFECTS OF  
CLIMATE CHANGE

Temperature measurements show that the earth has 
warmed at an accelerating pace over the last 50 years, 
perhaps at a rate greater than in any period during the 
preceding 1000 years. Since 1960 the global average tem-
perature has increased by 0.6°C, with the greatest increases 
seen over land areas between 40°N and 70°N. These 
changes have been accompanied by the rapid loss of glacial 
and sea ice, leading to predictions that the glaciers of 
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Figure 7–1 Climate change, past and future. A, Correlation of  CO2 levels 
measured at the Mauna Loa Observatory in Hawaii with average global 
temperature trends over the past 50 years. “Global temperature” in any 
given year was deduced at the Hadley Center (United Kingdom) from 
measurements taken at over 3000 weather stations located around the 
globe. B, Predicted temperature increases during the 21st century. Dif-
ferent computer models plot anticipated rises in global temperatures of  
2°C to 5°C by the year 2100. 
(A, Courtesy of Dr. Richard Aster, Department of Earth and Environmental Science, New Mexico 
Institute of Mining and Technology, Socorro, New Mexico.)
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Glacier National Park in Montana and Mt. Kilimanjaro in 
Kenya will disappear by the year 2025, and that the Arctic 
Ocean will be completely ice-free in summer by no later 
than the year 2040.

Although politicians quibble, among scientists there is a 
general acceptance that climate change is, at least in part, 
man-made. The culprit is the rising atmospheric level of 
greenhouse gases, particularly carbon dioxide (CO2) 
released through the burning of fossil fuels (Fig. 7–1, A), as 
well as ozone (an important air pollutant, discussed later) 
and methane. These gases, along with water vapor, produce 
the so-called greenhouse effect by absorbing energy radi-
ated from Earth’s surface that otherwise would be lost into 
space. The annual average level of atmospheric CO2 (about 
387 ppm) in 2009 was higher than at any point in approxi-
mately 650,000 years and, without changes in human 
behavior, is expected to increase to 500 to 1200 ppm by the 

end of this century—levels not experienced for tens of mil-
lions of years. This increase stems not only from increased 
CO2 production but also from deforestation and the atten-
dant decrease in carbon fixation by plants. Depending on 
which computer model is used, increased levels of green-
house gases are projected to cause the global temperature 
to rise by 2°C to 5°C by the year 2100 (Fig. 7–1, B). Part of 
the uncertainty about the extent of the temperature increase 
stems from questions about the degree to which positive-
feedback loops will exacerbate factors driving the process. 
Examples of such self-reinforcing loops are increases in 
heat absorption due to loss of reflective ice and snow; 
increases in water vapor due to greater evaporation from 
rivers, lakes, and oceans; large releases of CO2 and methane 
from organic matter in thawing Arctic “permafrost” and 
submarine methane hydrates; and decreased sequestration 
of CO2 in oceans due to reduced growth of organisms, such 
as diatoms, that serve as carbon sinks.

The health consequences of climate change will depend 
on its extent and rapidity, the severity of the ensuing con-
sequences, and humankind’s ability to mitigate the damag-
ing effects. Even in the best-case scenario, however, climate 
change is expected to have a serious negative impact on 
human health by increasing the incidence of a number of 
diseases, including
• Cardiovascular, cerebrovascular, and respiratory dis-

eases, all of which will be exacerbated by heat waves 
and air pollution.

• Gastroenteritis, cholera, and other food- and water-
borne infectious diseases, caused by contamination as a 
consequence of floods and disruption of clean water 
supplies and sewage treatment, after heavy rains and 
other environmental disasters

• Vector-borne infectious diseases, such as malaria and 
dengue fever, due to changes in vector number and 
geographic distribution related to increased tempera-
tures, crop failures and more extreme weather variation 
(e.g., more frequent and severe El Niño events)

• Malnutrition, caused by changes in local climate that 
disrupt crop production. Such changes are anticipated 
to be most severe in tropical locations, in which average 
temperatures may already be near or above crop toler-
ance levels; it is estimated that by 2080, agricultural pro-
ductivity may decline by 10% to 25% in some developing 
countries as a consequence of climate change.

Beyond these disease-specific effects, it is estimated that 
melting of glacial ice, particularly in Greenland and other 
parts of the Northern Hemisphere, combined with the 
thermal expansion of warming oceans, will raise sea levels 
by 2 to 6 feet by 2100. Approximately 10% of the world’s 
population—roughly 600 million people—live in low-lying 
areas that are at risk for flooding even if the rise in ocean 
levels is at the low end of these estimates. The resulting 
displacement of people will disrupt lives and commerce, 
creating conditions ripe for political unrest, war, and 
poverty, the “vectors” of malnutrition, sickness, and death.

Both developed and developing countries will suffer the 
consequences of climate change, but the burden will be 
greatest in developing countries, which are least culpable 
for increases in greenhouse gases to date. This picture is 
changing rapidly, however, owing to the growth of the 
economies of India and China, which has recently sur-
passed the United States to become the largest producer of 
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xenobiotics into active compounds that cause cellular injury. 
Both types of reactions may produce, as a byproduct, 
reactive oxygen species (ROS), which can cause cellular 
damage (discussed in Chapter 1). Examples of metabolic 
activation of chemicals through the P-450 system are  
the conversion of carbon tetrachloride to the toxic tri-
chloromethyl free radical and the generation of a DNA-
binding metabolite from benzo[a]pyrene (BaP), a 
carcinogen present in cigarette smoke. The cytochrome 
P-450 system also participates in the metabolism of a 
large number of common therapeutic drugs such as acet-
aminophen, barbiturates, and anticonvulsants, and in 
alcohol metabolism (discussed later).

• P-450 enzymes vary widely in activity among different 
people, owing to both polymorphisms in the genes 

CO2 in the world. The urgent challenge is to develop new 
renewable energy resources that stem the production of 
greenhouse gases. Without immediate action, climate 
change stands to become the preeminent global cause of 
environmental disease in the 21st century and beyond.

TOXICITY OF CHEMICAL  
AND PHYSICAL AGENTS

Toxicology is defined as the science of poisons. It studies the 
distribution, effects, and mechanisms of action of toxic 
agents. More broadly, it also includes the study of the 
effects of physical agents such as radiation and heat. 
Approximately 4 billion pounds of toxic chemicals, includ-
ing 72 million pounds of known carcinogens, are produced 
each year in the United States. In general, however, little is 
known about the potential health effects of chemicals. Of 
the approximately 100,000 chemicals in use in the United 
States, less than 1% have been tested experimentally for 
health effects. In Europe the number of available chemicals 
is less than one-half that in the United States, but many of 
these chemicals are released into the environment as indus-
trial products or discharged as human and animal wastes.

We now consider some basic principles regarding the 
toxicity of exogenous chemicals and drugs.
• The definition of a poison is not straightforward. It is basi-

cally a quantitative concept strictly dependent on dosage. 
The quote from Paracelsus in the 16th century that “all 
substances are poisons; the right dosage differentiates a 
poison from a remedy” is perhaps even more valid 
today, in view of the proliferation of therapeutic drugs 
with potentially harmful effects.

• Xenobiotics are exogenous chemicals in the environment 
that may be absorbed by the body through inhalation, 
ingestion, or skin contact (Fig. 7–2).

• Chemicals may be excreted in urine or feces or elimi-
nated in expired air, or they may accumulate in bone, 
fat, brain, or other tissues.

• Chemicals may act at the site of entry, or they may be 
transported to other sites. Some agents are not modified 
upon entry in the body, but most solvents and drugs are 
metabolized to form water-soluble products (detoxifica-
tion) or are activated to form toxic metabolites.

• Most solvents and drugs are lipophilic, which facilitates 
their transport in the blood by lipoproteins and penetra-
tion through lipid components of cell membranes.

• The reactions that metabolize xenobiotics into nontoxic 
products, or activate xenobiotics to generate toxic com-
pounds (Fig. 7–3; see also Fig. 7–2), occur in two phases. 
In phase I reactions, chemicals can undergo hydrolysis, 
oxidation, or reduction. Products of phase I reactions 
often are metabolized into water-soluble compounds 
through phase II reactions of glucuronidation, sulfation, 
methylation, and conjugation with glutathione (GSH). 
Water-soluble compounds are readily excreted.

• The most important cellular enzyme system involved in 
phase I reactions is the cytochrome P-450 system, located 
primarily in the endoplasmic reticulum (ER) of the liver 
but also present in skin, lungs, and gastrointestinal (GI) 
mucosa and in practically every organ. The system cata-
lyzes reactions that either detoxify xenobiotics or activate 

Figure 7–2 Human exposure to pollutants. Pollutants contained in air, 
water, and soil are absorbed through the lungs, gastrointestinal tract, and 
skin. In the body, they may act at the site of  absorption, but they generally 
are transported through the bloodstream to various organs, where they 
may be stored or metabolized. Metabolism of  xenobiotics may result in 
the formation of  water-soluble compounds, which are excreted, or in 
activation of  the agent, creating a toxic metabolite. 

HUMAN EXPOSURE

Air

Skin Lung GI tract

Absorption into
bloodstream

Distribution to tissuesToxicity Storage

ExcretionMETABOLISM

Water Soil



C H A P T E R  7272 Environmental and Nutritional Diseases 

sometimes stifles large cities such as Cairo, Los Angeles, 
Houston, Mexico City, and São Paulo. It may seem that air 
pollution is a modern phenomenon. This is not the case; 
Seneca wrote in AD 61 that he felt an alteration of his dis-
position as soon as he left the “pestilential vapors, soot, and 
heavy air of Rome.” The first environmental control law 
was proclaimed by Edward I in 1306 and was straightfor-
ward in its simplicity: “Whoever should be found guilty of 
burning coal shall suffer the loss of his head.” What has 
changed in modern times is the nature and sources of air 
pollutants, and the types of regulations that control their 
emission. It could be argued that modern man has lost his 
head to drown himself in pollution!

The lungs bear the brunt of the adverse consequences of 
air pollution, but air pollutants can affect many organ 
systems (as with the effects of lead poisoning and CO, 
discussed later). Except for some comments on smoking 
later in this chapter, pollutant-caused lung diseases are 
discussed in Chapter 12. Discussed here are the major 
health effects of ozone, sulfur dioxide, particulates, and CO 
(Table 7–1).

Ozone is one of the most pervasive air pollutants, with 
levels in many cities exceeding EPA standards. It is a gas 
formed by sunlight-driven reactions involving nitrogen 
oxides, which are released mostly by automobile exhaust. 
Together with oxides and fine particulate matter, ozone 
forms the familiar smog (from smoke and fog). Its toxicity 

encoding the enzymes and interactions with drugs that 
are metabolized through the system. The activity of the 
enzymes also may be decreased by fasting or starvation, 
and increased by alcohol consumption and smoking.

ENVIRONMENTAL POLLUTION

Air Pollution

The life-giving air that we breathe is also often laden with 
many potential causes of disease. Airborne microorgan-
isms have long been major causes of morbidity and death. 
More widespread are the chemical and particulate pollut-
ants found in the air, both in so-called “developed” and 
“underdeveloped” countries. Specific hazards have been 
recognized for both outdoor and indoor air.

utdoor Air Pollution
The ambient air in industrialized nations is contaminated 
with an unsavory mixture of gaseous and particulate pol-
lutants, more heavily in cities and in proximity to heavy 
industry. In the United States, the Environmental Protec-
tion Agency (EPA) monitors and sets allowable upper 
limits for six pollutants: sulfur dioxide, CO, ozone, nitro-
gen dioxide, lead, and particulate matter. Together, some 
of these agents produce the well-known smog that 

Figure 7–3 Xenobiotic metabolism. Xenobiotics can be metabolized to 
nontoxic metabolites and eliminated from the body (detoxification). 
However, their metabolism also may result in activation of  the chemical, 
leading to formation of  a reactive metabolite that is toxic to cellular 
components. If  repair is not effective, short- and long-term effects 
develop. 
(Modified from Hodgson E: A Textbook of Modern Toxicology, 3rd ed, and Fig. 1–1. Hoboken, 
NJ, John Wiley & Sons, 2004.)
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Data from Health effects of outdoor air pollution. Part 2. Committee of the Environ-
mental and Occupational Health Assembly of the American Thoracic Society. Am J 
Respir Crit Care Med 153:477, 1996.

Pollutant
Populations at 
Risk ffect s

zone Healthy adults 
and children

Decreased lung function
Increased air ay reactivity
ung in ammation

Athletes, outdoor 
orkers

Decreased e ercise capacity

Asthmatics Increased hospitalizations

Nitrogen 
dio ide

Healthy adults Increased air ay reactivity
Asthmatics Decreased lung function
Children Increased respiratory 

infections

Sulfur dio ide Healthy adults Increased respiratory 
symptoms

Patients ith 
chronic lung 
disease

Increased mortality

Asthmatics Increased hospitalization
Decreased lung function

Acid aerosols Healthy adults Altered mucociliary 
clearance

Children Increased respiratory 
infections

Asthmatics Decreased lung function
Increased hospitalizations

Particulates Children Increased respiratory 
infections

Decreased lung function
Patients ith 

chronic lung or 
heart disease

cess mortality

Asthmatics Increased attacks

Table –1 Health ffects of utdoor Air Pollutants
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Indoor Air Pollution
As modern homes are increasingly “buttoned up” to 
exclude the environment, the potential for pollution of the 
indoor air increases. The commonest pollutant is tobacco 
smoke (discussed later), but additional offenders are CO, 
nitrogen dioxide (already mentioned as outdoor pollut-
ants), and asbestos (discussed in Chapter 12). A few com-
ments about some other agents are presented here.

Wood smoke, containing various oxides of nitrogen and 
carbon particulates, is an irritant that predisposes exposed 
persons to lung infections and may contain carcinogenic 
polycyclic hydrocarbons. Radon, a radioactive gas derived 
from uranium, is widely present in soil and in homes. 
Although radon exposure can cause lung cancer in uranium 
miners (particularly in those who smoke), it does not 
appear that low-level chronic exposures in the home 
increase lung cancer risk, at least for nonsmokers. Bioaero-
sols may contain pathogenic microbiologic agents, such as 
those that can cause Legionnaires’ disease, viral pneumo-
nia, and the common cold, as well as allergens derived 
from pet dander, dust mites, and fungi and molds, which 
can cause rhinitis, eye irritation, and even asthma.

stems from its participation in chemical reactions that gen-
erate free radicals, which injure the lining cells of the respi-
ratory tract and the alveoli. Low levels of ozone may be 
tolerated by healthy persons but are detrimental to lung 
function, especially in those with asthma or emphysema, 
and when present along with particulate pollution. Unfor-
tunately, pollutants rarely occur singly but combine to 
create a veritable “witches’ brew.”

Sulfur dioxide, particles, and acid aerosols are emitted by 
coal- and oil-fired power plants and industrial processes 
burning these fuels. Of these, particles (although not well 
characterized chemically or physically) appear to be the 
main cause of morbidity and death. Particles less than 
10 μm in diameter are particularly harmful, since when 
inhaled they are carried by the airstream all the way to the 
alveoli. Here, they are phagocytosed by macrophages and 
neutrophils, causing the release of mediators and inciting 
an inflammatory reaction. By contrast, larger particles are 
removed in the nose or are trapped by the mucociliary 
“escalator” and as a result are less dangerous.

Carbon monoxide (CO) is a nonirritating, colorless, 
tasteless, odorless gas. It is produced by the incomplete 
oxidation of carbonaceous materials. Its sources include 
automotive engines, industries using fossil fuels, home oil 
burners, and cigarette smoke. The low levels often found 
in ambient air may contribute to impaired respiratory func-
tion but usually are not life-threatening. However, persons 
working in confined environments with high exposure to 
fumes, such as tunnel and underground garage workers, 
may develop chronic poisoning. CO is included here as an 
air pollutant, but it also is an important cause of accidental 
and suicidal death. In a small, closed garage, exhaust from 
a running car engine can induce lethal coma within 5 
minutes. CO is a systemic asphyxiant that kills by binding 
to hemoglobin and preventing oxygen transport. Hemo-
globin has a 200-fold greater affinity for CO than for O2. 
The resultant compound, carboxyhemoglobin, is incapable 
of carrying oxygen. Hypoxia leads to central nervous 
system (CNS) depression, which develops so insidiously 
that victims may not be aware of their plight and indeed 
may be unable to help themselves. Systemic hypoxia 
appears when the hemoglobin is 20% to 30% saturated with 
CO, and unconsciousness and death are probable with 60% 
to 70% saturation.

MORPHOLOGY
Chronic poisoning by CO develops because carboxyhe-
moglobin, once formed, is remarkably stable. As a result, 
with low-level persistent exposure to CO, carboxyhemoglo-
bin may accumulate to a life-threatening concentration in the 
blood. The slowly developing hypoxia can insidiously evoke 
widespread ischemic changes in the brain; these changes are 
particularly marked in the basal ganglia and lenticular nuclei. 
With cessation of  exposure to CO, the patient usually recov-
ers, but there may be permanent neurologic damage. The 
diagnosis of  CO poisoning is based on detection of  high 
levels of  carboxyhemoglobin in the blood.

Acute poisoning by CO generally is a consequence of  
accidental exposure or suicide attempt. In light-skinned 
people, it is marked by a characteristic generalized cherry-
red color of the skin and mucous membranes, a color 

imparted by carboxyhemoglobin. If  death occurs rapidly, 
morphologic changes may not be present; with longer sur-
vival, the brain may be slightly edematous and exhibit punc-
tate hemorrhages and hypoxia-induced neuronal changes. 
These changes are not specific; they simply imply systemic 
hypoxia. In victims who survive CO poisoning, complete 
recovery is possible; however, sometimes impairments of  
memory, vision, hearing, and speech may remain.

SUMMARY
Environmental Diseases and Environmental Pollution
• Environmental diseases are conditions caused by expo-

sure to chemical or physical agents in the ambient, work-
place, and personal environments.

• Exogenous chemicals known as xenobiotics enter the 
body through inhalation, ingestion, and skin contact, and 
can either be eliminated or accumulate in fat, bone, brain, 
and other tissues.

• Xenobiotics can be converted into nontoxic products, or 
activated to generate toxic compounds, through a two-
phase reaction process that involves the cytochrome 
P-450 system.

• The most common air pollutants are ozone (which in 
combination with oxides and particulate matter forms 
smog), sulfur dioxide, acid aerosols, and particles less than 
10 μm in diameter.

• Carbon monoxide is an air pollutant and important cause 
of death from accidents and suicide; it binds hemoglobin 
with high affinity, leading to systemic asphyxiation associ-
ated with CNS depression.

Metals as Environmental Pollutants

Lead, mercury, arsenic, and cadmium, the heavy metals 
most commonly associated with harmful effects in human 
populations, are considered here.
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diagnosis. In milder cases of lead exposure, anemia may be 
the only obvious abnormality.

ead
Lead exposure occurs through contaminated air and food. 
For most of the 20th century the major sources of lead in 
the environment were house paints and gasoline. Although 
the use of lead-based paints and leaded gas has greatly 
diminished, many sources of lead persist in the environ-
ment, such as mines, foundries, batteries, and spray paints, 
all of which constitute occupational hazards. However, 
flaking lead paint in older houses and soil contamination 
pose the major hazards for youngsters. Indeed, a single 
1-cm2 chip of old leaded paint (pre-1977) contains about 
175 μg of lead; this amount, if consumed each day over 
time, will rapidly produce toxic lead levels. According to 
a 2008 report from the Environmental Protection Agency 
(EPA), 0.9% of American children had blood lead levels in 
excess of 10 μg/dL (the maximum allowable level). This 
percentage represents a decrease from 4.4% in the early 
1990s. However, blood levels of lead in children living in 
homes containing lead-based paint or lead-contaminated 
dust generally exceed the maximum allowed levels. Chil-
dren absorb more than 50% of lead from food, while adults 
absorb approximately 15%. A more permeable blood–brain 
barrier in children creates a high susceptibility to brain 
damage. The main clinical features of lead poisoning are 
shown in Figure 7–4.

Most of the absorbed lead (80% to 85%) is taken up into 
bone and developing teeth; lead competes with calcium, 
binds phosphates, and has a half-life in bone of 20 to 30 
years. About 5% to 10% of the absorbed lead remains in the 
blood, and the remainder is distributed throughout soft 
tissues. Excess lead causes neurologic effects in adults and chil-
dren; peripheral neuropathies predominate in adults, while 
central effects are more common in children. The effects of 
chronic lead exposure in children include a lower intel-
lectual capacity manifested by low intelligence quotient 
(IQ), behavioral problems such as hyperactivity, and poor 
organizational skills. Lead-induced peripheral neuropa-
thies in adults generally remit with elimination of expo-
sure, but both peripheral and CNS abnormalities in children 
usually are irreversible. Excess lead interferes with the normal 
remodeling of calcified cartilage and primary bone trabeculae 
in the epiphyses in children, causing increased bone density 
detected as radiodense “lead lines” (Fig. 7–5). Lead lines 
of a different sort also may occur in the gums, where  
excess lead stimulates hyperpigmentation. Lead inhibits 
the healing of fractures by increasing chondrogenesis and 
delaying cartilage mineralization. Excretion of lead occurs 
by way of the kidneys, and acute exposures may cause 
damage to proximal tubules.

Lead has a high affinity for sulfhydryl groups and inter-
feres with two enzymes involved in heme synthesis, ami-
nolevulinic acid dehydratase and delta ferrochelatase. Iron 
incorporation into heme is impaired, leading to anemia. 
Lead also inhibits sodium- and potassium-dependent 
ATPases in cell membranes, an effect that may increase the 
fragility of red cells, causing hemolysis. The diagnosis of 
lead poisoning requires constant vigilance. It may be  
suspected on the basis of neurologic changes in children  
or unexplained anemia with basophilic stippling in red 
cells.  Elevated blood lead and red cell  free protopor -
phyrin levels (greater than 50 μg/dL) or, alternatively, 
zinc-protoporphyrin levels, are required for definitive 

Figure 7–4 Pathologic features of  lead poisoning. 
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MORPHOLOGY
The major anatomic targets of  lead toxicity are the  
blood, bone marrow, nervous system, GI tract, and kidneys 
(Fig. 7–4).

Blood changes are one of  the earliest signs of  lead 
accumulation and are characteristic, consisting of  a micro-
cytic, hypochromic anemia associated with a distinctive  
punctate basophilic stippling of  red cells. These changes 
in the blood stem from the inhibition of  heme synthesis in 
marrow erythroid progenitors. Another consequence of  this 
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Mercury
Humans have used mercury in many ways throughout 
history, including as a pigment in cave paintings, a cos-
metic, a remedy for syphilis, and a component of diuretics. 
Poisoning from inhalation of mercury vapors has long been 
recognized and is associated with tremor, gingivitis, and 
bizarre behavior, such as that of the “Mad Hatter” in Lewis 
Carroll’s Alice in Wonderland (mercury formerly was used 
in hat-making). 

Today, the main sources of exposure to mercury are 
contaminated fish and dental amalgams, which release 
mercury vapors. In some areas of the world, mercury used 
in gold mining has contaminated rivers and streams. Inor-
ganic mercury from the natural degassing of the earth’s 
crust or from industrial contamination is converted to 
organic compounds such as methyl mercury by bacteria. 
Methyl mercury enters the food chain, and in carnivorous 
fish such as swordfish, shark, and bluefish, mercury  
levels may be a million times higher than in the surround-
ing water. The consumption of contaminated fish from  
the release of methyl mercury in Minamata Bay and the 
Agano River in Japan, and the consumption of bread con-
taining grain treated with a methyl mercury–based fungi-
cide in Iraq, caused widespread morbidity and many 
deaths. 

The medical disorders associated with the Minamata 
episode became known as “Minamata disease” and include 
cerebral palsy, deafness, blindness, and major CNS defects 
in children exposed in utero. The developing brain is extremely 
sensitive to methyl mercury; for this reason, the Centers for 
Disease Control and Prevention (CDC) in the United States 
has recommended that pregnant women avoid the con-
sumption of fish known to contain mercury. There has been 
much publicity about a possible relationship between thi-
merosal (a compound that contains ethyl mercury, used 
until recently as a preservative in some vaccines) and the 
development of autism, but several large studies have 
failed to detect any association.

Arsenic
Arsenic was the favorite poison in Renaissance Italy, and 
this application had some skilled practitioners among the 
Borgias and Medicis. Deliberate poisoning by arsenic is 
exceedingly rare today, but exposure to arsenic is an impor-
tant health problem in many areas of the world. Arsenic is 
found naturally in soil and water and is used in wood 
preservatives, herbicides, and other agricultural products. 
It may be released into the environment by the mining and 
smelting industries. Large concentrations of inorganic 
arsenic are present in ground water in countries such as 
Bangladesh, Chile, and China. As many as 20 million 
people in Bangladesh drink water contaminated by arsenic, 
constituting one of the largest environmental cancer risks 
yet identified.

The most toxic forms of arsenic are the trivalent com-
pounds arsenic trioxide, sodium arsenite, and arsenic tri-
chloride. If ingested in large quantities, arsenic causes 
acute toxicity manifesting as severe gastrointestinal, car-
diovascular, and central nervous system disturbances, 
often progressing to death. These effects  may be attri b-
uted to the interference with mitochondrial oxidative 

Figure 7–5 Lead poisoning. Impaired remodeling of  calcified cartilage in 
the epiphyses (arrows) of  the wrist has caused a marked increase in their 
radiodensity, so that they are as radiopaque as the cortical bone. 
(Courtesy of Dr. G.W. Dietz, Department of Radiology, University of Texas Southwestern Medical 
School, Dallas, Texas.)

blockade is that zinc-protoporphyrin is formed instead of  
heme. Thus, elevated blood levels of  zinc-protoporphyrin or 
its product, free red cell protoporphyrin, are important indi-
cators of  lead poisoning.

Brain damage is prone to occur in children. It may be 
subtle, producing mild dysfunction, or it may be massive and 
lethal. In young children, sensory, motor, intellectual, and 
psychologic impairments have been described, including 
reduced IQ, learning disabilities, retarded psychomotor 
development, and, in more severe cases, blindness, psycho-
ses, seizures, and coma. Lead toxicity in the mother may be 
the cause of  impairment of  prenatal brain development. The 
anatomic changes underlying the more subtle functional defi-
cits are ill defined, but some of  the defects may be perma-
nent. At the more severe end of  the spectrum are brain 
edema, demyelination of  the cerebral and cerebellar white 
matter, and necrosis of  cortical neurons accompanied by 
diffuse astrocytic proliferation. In adults, the CNS is less often 
affected, but frequently a peripheral demyelinating neu-
ropathy appears, typically involving motor neurons innervat-
ing the most commonly used muscles. Thus, the extensor 
muscles of  the wrist and fingers are often the first to be 
affected, followed by paralysis of  the peroneal muscles 
(wristdrop and footdrop).

The GI tract also is a locus for major clinical manifesta-
tions. Lead “colic” is characterized by extremely severe, 
poorly localized abdominal pain.

The kidneys may develop proximal tubular damage with 
intranuclear lead inclusions. Chronic renal damage leads 
eventually to interstitial fibrosis and possibly renal failure and 
findings suggestive of  gout (“saturnine gout”). Other features 
of  lead poisoning are shown in Figure 7–4.
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Industrial and Agricultural Exposures

More than 10 million occupational injuries occur annually 
in the United States, and approximately 65,000 people die 
as a consequence of occupational injuries and illnesses. 
Industrial exposures to toxic agents are as varied as the 
industries themselves. They range from merely annoying 
irritations of respiratory airways by formaldehyde or 
ammonia fumes to fatal lung cancers arising from exposure 
to asbestos, arsenic, or uranium mining. Human diseases 
associated with occupational exposures are listed in Table 
7–2. In addition to the toxic metals (which have already 
been discussed), other important agents that contribute to 
environmental diseases include the following:
• Organic solvents are widely used in huge quantities 

worldwide. Some, such as chloroform and carbon tetra-
chloride, are found in degreasing and dry cleaning agents 
and paint removers. Acute exposure to high levels of 
vapors from these agents can cause dizziness and confu-
sion, leading to CNS depression and even coma. Lower 
levels have toxicity for the liver and kidneys. Occupa-
tional exposure of rubber workers to benzene and 
1,3-butadiene increases the risk of leukemia. Benzene is 
oxidized to an epoxide through hepatic CYP2E1, a com-
ponent of the P-450 enzyme system already mentioned. 
The epoxide and other metabolites disrupt progenitor 
cell differentiation in the bone marrow, causing marrow 
aplasia and acute myeloid leukemia.

• Polycyclic hydrocarbons may be released during the com-
bustion of coal and gas, particularly at the high tempera-
tures used in steel foundries, and also are present in tar 
and soot. (Pott identified soot as the cause of scrotal 
cancers in chimney sweeps in 1775, as mentioned in 
Chapter 5.) Polycyclic hydrocarbons are among the most 
potent carcinogens, and industrial exposures have been 
implicated in the causation of lung and bladder cancer.

• Organochlorines (and halogenated organic compounds in 
general) are synthetic products that resist degradation 
and are lipophilic. Important organochlorines used as 
pesticides are DDT (dichlorodiphenyltrichloroethane) and 
its metabolites and agents such as lindane, aldrin, and 
dieldrin. Nonpesticide organochlorines include polychlo-
rinated biphenyls (PCBs) and dioxin (TCDD [2,3,7,8-
tetrachlorodibenzo-p-dioxin]). DDT was banned in the 
United States in 1973, but more than half of the popula-
tion have detectable serum levels of p,p′-DDE, a long-
lasting DDT metabolite, including those born after the 
ban on DDT went into effect. PCB and TCDD also are 
present in the blood of most of the U.S. population. 
Acute DDT poisoning in humans causes neurologic tox-
icity. Most organochlorines are endocrine disruptors and 
have antiestrogenic or antiandrogenic activity in labora-
tory animals, but long-term health effects in humans 
have not been firmly established.

• Dioxins and PCBs can cause skin disorders such as fol-
liculitis and acneiform dermatosis known as chloracne, 
which consists of acne, cyst formation, hyperpigmenta-
tion, and hyperkeratosis, generally around the face and 
behind the ears. It can be accompanied by abnormalities 
in the liver and CNS. Because PCBs induce the P-450 
enzyme system, workers exposed to these substances 
may show altered drug metabolism. Environmental 

phos phorylation. Chronic exposure to arsenic causes 
hyperpigmentation and hyperkeratosis of the skin, which 
may be followed by the development of basal and squa-
mous cell carcinomas (but not melanomas). Arsenic-
induced skin tumors differ from those induced by sunlight 
by appearing on palms and soles, and by occurring as 
multiple lesions. Arsenic exposure also is associated with 
an increased risk of lung carcinoma. The mechanisms of 
arsenic carcinogenesis in skin and lung are uncertain.

Cad iu
In contrast with the metals already discussed, cadmium is 
a relatively modern toxic agent. It is used mainly in nickel-
cadmium batteries, which generally are disposed of as 
household waste. It can contaminate soil and plants directly 
or through fertilizers and irrigation water. Food is the  
most important source of exposure for the general popula-
tion. Excessive cadmium intake can lead to obstructive  
lung disease and renal toxicity, initially as tubular damage 
that may progress to end-stage renal disease. Cadmium 
exposure can also cause skeletal abnormalities associated 
with calcium loss. Cadmium-contaminated water used to 
irrigate rice fields in Japan caused a disease in postmeno-
pausal women known as “itai-itai” (ouch-ouch), a com-
bination of osteoporosis and osteomalacia associated  
with renal disease. A recent survey showed that 5% of 
persons aged 20 years and older in the U.S. population 
have urinary cadmium levels that, according to research 
data, may produce subtle kidney injury and increased 
calcium loss.

SUMMARY
Toxic Effects of Heavy Metals
• Lead, mercury, arsenic, and cadmium are the heavy metals 

most commonly associated with toxic effects in humans.
• Children absorb more ingested lead than adults; the main 

source of exposure for children is lead-containing paint.
• Excess lead causes CNS defects in children and peripheral 

neuropathy in adults. Excess lead competes with calcium 
in bones and interferes with the remodeling of cartilage; 
it also causes anemia.

• The major source of exposure to mercury is contami-
nated fish. The developing brain is highly sensitive to 
methyl mercury, which accumulates in the brain and 
blocks ion channels.

• Exposure of the fetus to high levels of mercury in utero 
may lead to Minamata disease, characterized by cerebral 
palsy, deafness, and blindness.

• Arsenic is naturally found in soil and water and is a com-
ponent of some wood preservatives and herbicides. 
Excess arsenic interferes with mitochondrial oxidative 
phosphorylation and causes toxic effects in the GI tract, 
CNS, and cardiovascular system; long-term exposure 
causes skin lesions and carcinomas.

• Cadmium from nickel-cadmium batteries and chemical 
fertilizers can contaminate soil. Excess cadmium causes 
obstructive lung disease and kidney damage.
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occurs in the workplace. The increased risk of cancer as 
a result of asbestos exposure, however, extends to family 
members of asbestos workers and to other persons 
exposed outside the workplace. Pneumoconioses and 
their pathogenesis are discussed in Chapter 12.

EFFECTS OF TOBACCO
Tobacco is the most common exogenous cause of human 
cancers, being responsible for 90% of lung cancers. The 
main culprit is cigarette smoking, but smokeless tobacco in 
its various forms (snuff, chewing tobacco) also is harmful 
to health and is an important cause of oral cancer. Not only 
does the use of tobacco products create personal risk, but 
passive tobacco inhalation from the environment (“second-
hand smoke”) can cause lung cancer in nonsmokers. Ciga-
rette smoking causes, worldwide, more than 4 million 
deaths annually, mostly from cardiovascular disease, 
various types of cancers, and chronic respiratory problems. 
It is expected that there will be 8 million tobacco-related 
deaths yearly by 2020, the major increase occurring in 
developing countries. Of people alive today, an estimated 
500 million will die from tobacco-related illnesses. In the 
United States alone, tobacco is responsible for more than 
400,000 deaths per year, one third of these attributable to 
lung cancer.

Smoking is the most preventable cause of human death. It 
reduces overall survival in a dose-dependent fashion. 
While 80% of nonsmokers are alive at age 70, only about 
50% of smokers survive to this age (Fig. 7–6). Cessation of 
smoking greatly reduces the risk of death from lung cancer, and 
it even has an effect, albeit reduced, on people who stop 
smoking at age 60. During the period 1998 to 2007 in the 

Data from Leigh JP, Markowitz SB, Fahs M, et al: Occupational injury and illness in the United States. Estimates of costs, morbidity, and mortality. Arch Intern Med 157:1557, 1997; 
Mitchell FL: Hazardous waste. In Rom WN (ed): Environmental and Occupational Medicine, 2nd ed. Boston, Little, Brown, 1992, p 1275; and Levi PE: Classes of toxic chemicals. In 
Hodgson E, Levi PE (eds): A Textbook of Modern Toxicology. Stamford, CT, Appleton & Lange, 1997, p 229.

rgan System ffect s o icant s
Cardiovascular system Heart disease Carbon mono ide, lead, solvents, cobalt, cadmium

Respiratory system Nasal cancer Isopropyl alcohol, ood dust
ung cancer Radon, asbestos, silica, bis chloromethyl ether, nickel, arsenic, chromium, mustard gas

Chronic obstructive lung disease rain dust, coal dust, cadmium
Hypersensitivity Beryllium, isocyanates
Irritation Ammonia, sulfur o ides, formaldehyde
Fibrosis Silica, asbestos, cobalt

Nervous system Peripheral neuropathies Solvents, acrylamide, methyl chloride, mercury, lead, arsenic, DD
Ata ic gait Chlordane, toluene, acrylamide, mercury
Central nervous system depression Alcohols, ketones, aldehydes, solvents
Cataracts Ultraviolet radiation

Urinary system o icity Mercury, lead, glycol ethers, solvents
Bladder cancer Naphthylamines, aminobiphenyl, benzidine, rubber products

Reproductive system Male infertility ead, phthalate plasticizers
Female infertility Cadmium, lead
eratogenesis Mercury, polychlorinated biphenyls

Hematopoietic system eukemia Benzene, radon, uranium

Skin Folliculitis and acneiform 
dermatosis

Polychlorinated biphenyls, dio ins, herbicides

Cancer Ultraviolet radiation

astrointestinal tract iver angiosarcoma Vinyl chloride

Table –2 Human Diseases Associated With ccupational posures

DDT, dichlorodiphenyltrichloroethane.

disasters in Japan and China in the late 1960s caused by 
the consumption of rice oil contaminated by PCBs 
during its production poisoned about 2000 people in 
each episode. The primary manifestations of the disease 
(yusho in Japan, yu-cheng in China) were chloracne and 
hyperpigmentation of the skin and nails.

• Bisphenol A (BPA) is used in the synthesis of polycarbon-
ate food and water containers and of epoxy resins that 
line almost all food bottles and cans; as a result, expo-
sure to BPA is virtually ubiquitous in humans. BPA has 
long been known as a potential endocrine disruptor. 
Several large retrospective studies have linked elevated 
urinary BPA levels to heart disease in adult populations. 
In addition, infants who drink from BPA-containing 
containers may be particularly susceptible to its endo-
crine effects. In 2010, Canada was the first country to list 
BPA as a toxic substance, and the largest makers of baby 
bottles and “sippy” cups have stopped using BPA in the 
manufacturing process. The extent of the human health 
risks associated with BPA remains uncertain, however, 
and requires further study.

• Exposure to vinyl chloride, used in the synthesis of poly-
vinyl resins, was found to cause angiosarcoma of the 
liver, a rare type of liver tumor.

• Inhalation of mineral dusts causes chronic, non-neoplastic 
lung diseases called pneumoconioses. This group of dis-
orders includes diseases induced by organic and inor-
ganic particulates as well as chemical fume- and 
vapor-induced non-neoplastic lung diseases. The most 
common pneumoconioses are caused by exposures to 
mineral dust: coal dust (in mining of hard coal), silica (in 
sandblasting and stone cutting), asbestos (in mining, fab-
rication, and insulation work), and beryllium (in mining 
and fabrication). Exposure to these agents nearly always 
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United States, the incidence of smoking declined modestly, 
but approximately 20% of adults remained smokers. More 
disturbing, smoking in the world’s most populous country, 
China, is becoming the rule rather than the exception. It is 
estimated that more than 1 million people in China die each 
year of smoking-related diseases.

Discussed next are some of the agents contained in 
tobacco and diseases associated with tobacco consumption. 
Adverse effects of smoking in various organ systems are 
shown in Figure 7–7.

The number of potentially noxious chemicals in tobacco 
smoke is vast; Table 7–3 presents only a partial list 
and includes the type of injury produced by these agents. 
Nicotine, an alkaloid present in tobacco leaves, is not a 
direct cause of tobacco-related diseases, but it is highly 
addictive. Nicotine binds to receptors in the brain and, 
through the release of catecholamines, is responsible for 
the acute effects of smoking, such as increased heart rate 
and blood pressure, and increased cardiac contractility and 
output. 

The most common diseases caused by cigarette smoking 
involve the lung and include emphysema, chronic bronchitis, and 
lung cancer, all discussed in Chapter 12. The mechanisms 
responsible for some tobacco-induced diseases are outlined 
next.
• Agents in smoke have a direct irritant effect on the tra-

cheobronchial mucosa, producing inflammation and 
increased mucus production (bronchitis). Cigarette smoke 
also causes the recruitment of leukocytes to the lung, 
increasing local elastase production and subsequent 
injury to lung tissue that leads to emphysema.

Figure 7–6 The effects of  smoking on survival. The study compared 
age-specific death rates for current cigarette smokers with that of  indi-
viduals who never smoke regularly (British Doctors Study). The difference 
in survival, measured at age 75, between smokers and nonsmokers is 7.5 
years. 
(Modified from Stewart BW, Kleihues P [eds]: World Cancer Report. Lyon, IARC Press, 2003.)
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Figure 7–7 Adverse effects of  smoking. The more common are in 
boldface. 

Cancer of oral cavity

Cancer of larynx

Cancer of
esophagus

Cancer of lung

Myocardial
infarction

Peptic ulcer

Cancer of
pancreas

Cancer of
bladder

Systemic
atherosclerosis

Chronic
bronchitis,

emphysema

Substance ffect s
ar Carcinogenesis

Polycyclic aromatic 
hydrocarbons

Carcinogenesis

Nicotine anglionic stimulation and 
depression, tumor promotion

Phenol umor promotion  mucosal irritation

Benzopyrene Carcinogenesis

Carbon mono ide Impaired o ygen transport and utilization

Formaldehyde o icity to cilia  mucosal irritation

ides of nitrogen o icity to cilia  mucosal irritation

Nitrosamine Carcinogenesis

Table –  ffects of Selected obacco Smoke Constituents

• Components of cigarette smoke, particularly polycyclic hydro-
carbons and nitrosamines (Table 7–4), are potent carcinogens 
in animals and probably are involved in the causation of  
lung carcinomas in humans (see Chapter 12). The risk of 
developing lung cancer is related to the intensity of 
exposure, frequently expressed in terms of “pack years” 
(e.g., one pack daily for 20 years equals 20 pack years) 
or in cigarettes smoked per day (Fig. 7–8). Moreover, 
smoking multiplies the risk of disease associated with 
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example of the carcinogenic interaction of these all too 
common vices is shown below for laryngeal cancer (Fig. 
7–9).

• Maternal smoking increases the risk of spontaneous abortions 
and preterm births and results in intrauterine growth 
retardation (Chapter 6); however, birth weights of 
infants born to mothers who stopped smoking before 
pregnancy are normal.

• Exposure to environmental tobacco smoke (passive smoke 
inhalation) is also associated with detrimental effects. It 
is estimated that the relative risk of lung cancer in non-
smokers exposed to environmental smoke is about 1.3 
times that in nonsmokers who are not exposed to smoke. 
In the United States, approximately 3000 lung cancer 
deaths in nonsmokers over the age of 35 years can be 
attributed each year to environmental tobacco smoke. 
Even more striking is the increased risk of coronary 
atherosclerosis and fatal myocardial infarction. Studies 
report that every year, 30,000 to 60,000 cardiac deaths in 
the United States are associated with passive exposure 
to smoke. Children living in a household with an adult 
who smokes have an increased frequency of respiratory 
illnesses and asthma. Passive smoke inhalation in non-
smokers can be estimated by measuring the blood levels 
of cotinine, a metabolite of nicotine. In the United States, 
median cotinine levels in nonsmokers have decreased 
by more than 60% during the last 15 years due to adop-
tion of non-smoking policies in public places. However, 
passive exposure to tobacco smoke in the home remains 
a major public health concern, particularly for children. 
It is clear that the transient pleasure a puff may give 
comes with a heavy long-term price.

Figure 7–8 The risk of  lung cancer is determined by the number of  
cigarettes smoked. 
(Data from Stewart BW, Kleihues P [eds]: World Cancer Report. Lyon, IARC Press, 2003.)
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Figure 7–9 Multiplicative increase in the risk of  laryngeal cancer from 
the interaction between cigarette smoking and alcohol consumption. 
(Data from Stewart BW, Kleihues P [eds]: World Cancer Report. Lyon, IARC Press, 2003.)
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rgan Carcinogen s
ung, laryn Polycyclic aromatic hydrocarbons

Methylnitrosoamino pyridyl
butanone NNK

Polonium 

sophagus ′ Nitrosonornicotine NNN

Pancreas NNK 

Bladder Aminobiphenyl, naphthylamine

ral cavity  smoking Polycyclic aromatic hydrocarbons, 
NNK, NNN

ral cavity  snuff NNK, NNN, polonium 

Table –  rgan Speci c Carcinogens in obacco Smoke

Data from Szczesny LB, Holbrook JH: Cigarette smoking. In Rom WH (ed): Environ-
mental and Occupational Medicine, 2nd ed. Boston, Little, Brown, 1992, p 1211.

other carcinogens; well-recognized examples are the 
10-fold higher incidence of lung carcinomas in asbestos 
workers and uranium miners who smoke than that in 
those who do not, and the interaction between tobacco 
consumption and alcohol in the risk for oral cancers as 
described later on.

• Atherosclerosis and its major complication, myocardial infarc-
tion, are strongly linked to cigarette smoking. The causal 
mechanisms probably relate to several factors, including 
increased platelet aggregation, decreased myocardial 
oxygen supply (because of lung disease coupled with 
hypoxia related to CO in cigarette smoke) accompanied 
by increased oxygen demand, and a decreased threshold 
for ventricular fibrillation. Almost one third of all heart 
attacks are associated with cigarette smoking. Smoking 
has a multiplicative effect on risk when combined with 
hypertension and hypercholesterolemia.

• In addition to lung cancers, tobacco smoke contributes to 
the development of cancers of the oral cavity, esophagus, pan-
creas, and bladder. Table 7–4 lists organ-specific carcino-
gens contained in tobacco smoke.

• The combination of tobacco (chewed or smoked) and 
alcohol consumption has multiplicative effects on the 
risks of oral, laryngeal, and esophageal cancers. An 
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or 6 ounces of whiskey (about 11 g of alcohol per ounce). 
Drowsiness occurs at 200 mg/dL, stupor at 300 mg/dL, 
and coma, with possible respiratory arrest, at higher levels. 
The rate of metabolism affects the blood alcohol level. 
Persons with chronic alcoholism can tolerate levels as high 
as 700 mg/dL, due in part to accelerated ethanol metabo-
lism caused by a 5- to 10-fold increase in induction of the 
hepatic cytochrome P-450 system, discussed next.

Most of the alcohol in the blood is metabolized to acet-
aldehyde in the liver by three enzyme systems: alcohol 
dehydrogenase, cytochrome P-450 isoenzymes, and cata-
lase (Fig. 7–10). Of these, the main enzyme involved in alcohol 
metabolism is alcohol dehydrogenase, located in the cytosol of 
hepatocytes. At high blood alcohol levels, however, the 
microsomal ethanol-oxidizing system also has an impor-
tant role. This system involves cytochrome P-450 enzymes, 
particularly the CYP2E1 isoform, located in the smooth ER. 
Induction of P-450 enzymes by alcohol explains the 
increased susceptibility of alcoholics to other compounds 
metabolized by the same enzyme system, which include 
drugs (acetaminophen, cocaine), anesthetics, carcinogens, 
and industrial solvents. Of note, however, when alcohol is 
present in the blood at high concentrations, it competes 
with other CYP2E1 substrates and may delay the catabo-
lism of other drugs, thereby potentiating their effects. Cata-
lase is of minor importance, being responsible for only 
about 5% of alcohol metabolism. Acetaldehyde produced 
by these systems is in turn converted by acetaldehyde 
dehydrogenase to acetate, which is utilized in the mito-
chondrial respiratory chain.

Several toxic effects result from ethanol metabolism. 
Listed here are only the most important of these:
• Alcohol oxidation by alcohol dehydrogenase causes a decrease 

in nicotinamide adenine dinucleotide (NAD+) and an 
increase in NADH (the reduced form of NAD+). NAD+ 
is required for fatty acid oxidation in the liver. Its defi-
ciency is a main cause of fat accumulation in the liver of 
alcoholics. The increase in the NADH/NAD+ ratio in 
alcoholics also causes lactic acidosis.

• Acetaldehyde has many toxic effects and may be respon-
sible for some of the acute effects of alcohol. Acetalde-
hyde metabolism differs between populations because 
of genetic variation. Most notably, about 50% of Asians 
express a defective form of acetaldehyde dehydroge-
nase. After ingesting alcohol, such persons experience 
flushing, tachycardia, and hyperventilation owing to the 
accumulation of acetaldehyde.

• Metabolism of ethanol in the liver by CYP2E1 produces 
reactive oxygen species and causes lipid peroxidation of cell 
membranes. Nevertheless, the precise mechanisms that 
account for alcohol-induced cellular injury have not 
been well defined.

• Alcohol may cause the release of endotoxin (lipopoly-
saccharide), a product of gram-negative bacteria, from 
the intestinal flora. Endotoxin stimulates the release of 
tumor necrosis factor (TNF) and other cytokines from 
circulating macrophages and from Kupffer cells in the 
liver, causing cell injury.

The adverse effects of ethanol abuse can be categorized  
as acute or chronic. Acute alcoholism exerts its effects 
mainly on the CNS but also may induce reversible hepatic 
and gastric injuries. Even with moderate intake of alcohol, 

SUMMARY
Health Effects of Tobacco
• Smoking is the most preventable cause of human death.
• Tobacco smoke contains more than 2000 compounds. 

Among these are nicotine, which is responsible for 
tobacco addiction and strong carcinogens—mainly, poly-
cyclic aromatic hydrocarbons, nitrosamines, and aromatic 
amines.

• Approximately 90% of lung cancers occur in smokers. 
Smoking is also associated with an increased risk of 
cancers of the oral cavity, larynx, esophagus, stomach, 
bladder, and kidney, as well as some forms of leukemia. 
Cessation of smoking reduces the risk of lung cancer.

• Smokeless tobacco use is an important cause of oral 
cancers. Tobacco consumption interacts with alcohol in 
multiplying the risk of oral, laryngeal, and esophageal 
cancer and increases the risk of lung cancers from occu-
pational exposures to asbestos, uranium, and other agents.

• Tobacco consumption is an important risk factor for 
development of atherosclerosis and myocardial infarction, 
peripheral vascular disease, and cerebrovascular disease. 
In the lungs, in addition to cancer, it predisposes to emphy-
sema, chronic bronchitis, and chronic obstructive disease.

• Maternal smoking increases the risk of abortion, prema-
ture birth, and intrauterine growth retardation.

EFFECTS OF ALCOHOL
Ethanol is consumed, at least partly, for its mood-altering 
properties, but when used in moderation its effects are 
socially acceptable and not injurious. When excessive 
amounts are used, alcohol can cause marked physical and 
psychologic damage. Here we describe the lesions that are 
directly associated with the abuse of alcohol.

Despite all the attention given to illegal drugs, alcohol 
abuse is a more widespread hazard and claims many more 
lives. Fifty percent of adults in the Western world drink 
alcohol, and approximately 5% to 10% have chronic alco-
holism. It is estimated that there are more than 10 million 
chronic alcoholics in the United States and that alcohol consump-
tion is responsible for more than 100,000 deaths annually. 
Almost 50% of these deaths result from accidents caused 
by drunken driving and alcohol-related homicides and sui-
cides, and about 25% are a consequence of cirrhosis of the 
liver.

After consumption, ethanol is absorbed unaltered in the 
stomach and small intestine and then distributes to all of 
the tissues and fluids of the body in direct proportion to 
the blood level. Less than 10% is excreted unchanged in the 
urine, sweat, and breath. The amount exhaled is propor-
tional to the blood level and forms the basis for the breath 
test used by law enforcement agencies. A concentration of 
80 mg/dL in the blood constitutes the legal definition of 
drunk driving in most states. For an average individual, 
this alcohol concentration may be reached after consump-
tion of about eight bottles of beer (6 to 16 g of alcohol per 
bottle), 12 ounces of wine (9 to 18 g of alcohol per glass), 
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deficiency are peripheral neuropathies and the Wernicke-
Korsakoff syndrome (see Table 7–9 and Chapter 22). 
Cerebral atrophy, cerebellar degeneration, and optic 
neuropathy may also occur.

• Alcohol has diverse effects on the cardiovascular system. 
Injury to the myocardium may produce dilated con-
gestive cardiomyopathy (alcoholic cardiomyopathy), dis-
cussed in Chapter 10. Moderate amounts of alcohol (one 
drink per day) have been reported to increase serum 
levels of high-density lipoproteins (HDLs) and inhibit 
platelet aggregation, thus protecting against coronary 
heart disease. However, heavy consumption, with atten-
dant liver injury, results in decreased levels of HDL, 
increasing the likelihood of coronary heart disease. 
Chronic alcoholism also is associated with an increased 
incidence of hypertension.

• Excess alcohol intake increases the risk of acute and 
chronic pancreatitis (Chapter 16).

• The use of ethanol during pregnancy—reportedly even 
in low amounts—can cause fetal alcohol syndrome. It con-
sists of microcephaly, growth retardation and facial 
abnormalities in the newborn and reduction in mental 
functions in older children. It is difficult to establish the 
amount of alcohol consumption that can cause fetal 
alcohol syndrome, but consumption during the first tri-
mester of pregnancy is particularly harmful.

• Chronic alcohol consumption is associated with an 
increased incidence of cancers of the oral cavity, esophagus, 

multiple fat droplets accumulate in the cytoplasm of hepa-
tocytes (fatty change or hepatic steatosis). Gastric damage 
occurs in the form of acute gastritis and ulceration. In the 
CNS, alcohol is a depressant, first affecting subcortical 
structures that modulate cerebral cortical activity. Conse-
quently there is stimulation and disordered cortical, motor, 
and intellectual behavior. At progressively higher blood 
levels, cortical neurons and then lower medullary centers 
are depressed, including those that regulate respiration. 
Respiratory arrest may follow.

Chronic alcoholism affects not only the liver and 
stomach but virtually all other organs and tissues as  
well. Chronic alcoholics suffer significant morbidity and 
have a shortened life span, related principally to damage 
to the liver, GI tract, CNS, cardiovascular system, and 
pancreas.
• The liver is the main site of chronic injury. In addition to 

fatty change, mentioned earlier, chronic alcoholism 
causes alcoholic hepatitis and cirrhosis (described in 
Chapter 15). Cirrhosis is associated with portal hyper-
tension and an increased risk of hepatocellular 
carcinoma.

• In the GI tract, chronic alcoholism can cause massive 
bleeding from gastritis, gastric ulcer, or esophageal 
varices (associated with cirrhosis), which may prove 
fatal.

• Thiamine deficiency is common in chronic alcoholic 
patients; the principal lesions resulting from this  

Figure 7–10 Metabolism of  ethanol: oxidation of  ethanol to acetaldehyde by three different routes, and the generation of  acetic acid. Note that 
oxidation by alcohol dehydrogenase (ADH) takes place in the cytosol; the cytochrome P-450 system and its CYP2E1 isoform are located in the ER 
(microsomes), and catalase is located in peroxisomes. Oxidation of  acetaldehyde by aldehyde dehydrogenase (ALDH) occurs in mitochondria.  
(Data from Parkinson A: Biotransformation of xenobiotics. In Klassen CD [ed]: Casarett and Doull’s Toxicology: The Basic Science of Poisons, 6th ed. New York, McGraw-Hill, 2001, p 133.)
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are nonprescription drugs but are important causes of acci-
dental or intentional overdose, merit special comment.

Exogenous Estrogens and ral Contraceptives
Exogenous Estrogens. Estrogen therapy, once used pri-
marily for distressing menopausal symptoms (e.g., hot 
flashes), has been widely used in postmenopausal women, 
with or without added progestins, to prevent or slow the 
progression of osteoporosis (Chapter 20) and to reduce the 
likelihood of myocardial infarction. Such therapy is referred 
to as hormone replacement therapy (HRT). In view of the fact 
that endogenous hyperestrinism increases the risk of endo-
metrial carcinoma and, probably, breast carcinoma, from 
the outset there has been understandable concern about the 
use of HRT. The main focus of controversy is the potential 
benefit of HRT as protection against ischemic myocardial 
disease. Recent data have confirmed the adverse effects of HRT 
on endometrial and breast cancers but do not support the view 
that HRT offers protection against ischemic heart disease. Here 
is a summary of the main adverse effects of HRT.
• Results from randomized control trials show that HRT 

with estrogen alone increases the risk of endometrial cancer. 

liver, and, possibly, breast in females. The mechanisms 
of the carcinogenic effect are uncertain.

• Ethanol is a substantial source of energy, but is often 
consumed at the expense of food (empty calories). 
Chronic alcoholism is thus associated with malnutrition 
and deficiencies, particularly of the B vitamins.

SUMMARY
Alcohol—Metabolism and Health Effects
• Acute alcohol abuse causes drowsiness at blood levels of 

approximately 200 mg/dL. Stupor and coma develop at 
higher levels.

• Alcohol is oxidized to acetaldehyde in the liver by alcohol 
dehydrogenase, by the cytochrome P-450 system, and by 
catalase, which is of minor importance. Acetaldehyde is 
converted to acetate in mitochondria and utilized in the 
respiratory chain.

• Alcohol oxidation by alcohol dehydrogenase depletes 
NAD, leading to accumulation of fat in the liver and meta-
bolic acidosis.

• The main effects of chronic alcoholism are fatty liver, 
alcoholic hepatitis, and cirrhosis, which leads to portal 
hypertension and increases the risk for development of 
hepatocellular carcinoma.

• Chronic alcoholism can cause bleeding from gastritis and 
gastric ulcers, peripheral neuropathy associated with  
thiamine deficiency, and alcoholic cardiomyopathy and 
increases the risk for development of acute and chronic 
pancreatitis.

• Chronic alcoholism is a major risk factor for cancers of 
the oral cavity, larynx, and esophagus. The risk is greatly 
increased by concurrent smoking or use of smokeless 
tobacco.

Figure 7–11 Adverse reaction to minocycline, a long-acting tetracycline 
derivative. A, Diffuse blue-gray pigmentation of  the forearm, secondary 
to minocycline administration. B, Deposition of  drug metabolite/iron/
melanin pigment particles in the dermis. 
(A and B, Courtesy of Dr. Zsolt Argenyi, Department of Pathology, University of Washington, 
Seattle, Washington.)
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INJURY BY THERAPEUTIC DRUGS 
AND DRUGS OF ABUSE

Injury by Therapeutic Drugs:  
Adverse Drug Reactions

Adverse drug reactions (ADRs) are untoward effects of 
drugs that are given in conventional therapeutic settings. 
These reactions are extremely common in the practice of 
medicine and are believed to affect 7% to 8% of patients 
admitted to a hospital. About 10% of such reactions prove 
fatal. Table 7–5 lists common pathologic findings in ADRs 
and the drugs most frequently involved. As can be seen, 
many of the drugs involved in ADRs, such as the antineo-
plastic agents, are highly potent, and the ADR is a calcu-
lated risk for the dosage assumed to achieve the maximum 
therapeutic effect. Commonly used drugs such as long-
acting tetracyclines, which are used to treat diverse condi-
tions, including acne, may produce localized or systemic 
reactions (Fig. 7–11). Because they are widely used, estro-
gens and oral contraceptives (OCs) are discussed next in 
more detail. In addition, acetaminophen and aspirin, which 
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lipoprotein. On the basis of retrospective epidemiologic 
data, it was thought that HRT would be beneficial in 
protecting against atherosclerosis and ischemic heart 
disease. However, large well-controlled prospective 
studies did not demonstrate a protective effect of HRT 
against myocardial infarction.

Oral Contraceptives. Although OCs have been used for 
over 35 years, disagreement continues about their safety 
and adverse effects. They nearly always contain a synthetic 
estradiol and a variable amount of a progestin (“com-
bination OCs”), but a few preparations contain only pro-
gestins. Currently prescribed OCs contain a smaller amount 
of estrogens (less than 50 μg/day) and clearly have fewer 
side effects than those reported for earlier formulations. 
Hence, the results of epidemiologic studies must be  
interpreted in the context of the dosage. Nevertheless,  
there is reasonable evidence to support the following 
conclusions:

• Breast carcinoma: The prevailing opinion is that OCs do 
not cause an increase in breast cancer risk.

• Endometrial cancer and ovarian cancers: OCs have a protec-
tive effect against these tumors.

Unopposed estrogen therapy increases the risk of endo-
metrial carcinoma 3- to 6-fold after 5 years of use and 
more than 10-fold after 10 years, but the risk is drasti-
cally reduced or eliminated when progestins are added 
to the therapeutic regimen. On the other hand, long-
term HRT with estrogens and progestins is associated 
with an increased risk of breast cancer. Of note, these 
findings led to a decrease in HRT prescriptions from 16 
million in 2001 to 6 million in 2006, a drop that was 
accompanied by an apparent decrease in the number of 
newly diagnosed breast cancers. It is sobering to note 
that at 3 years of follow-up after cessation of estrogen-
progestin HRT, women receiving these hormones con-
tinued to develop breast cancer at an increased rate.

• HRT with estrogen, with or without progestins, increases 
the risk of thromboembolism, including deep vein throm-
bosis, pulmonary embolism, and stroke, by several-fold. 
The increase is more pronounced during the first 2 years 
of treatment and in association with other risk factors 
such as immobilization or factor V or prothrombin 
mutations.

• Estrogens and progestins increase blood levels of high-
density lipoprotein and decrease levels of low-density 

Reaction Ma or ffenders

Blood Dyscrasias
ranulocytopenia, aplastic anemia, pancytopenia Antineoplastic agents, immunosuppressives, and chloramphenicol

Hemolytic anemia, thrombocytopenia Penicillin, methyldopa, uinidine

Cutaneous
Urticaria, macules, papules, vesicles, petechiae, e foliative dermatitis,  

ed drug eruptions, abnormal pigmentation
Antineoplastic agents, sulfonamides, hydantoins, some antibiotics, and many 
other agents

Cardiac
Arrhythmias heophylline, hydantoins

Cardiomyopathy Do orubicin, daunorubicin

Renal
lomerulonephritis Penicillamine

Acute tubular necrosis Aminoglycoside antibiotics, cyclosporine, amphotericin B

ubulointerstitial disease ith papillary necrosis Phenacetin, salicylates

Pulmonary
Asthma Salicylates

Acute pneumonitis Nitrofurantoin

Interstitial brosis Busulfan, nitrofurantoin, bleomycin

Hepatic
Fatty change etracycline

Diffuse hepatocellular damage Halothane, isoniazid, acetaminophen

Cholestasis Chlorpromazine, estrogens, contraceptive agents

Systemic
Anaphyla is Penicillin

upus erythematosus syndrome drug induced lupus Hydralazine, procainamide

Central Nervous System
innitus and dizziness Salicylates

Acute dystonic reactions and parkinsonian syndrome Phenothiazine antipsychotics

Respiratory depression Sedatives

Table –  Some Common Adverse Drug Reactions and heir Agents

*Feature in almost half of all drug-related deaths.
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Aspirin (Acetylsalicylic Acid)
Aspirin overdose may result from accidental ingestion in 
young children or suicide attempts in adults. The major 
untoward consequences are metabolic, with few morpho-
logic changes. At first, respiratory alkalosis develops, followed 
by a metabolic acidosis that often proves fatal. Fatal doses 
may be as little as 2 to 4 gm in children and 10 to 30 gm in 
adults, but survival has been reported after doses five times 
larger.

Chronic aspirin toxicity (salicylism) may develop in 
persons who take 3 gm or more daily (the dose used to treat 
chronic inflammatory conditions). Chronic salicylism is 
manifested by headache, dizziness, ringing in the ears (tinni-
tus), difficulty in hearing, mental confusion, drowsiness, nausea, 
vomiting, and diarrhea. The CNS changes may progress to 
convulsions and coma. The morphologic consequences of 
chronic salicylism are varied. Most often, there is an acute 
erosive gastritis (Chapter 14), which may produce overt 
or covert GI bleeding and lead to gastric ulceration. A 
bleeding tendency may appear concurrently with chronic 
toxicity, because aspirin irreversibly inhibits platelet cyclo-
oxygenase and blocks the ability to make thromboxane A2, 
an activator of platelet aggregation. Petechial hemorrhages 
may appear in the skin and internal viscera, and bleeding 
from gastric ulcerations may be exaggerated.

Proprietary analgesic mixtures of aspirin and phenace-
tin or its active metabolite, acetaminophen, when taken 
over several years, can cause tubulointerstitial nephritis 
with renal papillary necrosis. This clinical entity is referred 
to as analgesic nephropathy (Chapter 13).

Injury by Nontherapeutic Toxic  
Agents (Drug Abuse)

Drug abuse generally involves the use of mind-altering 
substances beyond therapeutic or social norms. Drug 
addiction and overdose are serious public health problems. 
Common drugs of abuse are listed in Table 7–6. Consid-
ered here are cocaine, heroin, and marijuana, with a brief 
mention of a few other drugs.

Cocaine
In 2008, the National Survey on Drug Use and Health esti-
mated that there were 1.9 million users of cocaine in the 
United States, of which approximately 15% to 20% were 
users of “crack” cocaine. Use is highest among adults 18 to 
25 years of age, of whom 1.5% reported taking cocaine 
within the past month. Extracted from the leaves of the 
coca plant, cocaine usually is prepared as a water-soluble 
powder, cocaine hydrochloride, but when sold on the 
street it is liberally diluted with talcum powder, lactose, or 
other look-alikes. Crystallization of the pure alkaloid from 
cocaine hydrochloride yields nuggets of crack (so called 
because of the popping sound it makes when heated). The 
pharmacologic actions of cocaine and crack are identical, 
but crack is far more potent. Both forms can be snorted, 
smoked after mixing with tobacco, ingested, or injected 
subcutaneously or intravenously.

Cocaine produces a sense of intense euphoria and mental 
alertness, making it one of the most addictive of all drugs. 

• Cervical cancer: OCs may increase risk of cervical carci-
nomas in women infected with human papillomavirus, 
although it is unclear whether the increased risk results 
from sexual activity.

• Thromboembolism: Most studies indicate that OCs, includ-
ing the newer low-dose (less than 50 μg of estrogen) 
preparations, are associated with a three- to six-fold 
increased risk of venous thrombosis and pulmonary 
thromboembolism resulting from increased hepatic syn-
thesis of coagulation factors. This risk may be even 
higher with newer “third-generation” OCs that contain 
synthetic progestins, particularly in women who are  
carriers of the factor V Leiden mutation. To put this 
complication into context, however, the risk of thrombo-
embolism associated with OC use is two to six times 
lower than the risk of thromboembolism associated with 
pregnancy.

• Cardiovascular disease: There is considerable uncertainty 
about the risk of atherosclerosis and myocardial infarc-
tion in users of OCs. It seems that OCs do not increase 
the risk of coronary artery disease in women younger 
than 30 years or in older women who are nonsmokers, 
but the risk does approximately double in women older 
than 35 years who smoke.

• Hepatic adenoma: There is a well-defined association 
between the use of OCs and this rare benign hepatic 
tumor, especially in older women who have used OCs 
for prolonged periods. The tumor appears as a large, 
solitary, and well-encapsulated mass.

Obviously, the pros and cons of OCs must be viewed in 
the context of their wide applicability and acceptance as a 
form of contraception that protects against unwanted 
pregnancies.

Aceta inophen
At therapeutic doses, acetaminophen, a widely used non-
prescription analgesic and antipyretic, is mostly conju-
gated in the liver with glucuronide or sulfate. About  
5% or less is metabolized to NAPQI (N-acetyl-p-
benzoquinoneimine) through the hepatic P-450 system. 
With very large doses, however, NAPQI accumulates, leading 
to centrilobular hepatic necrosis. The mechanisms of injury 
produced by NAPQI include (1) covalent binding to  
hepatic proteins and (2) depletion of reduced glutathione 
(GSH). The depletion of GSH makes the hepatocytes more 
susceptible to cell death caused by reactive oxygen species. 
The window between the usual therapeutic dose (0.5 g) 
and the toxic dose (15 to 25 g) is large, and the drug ordi-
narily is very safe. Nevertheless, accidental overdoses 
occur in children, and suicide attempts using acetamino-
phen are not uncommon, particularly in the United 
Kingdom. Toxicity begins with nausea, vomiting, diarrhea, 
and sometimes shock, followed in a few days by appear-
ance of jaundice. Overdoses of acetaminophen can be 
treated in early stages by administration of N-acetylcysteine, 
which restores GSH. With serious overdoses, liver failure 
ensues, and centrilobular necrosis may extend to involve 
entire lobules; patients often require liver transplantation 
for survival. Some patients also show evidence of concur-
rent renal damage.
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• CNS effects. The most common CNS findings are hyper-
pyrexia (thought to be caused by aberrations of the 
dopaminergic pathways that control body temperature) 
and seizures.

• Effects on the fetus. In pregnant women, cocaine may 
cause decreased blood flow to the placenta, resulting in 
fetal hypoxia and spontaneous abortion. Neurologic 
development may be impaired in the fetuses of pregnant 
women who are chronic drug users.

• Chronic cocaine use. Chronic use may cause (1) perfora-
tion of the nasal septum in snorters, (2) decrease in lung 
diffusing capacity in users who inhale the smoke, and 
(3) the development of dilated cardiomyopathy.

eroin
Heroin is an addictive opioid derived from the poppy plant 
and is closely related to morphine. Its effects are even more 
harmful than those of cocaine. Nevertheless, it is estimated 
that almost 4 million people in the United States have used 
heroin at least once, and that in 2008 more than 400,000 
people used the drug at some time during the year. As sold 
on the street, it is cut (diluted) with an agent (often talc or 
quinine); thus, the size of the dose not only is variable but 
also usually is unknown to the buyer. Heroin along with 
any contaminating substances usually is self-administered 
intravenously or subcutaneously. Effects are varied and 
include euphoria, hallucinations, somnolence, and seda-
tion. Heroin has a wide range of adverse physical effects 
that can be categorized etiologically according to (1) the 
pharmacologic action of the agent, (2) reactions to the 
cutting agents or contaminants, (3) hypersensitivity reac-
tions to the drug or its adulterants, and (4) diseases con-
tracted through sharing of needles. Some of the most 
important adverse effects of heroin are the following:

Experimental animals will press a lever more than 1000 
times and forgo food and drink to obtain the drug. In 
cocaine users, although physical dependence seems not to 
occur, the psychologic dependence is profound. Intense 
cravings are particularly severe in the first several months 
after abstinence and can recur for years. Acute overdose 
produces seizures, cardiac arrhythmias, and respiratory 
arrest. Following are the important manifestations of 
cocaine toxicity:
• Cardiovascular effects. The most serious physical effects 

of cocaine relate to its acute action on the cardiovascular 
system. Cocaine is a sympathomimetic agent (Fig. 
7–12), both in the CNS, where it blocks the reuptake of 
dopamine, and at adrenergic nerve endings, where it 
blocks the reuptake of both epinephrine and norepi-
nephrine while stimulating the presynaptic release of 
norepinephrine. The net effect is the accumulation of 
these neurotransmitters in synapses and excessive stim-
ulation, manifested by tachycardia, hypertension, and 
peripheral vasoconstriction. Cocaine also induces myocar-
dial ischemia, the basis for which is multifactorial. It 
causes coronary artery vasoconstriction and promotes 
thrombus formation by facilitating platelet aggregation. 
Cigarette smoking potentiates cocaine-induced coro-
nary vasospasm. Thus, by increasing myocardial oxygen 
demand by its sympathomimetic action and, at the  
same time, reducing coronary blood flow, cocaine  
often triggers myocardial ischemia, which may lead  
to myocardial infarction. Cocaine also can precipitate 
lethal arrhythmias by enhanced sympathetic activity as 
well as by disrupting normal ion (K+, Ca2+, Na+) 
transport in the myocardium. These toxic effects are not 
necessarily dose-related, and a fatal event may occur in 
a first-time user with what is a typical mood-altering 
dose.

Class Molecular arget amples
pioid narcotics Mu opioid receptor agonist Heroin, hydromorphone Dilaudid

ycodone
Methadone Dolophine

Sedative hypnotics ABAA receptor agonist Barbiturates
thanol

Metha ualone uaalude
lutethimide Doriden
thchlorvynol Placidyl

Psychomotor stimulants Dopamine transporter antagonist
Serotonin receptors to icity

Cocaine
Amphetamine
, methylenedio ymethamphetamine MDMA  i.e., ecstasy

Phencyclidine like drugs NMDA glutamate receptor channel antagonist Phencyclidine PCP  i.e., angel dust
Ketamine

Cannabinoids CB  cannabinoid receptors agonist Mari uana
Hashish

Nicotine Nicotine acetylcholine receptor agonist obacco products

Hallucinogens Serotonin H  receptors agonist ysergic acid diethylamide SD
Mescaline
Psilocybin

Table –  Common Drugs of Abuse

Data from Hyman SE: A 28-year-old man addicted to cocaine. JAMA 286:2586, 2001.
CB1, cannabinoid receptor type 1; GABA, γ-aminobutyric acid; 5-HT2, 5-hydroxytryptamine; NMDA, N-methyl-D-aspartate; PCP, 1-(1-phenylcyclohexyl)piperidine.
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• Pulmonary disease. Pulmonary complications include 
edema, septic embolism, lung abscess, opportunistic 
infections, and foreign body granulomas from talc and 
other adulterants. Although granulomas occur princi-
pally in the lung, they also are sometimes found in the 
spleen, liver, and lymph nodes that drain the upper 
extremities. Examination under polarized light often 
highlights trapped talc crystals, sometimes enclosed 
within foreign body giant cells.

• Infections. Infectious complications are common. The 
sites most commonly affected are the skin and subcuta-
neous tissue, heart valves, liver, and lungs. In a series of 
addicted patients admitted to the hospital, more than 
10% had endocarditis, which often takes a distinctive 
form involving right-sided heart valves, particularly the 
tricuspid. Most cases are caused by Staphylococcus aureus, 
but fungi and a multitude of other organisms have also 
been implicated. Viral hepatitis is the most common 
infection among addicts and is acquired by the sharing 
of dirty needles. In the United States, this practice has 
also led to a very high incidence of human immuno-
deficiency virus (HIV) infection in intravenous drug 
abusers.

• Skin lesions. Cutaneous lesions probably are the most 
frequent telltale sign of heroin addiction. Acute changes 
include abscesses, cellulitis, and ulcerations due to  
subcutaneous injections. Scarring at injection sites, 
hyperpigmentation over commonly used veins, and 
thrombosed veins are the usual sequelae of repeated 
intravenous inoculations.

• Renal problems. Kidney disease is a relatively common 
hazard. The two forms most frequently encountered are 
amyloidosis (generally secondary to skin infections) and 
focal glomerulosclerosis; both induce heavy proteinuria 
and the nephrotic syndrome.

Mari uana
Marijuana, or “pot,” is the most widely used illegal drug. 
As of 2008, it was estimated that over 100 million people 
in the United States had used marijuana during their life-
times, with more than 15 million people (6.1% of the popu-
lation) admitting use during the previous month. It is  
made from the leaves of the Cannabis sativa plant, which 
con tain the psychoactive substance Δ9-tetrahydrocannabinol 
(THC). When marijuana is smoked, about 5% to 10% of the 
THC content is absorbed. Despite numerous studies, 
whether the drug has persistent adverse physical and func-
tional effects remains unresolved. Some of the untoward 
anecdotal effects may be allergic or idiosyncratic reactions 
or are possibly related to contaminants in the preparations, 
rather than to marijuana’s pharmacologic effects. On the 
other hand, beneficial effects of THC include its capacity to 
decrease intraocular pressure in glaucoma and to combat 
intractable nausea secondary to cancer chemotherapy.

The functional and organic CNS consequences of mari-
juana have received great scrutiny. Marijuana use is well 
recognized to distort sensory perception and impair motor 
coordination, but these acute effects generally clear in 4 to 
5 hours. With continued use, these changes may progress 
to cognitive and psychomotor impairments, such as inabil-
ity to judge time, speed, and distance. Among adolescents, 
such impairment often leads to automobile accidents. 

• Sudden death. Sudden death, usually related to overdose, 
is an ever-present risk, because drug purity generally is 
unknown and may range from 2% to 90%. The yearly 
incidence of sudden death among chronic users in the 
United States is estimated to be between 1% and 3%. 
Sudden death sometimes is due to loss of tolerance for 
the drug, such as after a period of incarceration. The 
mechanisms of death include profound respiratory 
depression, arrhythmia and cardiac arrest, and pulmo-
nary edema.

Figure 7–12 The effect of  cocaine on neurotransmission. The drug 
inhibits reuptake of  the neurotransmitters dopamine and norepinephrine 
in the central and peripheral nervous systems. 

Hypertension, cardiac arrhythmia, myocardial infarct,
cerebral hemorrhage and infarct

Euphoria, paranoia, hyperthermia

CENTRAL NERVOUS SYSTEM SYNAPSE

DopaminePresynaptic
axon

Postsynaptic
dendrite

SYMPATHETIC NEURON–TARGET CELL INTERFACE

Norepinephrine
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Marijuana increases the heart rate and sometimes blood 
pressure, and it may cause angina in a person with coro-
nary artery disease.

The lungs are affected by chronic marijuana smoking; 
laryngitis, pharyngitis, bronchitis, cough, hoarseness, and 
asthma-like symptoms all have been described, along with 
mild but significant airway obstruction. Smoking a mari-
juana cigarette, compared with a tobacco cigarette, is asso-
ciated with a three-fold increase in the amount of tar 
inhaled and retained in the lungs, as a consequence of 
deeper inhalation and longer breath holding.

ther Illicit Drugs
The variety of drugs that have been tried by those  
seeking “new experiences” (highs, lows, “out-of-body 
experiences”) defies belief. These drugs include various 
stimulants, depressants, analgesics, and hallucinogens. 
Among these are PCP (1-(1-phenylcyclohexyl) piperidine), 
or phenylcyclidine, and ketamine (related anesthetic 
agents); lysergic acid diethylamide (LSD), the most  
potent hallucinogen known; “ecstasy” (3,4-meth-
ylenedioxymethamphetamine [MDMA]); and oxycodone 
(an opiate). Not much is known about the long-time delete-
rious effects of any of these agents. Acutely, LSD has 
unpredictable effects on mood, affect, and thought, some-
times leading to bizarre and dangerous behaviors. Chronic 
use of ecstasy may deplete the CNS of serotonin, poten-
tially leading to sleep disorders, depression, anxiety, and 
aggressive behavior.

SUMMARY
Drug Injury
• Drug injury may be caused by therapeutic drugs (adverse 

drug reactions) or non-therapeutic agents (drug abuse).
• Antineoplastic agents, long-acting tetracyclines and other 

antibiotics, HRT preparations and OCs, acetaminophen, 
and aspirin are the drugs most frequently involved.

• HRT increases the risk of endometrial and breast cancers 
and thromboembolism but does not appear to protect 

INJURY BY PHYSICAL AGENTS
Injury induced by physical agents is divided into the fol-
lowing categories: mechanical trauma, thermal injury, elec-
trical injury, and injury produced by ionizing radiation. 
Each type is considered separately.

Mechanical Trauma

Mechanical forces may inflict a variety of forms of damage. 
The type of injury depends on the shape of the colliding 
object, the amount of energy discharged at impact, and the 
tissues or organs that bear the impact. Bone and head inju-
ries result in unique damage and are discussed elsewhere 
(Chapter 22). All soft tissues react similarly to mechanical 
forces, and the patterns of injury can be divided into abra-
sions, contusions, lacerations, incised wounds, and punc-
ture wounds (Fig. 7–13).

Figure 7–13 A, Laceration of  the scalp: The bridging strands of  fibrous tissues are evident. B, Contusion resulting from blunt trauma. The skin is 
intact, but hemorrhage of  subcutaneous vessels has produced extensive discoloration. 
(A, B, From the teaching collection of the Department of Pathology, University of  Texas Southwestern Medical School, Dallas, Texas.)

A B

against ischemic heart disease. OCs have a protective 
effect against endometrial and ovarian cancers but increase 
the risk of thromboembolism and hepatic adenomas.

• Overdose of acetaminophen may cause centrilobular liver 
necrosis, leading to liver failure. Early treatment with 
agents that restore GSH levels may limit toxicity. Aspirin 
blocks the production of thromboxane A2, which may 
produce gastric ulceration and bleeding.

• The common drugs of abuse include sedative-hypnotics 
(barbiturates, ethanol), psychomotor stimulants (cocaine, 
amphetamine, ecstasy), opioid narcotics (heroin, metha-
done, oxycodone), hallucinogens (LSD, mescaline), and 
cannabinoids (marijuana, hashish).

MORPHOLOGY
An abrasion is a wound produced by scraping or rubbing 
the skin surface, damaging the superficial layer. Typical skin 
abrasions remove only the epidermal layer. A contusion, or 
bruise, is a wound usually produced by a blunt trauma and is 
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Thermal Injury

Both excess heat and excess cold are important causes  
of injury. Burns are all too common and are discussed first; 
a brief discussion of hyperthermia and hypothermia 
follows.

Ther al urns
In the United States, burns cause 5000 deaths per year and 
result in the hospitalization of more than 10 times that 
many persons. Many victims are children, in whom the 
cause of injury often is scalding by hot liquids. Fortunately, 
since the 1970s marked decreases have been seen in both 
mortality rates and the length of hospitalizations. These 
improvements have been achieved through better under-
standing of the systemic effects of massive burns and dis-
covery of better ways to prevent wound infection and 
facilitate the healing of skin surfaces.

The clinical severity of burns depends on the following 
important variables:
• Depth
• Percentage of body surface involved
• Whether internal injuries from inhalation of hot and 

toxic fumes are present

MORPHOLOGY
On gross inspection, full-thickness burns are white or 
charred, dry, and anesthetic (as a result of  destruction of  
nerve endings), whereas partial-thickness burns, depend-
ing on the depth, are pink or mottled, blistered and painful. 
Histologic examination of  devitalized tissue reveals coagula-
tive necrosis adjacent to vital tissue, which quickly accumu-
lates inflammatory cells and marked exudation.

Despite continuous improvement in therapy, any burn 
exceeding 50% of  the total body surface, whether superficial 
or deep, is grave and potentially fatal. With burns of  more 
than 20% of  the body surface, there is a rapid shift of  body 
fluids into the interstitial compartments, both at the burn site 
and systemically, which can result in hypovolemic shock 
(Chapter 3). Because protein from the blood is lost into 
interstitial tissue, generalized edema, including pulmonary 
edema, may become severe.

Another important consideration is the degree of  injury to 
the airways and lungs. Inhalation injury is frequent in 
persons trapped in burning buildings and may result from the 
direct effect of  heat on the mouth, nose, and upper airways 
or from the inhalation of  heated air and gases in the smoke. 
Water-soluble gases, such as chlorine, sulfur oxides, and 
ammonia, may react with water to form acids or alkalis, 
particularly in the upper airways, resulting in inflammation and 
swelling, which may lead to partial or complete airway 
obstruction. Lipid-soluble gases, such as nitrous oxide and 
products of  burning plastics, are more likely to reach deeper 
airways, producing pneumonitis. Unlike in shock, which 
develops within hours, pulmonary manifestations may not 
develop for 24 to 48 hours.

Organ system failure resulting from sepsis continues 
to be the leading cause of  death in burned patients. The burn 
site is ideal for growth of  microorganisms; the serum and 
debris provide nutrients, and the burn injury compromises 
blood flow, blocking effective inflammatory responses. The 
most common offender is the opportunist Pseudomonas aeru-
ginosa, but antibiotic-resistant strains of  other common 
hospital-acquired bacteria, such as S. aureus, and fungi, par-
ticularly Candida spp., also may be involved. Furthermore, 
cellular and humoral defenses against infections are compro-
mised, and both lymphocyte and phagocyte functions are 
impaired. Direct bacteremic spread and release of  toxic sub-
stances such as endotoxin from the local site have dire  
consequences. Pneumonia or septic shock accompanied 
by renal failure and/or the acute respiratory distress 

characterized by damage to vessel and extravasation of  
blood into tissues. A laceration is a tear or disruptive 
stretching of  tissue caused by the application of  force by a 
blunt object. In contrast with an incision, most lacerations 
have intact bridging blood vessels and jagged, irregular edges. 
An incised wound is one inflicted by a sharp instrument. 
The bridging blood vessels are severed. A puncture wound 
is typically caused by a long, narrow instrument and is termed 
penetrating when the instrument pierces the tissue and 
perforating when it traverses a tissue to also create an exit 
wound. Gunshot wounds are special forms of  puncture 
wounds that demonstrate distinctive features important to 
the forensic pathologist. For example, a wound from a bullet 
fired at close range leaves powder burns, whereas one fired 
from more than 4 or 5 feet away does not.

One of  the most common causes of  mechanical injury is 
vehicular accident. Injuries typically sustained result from 
(1) hitting a part of  the interior of  the vehicle or being hit by 
objects that enter the passenger compartment during the 
crash, such as engine parts; (2) being thrown from the vehicle; 
or (3) being trapped in a burning vehicle. The pattern of  
injury relates to whether one or all three of  these mecha-
nisms are operative. For example, in a head-on collision, a 
common pattern of  injury sustained by a driver who is not 
wearing a seat belt includes trauma to the head (windshield 
impact), chest (steering column impact), and knees (dash-
board impact). Common chest injuries stemming from such 
accidents include sternal and rib fractures, heart contusions, 
aortic lacerations, and (less commonly) lacerations of  the 
spleen and liver. Thus, in caring for an automobile injury 
victim, it is essential to recognize that internal wounds often 
accompany superficial abrasions, contusions, and lacerations. 
Indeed, in many cases, external evidence of  serious internal 
damage is completely absent.

• Promptness and efficacy of therapy, especially fluid and 
electrolyte management and prevention or control of 
wound infections

A full-thickness burn produces total destruction of the 
epidermis and dermis, including the dermal appendages 
that harbor cells needed for epithelial regeneration. Both 
third- and fourth-degree burns are in this category. In 
partial-thickness burns, at least the deeper portions of the 
dermal appendages are spared. Partial-thickness burns 
include first-degree burns (epithelial involvement only) 
and second-degree burns (involving both epidermis and 
superficial dermis).
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occurs, followed by bradycardia and atrial fibrillation at 
lower core temperatures.

Chilling or freezing of cells and tissues causes injury by 
two mechanisms:
• Direct effects probably are mediated by physical disrup-

tions within cells and high salt concentrations incident 
to the crystallization of the intra- and extracellular water.

• Indirect effects are the result of circulatory changes, which 
vary depending on the rate and the duration of the tem-
perature drop. Slowly developing, prolonged chilling 
may induce vasoconstriction and increased permeabil-
ity, leading to edema. Such changes are typical of “trench 
foot.” Atrophy and fibrosis may follow. Alternatively, 
with sudden sharp drops in temperature, the vasocon-
striction and increased viscosity of the blood in the local 
area may cause ischemic injury and degenerative 
changes in peripheral nerves. In this situation, the vas-
cular injury and increased permeability with exudation 
only become evident with rewarming. If the period of 
ischemia is prolonged, hypoxic changes and infarction 
of the affected tissues (e.g., gangrene of toes or feet) may 
result.

Electrical Injury

Electrical injuries, which may be fatal, can arise from low-
voltage currents (i.e., in the home and workplace) or from 
high-voltage currents carried in power lines or by light-
ning. Injuries are of two types: (1) burns and (2) ventricular 
fibrillation or cardiac and respiratory center failure result-
ing from disruption of normal electrical impulses. The type 
of injury and the severity and extent of burning depend on 
the amperage of the electric current and its path within the 
body.

Voltage in the household and the workplace (120 or 220 
V) is high enough that with low resistance at the site of 
contact (as when the skin is wet), sufficient current can pass 
through the body to cause serious injury, including ven-
tricular fibrillation. If current flow continues long enough, 
it generates enough heat to produce burns at the site of 
entry and exit as well as in internal organs. An important 
characteristic of alternating current, the type available in 
most homes, is that it induces tetanic muscle spasm, so that 
when a live wire or switch is grasped, irreversible clutching 
is likely to occur, prolonging the period of current flow. 
This results in a greater likelihood of extensive electrical 
burns and, in some cases, spasm of the chest wall muscles, 
producing death from asphyxia. Currents generated from 
high-voltage sources cause similar damage; however, 
because of the large current flows generated, these injuries 
are more likely to produce paralysis of medullary centers 
and extensive burns. Lightning is a classic cause of high-
voltage electrical injury.

Injury Produced by Ionizing Radiation

Radiation is energy that travels in the form of waves or 
high-speed particles. Radiation has a wide range of ener-
gies that span the electromagnetic spectrum; it can be 
divided into nonionizing and ionizing radiation. The 
energy of nonionizing radiation, such as ultraviolet (UV) 

yperther ia
Prolonged exposure to elevated ambient temperatures can 
result in heat cramps, heat exhaustion, or heat stroke.
• Heat cramps result from loss of electrolytes through 

sweating. Cramping of voluntary muscles, usually in 
association with vigorous exercise, is the hallmark sign. 
Heat-dissipating mechanisms are able to maintain 
normal core body temperature.

• Heat exhaustion is probably the most common hyper-
thermic syndrome. Its onset is sudden, with prostration 
and collapse, and it results from a failure of the cardio-
vascular system to compensate for hypovolemia, sec-
ondary to water depletion. After a period of collapse, 
which is usually brief, equilibrium is spontaneously 
reestablished.

• Heat stroke is associated with high ambient temperatures 
and high humidity. Thermoregulatory mechanisms fail, 
sweating ceases, and core body temperature rises. In the 
clinical setting, a rectal temperature of 106°F or higher 
is considered a grave prognostic sign, and the mortality 
rate for such patients exceeds 50%. The underlying 
mechanism is marked generalized peripheral vasodila-
tion with peripheral pooling of blood and a decreased 
effective circulating blood volume. Necrosis of the 
muscles and myocardium may occur. Arrhythmias, dis-
seminated intravascular coagulation, and other systemic 
effects are common. Elderly people, persons with car-
diovascular disease, and otherwise healthy people 
undergoing physical stress (such as young athletes and 
military recruits) are prime candidates for heat stroke.

• Malignant hyperthermia, although similar sounding, is 
not caused by exposure to high temperature. It is a 
genetic condition resulting from mutations in genes 
such as RYR1 that control calcium levels in skeletal 
muscle cells. In affected individuals, exposure to certain 
anesthetics during surgery may trigger a rapid rise in 
calcium levels in skeletal muscle, which in turn leads to 
muscle rigidity and increased heat production. The 
resulting hyperthermia has a mortality rate of approxi-
mately 80% if untreated, but this falls to less than 5% if 
the condition is recognized and muscle relaxants are 
given promptly.

ypother ia
Prolonged exposure to low ambient temperature leads to 
hypothermia. The condition is seen all too frequently in 
homeless alcoholics, in whom wet or inadequate clothing 
and dilation of superficial blood vessels occurring as a 
result of the ingestion of alcohol hasten the lowering of 
body temperature. At about 90°F, loss of consciousness 

syndrome (ARDS) (Chapter 12) are the most common 
serious sequelae.

Another very important pathophysiologic effect of  burns 
is the development of  a hypermetabolic state, with excess 
heat loss and an increased need for nutritional support. It is 
estimated that when more than 40% of  the body surface is 
burned, the resting metabolic rate may approach twice 
normal.
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• Field size. The size of the field exposed to radiation has 
a great influence on its consequences. The body can 
sustain relatively high doses of radiation when they are 
delivered to small, carefully shielded fields, whereas 
smaller doses delivered to larger fields may be lethal.

• Cell proliferation. Because ionizing radiation damages 
DNA, rapidly dividing cells are more vulnerable to 
injury than are quiescent cells. Except at extremely high 
doses that impair DNA transcription, DNA damage is 
compatible with survival in nondividing cells, such as 
neurons and muscle cells. However, in dividing cells, 
chromosome abnormalities and other types of muta-
tions are recognized by cell cycle checkpoint mecha-
nisms, which lead to growth arrest and apoptosis. 
Understandably, therefore, tissues with a high rate of cell 
turnover, such as gonads, bone marrow, lymphoid tissue,  
and the mucosa of the GI tract, are extremely vulnerable to 
radiation, and the injury is manifested early after 
exposure.

• Hypoxia. The production of reactive oxygen species by 
the radiolysis of water is the most important mechanism 
of DNA damage by ionizing radiation. Tissue hypoxia, 
such as may exist in the center of rapidly growing poorly 
vascularized tumors, may thus reduce the extent of 
damage and the effectiveness of radiotherapy directed 
against tumors.

• Vascular damage. Damage to endothelial cells, which are 
moderately sensitive to radiation, may cause narrowing 
or occlusion of blood vessels, leading to impaired 
healing, fibrosis, and chronic ischemic atrophy. These 
changes may appear months or years after exposure. 
Despite the low sensitivity of brain cells to radiation, 
vascular damage after irradiation can lead to late mani-
festations of radiation injury in this tissue.

D A Da age and Carcinogenesis
The most important cellular target of ionizing radiation is 
DNA. Damage to DNA caused by ionizing radiation that 
is not precisely repaired leads to mutations, which can 
manifest years or decades later as cancer. Ionizing radia-
tion can cause many types of damage in DNA, including 
base damage, single- and double-strand breaks, and cross-
links between DNA and protein (Fig. 7–14). In surviving 
cells, simple defects may be reparable by various enzyme 
repair systems contained in mammalian cells (see Chapter 
5). These repair systems are linked to cell cycle regulation 
through proteins such as ATM (ataxia-telangiectasia 
mutated) that initiate signal transduction after the damage, 
and p53, which can transiently slow down the cell cycle to 
allow for DNA repair or trigger apoptosis of cells that are 
irreparable. However, double-strand breaks may persist 
without repair, or the repair of lesions may be imprecise 
(error-prone), creating mutations. If cell cycle checkpoints 
are not functioning (for instance, because of a mutation in 
P53), cells with abnormal and unstable genomes survive 
and may expand as abnormal clones to eventually form 
tumors.

Fi rosis
A common consequence of cancer radiotherapy is the 
development of fibrosis in the irradiated field (Fig. 7–15). 
Fibrosis may occur weeks or months after irradiation, 

and infrared light, microwaves, and sound waves, can 
move atoms in a molecule or cause them to vibrate but is 
not sufficient to displace electrons from atoms. By contrast, 
ionizing radiation has sufficient energy to remove tightly bound 
electrons. Collision of these free electrons with other atoms 
releases additional electrons, in a reaction cascade referred 
to as ionization. The main sources of ionizing radiation 
are (1) x-rays and gamma rays, which are electromagnetic 
waves of very high frequencies, and (2) high-energy neu-
trons, alpha particles (composed of two protons and two 
neutrons), and beta particles, which are essentially electrons. 
About 18% of the total dose of ionizing radiation received 
by the U.S. population is related to health care, originating 
for the most part in use of medical devices and 
radioisotopes.

Ionizing radiation is indispensable in medical practice, 
but this application constitutes a two-edged sword. Radia-
tion in this form is used in the treatment of cancer, in 
diagnostic imaging, and as therapeutic or diagnostic radio-
isotopes. However, it also is mutagenic, carcinogenic, and 
teratogenic. The following terms are used to express expo-
sure, absorption, and dose of ionizing radiation:
• Curie (Ci) represents the disintegrations per second of a 

spontaneously disintegrating radionuclide (radioiso-
tope). One Ci is equal to 3.7 × 1010 disintegrations per 
second.

• Gray (Gy) is a unit that expresses the energy absorbed 
by a target tissue. It corresponds to the absorption of 104 
ergs per gram of tissue. A centigray (cGy), which is the 
absorption of 100 ergs per gram of tissue, is equivalent 
to the exposure of tissue to 100 rads (R) (“radiation 
absorbed dose”). The cGy nomenclature has now 
replaced the rad in medical parlance.

• Sievert (Sv) is a unit of equivalent dose that depends 
on the biologic rather than the physical effects of radia-
tion (it replaced a unit called the rem). For the same 
absorbed dose, various types of radiation differ in the 
extent of damage they produce. The equivalent dose 
controls for this variation and provides a uniform mea-
suring unit. The equivalent dose (expressed in sieverts) cor-
responds to the absorbed dose (expressed in grays) multiplied 
by the relative biologic effectiveness of the radiation. The rela-
tive biologic effectiveness depends on the type of radia-
tion, the type and volume of the exposed tissue, and the 
duration of the exposure, as well as other biologic factors 
(discussed next). The effective dose of x-rays, computed 
tomography (CT), and other imaging and nuclear  
medicine procedures are commonly expressed in mil-
lisieverts (mSv).

In addition to the physical properties of the radiation,  
its biologic effects depend heavily on the following 
variables:

• Rate of delivery. The rate of delivery significantly modi-
fies the biologic effect. Although the effect of radiant 
energy is cumulative, delivery in divided doses may 
allow cells to repair some of the damage in the intervals. 
Thus, fractional doses of radiant energy have a cumula-
tive effect only to the extent that repair during the inter-
vals is incomplete. Radiotherapy of tumors exploits the 
capability of normal cells to repair themselves and 
recover more rapidly than tumor cells.
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Figure 7–14 Effects of  ionizing radiation on DNA and their conse-
quences. The effects on DNA can be direct or, most important, indirect, 
through free radical formation. 
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Figure 7–15 Vascular changes and fibrosis of  salivary glands produced by radiation therapy of  the neck region. A, Normal salivary gland; B, fibrosis 
caused by radiation; C, fibrosis and vascular changes consisting of  fibrointimal thickening and arteriolar sclerosis. V, vessel lumen; I, thickened intima. 
(A–C, Courtesy of Dr. Melissa Upton, Department of Pathology, University of Washington, Seattle, Washington.)
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MORPHOLOGY
Cells surviving radiant energy damage show a wide range of  
structural changes in chromosomes, including deletions, 
breaks, translocations, and fragmentation. The mitotic spindle 
often becomes disorderly, and polyploidy and aneuploidy 
may be encountered. Nuclear swelling and condensation 
and clumping of  chromatin may appear; breaks in the nuclear 
membrane also may be noted. Apoptosis may occur. Cells 
with abnormal nuclear morphology may be produced and 
persist for years, including giant cells with pleomorphic nuclei 
or more than one nucleus. At extremely high dose levels of  
radiant energy, features that foretell impending cell death, 
such as nuclear pyknosis, appear quickly.

In addition to affecting DNA and nuclei, radiant energy may 
induce a variety of  cytoplasmic changes, including cyto-
plasmic swelling, mitochondrial distortion, and degeneration 
of  the ER. Plasma membrane breaks and focal defects may 
appear. The histologic constellation of  cellular pleomorphism, 
giant cell formation, changes in nuclei, and mitotic figures 
creates a more than passing similarity between radiation-
injured cells and cancer cells, a problem that plagues the 
pathologist when evaluating post-irradiation tissues for the 
possible persistence of  tumor cells.

At the light microscopic level, vascular changes and inter-
stitial fibrosis are prominent in irradiated tissues (Fig. 7–15). 
During the immediate post-irradiation period, vessels may 
show only dilation. Later, or with higher doses, a variety of  
degenerative changes appear, including endothelial cell swell-
ing and vacuolation, or even dissolution with total necrosis 
of  the walls of  small vessels such as capillaries and venules. 

leading to the replacement of dead parenchymal cells by 
connective tissue and the formation of scars and adhesions 
(see Chapter 2). As already mentioned, ionizing radiation 
causes vascular damage and consequent tissue ischemia. 
Vascular damage, the killing of tissue stem cells by ionizing 
radiation, and the release of cytokines and chemokines that 

promote an inflammatory reaction and fibroblast activa-
tion are the main contributors to the development of 
radiation-induced fibrosis.
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Effects on rgan Syste s
Figure 7–16 depicts the main consequences of radiation 
injury. As already mentioned, the most sensitive organs and 
tissues are the gonads, the hematopoietic and lymphoid systems, 
and the lining of the GI tract. Estimated threshold doses for 
the effects of acute exposure to radiation in various organs 
are shown in Table 7–7. The changes in the hematopoietic 
and lymphoid systems, along with cancers induced by 
environmental or occupational exposure to ionizing radia-
tion, are summarized as follows:
• Hematopoietic and lymphoid systems. The hematopoietic 

and lymphoid systems are extremely susceptible to radi-
ation injury and deserve special mention. With high 
dose levels and large exposure fields, severe lymphope-
nia may appear within hours of irradiation, along with 
shrinkage of the lymph nodes and spleen. Radiation 
directly destroys lymphocytes, both in the circulating 
blood and in tissues (nodes, spleen, thymus, gut). With 
sublethal doses of radiation, regeneration from viable 
progenitors is prompt, leading to restoration of a normal 
lymphocyte count in the blood within weeks to months. 
The circulating granulocyte count may first rise but begins 
to fall toward the end of the first week. Levels near zero 
may be reached during the second week. If the patient 
survives, recovery of the normal granulocyte count may 
require 2 to 3 months. Platelets are affected as well, with 
the nadir of the count occurring somewhat later than 
that for granulocytes; recovery is similarly delayed. 
Hematopoietic cells in the bone marrow, including red cell 
precursors, also are quite sensitive to radiant energy. 
Red cells are radioresistant, but red cell progenitors are 
not; as a result, anemia appears after 2 to 3 weeks and 
may persist for months.

• Environmental exposure and cancer development. Any cell 
capable of division that has sustained mutations has the 
potential to become cancerous. Thus, an increased inci-
dence of neoplasms may occur in any organ after expo-
sure to ionizing radiation. The level of radiation required 

Figure 7–16 Overview of  the major morphologic consequences of  
radiation injury. Early changes occur in hours to weeks; late changes occur 
in months to years. ARDS, acute respiratory distress syndrome. 
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Speci c rgans

Affected vessels may rupture or undergo thrombosis. Still 
later, endothelial cell proliferation and collagenous hyaliniza-
tion with thickening of  the media layer are seen in irradiated 
vessels, resulting in marked narrowing or even obliteration of  
the vascular lumina. At this time, an increase in interstitial 
collagen in the irradiated field, leading to scarring and con-
tractions, usually becomes evident.

to increase the risk of cancer development is difficult to 
determine, but there is little doubt that acute or pro-
longed exposures that result in doses of 100 mSv cause 
serious consequences, including cancer. This is docu-
mented by the increased incidence of leukemias and 
tumors at various sites (such as thyroid, breast, and 
lung) in survivors of the atomic bombings of Hiroshima 
and Nagasaki, the increase in thyroid cancers in survi-
vors of the Chernobyl accident, and the frequent occur-
rence of “second cancers” in patients, particularly 
children, treated with radiotherapy for neoplastic 
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Malnutrition

A healthy diet provides (1) sufficient energy, in the form 
of carbohydrates, fats, and proteins, for the body’s daily 
metabolic needs; (2) essential (as well as nonessential) 
amino acids and fatty acids, used as building blocks for 
synthesis of structural and functional proteins and lipids; 
and (3) vitamins and minerals, which function as coen-
zymes or hormones in vital metabolic pathways or, as in 
the case of calcium and phosphate, as important structural 
components. In primary malnutrition, one or all of these 
components are missing from the diet. By contrast, in sec-
ondary, or conditional, malnutrition, the dietary intake of 
nutrients is adequate, and malnutrition results from nutri-
ent malabsorption, impaired utilization or storage, excess 
losses, or increased requirements. The causes of secondary 
malnutrition can be grouped into three general but over-
lapping categories: GI diseases, chronic wasting diseases, 
and acute critical illness.

Malnutrition is widespread and may be gross or subtle. 
Some common causes of dietary insufficiencies are listed 
here.
• Poverty. Homeless people, elderly persons, and children 

of the poor often suffer from protein-energy malnutri-
tion (PEM) as well as trace nutrient deficiencies. In poor 
countries, poverty, together with droughts, crop failure, 
and livestock deaths, creates the setting for malnourish-
ment of children and adults.

• Ignorance. Even the affluent may fail to recognize that 
infants, adolescents, and pregnant women have 
increased nutritional needs. Ignorance about the nutri-
tional content of various foods also contributes to mal-
nutrition, as follows: (1) iron deficiency often develops 
in infants fed exclusively artificial milk diets; (2) pol-
ished rice used as the mainstay of a diet may lack ade-
quate amounts of thiamine; and (3) iodine often is 
lacking from food and water in regions removed from 
the oceans, unless supplementation is provided.

• Chronic alcoholism. Alcoholic persons may sometimes 
suffer from PEM but are more frequently lacking in 
several vitamins, especially thiamine, pyridoxine, folate, 
and vitamin A, as a result of dietary deficiency, defective 
GI absorption, abnormal nutrient utilization and storage, 
increased metabolic needs, and an increased rate of  
loss. A failure to recognize thiamine deficiency in 
patients with chronic alcoholism may result in irrevers-
ible brain damage (e.g., Korsakoff psychosis, discussed 
in Chapter 22).

• Acute and chronic illnesses. The basal metabolic rate 
becomes accelerated in many illnesses (in patients with 
extensive burns, it may double), resulting in increased 
daily requirements for all nutrients. Failure to recognize 
these nutritional needs may delay recovery. PEM is 

disease. It is feared that radiation leaks from the Fuku-
shima nuclear power plant in Japan in the aftermath of 
the tsunami in 2010 will increase the incidence of cancer 
in the affected area.

• Occupational exposure and cancer development. Radon is 
a ubiquitous product of the spontaneous decay of 
uranium. The carcinogenic agents are two radon decay 
byproducts (polonium-214 and -218, or “radon daugh-
ters”), which emit alpha particles and have a short half-
life. These particulates are deposited in the lung, and 
chronic exposure in uranium miners may give rise to 
lung carcinomas. Risks also are present in those homes 
in which the levels of radon are very high, comparable 
to those found in mines. However, there is little or no 
evidence to suggest that radon may be a contributor to 
the risk of lung cancer in the average household.

Total ody Irradiation
Exposure of large areas of the body to even very small 
doses of radiation may have devastating effects. Dosages 
below 1 Sv produce minimal or no symptoms. Higher 
levels of exposure, however, cause health effects known as 
acute radiation syndromes, which at progressively higher 
doses involve the hematopoietic system, GI system, and 
CNS. The syndromes associated with total-body exposure 
to ionizing radiation are summarized in Table 7–8.

 Sv  Sv  Sv  Sv >  Sv
Main site of in ury None ymphocytes Bone marro Small bo el Brain

Main signs and 
symptoms

Moderate leukopenia eukopenia, hemorrhage, 
epilation, vomiting

Diarrhea, fever, electrolyte 
imbalance, vomiting

Ata ia, coma,  
convulsions, vomiting

iming  day  eek  eeks  days  hours

ethality None Variable  to 

Table –  ffects of Whole Body Ionizing Radiation

SUMMARY
Radiation Injury
• Ionizing radiation may injure cells directly or indirectly by 

generating free radicals from water or molecular oxygen.
• Ionizing radiation damages DNA; therefore, rapidly divid-

ing cells such as germ cells, and those in the bone marrow 
and GI tract are very sensitive to radiation injury.

• DNA damage that is not adequately repaired may result 
in mutations that predispose affected cells to neoplastic 
transformation.

• Ionizing radiation may cause vascular damage and sclero-
sis, resulting in ischemic necrosis of parenchymal cells and 
their replacement by fibrous tissue.

NUTRITIONAL DISEASES
Millions of people in developing nations starve or live on 
the cruel edge of starvation, while those in the developed 
world struggle to avoid calories and the attendant obesity 
or fear that what they eat may contribute to atherosclerosis 
and hypertension. So both lack of nutrition and overnutri-
tion are major health concerns.
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measure of the adequacy of the visceral protein 
compartment.

Maras us
A child is considered to have marasmus when weight level 
falls to 60% of normal for sex, height, and age (Fig. 7–17, 
A). A marasmic child suffers growth retardation and loss 
of muscle mass as a result of catabolism and depletion of 
the somatic protein compartment. This seems to be an 
adaptive response that provides the body with amino acids 
as a source of energy. Of interest, the visceral protein com-
partment, which presumably is more precious and critical 
for survival, is depleted only marginally, so serum albumin 
levels are either normal or only slightly reduced. In addition to 
muscle proteins, subcutaneous fat is also mobilized and 
used as fuel. Leptin (discussed later under “Obesity”) pro-
duction is low, which may stimulate the hypothalamic-
pituitary-adrenal axis to produce high levels of cortisol that 
contribute to lipolysis. With such losses of muscle and sub-
cutaneous fat, the extremities are emaciated; by comparison, 
the head appears too large for the body. Anemia and mani-
festations of multivitamin deficiencies are present, and 
there is evidence of immune deficiency, particularly of T cell–
mediated immunity. Hence, concurrent infections are 
usually present that impose an additional stress on an 
already weakened body.

washior or
Kwashiorkor occurs when protein deprivation is relatively 
greater than the reduction in total calories (Fig. 7–17, B). 
This is the most common form of PEM seen in African 
children who have been weaned too early and subse-
quently fed, almost exclusively, a carbohydrate diet (the 
name kwashiorkor, from the Ga language in Ghana, 
describes the illness in a baby that appears after the arrival 
of another child). The prevalence of kwashiorkor also is 
high in impoverished countries of Southeast Asia. Less 
severe forms may occur worldwide in persons with chronic 
diarrheal states, in which protein is not absorbed, or in 
those with chronic protein loss (e.g., protein-losing enter-
opathies, the nephrotic syndrome, or the aftermath of 
extensive burns). Rare cases of kwashiorkor resulting from 
fad diets or replacement of milk by rice-based beverages 
have been reported in the United States.

In kwashiorkor, unlike in marasmus, marked protein 
deprivation is associated with severe loss of the visceral 
protein compartment, and the resultant hypoalbuminemia 
gives rise to generalized or dependent edema (Fig. 7–17). The 
weight of children with severe kwashiorkor typically is 
60% to 80% of normal. However, the true loss of weight is 
masked by the increased fluid retention (edema). In further 
contrast with marasmus, there is relative sparing of subcu-
taneous fat and muscle mass. The modest loss of these 
compartments may also be masked by edema. 

Children with kwashiorkor have characteristic skin 
lesions with alternating zones of hyperpigmentation, des-
quamation, and hypopigmentation, giving a “flaky paint” 
appearance. Hair changes include loss of color or alternating 
bands of pale and darker color, straightening, fine texture, 
and loss of firm attachment to the scalp. Other features  
that distinguish kwashiorkor from marasmus include an 
enlarged, fatty liver (resulting from reduced synthesis of the 

often present in patients with metastatic cancers (dis-
cussed later).

• Self-imposed dietary restriction. Anorexia nervosa, bulimia, 
and less overt eating disorders affect a large population 
of persons who are concerned about body image or 
suffer from an unreasonable fear of cardiovascular 
disease (anorexia and bulimia are discussed in a sepa-
rate section in this chapter).

• Other causes. Additional causes of malnutrition include 
GI diseases, acquired and inherited malabsorption syn-
dromes, specific drug therapies (which block uptake or 
utilization of particular nutrients), and total parenteral 
nutrition.

The remainder of this section presents a general overview 
of nutritional disorders. Particular attention is devoted to 
PEM, anorexia nervosa and bulimia, deficiencies of vita-
mins and trace minerals, and obesity, with a brief consid-
eration of the relationships of diet to atherosclerosis and 
cancer. Other nutrients and nutritional issues are discussed 
in the context of specific diseases throughout the text.

Protein-Energy Malnutrition

Severe PEM is a serious, often lethal disease. It is common 
in poor countries, where as many as 25% of children may 
be affected and where it is a major contributor to the high 
death rates among the very young. For example, in the 
drought-prone western African country of Niger, the 
United Nations estimated in 2009 that 800,000 children 
younger than 5 years were malnourished, and that malnu-
trition was the major cause of death in infancy and child-
hood in this population.

PEM manifests as a range of clinical syndromes, all 
resulting from a dietary intake of protein and calories that 
is inadequate to meet the body’s needs. The two ends of 
the spectrum of syndromes are known as marasmus and 
kwashiorkor. In considering these conditions, an important 
point is that from a functional standpoint, there are two 
protein compartments in the body: the somatic compart-
ment, represented by proteins in skeletal muscles, and the 
visceral compartment, represented by protein stores in the 
visceral organs, primarily the liver. These two compart-
ments are regulated differently, as detailed subsequently. 
The somatic compartment is affected more severely in 
marasmus and the visceral compartment is depleted more 
severely in kwashiorkor. Clinical assessment of undernu-
trition is discussed next, followed by descriptions of the 
clinical presentations of marasmus and kwashiorkor.

The most common victims of PEM worldwide are chil-
dren. A child whose weight falls to less than 80% of normal 
is considered malnourished. The diagnosis of PEM is 
obvious in its most severe forms. In mild to moderate 
forms, the usual approach is to compare the body weight 
for a given height against standard tables; other helpful 
parameters are fat stores, muscle mass, and serum proteins. 
With a loss of fat, measured skinfold thickness (which 
includes skin and subcutaneous tissue) is reduced. If the 
somatic protein compartment is catabolized, the resultant 
reduction in muscle mass is reflected by reduced circum-
ference of the midarm. Measurement of levels of serum 
proteins (albumin, transferrin, and others) provides a 
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Figure 7–17 Childhood malnutrition. A, Marasmus. Note the loss of  muscle mass and subcutaneous fat; the head appears to be too large for the 
emaciated body. B, Kwashiorkor. The infant shows generalized edema, seen as ascites and puffiness of  the face, hands, and legs. 
(A, From Clinic Barak, Reisebericht Kenya.)
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MORPHOLOGY
The hallmark anatomic changes in PEM are (1) growth failure, 
(2) peripheral edema in kwashiorkor, and (3) loss of  body fat 
and atrophy of  muscle, more marked in marasmus.

The liver in kwashiorkor, but not in marasmus, is enlarged 
and fatty; superimposed cirrhosis is rare.

In kwashiorkor (rarely in marasmus) the small bowel 
shows a decrease in the mitotic index in the crypts of  the 

glands, associated with mucosal atrophy and loss of  villi and 
microvilli. In such cases concurrent loss of  small intestinal 
enzymes occurs, most often manifested as disaccharidase 
deficiency. Hence, infants with kwashiorkor are lactate  
intolerant initially and may not respond well to full-strength,  
milk-based diets. With treatment, the mucosal changes are 
reversible.

The bone marrow in both kwashiorkor and marasmus 
may be hypoplastic, mainly as a result of  decreased numbers 
of  red cell precursors. How much of  this derangement is due 
to a deficiency of  protein and folates and how much to 
reduced synthesis of  transferrin and ceruloplasmin is uncer-
tain. Thus, anemia is usually present, most often hypochro-
mic, microcytic anemia, but a concurrent deficiency of  folates 
may lead to a mixed microcytic-macrocytic anemia.

The brain in infants who are born to malnourished 
mothers and who suffer from PEM during the first 1 or 2 
years of  life has been reported by some investigators to show 
cerebral atrophy, a reduced number of  neurons, and impaired 
myelination of  white matter.

Many other changes may be present, including (1) thymic 
and lymphoid atrophy (more marked in kwashiorkor than in 
marasmus), (2) anatomic alterations induced by intercurrent 
infections, particularly with endemic helminths and other 
parasites, and (3) deficiencies of  other required nutrients 
such as iodine and vitamins.

carrier protein component of lipoproteins) and the devel-
opment of apathy, listlessness, and loss of appetite. As in 
marasmus, vitamin deficiencies are likely to be present, as 
are defects in immunity and secondary infections. In kwashi-
orkor, the inflammation caused by infection produces a 
catabolic state that aggravates the malnutrition. Of note, 
marasmus and kwashiorkor represent two ends of a spec-
trum, and considerable overlap exists.

Secondary Protein Energy Malnutrition
Secondary PEM is common in chronically ill or hospitalized 
patients. A particularly severe form of secondary PEM, 
called cachexia, often develops in patients with advanced 
cancer (Chapter 5). The wasting is all too apparent and 
often presages death. Although loss of appetite may partly 
explain it, cachexia may appear before appetite decreases. 
The underlying mechanisms are complex, but appear to 
involve “cachectins” such as proteolysis-inducing factor, 
which are secreted by tumor cells, and cytokines, particu-
larly TNF, which are released as part of the host response 
to advanced tumors. Both types of factors directly stimu-
late the degradation of skeletal muscle proteins, and cyto-
kines such as TNF also stimulate fat mobilization from 
lipid stores.

Anorexia Nervosa and Bulimia

Anorexia nervosa is a state of self-induced starvation result-
ing in marked weight loss; bulimia is a condition in which 
the patient binges on food and then induces vomiting. 
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• Deficiency of a single vitamin is uncommon, and single- 
or multiple-vitamin deficiencies may be submerged in 
concurrent PEM.

In the following sections, vitamins A, D, and C are pre-
sented in some detail because of their wide-ranging func-
tions and the morphologic changes of deficient states. This 
is followed by a summary in tabular form of the main 
consequences of deficiencies of the remaining vitamins—E, 
K, and the B complex—and some essential minerals.

ita in A
Vitamin A is a generic name for a group of related fat-
soluble compounds that include retinol, retinal, and retinoic 
acid, which have similar biologic activities. Retinol is the 
chemical name for vitamin A. It is the transport form and, 
as retinol ester, also the storage form. A widely used term, 
retinoids, refers to both natural and synthetic chemicals 
that are structurally related to vitamin A but may not nec-
essarily have vitamin A activity. Animal-derived foods 
such as liver, fish, eggs, milk, and butter are important 
dietary sources of pre-formed vitamin A. Yellow and leafy 
green vegetables such as carrots, squash, and spinach 
supply large amounts of carotenoids, many of which are 
provitamins that are metabolized to active vitamin A in the 
body. Carotenoids contribute approximately 30% of the 
vitamin A in human diets; the most important of these is 
β-carotene, which is efficiently converted to vitamin A. The 
recommended dietary allowance for vitamin A is expressed 
in retinol equivalents, to take into account both pre-formed 
vitamin A and β-carotene.

As with all fats, the digestion and absorption of caro-
tenes and retinoids require bile and pancreatic enzymes. 
Retinol (generally ingested as retinol ester) and β-carotene 
are absorbed through the intestinal wall, where β-carotene 
is converted to retinol (Fig. 7–18). Retinol is then trans-
ported in chylomicrons, where it is taken up into liver cells 
through the apolipoprotein E receptor. More than 90% of 
the body’s vitamin A reserves are stored in the liver, pre-
dominantly in the perisinusoidal stellate (Ito) cells. In 
healthy persons who consume an adequate diet, these 
reserves are sufficient to support the body’s needs for at 
least 6 months. Retinol esters stored in the liver can be 
mobilized; before release, retinol binds to a specific retinol-
binding protein (RBP), synthesized in the liver. The uptake 
of retinol and RBP in peripheral tissues is dependent on 
cell surface RBP receptors. After uptake by cells, retinol is 
released, and the RBP is recycled back into the blood. 
Retinol may be stored in peripheral tissues as retinyl ester 
or be oxidized to form retinoic acid.
Function. In humans, the best-defined functions of vitamin 
A are the following:
• Maintaining normal vision in reduced light
• Potentiating the differentiation of specialized epithelial 

cells, mainly mucus-secreting cells
• Enhancing immunity to infections, particularly in chil-

dren with measles
In addition, the retinoids, β-carotene, and some related 
carotenoids can function as photoprotective and antioxi-
dant agents. Retinoids have broad biologic effects,  
including effects on embryonic development, cellular dif-
ferentiation and proliferation, and lipid metabolism.

Bulimia is more common than anorexia nervosa and carries 
a better prognosis. It is estimated to occur in 1% to 2% of 
women and 0.1% of men, with an average age at onset of 
20 years. Anorexia nervosa also occurs primarily in previ-
ously healthy young women who have acquired an obses-
sion with attaining or maintaining thinness.

The clinical findings in anorexia nervosa generally  
are similar to those in severe PEM. In addition, effects  
on the endocrine system are prominent. Amenorrhea, result-
ing from decreased secretion of gonadotropin-releasing 
hormone (and consequent decreased secretion of luteiniz-
ing and follicle-stimulating hormones), is so common that 
its presence is almost a diagnostic feature. Other common 
findings, related to decreased thyroid hormone release, 
include cold intolerance, bradycardia, constipation, and 
changes in the skin and hair. In addition, dehydration and 
electrolyte abnormalities are frequent findings. The skin 
becomes dry and scaly and may be yellow-tinged as a 
result of excess carotene in the blood. Body hair may be 
increased but usually is fine and pale (lanugo). Bone 
density is decreased, most likely because of low estrogen 
levels, which mimics the postmenopausal acceleration of 
osteoporosis. As expected with severe PEM, anemia, lym-
phopenia, and hypoalbuminemia may be present. A major 
complication of anorexia nervosa is an increased suscepti-
bility to cardiac arrhythmia and sudden death, both due to 
hypokalemia.

In bulimia, binge eating is the norm. Huge amounts of 
food, principally carbohydrates, are ingested, only to be 
followed by induced vomiting. Although menstrual irreg-
ularities are common, amenorrhea occurs in less than 50% 
of bulimic patients, probably because weight and gonado-
tropin levels are maintained near normal. The major 
medical complications are related to continual induced 
vomiting and chronic use of laxatives and diuretics. These 
include (1) electrolyte imbalances (hypokalemia), which 
predispose the patient to cardiac arrhythmias; (2) pulmo-
nary aspiration of gastric contents; and (3) esophageal and 
stomach rupture. Nevertheless, there are no specific signs 
and symptoms for this syndrome, and the diagnosis must 
rely on a comprehensive psychologic assessment of the 
patient.

Vitamin Deficiencies

Before we summarize the functions of individual vitamins 
and the consequence of their deficiency, some general com-
ments are in order.
• Thirteen vitamins are necessary for health; four—A, D, 

E, and K—are fat-soluble and the remainder water- 
soluble. The distinction between fat- and water-soluble 
vitamins is important; although the former are more 
readily stored in the body, they may be poorly absorbed 
in fat malabsorption disorders, caused by disturbances 
of digestive functions (discussed in Chapter 14).

• Certain vitamins can be synthesized endogenously—
vitamin D from precursor steroids, vitamin K and biotin 
by the intestinal microflora, and niacin from tryptophan, 
an essential amino acid. Notwithstanding this endoge-
nous synthesis, a dietary supply of all vitamins is essen-
tial for health.
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• Vitamin A and retinoids play an important role in the 
orderly differentiation of mucus-secreting epithelium. When 
a deficiency state exists, the epithelium undergoes squa-
mous metaplasia and differentiation to a keratinizing 
epithelium. All-trans–retinoic acid (ATRA), a potent acid 
derivative of vitamin A, exerts its effects by binding to 
retinoic acid receptors (RARs), which regulate the dif-
ferentiation of myeloid cells. This coupling is the basis 
for the remarkable ability of ATRA to induce remission 
of acute promyelocytic leukemia (APML). In this leuke-
mia, a t(15 : 17) translocation (Chapter 11) results in the 
fusion of a truncated RARA gene on chromosome 17 
with the PML gene on chromosome 15. The fusion gene 
encodes an abnormal RAR that blocks the expression of 
genes that are required for myeloid cell differentiation. 
Pharmacologic doses of ATRA overcome the block, 
causing the malignant promyelocytes to differentiate 
into neutrophils and die. When combined with other 
conventional chemotherapeutic agents or arsenic salts, 
ATRA therapy is often curative in APML. Retinoic acid, 
it should be noted, has no effect on vision.

• Vitamin A plays a role in host resistance to infections. 
Vitamin A supplementation can reduce morbidity and 
mortality rates for some forms of diarrhea. Similarly, 
supplementation in preschool children with measles, 
particularly those who are malnourished, can reduce 
mortality and complications of the disease, including 
eye damage and blindness.

The effects of vitamin A on infections probably derive 
in part from its ability to stimulate the immune system 
through unclear mechanisms. Infections may reduce the 
bioavailability of vitamin A, possibly by inducing the 
acute phase response, which appears to inhibit RBP syn-
thesis in the liver. The drop in hepatic RBP causes a 
decrease in circulating retinol, which reduces the tissue 
availability of vitamin A. The beneficial effect of vitamin 
A in diarrheal diseases may be related to the mainte-
nance and restoration of the integrity of the epithelium 
of the gut.

Deficiency States. Vitamin A deficiency occurs worldwide 
as a consequence of either poor nutrition or fat malabsorp-
tion. In children, stores of vitamin A are depleted by infec-
tions, and the absorption of the vitamin is poor in newborn 
infants. In adults, vitamin A deficiency, in conjunction with 
depletion of other fat-soluble vitamins, may develop in 
conjunction with malabsorption syndromes, such as celiac 
disease, Crohn disease, and colitis. Bariatric surgery and 
continuous use of mineral oil laxatives also may lead to 
deficiency. The multiple effects of vitamin A deficiency are 
discussed next.
• As was already discussed, vitamin A is a component of 

rhodopsin and other visual pigments. Not surprisingly, 
one of the earliest manifestations of vitamin A deficiency 
is impaired vision, particularly in reduced light (night 
blindness). 

• Other effects of vitamin A deficiency are related to the 
role of vitamin A in maintaining the differentiation of 
epithelial cells (Fig. 7–19). Persistent deficiency gives rise 
to a series of changes involving epithelial metaplasia 
and keratization. The most devastating changes occur in 
the eyes and result in the clinical entity referred to as 
xerophthalmia (dry eye). First, there is dryness of 

• The visual process involves four forms of vitamin 
A–containing pigments: rhodopsin, the most light-
sensitive pigment and therefore important in reduced 
light, which is located in rod cells; and three iodopsins, 
each responsive to a specific color in bright light, which 
are located in cone cells. The synthesis of rhodopsin 
from retinol involves (1) oxidation to all-trans-retinal, (2) 
isomerization to 11-cis-retinal, and (3) interaction with 
opsin to form rhodopsin. A photon of light causes the 
isomerization of 11-cis-retinal to all-trans-retinal, and a 
sequence of configuration changes in rhodopsin, which 
produce a visual signal. In the process, a nerve impulse 
is generated (by changes in membrane potential) and 
transmitted by means of neurons from the retina to the 
brain. During dark adaptation, some of the all-trans-
retinal is reconverted to 11-cis-retinal, but most is 
reduced to retinol and lost to the retina, explaining the 
need for continuous supply of retinol.

Figure 7–18 Vitamin A metabolism. 
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Chronic toxicity is associated with weight loss, anorexia, 
nausea, vomiting, and bone and joint pain. Retinoic acid 
stimulates osteoclast production and activity, which lead 
to increased bone resorption and consequent high risk of 
fractures. Although synthetic retinoids used for the treat-
ment of acne are not associated with these complications, 
their use in pregnancy must be avoided because of the 
well-established teratogenic effect of retinoids.

ita in D
The major function of the fat-soluble vitamin D is the main-
tenance of normal plasma levels of calcium and phospho-
rus. In this capacity, it is required for the prevention of 
bone diseases known as rickets (in children whose epiphy-
ses have not already closed), osteomalacia (in adults), and 
hypocalcemic tetany. With respect to tetany, vitamin D 
maintains the correct concentration of ionized calcium in 
the extracellular fluid compartment. When deficiency 
develops, the drop in ionized calcium in the extracellular 
fluid results in continuous excitation of muscle (tetany). 
Our attention here is focused on the function of vitamin D 
in the regulation of serum calcium levels.
Metabolism. The major source of vitamin D for humans is 
its endogenous synthesis in the skin by photochemical con-
version of a precursor, 7-dehydrocholesterol, powered by 
the energy of solar or artificial UV light. Irradiation of this 
compound forms cholecalciferol, known as vitamin D3; in the 
following discussion, for the sake of simplicity, the term 
vitamin D is used to refer to this compound.

Under usual conditions of sun exposure, approximately 
90% of the vitamin D needed is endogenously derived from 
7-dehydrocholesterol present in the skin. However, blacks 
may have a lower level of vitamin D production in the skin 
because of melanin pigmentation (perhaps a small price to 
pay for protection against UV-induced cancers). The small 
remainder comes from dietary sources, such as deep sea 
fish, plants, and grains. In plant sources, vitamin D is 
present in a precursor form, ergosterol, that is converted to 
vitamin D in the body.

the conjunctiva (xerosis conjunctivae) as the normal 
lachrymal and mucus-secreting epithelium is replaced 
by keratinized epithelium. This is followed by a buildup 
of keratin debris in small opaque plaques (Bitot spots) 
and, eventually, the erosion of the roughened corneal 
surface, leading to softening and destruction of the 
cornea (keratomalacia) and total blindness.

• Vitamin A deficiency also leads to replacement of the 
epithelium lining the upper respiratory passage and 
urinary tract by keratinizing squamous cells (squamous 
metaplasia). Loss of the mucociliary epithelium of the 
airways predisposes affected patients to pulmonary 
infections, and desquamation of keratin debris in the 
urinary tract predisposes to renal and bladder stones. 
Hyperplasia and hyperkeratinization of the epidermis with 
plugging of the ducts of the adnexal glands may produce 
follicular or papular dermatosis. 

• Another serious consequence of lack of vitamin A is 
immune deficiency. This impairment of immunity leads 
to higher mortality rates from common infections such 
as measles, pneumonia, and infectious diarrhea. In parts 
of the world with high prevalence of vitamin A defi-
ciency, dietary supplements reduce mortality rates for 
infectious disorders by 20% to 30%.

Vitamin A Toxicity. Both short- and long-term excesses of 
vitamin A may produce toxic manifestations—a point of 
concern because of the megadoses being touted by certain 
sellers of supplements. The consequences of acute hyper-
vitaminosis A were first described in 1597 by Gerrit de 
Veer, a ship’s carpenter stranded in the Arctic, who 
recounted in his diary the serious symptoms that he and 
other crew members developed after eating polar bear 
liver. With this cautionary tale in mind, the adventurous 
eater should note that acute vitamin A toxicity also has 
been described in persons who ingested the livers of 
whales, sharks, and even tuna!

The signs and symptoms of acute toxicity include head-
ache, dizziness, vomiting, stupor, and blurred vision—all 
of which may be confused with those of a brain tumor. 

Figure 7–19 Vitamin A deficiency: major consequences in the eye and in the production of  keratinizing metaplasia of  specialized epithelial surfaces, 
and its possible role in epithelial metaplasia. Not depicted are night blindness and immune deficiency. 

EYE CHANGES

Bitot spots Corneal ulcer Keratomalacia

CELL DIFFERENTIATION

VITAMIN A DEFICIENCY

Normal Transition

Advanced metaplasia Increased cancer?

Pelvic keratinization
Keratin debris       StonesEpithelial

metaplasia



299Nutritional Diseases

Renal production of 1,25-(OH)2-D is regulated by three 
mechanisms:
• Hypocalcemia stimulates secretion of parathyroid hormone 

(PTH), which in turn augments the conversion of 
25-OH-D to 1,25-(OH)2-D by activating α1-hydroxylase.

• Hypophosphatemia directly activates α1-hydroxylase, thereby 
increasing the formation of 1,25(OH)2-D.

• In a feedback loop, increased levels of 1,25-(OH)2-D 
downregulate the synthesis of this metabolite by inhibit-
ing the action of α1-hydroxylase (decreases in 1,25-
(OH)2-D have the opposite effect).

Functions. Like retinoids and steroid hormones, 1,25-
(OH)2-D acts by binding to a high-affinity nuclear receptor 
that in turn binds to regulatory DNA sequences, thereby 
inducing transcription of specific target genes. The recep-
tors for 1,25-(OH)2-D are present in most nucleated cells of 
the body, and they transduce signals that result in various 
biologic activities, beyond those involved in calcium and 
phosphorus homeostasis. Nevertheless, the best-understood 
functions of vitamin D relate to the maintenance of normal 
plasma levels of calcium and phosphorus, through action 
on the intestines, bones, and kidneys (Fig. 7–20).

The active form of vitamin D:
• Stimulates intestinal absorption of calcium through upregu-

lation of calcium transport, in enterocytes
• Stimulates calcium resorption in renal distal tubules.
• Collaborates with PTH to regulate blood calcium. This occurs 

in part through upregulation of RANK ligand on osteo-
blasts, which in turn activates RANK receptors on osteo-
clast precursors. RANK activation produces signals that 
increase osteoclast differentiation and bone resorptive 
activities (Chapter 20).

• Promotes the mineralization of bone. Vitamin D is needed 
for the mineralization of osteoid matrix and epiphyseal 
cartilage during the formation of flat and long bones.  
It stimulates osteoblasts to synthesize the calcium-
binding protein osteocalcin, which promotes calcium 
deposition.

Of note, effects of vitamin D on bone depend on the plasma 
levels of calcium: On the one hand, in hypocalcemic states 
1,25-(OH)2-D together with PTH increases the resorption of 
calcium and phosphorus from bone to support blood 
levels. On the other hand, in normocalcemic states vitamin 
D also is required for calcium deposition in epiphyseal 
cartilage and osteoid matrix.

Deficiency States
Rickets in growing children and osteomalacia in adults are 
skeletal diseases with worldwide distribution. They may 
result from diets deficient in calcium and vitamin D, but 
probably more important is limited exposure to sunlight 
(for instance, in heavily veiled women; children born to 
mothers who have frequent pregnancies followed by lacta-
tion, which leads to vitamin D deficiency; and inhabitants 
of northern climates with scant sunlight). Other, less 
common causes of rickets and osteomalacia include renal 
disorders causing decreased synthesis of 1,25-(OH)2-D or 
phosphate depletion, and malabsorption disorders. 
Although rickets and osteomalacia rarely occur outside 
high-risk groups, milder forms of vitamin D deficiency 
(also called vitamin D insufficiency) leading to bone loss 

The metabolism of vitamin D can be outlined as follows 
(Fig. 7–20):
1. Absorption of vitamin D along with other fats in the gut 

or synthesis from precursors in the skin
2. Binding to plasma α1-globulin (vitamin D–binding 

protein) and transport to liver
3. Conversion to 25-hydroxyvitamin D (25-OH-D) by 

25-hydroxylase in the liver
4. Conversion of 25-OH-D to 1,25-dihydroxyvitamin D 

[1,25-(OH)2-D] (biologically the most active form of 
vitamin D) by α1-hydroxylase in the kidney

Figure 7–20 A, Normal vitamin D metabolism. B, Vitamin D deficiency. 
There is inadequate substrate for the renal hydroxylase (1 ), yielding a 
deficiency of  1,25-(OH)2D (2 ), and deficient absorption of  calcium and 
phosphorus from the gut (3 ), with consequent depressed serum levels of  
both (4 ). The hypocalcemia activates the parathyroid glands (5 ), causing 
mobilization of  calcium and phosphorus from bone (6a). Simultaneously, 
parathyroid hormone (PTH) induces wasting of  phosphate in the urine 
(6b) and calcium retention. Consequently, the serum levels of  calcium are 
normal or nearly normal, but the phosphate is low; hence, mineralization 
is impaired (7 ). 
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and hip fractures are common among elderly persons. 
Studies also suggest that vitamin D may be important for 
preventing demineralization of bones. It appears that 
certain genetically determined variants of the vitamin D 
receptor are associated with an accelerated loss of bone 
minerals with aging and certain familial forms of osteopo-
rosis (Chapter 20).

Whatever the basis, a deficiency of vitamin D tends to 
cause hypocalcemia. This in turn stimulates PTH produc-
tion, which (1) activates renal α1-hydroxylase, increasing 
the amount of active vitamin D and calcium absorption; (2) 
mobilizes calcium from bone; (3) decreases renal calcium 
excretion; and (4) increases renal excretion of phosphate. 
Thus, the serum level of calcium is restored to near normal, 
but hypophosphatemia persists, so mineralization of bone 
is impaired or there is high bone turnover.

An understanding of the morphologic changes in rickets 
and osteomalacia is facilitated by a brief summary of normal 
bone development and maintenance. The development of 
flat bones in the skeleton involves intramembranous ossi-
fication, while the formation of long tubular bones pro-
ceeds by endochondral ossification. With intramembranous 
bone formation, mesenchymal cells differentiate directly 
into osteoblasts, which synthesize the collagenous osteoid 
matrix on which calcium is deposited. By contrast, with 
endochondral ossification, growing cartilage at the epiphy-
seal plates is provisionally mineralized and then progres-
sively resorbed and replaced by osteoid matrix, which 
undergoes mineralization to create bone (Fig. 7–21, A).

Figure 7–21 Rickets. A, Normal costochondral junction of  a young child. Note cartilage palisade formation and orderly transition from cartilage to 
new bone. B, Rachitic costochondral junction in which the palisade of  cartilage is absent. Darker trabeculae are well-formed bone; paler trabeculae 
consist of  uncalcified osteoid. C, Note bowing of  legs as a consequence of  the formation of  poorly mineralized bone in a child with rickets. 
(B, Courtesy of Dr. Andrew E. Rosenberg, Massachusetts General Hospital, Boston, Massachusetts.)

CA B

MORPHOLOGY
The basic derangement in both rickets and osteo-
malacia is an excess of unmineralized bone matrix. 
The changes that occur in the growing bones of  children with 

rickets, however, are complicated by inadequate provisional 
calcification of  epiphyseal cartilage, deranging endochondral 
bone growth. The following sequence ensues in rickets:
• Overgrowth of  epiphyseal cartilage due to inadequate 

provisional calcification and failure of  the cartilage cells to 
mature and disintegrate

• Persistence of  distorted, irregular masses of  cartilage, 
many of  which project into the marrow cavity

• Deposition of  osteoid matrix on inadequately mineralized 
cartilaginous remnants

• Disruption of  the orderly replacement of  cartilage by 
osteoid matrix, with enlargement and lateral expansion of  
the osteochondral junction (Fig. 7–21, B )

• Abnormal overgrowth of  capillaries and fibroblasts in the 
disorganized zone resulting from microfractures and 
stresses on the inadequately mineralized, weak, poorly 
formed bone

• Deformation of  the skeleton due to the loss of  structural 
rigidity of  the developing bones

The gross skeletal changes depend on the severity of  the 
rachitic process; its duration; and, in particular, the stresses 
to which individual bones are subjected. During the nonam-
bulatory stage of  infancy, the head and chest sustain the 
greatest stresses. The softened occipital bones may become 
flattened, and the parietal bones can be buckled inward by 
pressure; with the release of  the pressure, elastic recoil snaps 
the bones back into their original positions (craniotabes). 
An excess of  osteoid produces frontal bossing and a 
squared appearance to the head. Deformation of  the chest 
results from overgrowth of  cartilage or osteoid tissue at the 
costochondral junction, producing the “rachitic rosary.” 
The weakened metaphyseal areas of  the ribs are subject to 
the pull of  the respiratory muscles, causing them to bend 
inward and creating anterior protrusion of  the sternum 
(pigeon breast deformity). The inward pull at the margin 
of  the diaphragm creates the Harrison groove, girdling the 
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Figure 7–22 Major consequences of  vitamin C deficiency caused by impaired formation of  collagen. They include bleeding tendency due to poor 
vascular support, inadequate formation of  osteoid matrix, and impaired wound healing. 
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synthesized. Unlike vitamin D, ascorbic acid is not synthe-
sized endogenously in humans, who therefore are entirely 
dependent on the diet for this nutrient. Vitamin C is present 
in milk and some animal products (liver, fish) and is abun-
dant in a variety of fruits and vegetables. All but the most 
restricted diets provide adequate amounts of vitamin C.
Function. Ascorbic acid acts in a variety of biosynthetic 
pathways by accelerating hydroxylation and amidation 
reactions. The most clearly established function of vitamin 
C is the activation of prolyl and lysyl hydroxylases from 
inactive pre cursors, allowing for hydroxylation of procol-
lagen. Inadequately hydroxylated procollagen cannot 
acquire a stable helical configuration or be adequately 
cross-linked, so it is poorly secreted from the fibroblasts. 
Those molecules that are secreted lack tensile strength, are 
more soluble, and are more vulnerable to enzymatic deg-
radation. Collagen, which normally has the highest content 
of hydroxyproline, is most affected, particularly in blood 
vessels, accounting for the predisposition to hemorrhages 
in scurvy. In addition, a deficiency of vitamin C suppresses 
the synthesis of collagen polypeptides, independent of 
effects on proline hydroxylation.

Vitamin C also has antioxidant properties. These include 
an ability to scavenge free radicals directly and participa-
tion in metabolic reactions that regenerate the antioxidant 
form of vitamin E.
Deficiency States. Consequences of vitamin C deficiency 
are illustrated in Figure 7–22. Fortunately, because of the 
abundance of ascorbic acid in foods, scurvy has ceased to 
be a global problem. It is sometimes encountered even in 
affluent populations as a secondary deficiency, particularly 
among elderly persons, people who live alone, and chronic 
alcoholics—groups often characterized by erratic and inad-
equate eating patterns. Occasionally, scurvy appears in 
patients undergoing peritoneal dialysis and hemodialysis 
and among food faddists.
Toxicity. The popular notion that megadoses of vitamin C 
protect against the common cold or at least allay the 

Toxicity. Prolonged exposure to normal sunlight does not 
produce an excess of vitamin D, but megadoses of orally 
administered vitamin can lead to hypervitaminosis. In chil-
dren, hypervitaminosis D may take the form of metastatic 
calcifications of soft tissues such as the kidney; in adults, it 
causes bone pain and hypercalcemia. As a point of some 
interest, the toxic potential of this vitamin is so great that 
in sufficiently large doses it is a potent rodenticide!

ita in C (Ascor ic Acid)
A deficiency of water-soluble vitamin C leads to the devel-
opment of scurvy, characterized principally by bone disease 
in growing children and by hemorrhages and healing defects in 
both children and adults. Sailors of the British Royal Navy 
were nicknamed “limeys” because at the end of the 18th 
century the Navy began to provide lime and lemon juice 
to them to prevent scurvy during their long sojourn at sea. 
It was not until 1932 that ascorbic acid was identified and 

thoracic cavity at the lower margin of  the rib cage. The pelvis 
may become deformed. When an ambulating child develops 
rickets, deformities are likely to affect the spine, pelvis, and 
long bones (e.g., tibia), causing, most notably, lumbar lor-
dosis and bowing of the legs (Fig. 7–21, C).

In adults, the lack of  vitamin D deranges the normal bone 
remodeling that occurs throughout life. The newly formed 
osteoid matrix laid down by osteoblasts is inadequately min-
eralized, producing the excess of  persistent osteoid that is 
characteristic of  osteomalacia. Although the contours of  the 
bone are not affected, the bone is weak and vulnerable to 
gross fractures or microfractures, which are most likely to 
affect vertebral bodies and femoral necks. On histologic 
examination, the unmineralized osteoid can be visualized as 
a thickened layer of  matrix (which stains pink in hematoxylin 
and eosin preparations) arranged about the more basophilic, 
normally mineralized trabeculae.
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Vitamin Functions De ciency Syndromes

Fat Soluble
Vitamin A A component of visual pigment Night blindness, erophthalmia, blindness

Maintenance of specialized epithelia S uamous metaplasia
Maintenance of resistance to infection Vulnerability to infection, particularly measles

Vitamin D Facilitates intestinal absorption of calcium and 
phosphorus and mineralization of bone

Rickets in children
steomalacia in adults

Vitamin Ma or antio idant  scavenges free radicals Spinocerebellar degeneration

Vitamin K Cofactor in hepatic carbo ylation of 
procoagulants factors II prothrombin , VII, 
I , and  and protein C and protein S

Bleeding diathesis

Water Soluble
Vitamin B  thiamine As pyrophosphate, is coenzyme in 

decarbo ylation reactions
Dry and et beriberi, Wernicke syndrome, Korsakoff 

syndrome

Vitamin B  ribo avin Converted to coenzymes avin mononucleotide 
and avin adenine dinucleotide, cofactors for 
many enzymes in intermediary metabolism

Cheilosis, stomatitis, glossitis, dermatitis, corneal 
vascularization

Niacin Incorporated into nicotinamide adenine 
dinucleotide NAD  and NAD phosphate  
involved in a variety of o idation reduction 
redo  reactions

Pellagra three Ds  dementia, dermatitis, diarrhea

Vitamin B  pyrido ine Derivatives serve as coenzymes in many 
intermediary reactions

Cheilosis, glossitis, dermatitis, peripheral neuropathy

Vitamin B Re uired for normal folate metabolism and 
DNA synthesis

Maintenance of myelinization of spinal cord 
tracts

Combined system disease megaloblastic anemia and 
degeneration of posterolateral spinal cord tracts

Vitamin C Serves in many redo  reactions and 
hydro ylation of collagen

Scurvy

Folate ssential for transfer and use of one carbon 
units in DNA synthesis

Megaloblastic anemia, neural tube defects

Pantothenic acid Incorporated in coenzyme A No none perimental syndrome recognized

Biotin Cofactor in carbo ylation reactions No clearly de ned clinical syndrome

Table –  Vitamins  Ma or Functions and De ciency Syndromes

• Marasmus is characterized by emaciation resulting from 
loss of muscle mass and fat with relative preservation of 
serum albumin. It is caused by diets severely lacking in 
calories—both protein and nonprotein.

• Anorexia nervosa is self-induced starvation; it is charac-
terized by amenorrhea and multiple manifestations of low 
thyroid hormone levels. Bulimia is a condition in which 
food binges alternate with induced vomiting.

• Vitamins A and D are fat-soluble vitamins with a wide 
range of activities. Vitamin C and members of the vitamin 
B family are water-soluble (Table 7–9 lists vitamin func-
tions and deficiency syndromes).

symptoms has not been borne out by controlled clinical 
studies. Such slight relief as may be experienced probably 
is a result of the mild antihistamine action of ascorbic acid. 
The large excess of vitamin C is promptly excreted in the 
urine but may cause uricosuria and increased absorption 
of iron, with the potential for iron overload.

Other vitamins and some essential minerals are listed and 
briefly described in Tables 7–9 and 7–10. Folic acid and 
vitamin B12 are discussed in Chapter 11.

Obesity

In the United States, obesity has reached epidemic propor-
tions. The prevalence of obesity increased from 13% to 34% 
between 1960 and 2008, and as of 2009, 68% of Americans 
between 20 and 75 years of age were overweight. Equally 
alarming, childhood obesity, a strong predictor of obesity 
in adults, also increased two- to three-fold over the same 
period. Recent studies suggest that the epidemic of obesity 
also is rapidly spreading in developing countries such as 

 SUMMARY
Nutritional Diseases
• Primary PEM is a common cause of childhood deaths in 

poor countries. The two main primary PEM syndromes 
are marasmus and kwashiorkor. Secondary PEM occurs in 
the chronically ill and in patients with advanced cancer (as 
a result of cachexia).

• Kwashiorkor is characterized by hypoalbuminemia, gener-
alized edema, fatty liver, skin changes, and defects in immu-
nity. It is caused by diets low in protein but normal in 
calories.
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lement Function Basis of De ciency Clinical Features
inc Component of enzymes, principally o idases Inade uate supplementation in arti cial 

diets
Rash around eyes, mouth, nose, and anus 

called acrodermatitis enteropathica
Interference ith absorption by other 

dietary constituents
Anore ia and diarrhea

ro th retardation in children
Inborn error of metabolism Depressed mental function

Depressed ound healing and immune 
response

Impaired night vision
Infertility

Iron ssential component of hemoglobin as ell 
as several iron containing metalloenzymes

Inade uate diet
Chronic blood loss

Hypochromic, microcytic anemia

Iodine Component of thyroid hormone Inade uate supply in food and ater oiter and hypothyroidism

Copper Component of cytochrome c o idase, 
dopamine β hydro ylase, tyrosinase, lysyl 
o idase, and unkno n enzyme involved in 
cross linking collagen

Inade uate supplementation in arti cial diet Muscle eakness
Interference ith absorption Neurologic defects

Abnormal collagen cross linking

Fluoride Mechanism unkno n Inade uate supply in soil and ater
Inade uate supplementation

Dental caries

Selenium Component of glutathione pero idase
Antio idant ith vitamin 

Inade uate amounts in soil and ater Myopathy
Cardiomyopathy Keshan disease

Table –1  Selected race lements and De ciency Syndromes

India. Globally, the World Health Organization (WHO) 
estimates that by 2015, 700 million adults will be obese. The 
causes of this epidemic are complex but undoubtedly are 
related to societal changes in diet and levels of physical 
activity. Obesity is associated with an increased risk of several 
important diseases (e.g., diabetes, hypertension), making it a 
major public health concern. Indeed, in 2009 it was esti-
mated that the health care cost of obesity had risen to $147 
billion annually in the United States, a price tag that 
appears bound to rise as the nation’s collective waistline 
expands.

Obesity is defined as a state of increased body weight, 
due to adipose tissue accumulation, that is of sufficient 
magnitude to produce adverse health effects. How does 
one measure fat accumulation? Several high-tech methods 
have been devised, but for practical purposes the following 
measures are commonly used:
• Some expression of weight in relation to height, such as 

the measurement referred to as the body mass index (BMI) 
= (weight in kilograms)/(height in meters)2, or kg/m2

• Skinfold measurements
• Various body circumferences, particularly the waist-to-

hip circumference ratio
The BMI is closely correlated with body fat. BMIs in the 
range 18.5 to 25 kg/m2 are considered normal, while BMIs 
between 25 and 30 kg/m2 identify the overweight, and 
BMIs greater than 30 kg/m2, the obese. It is generally 
agreed that a BMI higher than 30 kg/m2 imparts a health 
risk. In the following discussion, for the sake of simplicity, 
the term obesity is applied to both the overweight and the 
truly obese.

The untoward effects of obesity are related not only to 
the total body weight but also to the distribution of the 
stored fat. Central, or visceral, obesity, in which fat accumu-
lates in the trunk and in the abdominal cavity (in the mes-
entery and around viscera), is associated with a much 
higher risk for several diseases than is excess accumulation 
of fat in a diffuse distribution in subcutaneous tissue.

The etiology of obesity is complex and incompletely 
understood. Involved are genetic, environmental, and psy-
chologic factors. However, simply put, obesity is a disorder 
of energy balance. The two sides of the energy equation, 
intake and expenditure, are finely regulated by neural and 
hormonal mechanisms, so that body weight is maintained 
within a narrow range for many years. Apparently, this 
fine balance is controlled by an internal set point, or “lipo-
stat,” that senses the quantity of energy stores (adipose 
tissue) and appropriately regulates food intake as well as 
energy expenditure. In recent years, several “obesity genes” 
have been identified. As might be expected, they encode 
the molecular components of the physiologic system that 
regulates energy balance. A key player in energy homeo-
stasis is the LEP gene and its product, leptin. This unique 
member of the cytokine family, secreted by adipocytes, 
regulates both sides of the energy equation—intake of food 
and expenditure of energy. As discussed later, the net effect 
of leptin is to reduce food intake and enhance the expenditure of 
energy.

In a simplified way the neurohumoral mechanisms that 
regulate energy balance and body weight may be divided 
into three components (Fig. 7–23):

• The peripheral or afferent system generates signals from 
various sites. Its main components are leptin and adipo-
nectin produced by fat cells, insulin from the pancreas, 
ghrelin from the stomach, and peptide YY from the 
ileum and colon. Leptin reduces food intake and is  
discussed in detail further on. Ghrelin secretion  
stimulates appetite, and it may function as a “meal-
initiating” signal. Peptide YY, which is released post-
prandially by endocrine cells in the ileum and colon, is 
a satiety signal.

• The arcuate nucleus in the hypothalamus, which processes 
and integrates the peripheral signals and generates  
new signals that are transmitted by (1) POMC  
(pro-opiomelanocortin) and CART (cocaine- and 
amphetamine-regulated transcript) neurons; and (2) 
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epinephrine from sympathetic nerve endings in adipose 
tissue. Fat cells express β3-adrenergic receptors that, when 
stimulated by norepinephrine, cause fatty acid hydrolysis 
and also uncouple energy production from storage.

In rodents and humans, loss-of-function mutations 
affecting components of the leptin pathway give rise to 
massive obesity. Mice with mutations that disable the 
leptin gene or its receptor fail to sense the adequacy of fat 
stores, so they behave as if they are undernourished, eating 
ravenously. As in mice, mutations of the leptin gene or 
receptor in humans, although rare, may cause massive 
obesity. More common are mutations in the melanocortin 
receptor-4 gene (MC4R) gene, found in 4% to 5% of patients 
with massive obesity. These monogenic traits underscore the 
importance of the leptin pathway in the control of body 
weight, and it is possible that more common types of 
defects in this pathway will be discovered in the obese. For 
example, many obese persons have high blood leptin 
levels, suggesting that leptin resistance is prevalent among 
humans.

Adipose Tissue
In addition to leptin, adipose tissue produces other media-
tors, such as adiponectin, cytokines, chemokines, and 
steroid hormones, which allow adipose tissue to function 
as a link between lipid metabolism, nutrition, and inflam-
matory responses. The total number of adipocytes is established 
by adolescence and is higher in people who were obese as 
children, providing another reason for concern about child-
hood obesity. Although in adults about 10% of adipocytes 
turn over annually, the number of adipocytes remains 

NPY (neuropeptide Y) and AgRP (agouti-related 
peptide) neurons.

• The efferent system, which consists of hypothalamic 
neurons regulated by the arcuate nucleus. POMC/
CART neurons activate efferent neurons that enhance 
energy expenditure and weight loss, while NPY/AgRP 
neurons activate efferent neurons that promote food 
intake and weight gain. Signals transmitted by efferent 
neurons also communicate with forebrain and midbrain 
centers that control the autonomic nervous system.

Discussed next are three important components of the 
afferent system that regulate appetite and satiety: leptin, 
adipose tissue, and gut hormones.

eptin
Through complex, incompletely understood mechanisms, 
the output of leptin is regulated by the adequacy of fat stores. 
With abundant adipose tissue, leptin secretion is stimu-
lated, and the hormone travels to the hypothalamus, where 
it reduces food intake by stimulating POMC/CART neurons and 
inhibiting NPY/AgRP neurons. The opposite sequence of 
events occurs when there are inadequate stores of body fat: 
Leptin secretion is diminished and food intake is increased. 
In persons of stable weight, the activities of these pathways 
are balanced. Leptin also increases energy expenditure by 
stimulating physical activity, energy expenditure, and  
thermogenesis, which may be the most important catabolic 
effects mediated by leptin through the hypo thalamus. 
Thermogenesis seems to be controlled in part by efferent 
hypothalamic signals that increase the release of nor-

Figure 7–23 Energy balance regulatory circuitry. When sufficient energy is stored in adipose tissue and the individual is well fed, afferent adiposity 
signals (insulin, leptin, ghrelin, peptide YY) are delivered to the central neuronal processing units, in the hypothalamus. Here the adiposity signals inhibit 
anabolic circuits and activate catabolic circuits. The effector arms of  these central circuits then influence energy balance by inhibiting food intake and 
promoting energy expenditure. This in turn reduces the energy stores, and pro-adiposity signals are blunted. Conversely, when energy stores are low, 
the available anabolic circuits take over, at the expense of  catabolic circuits, to generate energy stores in the form of  adipose tissue. 
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• Nonalcoholic steatohepatitis is commonly associated with 
obesity and type 2 diabetes. This condition, also referred 
to as nonalcoholic fatty liver disease, can progress to 
fibrosis and cirrhosis (Chapter 15).

• Cholelithiasis (gallstones) is six times more common in 
obese than in lean subjects. The mechanism is mainly  
an increase in total body cholesterol, increased choles-
terol turnover, and augmented biliary excretion of cho-
lesterol in the bile, which in turn predisposes affected 
persons to the formation of cholesterol-rich gallstones 
(Chapter 15).

• Hypoventilation syndrome is a constellation of respiratory 
abnormalities in very obese persons. It has been called 
the pickwickian syndrome, after the fat lad who was con-
stantly falling asleep in Charles Dickens’ The Pickwick 
Papers. Hypersomnolence, both at night and during the 
day, is characteristic and is often associated with apneic 
pauses during sleep, polycythemia, and eventual right-
sided heart failure.

• Marked adiposity is a predisposing factor for the devel-
opment of degenerative joint disease (osteoarthritis). This 
form of arthritis, which typically appears in older 
persons, is attributed in large part to the cumulative 
effects of wear and tear on joints. The greater the body 
burden of fat, the greater the trauma to joints with 
passage of time.

• Markers of inflammation, such as C-reactive protein 
(CRP) and pro-inflammatory cytokines like TNF, are 
often elevated in obese persons. The basis for the inflam-
mation is uncertain; both a direct pro-inflammatory 
effect of excess circulating lipids and increased release 
of cytokines from fat-laden adipocytes have been pro-
posed. Whatever the cause, it is thought that chronic 
inflammation may contribute to many of the complica-
tions of obesity, including insulin resistance, metabolic 
abnormalities, thrombosis, cardiovascular disease, and 
cancer.

constant, regardless of individual body mass. Diets fail in 
part because loss of fat from adipocytes causes leptin levels 
to fall, stimulating the appetite and diminishing energy 
expenditure.

ut or ones
Gut hormones are rapidly acting initiators and terminators 
of volitional eating. Prototypical examples are ghrelin and 
peptide YY (PYY). Ghrelin is produced in the stomach and 
is the only known gut peptide that increases food intake. 
It probably acts by stimulating the NPY/AgRP neurons in 
the hypothalamus. Ghrelin levels normally rise before 
meals and fall 1 to 2 hours afterward, but this drop is 
attenuated in obese persons. PYY is secreted from endo-
crine cells in the ileum and colon in response to consump-
tion of food. It presumably acts by stimulating POMC/
CART neurons in the hypothalamus, thereby decreasing 
food intake.

Clinical Conse uences of esity
Obesity, particularly central obesity, is a known risk factor 
for a number of conditions, including type 2 diabetes, cardiovas-
cular disease, and cancer. Central obesity also stands at the 
center of a cluster of alterations known as the metabolic 
syndrome, characterized by abnormalities of glucose and 
lipid metabolism coupled with hypertension and evidence 
of a systemic pro-inflammatory state. The mechanisms 
underlying these associations are complex and probably 
interrelated. The following associations are worthy of note:
• Obesity is associated with insulin resistance and hyperin-

sulinemia, important features of type 2 diabetes (for-
merly known as non–insulin-dependent diabetes). It has 
been speculated that excess insulin, in turn, may play a 
role in the retention of sodium, expansion of blood 
volume, production of excess norepinephrine, and 
smooth muscle proliferation that are the hallmarks of 
hypertension. Whatever the mechanism, the risk of devel-
oping hypertension among previously normotensive persons 
increases proportionately with weight.

• Obese persons generally have hypertriglyceridemia and 
low HDL cholesterol levels, factors that increase the risk 
of coronary artery disease. The association between obesity 
and heart disease is not straightforward, however, and 
such linkage as there is relates more to the associated 
diabetes and hypertension than to weight per se.

• There is an increased incidence of certain cancers in the 
overweight, including cancers of the esophagus, thyroid, 
colon, and kidney in men and cancers of the esophagus, 
endometrium, gallbladder, and kidney in women. 
Overall, obesity is associated with approximately 20%  
of cancer deaths in women and 14% of deaths in  
men. The underlying mechanisms are unknown and  
are likely to be multiple. One suspect is hyperinsu-
linemia. Insulin increases levels of insulin-like growth 
factor-1 (IGF-1), which can stimulate the growth and 
survival of many types of cancer cells by activating its 
cognate receptor, IGF1R. The association of obesity and 
endometrial cancer may be indirect: High estrogen 
levels are associated with an increased risk of endome-
trial cancer (Chapter 18), and obesity is known to raise 
estrogen levels. With breast cancer, the data are 
controversial.

SUMMARY
Obesity
• Obesity is a disorder of energy regulation. It increases the 

risk for a number of important conditions such as insulin 
resistance, type 2 diabetes, hypertension, and hypertriglyc-
eridemia, which are associated with the development of 
coronary artery disease.

• The regulation of energy balance is very complex. It has 
three main components: (1) afferent signals, provided 
mostly by insulin, leptin, ghrelin, and peptide YY; (2) the 
central hypothalamic system, which integrates afferent 
signals and triggers the efferent signals; and (3) efferent 
signals, which control energy balance.

• Leptin plays a key role in energy balance. Its output from 
adipose tissues is regulated by the abundance of fat stores. 
Leptin binding to its receptors in the hypothalamus 
reduces food intake by stimulating POMC/CART neurons 
and inhibiting NPY/AgRP neurons.

• In addition to diabetes and cardiovascular disease, obesity 
also is associated with increased risk for certain cancers, 
nonalcoholic fatty liver disease, and gallstones.
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contaminating pesticides. Some artificial sweeteners 
(cyclamates and saccharin) have been implicated in the 
pathogenesis of bladder cancers, but convincing evi-
dence is lacking.

• The concern about endogenous synthesis of carcinogens 
or promoters from components of the diet relates prin-
cipally to gastric carcinomas. Nitrosamines and nitrosa-
mides are suspected to generate these tumors in humans, 
as they induce gastric cancer in animals. These com-
pounds are formed in the body from nitrites and amines 
or amides derived from digested proteins. Sources of 
nitrites include sodium nitrite, added to foods as a pre-
servative, and nitrates, present in common vegetables, 
which are reduced in the gut by bacterial flora. There is, 
then, the potential for endogenous production of carci-
nogenic agents from dietary components, which might 
well have an effect on the stomach.

• High animal fat intake combined with low fiber intake 
has been implicated in the causation of colon cancer. The 
most convincing explanation for this association is as 
follows: High fat intake increases the level of bile acids 
in the gut, which in turn modifies intestinal flora, favor-
ing the growth of microaerophilic bacteria. The bile 
acids or bile acid metabolites produced by these bacteria 
might serve as carcinogens or promoters. The protective 
effect of a high-fiber diet might relate to (1) increased 
stool bulk and decreased transit time, which decreases 
the exposure of mucosa to putative offenders, and  
(2) the capacity of certain fibers to bind carcinogens  
and thereby protect the mucosa. Attempts to document 
these theories in clinical and experimental studies have, 
on the whole, led to contradictory results.

• Vitamins C and E, β-carotenes, and selenium have been 
assumed to have anticarcinogenic effects because of 
their antioxidant properties. To date, however, no con-
vincing evidence has emerged to show that these anti-
oxidants act as chemopreventive agents. As already 
mentioned, retinoic acid promotes epithelial differentia-
tion and is believed to reverse squamous metaplasia.

Thus, despite many tantalizing trends and proclamations 
by “diet gurus,” to date there is no definite proof that diet 
in general can cause or protect against cancer. Nonetheless, 
concern persists that carcinogens lurk in things as pleasur-
able as a juicy steak and rich ice cream.
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Diet and Systemic Diseases

The problems of under- and overnutrition, as well as spe-
cific nutrient deficiencies, have been discussed; however, 
the composition of the diet, even in the absence of any of 
these problems, may make a significant contribution to the 
causation and progression of a number of diseases. A few 
examples suffice here.

Currently, one of the most important and controversial 
issues is the contribution of diet to atherogenesis. The 
central question is whether dietary modification—
specifically, reduction in the consumption of foods high in 
cholesterol and saturated animal fats (e.g., eggs, butter, 
beef)—can reduce serum cholesterol levels and prevent or 
retard the development of atherosclerosis (of most impor-
tance, coronary heart disease). The average adult in the 
United States consumes a large amount of fat and choles-
terol daily, with a ratio of saturated fatty acids to polyun-
saturated fatty acids of about 3 : 1. Lowering the level of 
saturates to the level of the polyunsaturates causes a 10% 
to 15% reduction in serum cholesterol level within a few 
weeks. Vegetable oils (e.g., corn and safflower oils) and fish 
oils contain polyunsaturated fatty acids and are good 
sources of such cholesterol-lowering lipids. Fish oil fatty 
acids belonging to the omega-3, or n-3, family have more 
double bonds than do the omega-6, or n-6, fatty acids found 
in vegetable oils. One study of Dutch men whose usual 
daily diet contained 30 gm of fish revealed a substantially 
lower frequency of death from coronary heart disease than 
that among comparable control subjects, providing some 
hope (but no definitive proof) that long-term supplementa-
tion of food with omega-3 fatty acids may reduce coronary 
artery disease.

Other specific effects of diet on disease have been 
recognized:
• Hypertension is reduced by restricting sodium intake.
• Dietary fiber, or roughage, resulting in increased fecal 

bulk, is thought by some investigators to have a preven-
tive effect against diverticulosis of the colon.

• Caloric restriction has been convincingly demonstrated 
to increase life span in experimental animals, including 
monkeys. The basis for this striking observation is not 
clear (Chapter 1).

• Even lowly garlic has been touted to protect against 
heart disease (and also, alas, against kisses—and the 
devil), although research has yet to prove this effect 
unequivocally.

Diet and Cancer

With respect to carcinogenesis, three aspects of the diet  
are of concern: (1) the content of exogenous carcinogens, 
(2) the endogenous synthesis of carcinogens from dietary 
components, and (3) the lack of protective factors.
• An example of an exogenous carcinogen is aflatoxin, 

which is an important factor in the development of 
hepatocellular carcinomas in parts of Asia and Africa. 
Exposure to aflatoxin causes a specific mutation (codon 
249) in the P53 gene in tumor cells. The mutation can be 
used as a molecular signature for aflatoxin exposure in 
epidemiologic studies. Debate continues about the car-
cinogenicity of food additives, artificial sweeteners, and 
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This chapter reviews the general principles of the patho-
genesis of infectious disease and describes the characteris-
tic histopathologic changes for different disease categories. 
Infections that involve specific organs are discussed in 
other chapters of this book.

GENERAL PRINCIPLES OF MICROBIAL 
PATHOGENESIS

Infectious diseases remain an important health problem in 
the United States and worldwide despite the availability 
and use of effective vaccines and antibiotics. In the United 
States, 2 of the top 10 leading causes of death are attribut-
able to infection (pneumonia and septicemia). Infectious 
diseases are particularly important causes of death among 
the elderly, people with the acquired immunodeficiency 
syndrome (AIDS), persons with chronic diseases, and 
patients receiving immunosuppressive drugs. In develop-
ing countries, unsanitary living conditions and malnutri-
tion contribute to a massive burden of infectious diseases 
that kills more than 10 million people each year. Tragically, 
the most common victims are children with respiratory 
and diarrheal infections.

Categories of Infectious Agents

Infectious agents belong to a wide range of classes and vary 
greatly in size, ranging from prion protein aggregates of 
under 20 nm to 10-m tapeworms (Table 8–1).

Prions
Prions are composed of abnormal forms of a host protein 
termed prion protein (PrP). These agents cause transmissible 
spongiform encephalopathies, including kuru (associated 
with human cannibalism), Creutzfeldt-Jakob disease (CJD), 
bovine spongiform encephalopathy (BSE) (better known as 
“mad cow disease”), and variant Creutzfeldt-Jakob disease 
(vCJD) (probably transmitted to humans through con-
sumption of meat from BSE-infected cattle). PrP is found 
normally in neurons. Diseases occur when the PrP under-
goes a conformational change that confers resistance to 
proteases. The protease-resistant PrP promotes conversion 
of the normal protease-sensitive PrP to the abnormal form, 
explaining the infectious nature of these diseases. Accumu-
lation of abnormal PrP leads to neuronal damage and  
distinctive spongiform pathologic changes in the brain. 
Spontaneous and inherited mutations in PrP that make it 
resistant to proteases have been observed in the sporadic 
and familial forms of CJD, respectively. CJD can be trans-
mitted from person to person iatrogenically, by surgery, 
organ transplantation, or blood transfusion. These diseases 
are discussed in detail in Chapter 22.

Viruses
Viruses are obligate intracellular parasites that depend on 
the host cell’s metabolic machinery for their replication. 
They consist of a nucleic acid genome surrounded by a 
protein coat (called a capsid) that is sometimes encased in 
a lipid membrane. Viruses are classified by their nucleic 
acid genome (DNA or RNA but not both), the shape of the 
capsid (icosahedral or helical), the presence or absence of 
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a onomic Category Size Propagation Site s ample s Disease s
Prions <  nm Intracellular Prion protein Creutzfeldt Jacob disease

Viruses  nm bligate intracellular Poliovirus Poliomyelitis

Bacteria .  μm bligate intracellular Chla ydia tracho atis rachoma, urethritis
tracellular Streptococcus pneu oniae Pneumonia

Facultative intracellular Myco acteriu  tu erculosis uberculosis

Fungi  μm tracellular Candida al icans hrush
Facultative intracellular istoplas a capsulatu Histoplasmosis

Protozoa  μm tracellular Trypanoso a ga iense Sleeping sickness
Facultative intracellular Trypanoso a cru i Chagas disease

bligate intracellular eish ania donovani Kala azar

Helminths  mm  m tracellular uchereria ancrofti Filariasis
Intracellular Trichinella spiralis richinosis

Table –1 Classes of Human Pathogens

rgan System Pathogen Disease s
Respiratory Adenovirus Upper and lo er respiratory tract infections, con unctivitis

Rhinovirus Upper respiratory tract infection
In uenza viruses A, B In uenza
Respiratory syncytial virus Bronchiolitis, pneumonia

Digestive Mumps virus Mumps, pancreatitis, orchitis
Rotavirus Childhood gastroenteritis
Norovirus astroenteritis
Hepatitis A virus Acute viral hepatitis
Hepatitis B virus Acute or chronic hepatitis
Hepatitis D virus ith hepatitis  virus infection  acute or chronic hepatitis
Hepatitis C virus Acute or chronic hepatitis
Hepatitis  virus Acute viral hepatitis

Systemic
 With skin eruptions Measles virus Measles rubeola

Rubella virus erman measles rubella
Varicella zoster virus Chickenpo , shingles
Herpes simple  virus type ral herpes cold sore
Herpes simple  virus type enital herpes

 With hematopoietic disorders Cytomegalovirus Cytomegalic inclusion disease
pstein Barr virus Infectious mononucleosis

HIV  and HIV AIDS

Skin genital arts Papillomavirus Condyloma  cervical carcinoma

Central nervous system Poliovirus Poliomyelitis
JC virus Progressive multifocal leukoencephalopathy opportunistic

Table –2 Selected Human Viral Diseases and heir Pathogens

AIDS, acquired immunodeficiency syndrome; HIV, human immunodeficiency virus.

a lipid envelope, their mode of replication, the preferred 
cell type for replication (called tropism), or the type of 
pathology they cause (Table 8–2). Some viral components 
and particles aggregate within infected cells and form char-
acteristic inclusion bodies, which may be seen with the 
light microscope and are useful for diagnosis (Fig. 8–1). 
For example, cytomegalovirus (CMV)-infected cells are 
enlarged and show a large eosinophilic nuclear inclusion 
and smaller basophilic cytoplasmic inclusions; herpesvi-
ruses form a large nuclear inclusion surrounded by a clear 
halo; and both smallpox and rabies viruses form character-
istic cytoplasmic inclusions. However, many viruses (e.g., 
poliovirus) do not produce inclusions.

Accounting for a large share of human infections, viruses 
can cause illnesses in several ways. Many viruses cause 
transient illnesses (e.g., colds, influenza). Other viruses  

are not eliminated from the body and persist within  
cells of the host for years, either continuing to multiply 
(e.g., chronic infection with hepatitis B virus [HBV]) or 
surviving in some nonreplicating form (termed latent infec-
tion) with the potential to be reactivated later. For example, 
herpes zoster virus, the cause of chickenpox, can enter 
dorsal root ganglia and establish latency there and later be 
periodically activated to cause shingles, a painful skin con-
dition. Some viruses are involved in transformation of a 
host cell into a benign or malignant tumor (e.g., human 
papillomavirus [HPV]-induced benign warts and cervical 
carcinoma). Different species of viruses can produce the 
same clinical picture (e.g., upper respiratory infection); 
conversely, a single virus can cause different clinical mani-
festations depending on host age or immune status (e.g., 
CMV).
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Figure 8–1 Examples of viral inclusions. A, Cytomegalovirus infection in the lung. Infected cells show distinct nuclear (long arrow) and ill-defined cyto-
plasmic (short arrows) inclusions. B, Varicella-zoster virus infection in the skin. Herpes simplex virus and varicella-zoster virus both cause characteristic 
cytopathologic changes, including fusion of  epithelial cells, which produces multinucleate cells with molding of  nuclei to one another (long arrow), and 
eosinophilic haloed nuclear inclusions (short arrow). C, Hepatitis B viral infection in liver. In chronic infections, infected hepatocytes show diffuse granular 
(“ground-glass”) cytoplasm, reflecting accumulated hepatitis B surface antigen (HBsAg). 

A B C

Figure 8–2 Molecules on the surface of  gram-negative and gram-positive bacteria involved in the pathogenesis of  infection. 
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Bacteria
Bacterial infections are common causes of disease (Table 
8–3). Bacteria are prokaryotes, meaning that they have a 
cell membrane but lack membrane-bound nuclei and other 
membrane-enclosed organelles. Most bacteria are bound 
by a cell wall consisting of peptidoglycan, a polymer of 
long sugar chains linked by peptide bridges surrounding 
the cell membrane. There are two common forms of cell 
wall structure: a thick wall that retains crystal-violet stain 
(gram-positive bacteria) and a thin cell wall surrounded by 
an outer membrane (gram-negative bacteria) (Fig. 8–2). 
Bacteria are classified by Gram staining (positive or nega-
tive), shape (spherical ones are cocci; rod-shaped ones are 
bacilli) (Fig. 8–3), and need for oxygen (aerobic or anaero-
bic). Motile bacteria have flagella, which are long helical 
filaments extending from the cell surface that rotate and 
move the bacteria. Some bacteria possess pili, another kind 
of surface projection that can attach bacteria to host cells or 
extracellular matrix. Bacteria synthesize their own DNA, 
RNA, and proteins, but they depend on the host for favor-
able growth conditions. Many bacteria remain extracellular 
when they grow in the host, while others survive and rep-
licate either outside or inside of host cells (facultative intra-
cellular bacteria) and some grow only inside host cells 
(obligate intracellular bacteria).

Normal healthy people can be colonized by as many  
as 1012 bacteria on the skin, 1010 bacteria in the mouth, 
and 1014 bacteria in the gastrointestinal tract. Bacteria 
colonizing the skin include Staphylococcus epidermidis 
and Propionibacterium acnes, the cause of acne. Aerobic and 
anaerobic bacteria in the mouth, particularly Streptococcus 
mutans, contribute to dental plaque, a major cause of 
tooth decay. There are over 3,000 taxa of bacteria in the 
normal intestinal flora of an individual human, but only a 
small subset, mainly anaerobes, account for the great 
majority.

Chlamydia and Rickettsia are obligate intracellular bacte-
ria which replicate inside membrane-bound vacuoles in 
epithelial and endothelial cells, respectively. These bacteria 
get most or all of their energy source, ATP, from the host 
cell. Chlamydia trachomatis is the most frequent infectious 
cause of female sterility (by scarring and narrowing of the 
fallopian tubes) and blindness (by chronic inflammation of 
the conjunctiva that eventually causes scarring and opaci-
fication of the cornea). Rickettsiae injure the endothelial 
cells in which they grow, causing a hemorrhagic vasculitis, 
often visible as a rash, but they also may injure the central 
nervous system (CNS), with potentially fatal outcome, as 
in Rocky Mountain spotted fever and epidemic typhus. 
Rickettsiae are transmitted by arthropod vectors, including 
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Clinical Microbiologic 
Category Species Fre uent Disease Presentation s
Infections by pyogenic 

cocci
Staphylococcus aureus  Staphylococcus epider idis Abscess, cellulitis, pneumonia, sepsis
Streptococcus pyogenes Pharyngitis, erysipelas, scarlet fever
Streptococcus pneu oniae pneumococcus obar pneumonia, meningitis

eisseria eningitidis meningococcus Meningitis
eisseria gonorrhoeae gonococcus onorrhea

ram negative infections Escherichia coli  le siella pneu oniae Urinary tract infection, ound infection, abscess, 
pneumonia, sepsis, shock, endocarditisEntero acter Aero acter  aerogenes

Proteus spp. Proteus ira ilis  Proteus orgagni
Serratia arcescens  Pseudo onas spp. Pseudo onas 

aeruginosa ,  acteroides spp. acteroides fragilis
egionella spp. egionella pneu ophila egionnaires disease

Contagious childhood 
bacterial diseases

ae ophilus in uen ae Meningitis, upper and lo er respiratory tract infections
ordetella pertussis Whooping cough

Coryne acteriu  diphtheriae Diphtheria

nteric infections nteropathogenic E coli  Shigella spp., i rio cholerae Invasive or noninvasive gastroenterocolitis
Ca pylo acter e uni  Ca pylo acter coli
ersinia enterocolitica

Sal onella spp.
Sal onella typhi yphoid fever

Clostridial infections Clostridiu  tetani etanus lock a
Clostridiu  otulinu Botulism paralytic food poisoning
Clostridiu  perfringens  Clostridiu  septicu as gangrene, necrotizing cellulitis
Clostridiu  dif cile Pseudomembranous colitis

oonotic bacterial 
infections

acillus anthracis Anthra
ersinia pestis Bubonic plague

Francisella tularensis ularemia
rucella elitensis  rucella suis  rucella a ortus Brucellosis undulant fever
orrelia recurrentis Relapsing fever
orrelia urgdorferi yme disease

reponemal infections Trepone a pallidu Syphilis

Mycobacterial infections Myco acteriu  tu erculosis  M ovis uberculosis
Myco acteriu  leprae eprosy
Myco acteriu  ansasii  Myco acteriu  aviu  

co plex
Atypical mycobacterial infections

Actinomycetal infections ocardia asteroides Nocardiosis
Actino yces israelii Actinomycosis

Table –  Selected Human Bacterial Diseases and heir Pathogens

*Important opportunistic infections.

Figure 8–3 The variety of bacterial morphology. The bacteria are indicated by arrows. A, Gram stain preparation of  sputum from a patient with pneu-
monia. Gram-positive, elongated cocci in pairs and short chains (Streptococcus pneumoniae) and a neutrophil are evident. B, Gram stain preparation of  
a bronchoalveolar lavage specimen showing gram-negative intracellular rods typical of  members of  Enterobacteriaceae such as Klebsiella pneumoniae 
or Escherichia coli. C, Silver stain preparation of  brain tissue from a patient with Lyme disease meningoencephalitis. Two helical spirochetes (Borrelia 
burgdorferi) are indicated by arrows. A, B, and C are at different magnifications. 
(B,  Courtesy of Dr. Karen Krisher, Clinical Microbiology Institute, Wilsonville, Oregon. A and C, Courtesy of Dr. Kenneth Van Horn, Focus Diagnostics, Cypress, California.)

A B C
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infections characterized by tissue necrosis, hemorrhage, 
and vascular occlusion, with little or no inflammatory 
response (Fig. 8–4). Patients with AIDS often are infected 
by the opportunistic fungus Pneumocystis jiroveci (previ-
ously called Pneumocystis carinii).

Protozoa
Protozoa are single-celled eukaryotes that are major causes 
of disease and death in developing countries. Protozoa  
can replicate intracellularly within a variety of cells (e.g., 
Plasmodium in red cells, Leishmania in macrophages) or 
extracellularly in the urogenital system, intestine, or blood. 
Trichomonas vaginalis organisms are sexually transmitted 
flagellated protozoal parasites that often colonize the 
vagina and male urethra. The most prevalent intestinal 
protozoans, Entamoeba histolytica and Giardia lamblia, are 
ingested as nonmotile cysts in contaminated food or water 
and become motile trophozoites that attach to intestinal 
epithelial cells. Bloodborne protozoa (e.g., Plasmodium, Try-
panosoma, Leishmania) are transmitted by insect vectors, in 
which they replicate before being passed to new human 
hosts. Toxoplasma gondii is acquired either through contact 
with oocyst-shedding kittens or by eating cyst-ridden, 
undercooked meat.

Helminths
Parasitic worms are highly differentiated multicellular 
organisms. Their life cycles are complex; most alternate 
between sexual reproduction in the definitive host and 
asexual multiplication in an intermediate host or vector. 
Thus, depending on the species, humans may harbor adult 
worms (e.g., Ascaris lumbricoides), immature stages (e.g., 
Toxocara canis), or asexual larval forms (e.g., Echinococcus 
spp.). Once adult worms take up residence in humans, they 
usually do not multiply but they produce eggs or larvae 
that are usually passed out in stool. Often, the severity of 
disease is in proportion to the number of infecting organ-
isms. For example, a burden of 10 hookworms is associated 
with mild or no clinical disease, whereas 1000 hookworms 
consume enough blood to cause severe anemia. In some 
helminthic infections, such as schistosomiasis, disease is 
caused by inflammatory responses to the eggs or larvae, 
rather than to the adults.

lice (in epidemic typhus), ticks (in Rocky Mountain spotted 
fever and ehrlichiosis), and mites (in scrub typhus).

Mycoplasma and the related genus Ureaplasma are unique 
among extracellular bacterial pathogens in that they do not 
have a cell wall. These are the tiniest free-living organisms 
known (125 to 300 nm).
Normal Microbiome. The intestinal tract and skin nor-
mally are colonized by a large number and diversity of 
bacterial species. Until recently, little was known about 
these species because most normal flora cannot be cul-
tured. New techniques of microbial identification and  
speciation relying on ribosomal RNA sequencing have 
revealed normal microbial flora to be remarkably complex. 
This veritable ecosystem of microbes and their genes and 
products that humans live with is called the microbiome. In 
the intestinal tract, the microbiota are responsible not only 
for absorption of digested foods but also for maintaining 
the integrity of the epithelium and the normal functioning 
of the intestinal immune system, and for competitively 
inhibiting invasion and colonization by potentially patho-
genic microbes. Depletion of the microbiome or change in 
its composition has been implicated in inflammatory bowel 
disease, the development of allergies, and increased inci-
dence of various systemic autoimmune diseases.

Fungi
Fungi are eukaryotes that possess thick, chitin-containing 
cell walls and ergosterol-containing cell membranes. Fungi 
can grow either as rounded yeast cells or as slender, fila-
mentous hyphae. Hyphae may be septate (with cell walls 
separating individual cells) or aseptate, which is an impor-
tant distinguishing characteristic in clinical material. Some 
of the most important pathogenic fungi exhibit thermal 
dimorphism; that is, they grow as hyphal forms at room 
temperature but as yeast forms at body temperature. Fungi 
may produce sexual spores or, more commonly, asexual 
spores called conidia. The latter are produced on specialized 
structures or fruiting bodies arising along the hyphal  
filament.

Fungi may cause superficial or deep infections.
• Superficial infections involve the skin, hair, and nails. 

Fungal species that cause superficial infections are called 
dermatophytes. Infection of the skin is called tinea; thus, 
tinea pedis is “athlete’s foot” and tinea capitis is scalp 
ringworm. Certain fungi invade the subcutaneous tissue, 
causing abscesses or granulomas sometimes called 
mycetomas.

• Deep fungal infections can spread systemically and 
invade tissues, destroying vital organs in immunocom-
promised hosts, but usually resolve or remain latent in 
otherwise normal hosts.
Fungi are divided into endemic and opportunistic 

species.
• Endemic fungi are invasive species that are limited to 

particular geographic regions (e.g., Coccidioides in the 
southwestern United States, Histoplasma in the Ohio 
River Valley).

• By contrast, opportunistic fungi (e.g., Candida, Aspergil-
lus, Mucor, Cryptococcus) are ubiquitous organisms that 
either colonize individuals or are encountered from 
environmental sources. In immunodeficient individuals, 
opportunistic fungi give rise to life-threatening invasive 

Figure 8–4 Meningeal blood vessels with angioinvasive Mucor species. 
Note the irregular width and near right-angle branching of  the hyphae. 
(Courtesy of Dr. Dan Milner, Department of Pathology, Brigham and Women’s Hospital, Boston, 
Massachusetts.)
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silver, mucicarmine, and Giemsa stains—or after labeling 
with specific antibodies (Table 8–4). Organisms are usually 
best visualized at the advancing edge of a lesion rather 
than at its center, particularly if there is necrosis.

Acute infections can be diagnosed serologically by 
detecting pathogen-specific antibodies in the serum. The 
presence of specific immunoglobulin M (IgM) antibody 
shortly after the onset of symptoms is often diagnostic. 
Alternatively, specific antibody titers can be measured 
early (“acute”) and again at 4 to 6 weeks (“convalescent”) 
after infection; a four-fold rise in titer usually is considered 
diagnostic. Assays for serum antibodies are very useful for 
the diagnosis of hepatitis caused by viruses.

Nucleic acid–based tests, collectively called molecular 
diagnostics, are used routinely to detect pathogens. Nucleic 
acid amplification techniques, such as polymerase chain 
reaction (PCR) and transcription-mediated amplification, 
are used for diagnosis of gonorrhea, chlamydial infection, 
tuberculosis, and herpes encephalitis. Molecular assays are 
much more sensitive than conventional testing for some 
pathogens. PCR testing of cerebrospinal fluid (CSF) for 
HSV encephalitis has a sensitivity of about 80%, whereas 
viral culture of CSF has a sensitivity of less than 10%. Simi-
larly, nucleic acid tests for genital Chlamydia detect 10% to 
30% more infections than does conventional Chlamydia 
culture. For other infections, such as gonorrhea, the sensi-
tivity of nucleic acid testing is similar to that of culture. 
Quantitative nucleic acid amplification tests are used to 
guide the medical management of infections with human 
immunodeficiency virus (HIV), HBV and hepatitis C virus 
(HCV).

NEW AND EMERGING INFECTIOUS 
DISEASES

A surprising number of new infectious agents continue to 
be discovered. The infectious causes of some important 
diseases were previously unrecognized, because some of 
the infectious agents are difficult to culture; examples 
include Helicobacter pylori gastritis and peptic ulcer disease, 
HBV and HCV, and Legionnaires disease (pneumonia). 
Some infectious agents are relatively new to humans—for 
example, HIV, which causes AIDS, and B. burgdorferi, 
which causes Lyme disease. Other infections have become 
much more common because of immunosuppression 
caused by AIDS or therapy to prevent transplant rejection 
and for some cancers (e.g., Kaposi sarcoma, Mycobacterium 

Helminths comprise three groups:
• Roundworms (nematodes) are circular in cross-section and 

nonsegmented. Intestinal nematodes include Ascaris 
lumbricoides, Strongyloides stercoralis, and hookworms. 
Nematodes that invade into tissue include the filariae 
and Trichinella spiralis (Fig. 8–5).

• Tapeworms (cestodes) have a head (scolex) and a ribbon 
of multiple flat segments (proglottids). They adsorb 
nutrition through their tegument and do not have a 
digestive tract. They include the fish, beef, and pork 
tapeworms, found in the human intestine. The larvae 
that develop after ingestion of eggs of certain tapeworms 
can cause cystic disease within tissues (Echinoccus granu-
losus larvae cause hydatid cysts; pork tapeworm larvae 
produce cysts called cysticerci in many organs).

• Flukes (trematodes) are leaf-shaped flatworms with prom-
inent suckers that are used to attach to the host. They 
include liver and lung flukes and schistosomes.

Ectoparasites
Ectoparasites are insects (lice, bedbugs, fleas) or arachnids 
(mites, ticks, spiders) that attach to and live on or in the 
skin. Diseases caused directly by arthropods are character-
ized by itching and excoriations, such as pediculosis caused 
by lice attached to hairs, or scabies caused by mites  
burrowing into the stratum corneum. At the site of the  
bite, mouth parts may be found associated with a mixed 
infiltrate of lymphocytes, macrophages, and eosinophils. 
Arthropods also can serve as vectors for other pathogens, 
such as Borrelia burgdorferi, the agent of Lyme disease, 
which is transmitted by deer ticks.

SPECIAL TECHNIQUES FOR 
IDENTIFYING INFECTIOUS AGENTS

Some infectious agents can be seen in hematoxylin and 
eosin (H&E)–stained sections (e.g., the inclusion bodies 
formed by CMV and herpes simplex virus (HSV); bacterial 
clumps, which usually stain blue; Candida and Mucor 
among the fungi; most protozoans; all helminths). Many 
infectious agents, however, are best visualized by special 
stains that identify organisms on the basis of particular 
characteristics of their cell wall or coat—Gram, acid-fast, 

Figure 8–5 Coiled Trichinella spiralis larva within a skeletal muscle cell. 

echni ue Infectious Agent s
ram stain Most bacteria

Acid fast stain Mycobacteria, nocardiae modi ed

Silver stains Fungi, legionellae, Pneu ocystis

Periodic acid Schiff Fungi, amebae

Mucicarmine Cryptococci

iemsa eishmaniae, Plas odiu

Antibodies All classes

Culture All classes

DNA probes All classes

Table –  Special echni ues for Identifying Infectious Agents
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legs. The rash initially is vesicular and later becomes pus-
tular. Because affected persons are contagious during the 
incubation period, smallpox virus can rapidly spread 
throughout an unprotected population. Since routine 
smallpox vaccination ended in the United States in 1972, 
immunity has waned, leaving the population highly sus-
ceptible. Concern that smallpox could be used for bioter-
rorism has led to reinstitution of vaccination for some 
medical and military personnel.

Category B agents are moderately easy to disseminate, 
cause disease associated with moderate morbidity but low 
mortality, and require specific diagnostic and disease sur-
veillance. Many of these agents can be spread in food or 
water. Category C agents include emerging pathogens that 
could be engineered for mass dissemination because of 
ease of availability, production, and dissemination; the 
potential for high morbidity and mortality; and great 
impact on health.

TRANSMISSION AND DISSEMINATION 
OF MICROBES

Routes of Entry of Microbes

Microbes can enter the host through breaches in the  
skin, inhalation, ingestion, or sexual transmission. The  
first defenses against infection are intact skin and mucosal 
surfaces, which provide physical barriers and produce 

avium complex, P. jiroveci). Finally, infectious diseases that 
are common in one geographic area may be introduced 
into a new area. For example, West Nile virus has been 
common in Europe, Asia, and Africa for years but was first 
described in the United States in 1999.

Several factors contribute to the emergence of infectious 
diseases:
• Human behavior affects the spread and demographics 

of infections. AIDS was first recognized in the United 
States as predominantly a disease of homosexual men 
and drug abusers, but heterosexual transmission is now 
more common. In sub-Saharan Africa, the area of the 
world with the highest number of AIDS cases, it is pre-
dominantly a heterosexual disease.

• Changes in the environment occasionally drive rates of 
infectious diseases. Deforestation of the eastern United 
States has led to massive increases in deer and mice, 
which carry the ticks that transmit Lyme disease, babe-
siosis, and ehrlichiosis. Global warming has also had an 
impact on the spread of infections. For example, the 
mosquitoes that carry Dengue fever, which used to be 
confined to the U.S.-Mexican border, are now found in 
28 states.

• Pathogens adapt rapidly to selective pressures exerted 
by widespread use (and overuse) of antibiotics. Antibi-
otic resistance has developed and is now common in 
Mycobacterium tuberculosis, Neisseria gonorrhoeae, and 
Staphylococcus aureus. Similarly, development of drug-
resistant parasites has dramatically increased the  
morbidity and mortality associated with Plasmodium 
falciparum infection in Asia, Africa, and Latin America.

AGENTS OF BIOTERRORISM
Sadly, the anthrax attacks in the United States in 2001 trans-
formed the theoretical threat of bioterrorism into reality. 
The Centers for Disease Control and Prevention (CDC) has 
evaluated the microorganisms that pose the greatest danger 
as weapons on the basis of the efficiency with which disease 
can be transmitted, how difficult the microorganisms are 
to produce and distribute, what can be done to defend 
against them, and the extent to which they are likely to 
alarm the public and produce widespread fear. Based on 
these criteria, the CDC has ranked bioweapons into three 
categories, designated A, B, and C (Table 8–5).

The agents in the highest-risk category A can be readily 
disseminated or transmitted from person to person, typi-
cally cause diseases that can carry a high mortality rate 
with potential for major public health impact, may cause 
pandemics leading to public panic and social disruption, 
and are likely to require special action for public health 
preparedness. For example, the smallpox virus is a cate-
gory A agent because of its high transmissibility, case  
mortality rates of 30% or greater, and the lack of effective 
antiviral therapy. Smallpox readily spreads from person  
to person, mainly through respiratory secretions and by 
direct contact with virus in skin lesions. After an incuba-
tion period of 7 to 17 days, the usual presenting manifesta-
tions are high fever, headache, and backache, followed by 
a rash, which first appears on the mucosa of the mouth and 
pharynx, face, and forearms and spreads to the trunk and 

Category A Diseases and Agents
Anthra  acillus anthracis

Botulism Clostridiu  otulinu  to in

Plague  ersinia pestis

Smallpo  ariola a or virus

ularemia  Francisella tularensis

Viral hemorrhagic fevers  loviruses e.g., bola, Marburg  and 
arenaviruses e.g., assa, Machupo

Category B Diseases and Agents
Brucellosis  rucella spp.

psilon to in of Clostridiu  perfringens

Food safety threats  Sal onella spp., Escherichia coli H , Shigella, 
others

landers  ur holderia allei

Melioidosis  ur holderia pseudo allei

Psittacosis  Chla ydia psittaci

 fever  Coxiella urnetii

Ricin to in from castor beans Ricinus co unis

Staphylococcal enteroto in B

yphus fever  Ric ettsia prowa e ii

Viral encephalitis  alphaviruses e.g., Venezuelan e uine encephalitis, 
astern e uine encephalitis, Western e uine encephalitis

Water safety threats  i rio cholerae  Cryptosporidiu  parvu , others

Category C Diseases and Agents
merging infectious disease threats  Nipah virus, hantavirus, possibly 

others

Table –  Potential Agents of Bioterrorism

Adapted from Centers for Disease Control and Prevention Information (www.bt.cdc.
gov/bioterrorism/2011).

http://www.bt.cdc.gov/bioterrorism/2011
http://www.bt.cdc.gov/bioterrorism/2011
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poliovirus, enteropathic Escherichia coli, V. cholerae, Salmo-
nella typhi, and Shigella flexneri.

Infection via the gastrointestinal tract occurs when local 
defenses are weakened or the organisms develop strategies to 
overcome these defenses. Host defenses are weakened by low 
gastric acidity, by antibiotics that alter the normal bacterial 
flora (e.g., in pseudomembranous colitis), or when there is 
stalled peristalsis or mechanical obstruction. Viruses that 
can enter the body through the intestinal tract (e.g., hepa-
titis A, rotavirus) are those that lack envelopes, because 
enveloped viruses are inactivated by bile and digestive 
enzymes.

Enteropathogenic bacteria cause gastrointestinal disease in 
several ways:
• S. aureus can contaminate and grow in food, where it 

releases powerful enterotoxins that, when ingested, 
cause food poisoning without any bacterial multiplica-
tion in the gut.

• V. cholerae and enterotoxigenic E. coli bind to the intesti-
nal epithelium and multiply in the overlying mucous 
layer, where they release exotoxins that cause epithelial 
cells to secrete large volumes of fluid, resulting in watery 
diarrhea.

• Shigella, Salmonella, and Campylobacter invade locally and 
damage the intestinal mucosa and lamina propria, 
causing ulceration, inflammation, and hemorrhage—
changes manifested clinically as dysentery.

• Salmonella typhi passes from the damaged mucosa 
through Peyer’s patches and mesenteric lymph nodes 
and into the bloodstream, resulting in a systemic 
infection.

Fungal infection of the gastrointestinal tract occurs mainly 
in immunologically compromised persons. Candida, part of 
the normal gastrointestinal flora, shows a pre dilection for 
stratified squamous epithelium, causing oral thrush or 
membranous esophagitis, but also may spread to the 
stomach, lower gastrointestinal tract, and other organs.

Intestinal protozoa are transmitted as cysts, which resist 
stomach acid. In the gut, cysts convert to motile trophozo-
ites and attach to sugars on the intestinal epithelia through 
surface lectins. What happens next differs among protozoa. 
Giardia lamblia attaches to the epithelial brush border, 
whereas cryptosporidia are taken up by enterocytes, in 
which they form gametes and oocysts. E. histolytica kills 
host cells by contact-mediated cytolysis through a channel-
forming pore protein, with consequent ulceration and 
invasion of the colonic mucosa. Intestinal helminths cause 
disease when they are present in large numbers or by 
reaching ectopic sites, for example, by obstructing the gut 
or invading and damaging the bile ducts (Ascaris lumbricoi-
des). Hookworms cause iron deficiency anemia by sucking 
blood from intestinal villi; Diphyllobothrium, the fish tape-
worm, causes anemia by depriving the host of vitamin B12. 
Finally, larvae of several helminths pass through the gut 
briefly on their way to another organ; for example, Trichi-
nella spiralis larvae preferentially encyst in muscle, and 
Echinococcus larvae grow in the liver or lung.

Respiratory Tract
A large number of microorganisms, including viruses, bac-
teria, and fungi, are inhaled daily by every person. In many 
cases, the microbes are inhaled in dust or aerosol particles. 

antimicrobial substances. In general, respiratory, gastroin-
testinal, or genitourinary tract infections that occur in oth-
erwise healthy persons are caused by relatively virulent 
microorganisms that are capable of damaging or penetrat-
ing intact epithelial barriers. By contrast, most skin infec-
tions in healthy persons are caused by less virulent 
organisms that enter the skin through damaged sites (cuts 
and burns).

S in
The dense, keratinized outer layer of skin is a natural 
barrier to infection, and the low pH of the skin (less than 
5.5) and the presence of fatty acids inhibit growth of micro-
organisms other than the normal flora. Skin normally is 
inhabited by bacteria and fungi, including potential oppor-
tunists, such as S. aureus and Candida albicans.

Most microorganisms penetrate through breaks in the skin, 
including superficial pricks (fungal infections), wounds 
(staphylococci), burns (Pseudomonas aeruginosa), and dia-
betic and pressure-related foot sores (multibacterial  
infections). Intravenous catheters in hospitalized patients 
provide portals for local or systemic infection. Needle 
sticks can expose the recipient to infected blood and trans-
mit HBV, hepatitis C virus (HCV), or HIV. Some pathogens 
penetrate the skin via an insect or animal bite. Bites by 
fleas, ticks, mosquitoes, mites, and lice break the skin  
and transmit arboviruses (causes of yellow fever and 
encephalitis), bacteria (plague, Lyme disease, Rocky  
Mountain spotted fever), protozoa (malaria, leishmania-
sis), and helminths (filariasis). Animal bites can lead to 
infections with bacteria or certain viruses, such as rabies. 
Only a few microorganisms are able to traverse the unbro-
ken skin. For example, Schistosoma larvae released from 
freshwater snails penetrate swimmers’ skin by releasing 
enzymes that dissolve the extracellular matrix. Certain 
fungi (dermatophytes) can infect intact stratum corneum, 
hair, and nails.

astrointestinal Tract
Gastrointestinal pathogens are transmitted by food or 
drink contaminated with fecal material. When hygiene 
fails, as may occur with natural disasters such as floods and 
earthquakes, diarrheal disease becomes rampant.

Acidic gastric secretions are important defenses and are 
lethal for many gastrointestinal pathogens. Healthy volun-
teers do not become infected by Vibrio cholerae unless they 
are fed 1011 organisms, but neutralizing the stomach acid 
reduces the infectious dose by 10,000-fold. By contrast, 
some ingested agents, such as Shigella and Giardia cysts, are 
relatively resistant to gastric acid, so fewer than 100 organ-
isms of each can cause illness.

Other normal defenses within the gastrointestinal tract 
include (1) the layer of viscous mucus covering the intesti-
nal epithelium, (2) lytic pancreatic enzymes and bile deter-
gents, (3) mucosal antimicrobial peptides called defensins, 
(4) normal flora, and (5) secreted IgA antibodies. IgA  
antibodies are made by plasma cells located in mucosa-
associated lymphoid tissue (MALT). These lymphoid 
aggregates are covered by a single layer of specialized epi-
thelial cells called M cells, which are important for trans-
port of antigens to MALT. Numerous gut pathogens use M 
cells to enter the host from the intestinal lumen, including 
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Spread and Dissemination of Microbes  
Within the Body

Some microorganisms proliferate locally, at the site of initial 
infection, whereas others penetrate the epithelial barrier and 
spread to distant sites by way of the lymphatics, the blood, or 
nerves (Fig. 8–6). Pathogens that cause superficial infections 
stay confined to the lumen of hollow viscera (e.g., Vibrio 
cholerae) or adhere to or proliferate exclusively in or on 
epithelial cells (e.g., papillomaviruses, dermatophytes).

Microbes can spread within the body in several ways:
• Some extracellular bacteria, fungi, and helminths secrete 

lytic enzymes which destroy tissue and allow direct 
invasion. For example, S. aureus secretes hyaluronidase, 
which degrades the extracellular matrix between host 
cells. Invasive microbes initially follow tissue planes of 
least resistance and drain to regional lymphatics. S. 
aureus may travel from a localized abscess to the drain-
ing lymph nodes. This can sometimes lead to bacteremia 
and spread to deep organs (heart, bone).

• Microorganisms may be spread in the blood or lymph 
either free in extracellular fluid or within host cells. 
Some viruses (e.g., poliovirus, HBV), most bacteria and 

The distance these particles travel into the respiratory 
system is inversely proportional to their size. Large parti-
cles are trapped in the mucociliary blanket that lines the 
nose and the upper respiratory tract. Microorganisms 
trapped in the mucus secreted by goblet cells are trans-
ported by ciliary action to the back of the throat, where they 
are swallowed and cleared. Particles smaller than 5 μm 
travel directly to the alveoli, where they are phagocytosed 
by alveolar macrophages or by neutrophils recruited to the 
lung by cytokines.

Microorganisms that invade the normal healthy respiratory 
tract have developed specific mechanisms to overcome mucocili-
ary defenses or to avoid destruction by alveolar macrophages. 
Some successful respiratory viruses evade these defenses 
by attaching to and entering epithelial cells in the lower 
respiratory tract and pharynx. For example, influenza 
viruses possess hemagglutinin proteins that project from 
the surface of the virus and bind to sialic acid on the surface 
of epithelial cells. This attachment induces the host cell to 
engulf the virus, leading to viral entry and replication 
within the host cell.

Certain bacterial respiratory pathogens, including Hae-
mophilus influenzae, Mycoplasma pneumoniae, and Bordetella 
pertussis, release toxins that impair ciliary activity. Some 
bacteria lack the ability to overcome the defenses of the 
healthy lung and can cause respiratory infections only in 
compromised hosts. S. pneumoniae and S. aureus can cause 
pneumonia subsequent to influenza, because the viral 
infection causes loss of the protective ciliated epithelium. 
Chronic damage to mucociliary defense mechanisms 
occurs in smokers and people with cystic fibrosis, while 
acute injury occurs in intubated patients and in those who 
aspirate gastric acid.

Some respiratory pathogens avoid phagocytosis or destruction 
after phagocytosis. M. tuberculosis, for example, gains its foot-
hold in alveoli because it escapes killing within the pha-
golysosomes of macrophages. Opportunistic fungi infect 
the lungs when cellular immunity is depressed or when 
leukocytes are reduced in number (e.g., P. jiroveci in patients 
with AIDS, Aspergillus spp. after chemotherapy).

rogenital Tract
The urinary tract is almost always invaded from the exterior by 
way of the urethra. The regular flushing of the urinary tract 
with urine serves as a defense against invading microor-
ganisms. Urine in the bladder is normally sterile, and suc-
cessful pathogens (e.g., N. gonorrhoeae, E. coli) adhere to the 
urinary epithelium. Anatomy plays an important role in 
infection. Women have more than 10 times as many urinary 
tract infections as in men because the distance between the 
urinary bladder and skin (i.e., the length of the urethra) is 
5 cm in women, in contrast with 20 cm in men. Obstruction 
of urinary flow or reflux can compromise normal defenses 
and increase susceptibility to urinary tract infections. 
Urinary tract infections often spread in retrograde fashion 
from the bladder to the kidney and cause acute and chronic 
pyelonephritis.

From puberty until menopause the vagina is protected 
from pathogens by a low pH resulting from catabolism of 
glycogen in the normal epithelium by lactobacilli. Antibiot-
ics can kill the lactobacilli, allowing overgrowth of yeast, 
with resultant vaginal candidiasis.

Figure 8–6 Routes of  entry and dissemination of  microbes. To enter 
the body, microbes penetrate epithelial or mucosal barriers. Infection may 
remain localized at the site of  entry or spread to other sites in the body. 
Most common microbes (selected examples are shown) spread through 
the lymphatics or bloodstream (either freely or within inflammatory cells). 
However, certain viruses and bacterial toxins also may travel through 
nerves. 
(Adapted from Mims CA: The Pathogenesis of Infectious Disease, 4th ed. San Diego, Academic 
Press, 1996.)
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in respiratory secretions during talking, coughing, and 
sneezing. Most respiratory pathogens, including influ-
enza viruses, spread in large respiratory droplets, which 
travel no more than 3 feet. A few organisms, including 
M. tuberculosis and varicella-zoster virus, are spread 
from the respiratory tract by the airborne route in small 
respiratory droplets or within dust particles, which can 
travel long distances.

• Organisms shed in stool include many pathogens that 
replicate in the lumen or epithelium of the gut, such as 
Shigella, Giardia lamblia, and rotavirus. Pathogens that 
replicate in the liver (hepatitis A virus) or gallbladder 
(Salmonella serotype typhi) enter the intestine in bile and 
are shed in stool.

• Pathogens which exit the body in the blood are transmit-
ted by invertebrate vectors, medical practices (blood 
transfusion, reuse of equipment) or sharing of needles 
by intravenous drug abusers. Bloodborne parasites, 
including Plasmodium spp. and arboviruses, are spread 
by biting insects.

• Urine is the usual mode of exodus from the human host 
by only a few organisms, including Schistosoma haemato-
bium, which grows in the veins of the bladder and 
releases eggs that reach the urine.

• Sexually transmitted infections (STIs) infect and spread 
from the urethra, vagina, cervix, rectum, or oral pharynx. 
Organisms that cause STIs depend on direct contact for 
person-to-person spread because these pathogens do 
not survive in the environment. Transmission of STIs 
often is by asymptomatic people who do not realize that 
they are infected. Infection with one STI increases the 
risk for additional STIs, mainly because the risk factors 
are the same for all STIs. STIs are described in Chapters 
17 and 18.

• Vertical transmission is from mother to fetus or newborn 
child, and occurs by three main anatomic routes. 
Placental-fetal transmission is most likely to occur when 
the mother has primary infection with a pathogen 
during pregnancy. The damage that occurs depends on 
the developmental stage of the fetus. For example, 
rubella infection during the first trimester can cause 
heart malformation, mental retardation, cataracts, or 
deafness in the infant, while little damage is caused by 
rubella infection during the third trimester. Vertical 
transmission also occurs during passage of the neonate 
through the birth canal (e.g., gonococcal or chlamydial 
conjunctivitis) or through maternal milk (e.g., CMV and 
HBV). Diagnosis of STIs in pregnant women is critical, 
because vertical transmission of STIs often can be pre-
vented by treatment of the mother or newborn. For 
example, maternal transmission of HIV is the major 
cause of AIDS in children; it most often occurs prena-
tally, during delivery. Antiretroviral treatment of preg-
nant women with HIV infection and treatment of the 
newborn can reduce the rate of transmission of HIV to 
children from 25% to less than 2%.

Microbes also can be transmitted from animal to human 
(resulting in zoonotic infections), either through direct 
contact or consumption of animal products or indirectly by 
an invertebrate vector.

fungi, some protozoa (e.g., African trypanosomes), and 
all helminths are transported in blood, free in the plasma. 
Leukocytes can carry herpesviruses, HIV, mycobacteria, 
Leishmania, and Toxoplasma. The parasites Plasmodium 
and Babesia are carried within red blood cells.

• Most viruses spread locally from cell to cell by replica-
tion and release of infectious virions, but others may 
propagate from cell to cell by causing fusion of host 
cells, or by transport within nerves (as with rabies virus 
and varicella-zoster virus).

Spread of pathogens in the blood can have inconsequential 
or dire consequences. Infectious foci seeded by blood can 
be single and large (as with an abscess or tuberculoma) or 
multiple and tiny (as with miliary tuberculosis or Candida 
microabscesses). Sporadic bloodstream invasion by low-
virulence or nonvirulent microbes (e.g., during brushing of 
teeth) is common but is quickly controlled by normal host 
defenses. By contrast, disseminated viremia, bacteremia, 
fungemia, or parasitemia by virulent pathogens is a serious 
danger and manifests as fever, low blood pressure, and 
multiple other systemic signs and symptoms of sepsis. 
Massive bloodstream invasion by bacteria can rapidly lead 
to fatal sepsis, even in previously healthy persons.

The major manifestations of infectious disease may appear at 
sites distant from the point of microbe entry. For example, 
varicella-zoster and measles viruses enter through the 
airways but cause rashes in the skin; poliovirus enters 
through the intestine but kills motor neurons to cause 
paralysis. Schistosoma mansoni parasites penetrate the 
skin but eventually localize in blood vessels of the portal 
system and mesentery, damaging the liver and intestine. 
Schistosoma hematobium localizes to the urinary bladder and 
causes cystitis. The rabies virus travels from the site of a 
bite by a rabid animal to the brain by retrograde transport 
in sensory neurons, where it then causes encephalitis and 
death.

Release from the Body and Transmission  
of Microbes

Transmission depends on the hardiness of the microbe. 
Some microbes can survive for extended periods in dust, 
food, or water. Bacterial spores, protozoan cysts, and  
thick-shelled helminth eggs can survive in a cool and dry 
environment. Less hardy microorganisms must be quickly 
passed from person to person, often by direct contact.

For transmission of disease, the mode of exit of a micro-
organism from the host’s body is as important as entry into 
it. Every fluid or tissue that is normally secreted, excreted, 
or shed is used by microorganisms to leave the host for 
transmission to new victims.
• Skin flora, such as S. aureus, and pathogens, including 

the dermatophyte fungi, are shed in the desquamated 
skin. Some sexually transmitted pathogens are transmit-
ted from genital skin lesions.

• Viruses that replicate in the salivary glands and are 
spread in saliva include mumps virus, cytomegalovirus, 
and rabies virus.

• Viruses and bacteria that are part of the normal respira-
tory flora or cause respiratory tract infections are shed 
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• The ability of the virus to replicate inside some cells  
but not in others depends on the presence of cell  
type–specific transcription factors that recognize viral 
en hancer and promoter elements. For example, the JC 
virus, which causes leukoencephalopathy (Chapter 22), 
replicates specifically in oligodendroglia in the CNS, 
because the promoter and enhancer DNA sequences 
regulating viral gene expression are active in glial cells 
but not in neurons or endothelial cells.

• Physical circumstances, such as chemicals and tempera-
ture, contribute to tissue tropism. For example, entero-
viruses replicate in the intestine in part because they can 
resist inactivation by acids, bile, and digestive enzymes. 
Rhinoviruses infect cells only within the upper respira-
tory tract because they replicate optimally at the lower 
temperatures characteristic of this site.

Once viruses are inside host cells, they can damage or kill 
the cells by a number of mechanisms (Fig. 8–7):
• Direct cytopathic effects. Viruses can kill cells by prevent-

ing synthesis of critical host macromolecules, by pro-
ducing degradative enzymes and toxic proteins, or by 
inducing apoptosis. For example, poliovirus blocks syn-
thesis of host proteins by inactivating cap-binding 
protein, which is essential for translation of host cell 
messenger RNAs (mRNAs) but leaves translation of 
poliovirus mRNAs unaffected. HSV produces proteins 
that inhibit synthesis of cellular DNA and mRNA and 

HOW MICROORGANISMS  
CAUSE DISEASE

Infectious agents establish infection and damage tissues by 
any of three mechanisms:
• They can contact or enter host cells and directly cause 

cell death.
• They may release toxins that kill cells at a distance, 

release enzymes that degrade tissue components, or 
damage blood vessels and cause ischemic necrosis.

• They can induce host immune responses that, although 
directed against the invader, cause additional tissue 
damage. Thus, as discussed in Chapters 2 and 4, the 
defensive responses of the host can be a mixed blessing. 
They are necessary to overcome the infection but at the 
same time may directly contribute to tissue damage.

Described next are some of the mechanisms whereby 
viruses and bacteria damage host tissues.

Mechanisms of Viral Injury

Viruses can directly damage host cells by entering them and 
replicating at the host’s expense. The manifestations of viral 
infection are largely determined by the tropism of the virus 
for specific tissues and cell types.
• A major determinant of tissue tropism is the presence of viral 

receptors on host cells. Viruses possess specific cell surface 
proteins that bind to particular host cell surface proteins. 
Many viruses use normal cellular receptors of the host 
to enter cells. For example, HIV glycoprotein gp120 
binds to CD4 on T cells and to the chemokine receptors 
CXCR4 (mainly on T cells) and CCR5 (mainly on mac-
rophages) (Chapter 4). In some cases, host proteases are 
needed to enable binding of virus to host cells; for 
instance, a host protease cleaves and activates the influ-
enza virus hemagglutinin.

SUMMARY
Transmission of Microbes
• Transmission of infections can occur by contact (direct 

and indirect), respiratory droplets, fecal-oral route, sexual 
transmission, vertical transmission from mother to fetus 
or newborn, or insect/arthropod vectors.

• A pathogen can establish infection if it possesses virulence 
factors that overcome normal host defenses or if the host 
defenses are compromised.

• Host defenses against infection include:
! Skin: tough keratinized barrier, low pH, fatty acids
! Respiratory system: alveolar macrophages and mucocili-

ary clearance by bronchial epithelium, IgA
! Gastrointestinal system: acidic gastric pH, viscous mucus, 

pancreatic enzymes and bile, defensins, IgA, and normal 
flora

! Urogenital tract: repeated flushing and acidic environ-
ment created by commensal vaginal flora

Figure 8–7 Mechanisms by which viruses cause injury to cells. 
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bacteria grow to increasing concentrations, the level of 
the autoinducer peptide increases, stimulating exotoxin 
production. 

• Communities of bacteria can form biofilms in which the 
organisms live within a viscous layer of extracellular 
polysaccharides that adhere to host tissues or devices 
such as intravascular catheters and artificial joints. Bio-
films make bacteria inaccessible to immune effector 
mechanisms and increase their resistance to antimicro-
bial drugs. Biofilm formation seems to be important in 
the persistence and relapse of infections such as bacterial 
endocarditis, artificial joint infections, and respiratory 
infections in people with cystic fibrosis.

acterial Adherence to ost Cells
Bacterial surface molecules that bind to host cells or  
extracellular matrix are called adhesins. Diverse surface 
structures are involved in adhesion of various bacteria (Fig. 
8–2). Streptococcus pyogenes has protein F and teichoic acid 
projecting from its cell wall that bind to fibronectin on the 
surface of host cells and in the extracellular matrix. Other 
bacteria have filamentous proteins called pili on their sur-
faces. Stalks of pili are structurally conserved, whereas 
amino acids on the tips of the pili vary and determine the 
binding specificity of the bacteria. Strains of E. coli that 
cause urinary tract infections uniquely express a specific P 
pilus, which binds to a gal(α1–4)gal moiety expressed on 
uroepithelial cells. Pili on N. gonorrhoeae bacteria mediate 
adherence of the bacteria to host cells and also are targets 
of the host antibody response. Variation in the type of pili 
expressed is an important mechanism by which N. gonor-
rhoeae escapes the immune response.

irulence of Intracellular acteria
Facultative intracellular bacteria usually infect epithelial 
cells (Shigella and enteroinvasive E. coli), macrophages (M. 
tuberculosis, M. leprae), or both (S. typhi). The growth of 
bacteria in cells may allow them to escape from certain 
immune effector mechanisms, such as antibodies and com-
plement, or may facilitate spread of the bacteria in the 
body, as when macrophages carry M. tuberculosis from the 
lung to other sites.

Bacteria have evolved a number of mechanisms for 
entering host cells. Some bacteria use the host immune 
response to enter macrophages. Coating of bacteria with 
antibodies or the complement protein C3b (opsonization) 
elicits phagocytosis of bacteria by macrophages. Like  
many bacteria, M. tuberculosis activates the alternative 
complement pathway, resulting in opsonization with  
C3b and uptake by host macrophages in which the myco-
bacteria live. Some gram-negative bacteria use a type III 
secretion system to enter epithelial cells. This system consists 
of needle-like structures projecting from the bacterial 
surface that bind and form pores in the host cell membrane 
through which proteins are injected that mediate rear-
rangement of the cell cytoskeleton and facilitate bacterial 
entry. Finally, bacteria such as Listeria monocytogenes can 
manipulate the cell cytoskeleton to spread directly from 
cell to cell, perhaps allowing the bacteria to evade immune 
defenses.

Intracellular bacteria have different strategies for inter-
acting with the host cell. Shigella and E. coli inhibit host 

other proteins that degrade host DNA. Some viruses can 
stimulate apoptosis by production of proteins that are 
proapoptotic (e.g., HIV vpr protein). Viral replication 
also can trigger apoptosis of host cells by cell-intrinsic 
mechanisms, such as perturbations of the endoplasmic 
reticulum during virus assembly, which can activate 
proteases that mediate apoptosis (caspases).

• Antiviral immune responses. Viral proteins on the surface 
of host cells may be recognized by the immune system, 
and lymphocytes may attack virus-infected cells. Cyto-
toxic T lymphocytes (CTLs) are important for defense 
against viral infections, but CTLs also can be responsible 
for tissue injury. Acute liver failure during hepatitis  
B infection may be accelerated by CTL-mediated destruc-
tion of infected hepatocytes (a normal response to clear 
the infection).

• Transformation of infected cells into benign or malignant 
tumor cells. Different oncogenic viruses can stimulate 
cell growth and survival by a variety of mechanisms, 
including expression of virus-encoded oncogenes, anti-
apoptotic strategies, and insertional mutagenesis (in 
which the insertion of viral DNA into the host genome 
alters the expression of nearby host genes). The mecha-
nisms of viral transformation are numerous and are dis-
cussed in Chapter 5.

Mechanisms of Bacterial Injury

acterial irulence
Bacterial damage to host tissues depends on the ability of the 
bacteria to adhere to host cells, invade cells and tissues, or deliver 
toxins. Pathogenic bacteria have virulence genes that 
encode proteins conferring these properties. Virulence 
genes frequently are found grouped together in clusters 
called pathogenicity islands. A small number of virulence 
genes can determine whether a bacterium is harmful. The 
Salmonella strains that infect humans are so closely related 
that they are a single species, but a small number of viru-
lence genes determine whether an isolate of Salmonella 
causes life-threatening typhoid fever or self-limited 
gastroenteritis.

Plasmids and bacteriophages (viruses) are genetic  
elements that spread between bacteria and can encode 
virulence factors, including toxins, or enzymes that  
confer antibiotic resistance. Bacteriophages or plasmids 
can convert otherwise nonpathogenic bacteria into virulent 
ones. Exchange of these elements between bacteria can 
endow the recipient with a survival advantage and/or  
the ca pacity to cause disease. Plasmids or transposons 
encoding antibiotic resistance can convert an antibiotic-
susceptible bacterium into a resistant one, making effective 
therapy difficult.

Populations of bacteria also can act together in ways that 
alter their virulence.
• Many species of bacteria coordinately regulate gene 

expression within a large population by quorum sensing, 
in which specific genes, such as virulence genes, are 
expressed when bacteria reach high concentrations. This 
in turn may allow bacteria growing in discrete host sites, 
such as an abscess or consolidated pneumonia, to over-
come host defenses. S. aureus coordinately regulates 
virulence factors by secreting autoinducer peptides. As the 
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understood (Fig. 8–8). Anthrax toxin has two alternate 
A components, edema factor (EF) and lethal factor (LF), 
which enter cells following binding to the B component 
and mediate different pathologic effects.

• Superantigens stimulate very large numbers of T lym-
phocytes by binding to conserved portions of the T cell 
receptor, leading to massive T lymphocyte proliferation 
and cytokine release. The high levels of cytokines lead 
to capillary leak and consequent shock. Superantigens 
made by S. aureus and S. pyogenes cause toxic shock 
syndrome (TSS).

• Neurotoxins produced by Clostridium botulinum and Clos-
tridium tetani inhibit release of neurotransmitters, result-
ing in paralysis. These toxins do not kill neurons; instead, 
the A domains cleave proteins involved in secretion of 
neurotransmitters at the synaptic junction. Tetanus and 
botulism can result in death from respiratory failure due 
to paralysis of the chest and diaphragm muscles.

• Enterotoxins affect the gastrointestinal tract in different 
ways to cause varied effects, including nausea and vom-
iting (S. aureus), voluminous watery diarrhea (V. chol-
erae), or bloody diarrhea (C. difficile).

Injurious Effects of Host Immune Responses

As mentioned earlier, the host immune response to 
microbes can sometimes be the cause of tissue injury. The 
granulomatous inflammatory reaction to M. tuberculosis is 

protein synthesis, replicate rapidly, and lyse the host cell 
within hours. Although most bacteria in macrophages are 
killed when the phagosome fuses with the acidic lysosome 
to form a phagolysosome, certain bacteria elude this host 
defense. For example, M. tuberculosis blocks fusion of the 
lysosome with the phagosome, allowing the bacteria to 
proliferate unchecked within the macrophage. Other bac-
teria avoid destruction in macrophages by escaping from 
the phagosome. L. monocytogenes produces a pore-forming 
protein called listeriolysin O and two phospholipases that 
degrade the phagosome membrane, allowing the bacteria 
to escape into the cytoplasm.

acterial Toxins
Any bacterial substance that contributes to illness can be 
considered a toxin. Toxins are classified as endotoxins, 
which are components of the bacterial cell, and exotoxins, 
which are proteins that are secreted by the bacterium.

Bacterial endotoxin is a lipopolysaccharide (LPS) that is a 
component of the outer membrane of gram-negative bac-
teria (Fig. 8–2). LPS is composed of a long-chain fatty 
acid anchor, termed lipid A, connected to a core sugar 
chain, both of which are very similar in all gram-negative 
bacteria. Attached to the core sugar is a variable carbohy-
drate chain (O antigen), which is used diagnostically to 
serotype strains of bacteria. Lipid A binds to CD14 on the 
surface of host leukocytes, and the complex then binds to 
Toll-like receptor 4 (TLR4), a pattern recognition receptor 
of the innate immune system that transmits signals that 
promote cell activation and inflammatory responses. 
Responses to LPS can be both beneficial and harmful to the 
host. The response is beneficial in that LPS activates protec-
tive immunity in several ways, including induction of 
important cytokines and chemoattractants (chemokines)  
of the immune system, as well as increased expression of 
costimulatory molecules, which enhance T lymphocyte 
activation. However, high levels of LPS play an important 
role in septic shock, disseminated intravascular coagula-
tion (DIC), and acute respiratory distress syndrome, mainly 
through induction of excessive levels of cytokines such as 
TNF (Chapter 4).

Exotoxins are secreted proteins that cause cellular injury 
and disease. They can be classified into broad categories by 
their mechanism and site of action.
• Enzymes. Bacteria secrete a variety of enzymes (prote-

ases, hyaluronidases, coagulases, fibrinolysins) that act 
on their respective substrates in vitro, but their role in 
disease is understood in only a few cases. For example, 
exfoliative toxins are proteases produced by S. aureus 
that cleave proteins known to hold keratinocytes 
together, causing the epidermis to detach from the 
deeper skin.

• Toxins that alter intracellular signaling or regulatory path-
ways. Most of these toxins have an active (A) component 
with enzymatic activity and a binding (B) component 
that binds cell surface receptors and delivers the A 
protein into the cell cytoplasm. The effect of these toxins 
depends on the binding specificity of the B domain and 
the cellular pathways affected by the A domain. A-B 
toxins are made by many bacteria including Bacillus 
anthracis, V. cholerae, and Corynebacterium diphtheriae. The 
mechanism of action of the A-B anthrax toxin is well 

Figure 8–8 Mechanism of  anthrax exotoxin action. The B component, 
also called “protective antigen,” binds a cell-surface protein, is cleaved by 
a host protease, and forms a heptamer. Three A subunits of  edema factor 
(EF) or lethal factor (LF) bind to the B heptamer, enter the cell, and are 
released into the cytoplasm. EF binds calcium and calmodulin to form an 
adenylate cyclase that increases intracellular cAMP, which causes efflux of  
water and interstitial edema. LF is a protease that destroys mitogen-
activated protein kinase kinases (MAPKKs), leading to cell death. cAMP, 
cyclic adenosine monophosphate. 
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Some microbes can evade immune responses by varying the 
antigens they express. Neutralizing antibodies block the 
ability of microbes to infect cells and recruit effector mecha-
nisms to kill pathogens. To escape recognition, microbes 
use many strategies that involve genetic mechanisms for 
generating antigenic variation. The low fidelity of viral 
RNA polymerases (in HIV and many respiratory viruses 
including influenza virus) and reassortment of viral 
genomes (influenza viruses) create viral antigenic variation 
(Table 8–6). The spirochete Borrelia recurrentis repeatedly 
switches its surface antigens, and Borrelia burgdorferi, the 

a delayed hypersensitivity response that sequesters the 
bacilli and prevents spread, but also produces tissue 
damage (caseous necrosis) and fibrosis. Similarly, the liver 
damage from HBV and HCV infection of hepatocytes is 
due mainly to the immune response to the infected liver 
cells and not to cytopathic effects of the virus. The humoral 
immune response to microbes also can have pathologic 
consequences. For example, poststreptococcal glomerulo-
nephritis, which can develop after infection with S. pyo-
genes, is caused by antistreptococcal antibodies that bind to 
streptococcal antigens to form immune complexes, which 
deposit in renal glomeruli and produce nephritis. Thus, 
antimicrobial immune responses can have both beneficial 
and pathologic consequences.

Recent clinical, epidemiologic, and experimental studies 
suggest that infections may be associated with a wide 
variety of chronic inflammatory disorders as well as cancer. 
In some chronic inflammatory diseases, such as inflamma-
tory bowel disease (Chapter 14), an important early event 
may be compromise of the intestinal epithelial barrier, 
which enables the entry of both pathogenic and commensal 
microbes and their interactions with local immune cells, 
resulting in inflammation. The cycle of inflammation and 
epithelial injury may be the basis for the disease, with 
microbes playing the central role. Certain viruses (HBV, 
HCV) and bacteria (H. pylori) that are not known to carry 
or to activate oncogenes are associated with cancers, pre-
sumably because these microbes trigger chronic inflamma-
tion with subsequent repair, which provides fertile ground 
for the development of cancer (Chapter 5).

Figure 8–9 An overview of  mechanisms used by viral and bacterial 
pathogens to evade innate and adaptive immunity. 
(Modified with permission from Finlay B, McFadden G: Anti-immunology: evasion of the host 
immune system by bacterial and viral pathogens. Cell 124:767–782, 2006.)
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Table  Mechanisms of Antigenic Variation

SUMMARY
How Microorganisms Cause Disease
• Diseases caused by microbes involve an interplay of 

microbial virulence and host responses.
! Infectious agents can cause cell death or dysfunction by 

directly interacting with the cell.
! Injury may be due to local or systemic release of bacte-

rial products, including endotoxins (LPS), exotoxins, or 
superantigens.

! Pathogens can induce immune responses that cause 
tissue damage. Absence of an immune response may 
reduce the damage induced by some infections; con-
versely, immunocompromise can allow uncontrolled 
expansion of opportunistic agents or of microorganisms 
that can directly cause injury.

IMMUNE EVASION BY MICROBES
Humoral and cellular immune responses that protect the 
host from most infections are discussed in Chapter 4. Not 
surprisingly, microorganisms have developed many means 
to resist and evade the immune system (Fig. 8–9). These 
mechanisms, which are important determinants of micro-
bial virulence and pathogenicity, include (1) antigenic 
variation, (2) resistance to innate immune defenses, and  
(3) impairment of effective T cell antimicrobial responses 
by specific or nonspecific immunosuppression.
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SPECTRUM OF INFLAMMATORY 
RESPONSES TO INFECTION

In contrast with the vast molecular diversity of microbes, 
the morphologic patterns of tissue responses to microbes 
are limited, as are the mechanisms directing these responses. 
Therefore, many pathogens produce similar reaction pat-
terns, and few features are unique to or pathognomonic for 
a particular microorganism. It is the interaction between 
the microbe and the host that determines the histologic 
features of the inflammatory response.

There are five major histologic patterns of tissue reaction 
in infections: suppurative, mononuclear/granulomatous, 
cytopathic-cytoproliferative, necrosis, and chronic inflam-
mation/scarring.

Suppurative (Purulent) Inflammation 
This pattern is the reaction to acute tissue damage, charac-
terized by increased vascular permeability and leukocytic 
infiltration, predominantly of neutrophils (Fig. 8–10). The 
neutrophils are attracted to the site of infection by release 
of chemoattractants from the “pyogenic” bacteria and host 
cells. Neutrophil enzymes cause liquefactive necrosis 
(Chapter 1).

cause of Lyme disease, uses similar mechanisms to vary 
outer membrane proteins. Trypanosoma species have many 
genes for their major surface antigen, VSG, and can vary 
the expression of this surface protein. At least 80 different 
serotypes of S. pneumoniae, each with a different capsular 
polysaccharide, have been recognized.

Some microbes have devised methods for actively resisting 
immune defenses.

• Cationic antimicrobial peptides, including defensins, 
cathelicidins, and thrombocidins, provide important 
initial defenses against invading microbes. These pep-
tides bind the bacterial membrane and form pores, 
killing the bacterium by hypoosmotic lysis. Bacterial 
pathogens (Shigella spp., S. aureus) avoid killing by 
making surface molecules that resist binding of antimi-
crobial peptides, or that inactivate or downregulate anti-
microbial peptides by various mechanisms.

• Phagocytosis and killing of bacteria by polymorphonu-
clear leukocytes or neutrophils (PMNs) and monocytes 
constitute a critical host defense against extracellular 
bacteria. The carbohydrate capsule on the surface of 
many bacteria that cause pneumonia or meningitis (S. 
pneumoniae, N. meningitidis, H. influenzae) makes them 
more virulent by preventing phagocytosis of the organ-
isms by neutrophils. Proteins on the surface of bacteria 
that inhibit phagocytosis include proteins A and M, 
expressed by S. aureus and S. pyogenes, respectively. 
Many bacteria make proteins that kill phagocytes, 
prevent their migration, or diminish their oxidative 
burst.

• Viruses can produce molecules that inhibit innate immunity. 
Viruses have developed a large number of strategies to 
combat interferons (IFNs), which are mediators of early 
host defense against viruses. Some viruses produce 
soluble homologues of IFN-α/β or IFN-γ receptors that 
bind to and inhibit actions of secreted IFNs, or produce 
proteins that inhibit intracellular JAK/STAT signaling 
downstream of IFN receptors. Viruses also may inacti-
vate or inhibit double-stranded RNA–dependent protein 
kinase (PKR), a key mediator of the antiviral effects of 
IFN. Some viruses encode within their genomes homo-
logues of cytokines, chemokines, or their receptors that 
act in various ways to inhibit immune responses. Finally, 
viruses have developed strategies to block apoptosis in 
the host cell, which may give the viruses time to repli-
cate, persist or transform host cells.

• Some microbes produce factors that decrease recognition of 
infected cells by CD4+ helper T cells and CD8+ cytotoxic T 
cells. For example, several DNA viruses (e.g., herpesvi-
ruses, including HSV, CMV, and EBV) can bind to or 
alter localization of major histocompatibility complex 
(MHC) class I proteins, impairing peptide presentation 
to CD8+ cells. Downregulation of MHC class I molecules 
might make it likely that virus-infected cells would be 
targets for NK cells. However, herpesviruses also express 
MHC class I homologues that act as effective inhibitors 
of NK cells by engaging inhibitory receptors (Chapter 
4). Herpesviruses can target MHC class II molecules for 
degradation, impairing antigen presentation to CD4+ T 
helper cells. Viruses also can infect leukocytes to directly 
compromise their function (e.g., HIV infects CD4+ T 
cells, macrophages, and dendritic cells).

SUMMARY
Immune Evasion by Microbes
After bypassing host tissue barriers, infectious microorganisms 
must also evade host innate and adaptive immunity mecha-
nisms to successfully proliferate and be transmitted to the next 
host. Strategies include:
• Antigenic variation
• Inactivating antibodies or complement
• Resisting phagocytosis (e.g., by producing a capsule)
• Suppressing the host adaptive immune response (e.g., by 

inhibiting MHC expression and antigen presentation)

Figure 8–10 Pneumococcal pneumonia. Note the intra-alveolar poly-
morphonuclear exudate and intact alveolar septa. 

MORPHOLOGY
Collections of  neutrophils give rise to localized liquefactive 
necrosis, forming abscesses. The necrotic tissue and 
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Mononuclear and Granulomatous Inflammation 
Diffuse, predominantly mononuclear, interstitial infiltrates 
are a common feature of all chronic inflammatory pro-
cesses, but development of such changes as an acute 
process often constitutes a response to viruses, intracellular 
bacteria, or intracellular parasites. In addition, spirochetes 
and some helminths provoke chronic mononuclear inflam-
matory responses.

MORPHOLOGY
Which mononuclear cell predominates within the inflamma-
tory lesion depends on the host immune response to the 
organism. Thus, lymphocytes predominate in HBV infection 
(Fig. 8–11, A), whereas plasma cells are common in the 
primary and secondary lesions of  syphilis (Fig. 8–11, B). The 
presence of  these lymphoid cells reflects cell-mediated 
immune responses against the pathogen or pathogen-infected 
cells. Granulomatous inflammation is a distinctive form of  
mononuclear inflammation usually evoked by infectious 
agents that resist eradication (e.g., M. tuberculosis, Histo-
plasma capsulatum, schistosome eggs) but nevertheless are 
capable of  stimulating strong T cell–mediated immunity. 
Granulomatous inflammation (Chapter 2) is characterized by 
accumulation of  activated macrophages called “epithelioid” 
cells, which may fuse to form giant cells. In some cases, there 
is a central area of  caseous necrosis (Fig. 8–11, C ).

in  flammatory cells constitute pus, and bacteria that evoke pus 
formation are called “pyogenic.” Typically, these are extracel-
lular bacteria. The sizes of  such lesions can vary from tiny 
microabscesses formed by bacteria seeding from an infected 
heart valve, to distended, pus-filled fallopian tubes caused by 
N. gonorrhoeae, to diffuse involvement of  the meninges during 
H. influenzae infection, to entire lobes of  the lung during 
pneumonia. The extent to which the lesions are destructive 
depends on their location and the organism involved. Thus, 
S. pneumoniae usually spares alveolar walls in the lung, and 
even lobar streptococcal pneumonias typically resolve com-
pletely without permanent damage (Fig. 8–10). On the other 
hand, S. aureus and Klebsiella pneumoniae destroy alveolar 
walls and form abscesses that heal with scar formation. Bacte-
rial pharyngitis resolves without sequelae, whereas untreated 
acute bacterial infection can destroy a joint in a few days.

BA C

Figure 8–11 Mononuclear and granulomatous inflammation. A, Acute viral hepatitis characterized by a predominantly lymphocytic infiltrate. 
B, Secondary syphilis in the dermis with perivascular lymphoplasmacytic infiltrate and endothelial proliferation. C, Granulomatous inflammation in 
response to tuberculosis. Note the zone of  caseation (asterisk), which normally forms the center of  the granuloma, with a surrounding rim of  activated 
epithelioid macrophages, some of  which have fused to form giant cells (arrows); this in turn is surrounded by a zone of  activated T lymphocytes. This 
high-magnification view highlights the histologic features; the granulomatous response typically takes the form of  a three-dimensional sphere with the 
offending organism in the central area. 

Cytopathic-Cytoproliferative Reaction 
Cytopathic-cytoproliferative reactions usually are pro-
duced by viruses. The lesions are characterized by cell 
necrosis or cellular proliferation, usually with sparse 
inflammatory cells.

MORPHOLOGY
Some viruses replicate within cells and make viral aggregates 
that are visible as inclusion bodies (e.g., herpesviruses or 
adenovirus) or induce cells to fuse and form multinucleated 
cells called polykaryons (e.g., measles virus or herpesviruses) 
(Fig. 8–1). Focal cell damage in the skin may cause epithelial 
cells to become detached, forming blisters. Some viruses  
can cause epithelial cells to proliferate (e.g., venereal warts 
caused by HPV or the umbilicated papules of  molluscum 
contagiosum caused by poxviruses). Finally, viruses can  
contribute to the development of  malignant neoplasms 
(Chapter 5).

Tissue Necrosis 
Clostridium perfringens and other organisms that secrete 
powerful toxins can cause such rapid and severe necrosis 
(gangrenous necrosis) that tissue damage is the dominant 
feature.

MORPHOLOGY
Because few inflammatory cells are present, necrotic lesions 
resemble infarcts with disruption or loss of  basophilic nuclear 
staining and preservation of  cellular outlines. Clostridia often 
are opportunistic pathogens that are introduced into muscle 
tissue by penetrating trauma or infection of  the bowel in a 
neutropenic host. Similarly, the parasite E. histolytica causes 
colonic ulcers and liver abscesses characterized by extensive 
tissue destruction and liquefactive necrosis without a promi-
nent inflammatory infiltrate. By entirely different mechanisms, 
viruses can cause widespread necrosis of  host cells associated 
with inflammation, as exemplified by destruction of  the tem-
poral lobes of  the brain by HSV or the liver by HBV.
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Chronic Inflammation and Scarring 
Many infections elicit chronic inflammation, which can 
either resolve with complete healing or lead to extensive 
scarring.

MORPHOLOGY
Sometimes an exuberant scarring response is the major cause 
of  dysfunction. For example, schistosome eggs cause “pipe-
stem” fibrosis of  the liver or fibrosis of  the bladder wall (Fig. 
8–12). M. tuberculosis causes constrictive fibrous pericarditis. 
Chronic HBV infection may cause cirrhosis of  the liver, in 
which dense fibrous septa surround nodules of  regenerating 
hepatocytes.

Figure 8–12 Schistosoma haematobium infection of  the bladder with 
numerous calcified eggs and extensive scarring. 

The patterns of tissue reactions described above are useful 
guidelines for analyzing microscopic features of infectious 
processes, but in practice it must be remembered that dif-
ferent types of host reactions often occur at the same time. 
For example, the lung of a patient with AIDS may be 
infected with CMV, which causes cytolytic changes, and, 
at the same time, by Pneumocystis, which causes interstitial 
inflammation. Similar patterns of inflammation also can be 
seen in tissue responses to physical or chemical agents and 
in inflammatory conditions of unknown cause (Chapter 2). 
Finally, in immunocompromised persons, the absence of a 
host inflammatory response frequently eliminates some of 
the histologic clues about the potential nature of infecting 
microorganism(s).

Infections in People with Immunodeficiencies
Inherited or acquired defects in immunity (Chapter 4) often 
impair only part of the immune system, rendering the 
affected persons susceptible to specific types of infections. 
Patients with antibody deficiency, as in X-linked agamma-
globulinemia, contract severe bacterial infections by extra-
cellular bacteria and a few viral infections (rotavirus and 
enteroviruses). Patients with T cell defects are susceptible 
to infections with intracellular pathogens, notably viruses 
and some parasites. Patients with deficiencies in early  
complement components are particularly susceptible to 
infections by encapsulated bacteria, such as S. pneumoniae, 
whereas deficiencies of the late components of complement 

are associated with Neisseria infections. Deficiencies in neu-
trophil function lead to increased infections with S. aureus, 
some gram-negative bacteria, and fungi. People with in -
herited deficiencies in mediators of innate and adaptive 
immunity sometimes show strikingly selective susceptibil-
ity to specific types of infections. These patterns reveal the 
essential roles of particular molecules in mediating protec-
tive immunity to specific microorganisms. For example, 
patients with mutations in signaling molecules down-
stream of several TLRs are prone to pyogenic bacterial 
diseases, particularly with S. pneumoniae infections. 
Impaired TLR3 responses are associated with childhood 
HSV encephalitis. Inherited defects in IL-17 immunity 
(such as mutations in STAT3, a transcription factor needed 
for TH17 cell generation) are associated with chronic muco-
cutaneous candidiasis.

Acquired immunodeficiencies have a variety of causes, 
the most important being infection with HIV, which causes 
AIDS (Chapter 4). HIV infects and kills CD4+ helper T 
lymphocytes, leading to profound immunosuppression 
and a multitude of infections. Other causes of acquired 
immunodeficiency include infiltrative processes that sup-
press bone marrow function (e.g., leukemia), immuno-
suppressive drugs (such as those used to treat certain 
autoimmune diseases), and hemopoietic stem cell trans-
plantation. Diseases of organ systems other than the 
immune system also can make patients susceptible to 
disease due to specific microorganisms. People with cystic 
fibrosis commonly get respiratory infections caused by P. 
aeruginosa. Lack of splenic function in persons with sickle 
cell disease makes them susceptible to infection with 
encapsulated bacteria such as S. pneumoniae. Burns destroy 
skin, removing this barrier to microbes, allowing infection 
with pathogens such as P. aeruginosa. Finally, malnutrition 
impairs immune defenses.

MORPHOLOGY
Patients with antibody, complement, or neutrophil defects 
may acquire severe local bacterial infections that do not elicit 
any significant neutrophilic infiltrate. In these patients, the 
identity of  the causative organism may only be inferred by 
culture or appearance on special stains. Although many viral 
cytopathic effects (e.g., cell fusion or inclusions) (Fig. 8–1) 
may still be present, viral infections in immunocompromised 
hosts may not engender the anticipated mononuclear inflam-
matory response. In patients with AIDS who have no helper 
T cells and cannot mount normal cellular responses, organ-
isms that would otherwise cause granulomatous inflamma-
tion (e.g., M. avium complex) fail to do so (Fig. 8–13).

SUMMARY
Patterns of Host Responses to Microbes
• In normal (immunocompetent) persons, the patterns of 

host responses are fairly stereotypical for different classes 
of microbes; these response patterns can be used to infer 
possible causal organisms.
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Figure 8–13 In the absence of  appropriate T cell–mediated immunity, 
granulomatous host response does not occur. Mycobacterium avium infec-
tion in a patient with AIDS, showing massive intracellular macrophage 
infection with acid-fast organisms (filamentous and pink in this acid-fast 
stain preparation). The intracellular bacteria persist and even proliferate 
within macrophages, because there are inadequate T cells to mount a 
granulomatous response. AIDS, acquired immunodeficiency syndrome. 
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! Neutrophil-rich acute suppurative inflammation is 
typical of infections with many bacteria (“pyogenic” bac-
teria) and some fungi.

! Mononuclear cell infiltrates are common in many 
chronic infections and some acute viral infections.

! Granulomatous inflammation is the hallmark of infec-
tion with Mycobacterium tuberculosis and certain fungi.

! Cytopathic and proliferative lesions are caused by some 
viruses.

! Chronic inflammation and scarring represent the final 
common pathway of many infections.
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Vascular maladies are of central importance in medicine, 
as they are responsible for some of the most common and 
lethal diseases afflicting mankind. Although most clinically 
significant vascular diseases are caused by arterial lesions, 
venous disorders also can wreak havoc. Vascular disease 
develops through two principal mechanisms:
• Narrowing or complete obstruction of vessel lumina, occur-

ring either progressively (e.g., by atherosclerosis) or 
acutely (e.g., by thrombosis or embolism)

• Weakening of vessel walls, causing dilation and/or 
rupture

Presented next is an overview of vascular structure and 
function, as background for the diseases of blood vessels 
discussed later in the chapter.

STRUCTURE AND FUNCTION  
OF BLOOD VESSELS

In essence, all blood vessels consist of a tube with a luminal 
lining of endothelial cells surrounded by varying amounts 
of smooth muscle cells and extracellular matrix (ECM). 
However, the structure of each of these components varies 
in different parts of the vasculature according to functional 
needs (Fig. 9–1). To accommodate pulsatile flow and higher 
blood pressures, arterial walls are thicker than veins and 

invested with reinforcing layers of smooth muscle cells. As 
arteries narrow to arterioles, the ratio of wall thickness to 
lumen diameter increases, to allow more precise regulation 
of intravascular pressures. Veins, on the other hand, are 
distensible thin-walled vessels with high capacitance. In 
keeping with these specializations, certain pathologic 
lesions characteristically involve particular kinds of vessels. 
For example, atherosclerosis occurs mainly in larger, mus-
cular arteries, while hypertension affects small arterioles, 
and specific forms of vasculitis selectively involve vessels 
of only a certain caliber.

Vessel walls are organized into three concentric layers: 
intima, media, and adventitia (see Fig. 9–1). These layers 
are present in all vessels but are most apparent in larger 
vessels and particularly arteries. The intima consists of an 
endothelial cell monolayer on a basement membrane with 
minimal underlying ECM; it is separated from the media 
by a dense elastic membrane called the internal elastic 
lamina. The media is composed predominantly of smooth 
muscle cells and ECM, surrounded by loose connective 
tissue, nerve fibers, and smaller vessels of the adventitia. 
An external elastic lamina is present in some arteries and 
defines the transition between media and adventitia. Dif-
fusion of oxygen and nutrients from the lumen is adequate 
to sustain thin-walled vessels and the innermost smooth 
muscle cells of all vessels. In large and medium-sized 
vessels, however, small arterioles within the adventitia 

Blood Vessels

See Targeted Therapy available online at  
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• Small arteries (2 mm or less in diameter) and arterioles (20 
to 100 μm in diameter) that lie within the connective tissue 
of organs. The media in these vessels is mostly composed 
of smooth muscle cells. Arterioles are where blood flow 
resistance is regulated. As pressures drop during passage 
through arterioles, the velocity of blood flow is sharply 
reduced, and flow becomes steady rather than pulsatile. 
Because the resistance to fluid flow is inversely propor-
tional to the fourth power of the diameter (i.e., halving 
the diameter increases resistance 16-fold), small changes 
in arteriolar lumen size have profound effects on blood 
pressure.

Capillaries have lumen diameters that approximate those of 
red cells (7 to 8 μm). These vessels are lined by endothelial 
cells and partially surrounded by smooth muscle cell–like 
cells called pericytes. Collectively, capillary beds have a 
very large total cross-sectional area and a low rate of blood 
flow. With their thin walls and slow flow, capillaries are 
ideally suited to the rapid exchange of diffusible substances 
between blood and tissue. The capillary network of most 
tissues is necessarily very rich, because diffusion of oxygen 
and nutrients is not efficient beyond 100 μm; metabolically 
active tissues (e.g., heart) have the highest capillary density.

Veins receive blood from the capillary beds as postcapil-
lary venules, which anastomose to form collecting venules 
and progressively larger veins. The vascular leakage 

(called vasa vasorum—literally, “vessels of the vessels”) 
supply the outer half to two thirds of the media.

Vascular Organization

Arteries are divided into three types based on their size and 
structure:
• Large elastic arteries (e.g., aorta, arch vessels, iliac and 

pulmonary arteries). In these vessels, elastic fibers alter-
nate with smooth muscle cells throughout the media, 
which expands during systole (storing some of the 
energy of each cardiac contraction), and recoils during 
diastole to propel blood distally. With age, the elasticity 
is lost, and vessels become “stiff pipes” that transmit 
high arterial pressures to distal organs, or dilated and 
tortuous (ectatic) conduits prone to rupture.

• Medium-sized muscular arteries (e.g., coronary and renal 
arteries). Here, the media is composed primarily of 
smooth muscle cells, with elastin limited to the internal 
and external elastic lamina. The medial smooth muscle 
cells are circularly or spirally arranged around the 
lumen, and regional blood flow is regulated by smooth 
muscle cell contraction (vasoconstriction) and relaxation 
(vasodilation) controlled by the autonomic nervous 
system and local metabolic factors (e.g., acidosis).

Figure 9–1 Regional vascular specializations. Although all vessels share the same general constituents, the thickness and composition of  the various 
layers differ as a function of  hemodynamic forces and tissue requirements. 
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(edema) and leukocyte emigration characteristic of inflam-
mation occurs preferentially in postcapillary venules 
(Chapter 2).

Compared with arteries at the same level of branching, 
veins have larger diameters, larger lumina, and thinner 
walls with less distinct layers, all adaptations to the low 
pressures found on the venous side of the circulation (see 
Fig. 9–1). Thus, veins are more prone to dilation, external com-
pression, and penetration by tumors or inflammatory processes. 
In veins in which blood flows against gravity (e.g., those 
of the lower extremities), backflow is prevented by valves. 
Collectively, the venous system has a huge capacitance  
and normally contains approximately two thirds of the 
blood.

Lymphatics are thin-walled, endothelium-lined channels 
that drain fluid (lymph) from the interstitium of tissues, 
eventually returning it to the blood via the thoracic duct. 
Lymph also contains mononuclear inflammatory cells and 
a host of proteins. By delivering interstitial fluid to lymph 
nodes, lymphatics enable continuous monitoring of periph-
eral tissues for infection. These channels can also disseminate 
disease by transporting microbes or tumor cells to distant sites.

Endothelial Cells

Endothelium is a continuous sheet of cells lining the entire 
vascular tree that regulates many aspects of blood and 
blood vessel function (Table 9–1). Resting endothelial 
cells maintain a nonthrombogenic blood-tissue interface 
(Chapter 3), modulate inflammation (Chapter 2), and affect 
the growth of other cell types, particularly smooth muscle 
cells. Endothelial cells influence the vasoreactivity of the 
underlying smooth muscle cells by producing both relax-
ing factors (e.g., nitric oxide [NO]) and con tracting factors 

Property Function Mediators Products
Maintenance of permeability 

barrier

laboration of anticoagulant, 
antithrombotic, brinolytic 
regulators

Prostacyclin
hrombomodulin

Heparin like molecules
Plasminogen activator

laboration of prothrombotic 
molecules

Von Willebrand factor
issue factor

Plasminogen activator inhibitor

tracellular matri  production Collagen, proteoglycans

Modulation of blood o  and 
vascular reactivity

asconstrictors  endothelin, AC
asodilators  N , prostacyclin

Regulation of in ammation and 
immunity

I , I , chemokines
Adhesion molecules  VCAM , 

ICAM, selectin, P selectin
Histocompatibility antigens

Regulation of cell gro th rowth sti ulators  PD F, CSF, F F
rowth inhi itors  heparin, F β

idation of D

Table –1 ndothelial Cell Properties and Functions

ACE, angiotensin-converting enzyme; CSF, colony-stimulating factor ; FGF, fibroblast 
growth factor ; ICAM, intercelluar adhesion molecule; IL, interleukin; LDL, low-density 
lipoprotein; NO, nitric oxide; PDGF, platelet-derived growth factor ; TGF-β, transforming 
growth factor-β; VCAM, vascular cell adhesion molecule.

(e.g., endothelin). In most regions, the interendothelial 
junctions normally are impermeable. However, these junc-
tions open under the influence of hemodynamic stress (e.g., 
high blood pressure) and/or vasoactive agents (e.g., hista-
mine in inflammation), flooding the adjacent tissues with 
electrolytes and protein. Vacuolar transcytosis also permits 
the movement of large amounts of solutes across intact 
endothelium. Endothelial cells also are active participants 
in the egress of leukocytes during inflammatory cell recruit-
ment (Chapter 2).

Although endothelial cells throughout the vasculature 
share many attributes, they also show phenotypic variabil-
ity depending on the anatomic site and adaptations to local 
environmental cues. Thus, endothelial cell populations 
from different parts of the vasculature (e.g., large vessels 
versus capillaries, or arteries versus veins) have distinct 
transcriptional programs and behaviors. Fenestrations 
(holes) in endothelial cells lining hepatocyte cords or renal 
glomeruli are specializations that facilitate filtration. Con-
versely, in the central nervous system, endothelial cells—in 
conjunction with astrocytes—collaborate to generate an 
impermeable blood–brain barrier.

Maintenance of a “normal,” nonthrombogenic endothe-
lial cell lining requires laminar flow, certain growth factors 
(e.g., vascular endothelial growth factor [VEGF]), and firm 
adhesion to the underlying basement membrane (Fig. 9–2). 
Trauma or other injuries that denude vessel walls of endo-
thelial cells understandably tip the scales towards throm-
bosis and vasoconstriction. However, endothelial cells also 
respond to various physiologic and pathologic stimuli by 
modulating their usual (constitutive) functions and by 
expressing new (inducible) properties—a process called 
endothelial activation.

Inducers of endothelial activation include bacterial 
products, inflammatory cytokines, hemodynamic stresses 

Figure 9–2 Basal and activated endothelial cell states. Normal blood 
pressure, laminar flow, and stable growth factor levels promote a basal 
endothelial cell state that maintains a nonthrombotic surface and appro-
priate vascular wall smooth muscle tone. Injury or exposure to certain 
mediators results in endothelial activation, a state in which endothelial cells 
have adhesive, procoagulant surfaces and release factors that lead to 
smooth muscle contraction and/or proliferation and matrix synthesis. 
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CONGENITAL ANOMALIES
Although rarely symptomatic, unusual anatomic variants 
in the vascular supply can cause complications during 
surgery, such as when a vessel in an unexpected location 
is injured. Cardiac surgeons and interventional cardiolo-
gists also must be familiar with coronary artery variants. 
Among the other congenital vascular anomalies, three 
deserve further mention:
• Berry aneurysms are thin-walled arterial outpouchings in 

cerebral vessels, classically at branch points around the 
circle of Willis; they occur where the arterial media is 
congenitally attenuated and can spontaneously rupture 
causing fatal intracerebral hemorrhage (see Chapter 22).

• Arteriovenous (AV) fistulas are abnormal connections 
between arteries and veins without an intervening capil-
lary bed. They occur most commonly as developmental 
defects but can also result from rupture of arterial aneu-
rysms into adjacent veins, from penetrating injuries that 
pierce arteries and veins, or from inflammatory necrosis 
of adjacent vessels. AV fistulas also are created surgi-
cally to provide vascular access for hemodialysis. Exten-
sive AV fistulas can cause high-output cardiac failure by 
shunting large volumes of blood from the arterial to the 
venous circulation.

• Fibromuscular dysplasia is a focal irregular thickening of 
the walls of medium-sized and large muscular arteries 
due to a combination of medial and intimal hyperplasia 
and fibrosis. It can manifest at any age but occurs most 
frequently in young women. The focal wall thickening 
results in luminal stenosis or can be associated with 
abnormal vessel spasm that reduces vascular flow; in the 
renal arteries, it can lead to renovascular hypertension. 
Between the focal segments of thickened wall, the artery 
often also exhibits medial attenuation; vascular out-
pouchings can develop in these portions of the vessel 
and sometimes rupture.

BLOOD PRESSURE REGULATION
Systemic and local blood pressure must be maintained 
within a narrow range to prevent adverse outcomes. Low 
blood pressure (hypotension) results in inadequate organ 
perfusion, organ dysfunction, and sometimes tissue death. 
Conversely, high blood pressure (hypertension) causes 
vessel and end-organ damage and is one of the major risk 
factors for atherosclerosis (see later on).

Blood pressure is a function of cardiac output and periph-
eral vascular resistance, both of which are influenced by 
multiple genetic and environmental factors (Fig. 9–3). The 
integration of the various inputs ensures adequate sys-
temic perfusion, despite regional demand differences.
• Cardiac output is a function of stroke volume and heart 

rate. The most important determinant of stroke volume 
is the filling pressure, which is regulated through sodium 
homeostasis and its effect on blood volume. Heart rate 
and myocardial contractility (a second factor affecting 
stroke volume) are both regulated by the α- and 
β-adrenergic systems (in addition to their effects on vas-
cular tone).

and lipid products (relevant to atherosclerosis, described 
later), advanced glycation end products (important in dia-
betic vascular injury), viruses, complement, and various 
metabolic insults (e.g., hypoxia) (see Fig. 9–2). Activated 
endothelial cells undergo shape changes, express adhesion 
molecules, and produce cytokines, chemokines, growth 
factors, pro- and anticoagulant factors, and a host of other 
biologically active products—all presumably intended to 
respond to the original stimulus. Some of these responses 
are rapid (occurring within minutes), reversible, and inde-
pendent of new protein synthesis (e.g., endothelial contrac-
tion induced by histamines); others involve alterations  
in gene and protein expression, and may take days to 
develop or abate. Exposure of endothelial cells to inducers 
of activation in high amounts or for sustained periods may 
result in endothelial dysfunction, characterized by impaired 
endothelium-dependent vasodilation, hypercoagulable 
states, and increased oxygen free radical production. Dys-
functional endothelium can initiate thrombosis, promote 
atherosclerosis, or contribute to formation of the vascular 
lesions of hypertension and diabetes.

Vascular Smooth Muscle Cells

Smooth muscle cells participate in both normal vascular 
repair and pathologic processes such as atherosclerosis. 
When stimulated by various factors, smooth muscle cells 
can proliferate; upregulate ECM collagen, elastin, and pro-
teoglycan production; and elaborate growth factors and 
cytokines. Smooth muscle cells also mediate the vasocon-
striction or vasodilation that occurs in response to physi-
ologic or pharmacologic stimuli.

The migratory and proliferative activities of smooth 
muscle cells are regulated by numerous factors. Among the 
most important pro-growth factors are platelet-derived 
growth factor (PDGF), endothelin, thrombin, fibroblast 
growth factors, and inflammatory mediators such as 
interferon-γ (IFN-γ) and interleukin-1 (IL-1). Factors that 
maintain smooth muscle cells in a quiescent state include 
heparan sulfate, NO, and transforming growth factor-α 
(TGF-α).

SUMMARY
Vascular Structure and Function
• All vessels are lined by endothelium; although all endothe-

lial cells share certain homeostatic properties, endothelial 
cells in specific vascular beds have special features that 
allow for tissue-specific functions (e.g., fenestrated endo-
thelial cells in renal glomeruli).

• The relative smooth muscle cell and matrix content of 
vessel walls (e.g., in arteries, veins, and capillaries) vary 
according to hemodynamic demands (e.g., pressure, pul-
satility) and functional requirements.

• Endothelial cell function is tightly regulated in both the 
basal and activated states. Various physiologic and patho-
physiologic stimuli induce endothelial activation and dys-
function that alter the endothelial cell phenotype (e.g., 
pro- versus anticoagulative, pro- versus anti-inflammatory, 
nonadhesive versus adhesive).
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angiotensin-converting enzyme (ACE) in the periphery. 
Angiotensin II raises blood pressure by (1) inducing vas-
cular smooth muscle cell contraction, (2) stimulating 
aldosterone secretion by the adrenal gland, and (3) 
increasing tubular sodium resorption.

• The kidney also produces a variety of vascular relaxing 
substances (including prostaglandins and NO) that pre-
sumably counterbalance the vasopressor effects of 
angiotensin.

• Adrenal aldosterone increases blood pressure by its 
effect on blood volume; aldosterone increases sodium 
resorption (and thus water) in the distal convoluted 
tubule while also driving potassium excretion into the 
urine.

• Myocardial natriuretic peptides are released from atrial 
and ventricular myocardium in response to volume 
expansion; these inhibit sodium resorption in the distal 
renal tubules, thus leading to sodium excretion and 
diuresis. They also induce systemic vasodilation.

• Peripheral resistance is regulated predominantly at the 
level of the arterioles by neural and hormonal inputs. 
Vascular tone reflects a balance between vasoconstric-
tors (including angiotensin II, catecholamines, and 
endothelin) and vasodilators (including kinins, prosta-
glandins, and NO). Resistance vessels also exhibit  
autoregulation, whereby increased blood flow induces 
vasoconstriction to protect tissues against hyperperfu-
sion. Finally, blood pressure is fine-tuned by tissue pH 
and hypoxia to accommodate local metabolic demands.

Factors released from the kidneys, adrenals, and myocar-
dium interact to influence vascular tone and to regulate 
blood volume by adjusting sodium balance (Fig. 9–4). The 
kidneys filter 170 liters of plasma containing 23 moles of 
salt daily. Thus, with a typical diet containing 100 mEq of 
sodium, 99.5% of the filtered salt must be reabsorbed to 
maintain total body sodium levels. About 98% of the fil-
tered sodium is reabsorbed by several constitutively active 
transporters. Recovery of the remaining 2% of sodium 
occurs by way of the epithelial sodium channel (ENaC), 
which is tightly regulated by the renin–angiotensin system; 
it is this pathway that determines net sodium balance.

Kidneys influence peripheral resistance and sodium 
excretion/retention primarily through the renin–
angiotensin system. The kidneys and heart contain cells 
that sense changes in blood pressure or blood volume. In 
response, these cells release several important regulators 
that act in concert to maintain normal blood pressure, as 
follows:
• Renin is a proteolytic enzyme produced by renal juxta-

glomerular cells, myoepithelial cells that surround the 
glomerular afferent arterioles. Renin is released in 
response to low blood pressure in afferent arterioles, 
elevated levels of circulating catecholamines, or low 
sodium levels in the distal convoluted renal tubules. The 
latter occurs when the glomerular filtration rate falls (e.g., 
when the cardiac output is low), leading to increased 
sodium resorption by the proximal tubules and lower 
sodium levels more distally.

• Renin cleaves plasma angiotensinogen to angiotensin I, 
which in turn is converted to angiotensin II by 

Figure 9–3 Blood pressure regulation. 
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SUMMARY
Blood Pressure Regulation
• Blood pressure is determined by vascular resistance and 

cardiac output.
• Vascular resistance is regulated at the level of the arteri-

oles, influenced by neural and hormonal inputs.
• Cardiac output is determined by heart rate and stroke 

volume, which is strongly influenced by blood volume. 
Blood volume in turn is regulated mainly by renal sodium 
excretion or resorption.

• Renin, a major regulator of blood pressure, is secreted by 
the kidneys in response to decreased blood pressure in 
afferent arterioles. In turn, renin cleaves angiotensinogen 
to angiotensin I; subsequent peripheral catabolism pro-
duces angiotensin II, which regulates blood pressure by 
increasing vascular smooth muscle cell tone and by 
increasing adrenal aldosterone secretion and, conse-
quently, renal sodium resorption.
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Epidemiology of Hypertension

Like height and weight, blood pressure is a continuously 
distributed variable, and the detrimental effects increase 
continuously as the pressure rises; no rigidly defined 
threshold reliably predicts who will suffer ill effects. Nev-
ertheless, sustained diastolic pressures greater than 90 mm 
Hg, or sustained systolic pressures in excess of 140 mm Hg, 
are associated with an increased risk of atherosclerosis and 
are therefore used as cutoffs in diagnosing hypertension in 
clinical practice. By these criteria, some 25% of persons in 
the general population are hypertensive. As noted however, 
these values are somewhat arbitrary, and in patients with 
other cardiovascular risk factors (e.g., diabetes), lower 
thresholds may be applicable. The prevalence of pathologic 
effects of high blood pressure increases with age and is also 
higher in African Americans. Without appropriate treat-
ment, some 50% of hypertensive patients die of ischemic 
heart disease (IHD) or congestive heart failure, and another 
third succumb to stroke. Reduction of blood pressure dra-
matically reduces the incidence and clinical sequelae 

HYPERTENSIVE VASCULAR DISEASE
Hypertension is a major health problem in the developed 
world. Although it occasionally manifests in an acute 
aggressive form, high blood pressure is much more often 
asymptomatic for many years. This insidious condition is 
sometimes referred to as benign hypertension, but it is in 
fact far from harmless. Besides increasing the risk of stroke 
and atherosclerotic coronary heart disease, hypertension 
can lead to cardiac hypertrophy and heart failure (hyperten-
sive heart disease), aortic dissection, multi-infarct dementia, 
and renal failure. While the molecular pathways of blood 
pressure regulation are reasonably well understood, the 
mechanisms leading to hypertension in the vast majority 
of affected persons remain unknown. The accepted wisdom 
is that such “essential hypertension” results from the inter-
play of genetic polymorphisms (which individually might 
be inconsequential) and environmental factors, which  
conspire to increase blood volume and/or peripheral 
resistance.

Figure 9–4 Interplay of  renin, angiotensin, aldosterone, and atrial natriuretic peptide in blood pressure regulation (see text). 
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(including death) of all forms of hypertension-related 
disease. Indeed, detection and treatment of asymptomatic 
hypertension constitute one of the few instances in which 
“preventive medicine” has a major demonstrated health 
benefit.

A small percentage of hypertensive patients (approxi-
mately 5%) present with a rapidly rising blood pressure 
that, if untreated, leads to death in within 1 to 2 years. Such 
malignant hypertension usually is severe (i.e., systolic pres-
sures over 200 mm Hg or diastolic pressures over 120 mm 
Hg) and associated with renal failure and retinal hemor-
rhages, with or without papilledema. It can arise de novo 
but most commonly is superimposed on preexisting benign 
hypertension.

PATHOGENESIS
Table 9–2 lists the major causes of  hypertension, but most 
cases (95%) are idiopathic (essential hypertension). 
This form is compatible with long life unless a myocardial 
infarction, stroke, or another complication supervenes. Most 
of  the remaining cases (secondary hypertension) are due 
to primary renal disease, renal artery narrowing (renovas-
cular hypertension), or adrenal disorders. Several 

ssential Hypertension
Accounts for  to  of all cases

Secondary Hypertension

Renal

Acute glomerulonephritis
Chronic renal disease
Polycystic disease
Renal artery stenosis
Renal vasculitis
Renin producing tumors

Endocrine

Adrenocortical hyperfunction Cushing syndrome, primary 
aldosteronism, congenital adrenal hyperplasia, licorice ingestion
ogenous hormones glucocorticoids, estrogen including pregnancy
induced and oral contraceptives , sympathomimetics and tyramine
containing foods, monoamine o idase inhibitors

Pheochromocytoma
Acromegaly
Hypothyroidism my edema
Hyperthyroidism thyroto icosis
Pregnancy induced pre eclampsia

Cardiovascular

Coarctation of aorta
Polyarteritis nodosa
Increased intravascular volume
Increased cardiac output
Rigidity of the aorta

Neurologic

Psychogenic
Increased intracranial pressure
Sleep apnea
Acute stress, including surgery

Table –2 ypes and Causes of Hypertension Systolic and Diastolic

relatively rare single-gene disorders cause hypertension (and 
hypotension) by affecting renal sodium resorption. Such dis-
orders include
• Gene  defects in enzymes involved in aldosterone 

metabo lism (e.g., aldosterone synthase, 11β-hydroxylase, 
17α-hydroxylase), leading to increased aldosterone secre-
tion, increased salt and water resorption, and plasma 
volume expansion

• Mutations in proteins that affect sodium resorp-
tion (as in Liddle syndrome, which is caused by mutations 
in ENaC, leading to increased distal tubular resorption of  
sodium induced by aldosterone)

Mechanisms of Essential Hypertension
Although the specific triggers are unknown, it appears that 
both altered renal sodium handling and increased vascular 
resistance contribute to essential hypertension.
• Reduced renal sodium excretion in the presence of  

normal arterial pressure probably is a key pathogenic 
feature; indeed, this is a common etiologic factor in most 
forms of  hypertension. Decreased sodium excretion 
causes an obligatory increase in fluid volume and increased 
cardiac output, thereby elevating blood pressure (Fig. 
9–3). At the new higher blood pressure, the kidneys 
excrete additional sodium. Thus, a new steady state of  
sodium excretion is achieved, but at the expense of  an 
elevated blood pressure.

• Increased vascular resistance may stem from 
vasoconstriction or structural changes in vessel 
walls. These are not necessarily independent factors, as 
chronic vasoconstriction may result in permanent thicken-
ing of  the walls of  affected vessels.

• Genetic factors play an important role in determining 
blood pressure, as shown by familial clustering of  hyper-
tension and by studies of  monozygotic and dizygotic twins. 
Hypertension has been linked to specific angiotensinogen 
polymorphisms and angiotensin II receptor variants; poly-
morphisms of  the renin-angiotensin system also may con-
tribute to the known racial differences in blood pressure 
regulation. Susceptibility genes for essential hypertension 
in the larger population are currently unknown but prob-
ably include those that govern renal sodium handling, pres-
sors, and smooth muscle cell growth.

• Environmental factors, such as stress, obesity, smoking, 
physical inactivity, and high levels of  salt consumption, 
modify the impact of  genetic determinants. Evidence 
linking dietary sodium intake with the prevalence of  
hypertension in different population groups is particularly 
strong.

MORPHOLOGY
Hypertension not only accelerates atherogenesis but also 
causes degenerative changes in the walls of  large and medium-
sized arteries that can lead to aortic dissection and cerebro-
vascular hemorrhage. Two forms of  small blood vessel 
disease are hypertension-related: hyaline arteriolosclerosis 
and hyperplastic arteriolosclerosis (Fig. 9–5).

Hyaline arteriolosclerosis is associated with benign 
hypertension. It is marked by homogeneous, pink hyaline 
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SUMMARY
Hypertension
• Hypertension is a common disorder affecting 25% of the 

population; it is a major risk factor for atherosclerosis, 
congestive heart failure, and renal failure.

• Essential hypertension represents 95% of cases and is a 
complex, multifactorial disorder, involving both environ-
mental influences and genetic polymorphisms that may 
influence sodium resorption, aldosterone pathways, and 
the renin–angiotensin system.

• Hypertension occasionally is caused by single-gene disor-
ders or is secondary to diseases of the kidney, adrenal, or 
other endocrine organs.

BA

Figure 9–5 Hypertensive vascular disease. A, Hyaline arteriolosclerosis. The arteriolar wall is thickened with the deposition of  amorphous protein-
aceous material (hyalinized), and the lumen is markedly narrowed. B, Hyperplastic arteriolosclerosis (“onion-skinning”) (arrow) causing luminal oblitera-
tion (periodic acid–Schiff  stain). 
(Courtesy of Helmut Rennke, MD, Brigham and Women’s Hospital, Boston, Massachusetts.)

VASCULAR WALL RESPONSE  
TO INJURY

Fundamental to a wide variety of vascular disorders is 
injury to the vessel wall, in particular endothelial cells. 
Such injurious stimuli may be biochemical, immunologic, 
or hemodynamic. As the main cellular components of the 
blood vessel walls, endothelial cells and smooth muscle 
cells play central roles in vascular pathology. The inte-
grated function of these cells is critical for the vasculature 
to respond to various stimuli, and its responses can be 
adaptive or lead to pathologic lesions. Thus, endothelial 
injury or dysfunction (see earlier discussion) contributes to 
a host of pathologic processes including thrombosis, ath-
erosclerosis, and hypertensive vascular lesions. Smooth 
muscle cell proliferation and matrix synthesis can help to 
repair a damaged vessel wall but also can lead to luminal 
occlusion.

Intimal Thickening: A Stereotypical Response to 
Vascular Injury

Vascular injury leading to endothelial cell loss or dysfunc-
tion stimulates smooth muscle cell growth and associated matrix 
synthesis. Healing of injured vessels involves the migration 
of smooth muscle cells or smooth muscle cell precursor 
cells into the intima. Here these cells proliferate, and syn-
thesize ECM in much the same way that fibroblasts fill in 
a wound (Fig. 9–6), forming a neointima that typically is 
covered by an intact endothelial cell layer. This neointimal 
response occurs with any form of vascular damage or dys-
function, including infection, inflammation, immune 
injury, physical trauma (e.g., from a balloon catheter or 
hypertension), or toxic exposure (e.g. oxidized lipids or 
cigarette smoke). Thus, intimal thickening is a stereotypical 
response of the vessel wall to any insult.

Of note, the phenotype of neointimal smooth muscle 
cells is distinct from medial smooth muscle cells; neointi-
mal smooth muscle cells lack the capacity to contract like 

thickening of  the arteriolar walls, with loss of  underlying 
structural detail, and luminal narrowing (Fig. 9–5, A). The 
lesions stem from leakage of  plasma components across 
injured endothelial cells, into vessel walls and increased ECM 
production by smooth muscle cells in response to chronic 
hemodynamic stress. In the kidneys, the arteriolar narrowing 
caused by hyaline arteriosclerosis leads to diffuse vascular 
compromise and nephrosclerosis (glomerular scarring). 
Although the vessels of  elderly patients (normo- or hyper-
tensive) show the same changes, hyaline arteriolosclerosis is 
more generalized and severe in patients with hypertension. 
The same lesions also are common in diabetic microangiopa-
thy; in this disorder, the underlying etiology is hyperglycemia-
associated endothelial cell dysfunction.

Hyperplastic arteriolosclerosis is more typical of  
severe hypertension. Vessels exhibit “onionskin,” concentric, 
laminated thickening of  arteriolar walls and luminal narrowing 
(Fig. 9–5, B). The laminations consist of  smooth muscle cells 
and thickened, reduplicated basement membrane. In malig-
nant hypertension these changes are accompanied by fibri-
noid deposits and vessel wall necrosis (necrotizing 
arteriolitis), which are particularly prominent in the kidney.
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• Atherosclerosis, from Greek root words for “gruel” and 
“hardening,” is the most frequent and clinically impor-
tant pattern and is the subject of the next section.

ATHEROSCLEROSIS
Atherosclerosis is characterized by the presence of intimal 
lesions called atheromas (or atheromatous or atherosclerotic 
plaques). Atheromatous plaques are raised lesions com-
posed of soft grumous lipid cores (mainly cholesterol and 
cholesterol esters, with necrotic debris) covered by fibrous 
caps (Fig. 9–7). Atherosclerotic plaques can mechanically 
obstruct vascular lumina and are prone to rupture, result-
ing in catastrophic vessel thrombosis. Plaques also weaken 
the underlying media, sometimes leading to aneurysm for-
mation. In the Western world, morbidity and mortality 
rates for atherosclerosis are higher than for any other dis-
order, with roughly half of all deaths attributable to this 
entity. Because coronary artery disease is an important 
manifestation of atherosclerosis, epidemiologic data related 
to atherosclerosis mortality typically reflect deaths caused 
by ischemic heart disease (IHD) (Chapter 10); indeed, myo-
cardial infarction is responsible for almost one fourth of all 
deaths in the United States.

Epidemiology of Atherosclerosis

Atherosclerosis is virtually ubiquitous among most devel-
oped nations but is much less prevalent in Central and 
South America, Africa, and parts of Asia. The mortality rate 
for IHD in the United States is among the highest in the 
world, approximately five times higher than that in Japan. 
However, IHD is increasing in Japan, where it is now the 
second leading cause of death. Furthermore, Japanese emi-
grants who come to the United States and adopt American 
life styles and dietary customs acquire the same atheroscle-
rosis risk as for U.S.-born persons, emphasizing the impor-
tant etiologic role of environmental factors.

The prevalence and severity of atherosclerosis and IHD 
have been correlated with a number of risk factors in 

medial smooth muscle cells, but do have the capacity to 
divide and have a considerably greater synthetic capacity 
than their medial colleagues. Although neointimal cells 
were previously thought to arise from dedifferentiated 
medial smooth muscle cells, increasing evidence suggests 
that at least a subset is derived from circulating precursor 
cells. The migratory, proliferative, and synthetic activities 
of the intimal smooth muscle cells are regulated by growth 
factors and cytokines produced by platelets, endothelial 
cells, and macrophages, as well as by activated coagulation 
and complement factors (as described previously).

With restoration and/or normalization of the endothe-
lial cell layer, intimal smooth muscle cells can return to a 
nonproliferative state, but not before the healing response 
produces irreversible intimal thickening. With persistent or 
recurrent insults, further thickening can occur that leads to 
the stenosis of small and medium-sized blood vessels (e.g., 
as in atherosclerosis, discussed later). As a final note, it is 
also important to recognize that intimal thickening appears 
to be a part of normal aging. Such age-related intimal 
change typically is of no consequence, in part because com-
pensatory outward remodeling of the vessel results in little 
net change in the luminal diameter.

ARTERIOSCLEROSIS
Arteriosclerosis literally means “hardening of the arteries”; 
it is a generic term reflecting arterial wall thickening and 
loss of elasticity. Three distinct types are recognized, each 
with different clinical and pathologic consequences:
• Arteriolosclerosis affects small arteries and arterioles and 

may cause downstream ischemic injury. The two vari-
ants, hyaline and hyperplastic arteriolosclerosis, were 
described above in relation to hypertension.

• Mönckeberg medial sclerosis is characterized by the pres-
ence of calcific deposits in muscular arteries, typically in 
persons older than 50. The lesions do not encroach  
on the vessel lumen and usually are not clinically 
significant.

Figure 9–6 Stereotypical response to vascular injury. Schematic diagram of  intimal thickening, emphasizing intimal smooth muscle cell migration and 
proliferation associated with extracellular matrix synthesis. Intimal smooth muscle cells may derive from the underlying media or may be recruited from 
circulating precursors; they are depicted in a color different from that of  the medial smooth muscle cells, to emphasize their distinct phenotype. 
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Figure 9–7 The basic structure of  an atheromatous plaque. 
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several prospective analyses (e.g., the Framingham Heart 
Study); some of these risk factors are constitutional (and 
therefore less controllable) but others are acquired or 
related to modifiable behaviors (Table 9–3). These risk factors 
have roughly multiplicative effects. Thus, two factors increase 
the risk of myocardial infarction approximately four-fold, 
and three (i.e., hyperlipidemia, hypertension, and smoking), 
increase the rate by a factor of 7 (Fig. 9–8).

Constitutional Ris  Factors
• Genetics. Family history is the most important indepen-

dent risk factor for atherosclerosis. Certain mendelian 
disorders are strongly associated with atherosclerosis 
(e.g., familial hypercholesterolemia) (Chapter 6), but 
these account for only a small percentage of cases. Most 
familial risk is related to polygenic traits that go hand-
in-hand with atherosclerosis, such as hypertension and 
diabetes, as well as other genetic polymorphisms.

• Age. Atherosclerosis usually remains clinically silent 
until lesions reach a critical threshold in middle age or 
later. Thus, the incidence of myocardial infarction 
increases five-fold between the ages of 40 and 60. Death 
rates from IHD continue to rise with each successive 
decade.

• Gender. All other factors being equal, premenopausal 
women are relatively protected against atherosclerosis 
(and its consequences) compared with age-matched 
men. Thus, myocardial infarction and other complica-
tions of atherosclerosis are uncommon in premeno-
pausal women in the absence of other predisposing 
factors such as diabetes, hyperlipidemia, or severe 

Nonmodi able Constitutional
enetic abnormalities

Family history
Increasing age
Male gender

Modi able
Hyperlipidemia
Hypertension
Cigarette smoking
Diabetes
In ammation

Table –  Ma or Risk Factors for Atherosclerosis

hypertension. After menopause, however, the incidence 
of atherosclerosis-related diseases increases and, in old 
age, even exceeds that in men. Although a salutary effect 
of estrogen has long been proposed to explain this 
gender difference, clinical trials have shown no benefit 
of hormonal therapy for prevention of vascular disease. 
Indeed, postmenopausal estrogen replacement appears 
to increase cardiovascular risk. In addition to atheroscle-
rosis, gender also influences other factors that can affect 
outcome in patients with IHD, such as hemostasis, 
infarct healing, and myocardial remodeling.

Modi a le Ma or Ris  Factors
• Hyperlipidemia—and, more specifically, hypercholes-

terolemia—is a major risk factor for development of ath-
erosclerosis and is sufficient to induce lesions in the 
absence of other risk factors. The main cholesterol com-
ponent associated with increased risk is low-density 
lipoprotein (LDL) cholesterol (“bad cholesterol”); LDL 
distributes cholesterol to peripheral tissues. By contrast, 
high-density lipoprotein (HDL) (“good cholesterol”) 
mobilizes cholesterol from developing and existing vas-
cular plaques and transports it to the liver for biliary 
excretion. Consequently, higher levels of HDL correlate 
with reduced risk.

Recognition of these relationships has spurred the 
development of dietary and pharmacologic interven-
tions that lower total serum cholesterol or LDL, and/or 
raise serum HDL, as follows:
! High dietary intake of cholesterol and saturated fats 

(present in egg yolks, animal fats, and butter, for 
example) raises plasma cholesterol levels. Conversely, 
diets low in cholesterol, and/or containing higher 
ratios of polyunsaturated fats, lower plasma choles-
terol levels.

! Omega-3 fatty acids (abundant in fish oils) are benefi-
cial, whereas (trans)-unsaturated fats produced by 
artificial hydrogenation of polyunsaturated oils (used 
in baked goods and margarine) adversely affect cho-
lesterol profiles.

! Exercise and moderate consumption of ethanol raise 
HDL levels, whereas obesity and smoking lower 
them.

! Statins are a widely used class of drugs that 
lower circulating cholesterol levels by inhibiting 
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• Inflammation. Inflammatory cells are present during all 
stages of atheromatous plaque formation and are inti-
mately linked with plaque progression and rupture (see 
following discussion). With increasing recognition of the 
role of inflammation, measures of systemic inflamma-
tion have become important in risk stratification. While 
several systemic markers of inflammation correlate with 
IHD risk, determination of C-reactive protein (CRP) has 
emerged as one of the simplest and most sensitive.

• CRP levels. CRP, a member of pentraxin family, is an 
acute-phase reactant synthesized primarily by the liver 
in response to a variety of inflammatory cytokines. 
Locally, CRP secreted by cells within atherosclerotic 
plaques can activate endothelial cells, increasing adhe-
siveness and inducing a prothrombotic state. Its clinical 
importance lies in its value as a circulating biomarker: 
CRP levels strongly and independently predict the risk of 
myocardial infarction, stroke, peripheral arterial disease, and 
sudden cardiac death, even among apparently healthy persons 
(Fig. 9–9). While there is no direct evidence that lower-
ing CRP diminishes cardiovascular risk, it is of interest 
that CRP is reduced by smoking cessation, weight loss, 
and exercise. Moreover, statins reduce CRP levels inde-
pendent of their LDL cholesterol-lowering effects, sug-
gesting a possible anti-inflammatory action of these 
agents.

• Hyperhomocysteinemia. Serum homocysteine levels cor-
relate with coronary atherosclerosis, peripheral vascular 
disease, stroke, and venous thrombosis. Homocystinuria, 
due to rare inborn errors of metabolism, causes elevated 
circulating homocysteine (greater than 100 μmol/L) 
and is associated with early-onset vascular disease. 
Although low folate and vitamin B12 levels can increase 

Figure 9–8 Estimated 10-year risk of  coronary artery disease in 55-year-old men and women as a function of  established risk factors—hyperlipidemia, 
hypertension, smoking, and diabetes. BP, blood pressure; ECG, electrocardiogram; HDL-C, high-density lipoprotein cholesterol; LVH, left ventricular 
hypertrophy. 
(Data from O’Donnell CJ, Kannel WB: Cardiovascular risks of hypertension: lessons from observational studies. J Hypertension 16[Suppl 6]:3, 1998.)
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hydroxymethylglutaryl coenzyme A (HMG-CoA) 
reductase, the rate-limiting enzyme in hepatic choles-
terol biosynthesis.

• Hypertension (see earlier discussion) is another major 
risk factor for development of atherosclerosis. On its 
own, hypertension can increase the risk of IHD by 
approximately 60% (see Fig. 9–8). Hypertension also is 
the major cause of left ventricular hypertrophy (LVH), 
which also can contribute to myocardial ischemia (see 
Fig. 9–8).

• Cigarette smoking is a well-established risk factor in men 
and probably accounts for the increasing incidence and 
severity of atherosclerosis in women. Prolonged (years) 
smoking of one or more packs of cigarettes a day doubles 
the rate of IHD-related mortality, while smoking cessa-
tion reduces the risk.

• Diabetes mellitus is associated with raised circulating 
cholesterol levels and markedly increases the risk of ath-
erosclerosis. Other factors being equal, the incidence of 
myocardial infarction is twice as high in diabetics as in 
nondiabetics. In addition, this disorder is associated 
with an increased risk of stroke and a 100-fold increase 
in atherosclerosis-induced gangrene of the lower 
extremities.

Additional Ris  Factors
Roughly 20% of cardiovascular events occur in the absence 
of identifiable risk factors. For example, in previously 
healthy women more than 75% of cardiovascular events 
occur in those with LDL cholesterol levels below 160 mg/
dL (a cut-off value generally considered to connote low 
risk). Other factors that contribute to risk include the 
following:
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homocysteine levels, supplemental vitamin ingestion 
does not affect the incidence of cardiovascular disease.

• Metabolic syndrome. Associated with central obesity 
(Chapter 7), this clinical entity is characterized by insulin 
resistance, hypertension, dyslipidemia (elevated LDL 
and depressed HDL), hypercoagulability, and a pro-
inflammatory state, which may be triggered by cyto-
kines released from adipocytes. The dyslipidemia, 
hyperglycemia, and hypertension are all cardiac risk 
factors, while the systemic hypercoagulable and pro-
inflammatory state may contribute to endothelial dys-
function and/or thrombosis.

• Lipoprotein(a) levels. Lipoprotein(a) is an LDL-like 
particle that contains apolipoprotein B-100 linked to 
apolipoprotein A. Lipoprotein(a) levels are correlated 
with coronary and cerebrovascular disease risk, inde-
pendent of total cholesterol or LDL levels.

• Elevated levels of procoagulants are potent predictors of 
risk for major cardiovascular events. Excessive activa-
tion of thrombin, which you will recall initiates inflam-
mation through cleavage of protease-activated receptors 
(PARs) on leukocytes, endothelium, and other cells, may 
be particularly atherogenic.

• Other factors associated with difficult-to-quantify risks 
include lack of exercise and living a competitive, stress-
ful life style (“type A personality”).

Figure 9–9 Prognostic value of  C-reactive protein (CRP) in coronary 
artery disease. Relative risk (y-axis) reflects the risk of  a cardiovascular 
event (e.g., myocardial infarction). The x-axis shows the 10-year risk of  
a cardiovascular event calculated from the traditional risk factors identi-
fied in the Framingham Study. In each risk group, CRP levels further 
stratify the patients. 
(Data from Ridker PM, et al: Comparison of C-reactive protein and low-density lipoprotein 
cholesterol levels in the prediction of first cardiovascular events. N Engl J Med 347:1557, 2002.)
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PATHOGENESIS
Historically, there have been two dominant theories regard-
ing atherogenesis; one emphasizing intimal cellular prolifera-
tion in response to endothelial injury, and the other focusing 
on repeated formation and organization of  thrombi. The 
contemporary view of  atherogenesis incorporates elements 
of  both theories and also integrates the risk factors 

previously discussed. Called the response-to-injury 
hypothesis, the model views atherosclerosis as a 
chronic inflammatory response of the arterial wall 
to endothelial injury. Lesion progression involves 
interaction of modified lipoproteins, monocyte-
derived macrophages, T lymphocytes, and the cel-
lular constituents of  the arterial wall (Fig. 9–10). According 
to this model, atherosclerosis results from the following 
pathogenic events:
• Endothelial injury—and resultant endothelial 

dysfunction—leading to increased permeability, leukocyte 
adhesion, and thrombosis

• Accumulation of lipoproteins (mainly oxidized LDL 
and cholesterol crystals) in the vessel wall

• Platelet adhesion
• Monocyte adhesion to the endothelium, migration 

into the intima, and differentiation into macrophages 
and foam cells

• Lipid accumulation within macrophages, which release 
inflammatory cytokines

• Smooth muscle cell recruitment due to factors 
released from activated platelets, macrophages, and vas-
cular wall cells

• Smooth muscle cell proliferation and ECM 
production

Some details of  these steps are presented next.

Endothelial Injury. Endothelial cell injury is the corner-
stone of  the response to injury hypothesis. Endothelial cell 
loss due to any kind of  injury—induced experimentally by 
mechanical denudation, hemodynamic forces, immune 
complex deposition, irradiation, or chemicals—results in 
intimal thickening; in the presence of  high-lipid diets, typical 
atheromas ensue. However, early human atheroscle-
rotic lesions begin at sites of intact, but dysfunc-
tional, endothelium. These dysfunctional endothelial cells 
exhibit increased permeability, enhanced leukocyte adhesion, 
and altered gene expression, all of  which may contribute to 
the development of  atherosclerosis.

Suspected triggers of  early atheromatous lesions include 
hypertension, hyperlipidemia, toxins from cigarette smoke, 
homocysteine, and even infectious agents. Inflammatory 
cytokines (e.g., tumor necrosis factor [TNF]) also can stimu-
late proatherogenic patterns of  endothelial cell gene expres-
sion. Nevertheless, the two most important causes of  
endothelial dysfunction are hemodynamic disturbances and 
hypercholesterolemia.

Hemodynamic Disturbances. The importance of  
hemodynamic factors in atherogenesis is illustrated by the 
observation that plaques tend to occur at ostia of  exiting 
vessels, at branch points, and along the posterior wall of  the 
abdominal aorta, where there is turbulent blood flow. In vitro 
studies further demonstrate that nonturbulent laminar flow 
leads to the induction of  endothelial genes whose products 
protect against atherosclerosis. Such “atheroprotective” genes 
could explain the nonrandom localization of  early atheroscle-
rotic lesions.

Lipids. Lipids typically are transported in the bloodstream 
bound to specific apoproteins (forming lipoprotein com-
plexes). Dyslipoproteinemias can result from mutations in 
genes that encode apoproteins or lipoprotein receptors,  
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Figure 9–10 Response to injury in atherogenesis: 1, Normal. 2, Endo-
thelial injury with monocyte and platelet adhesion. 3, Monocyte and 
smooth muscle cell migration into the intima, with macrophage activation. 
4, Macrophage and smooth muscle cell uptake of  modified lipids and 
further activation. 5, Intimal smooth muscle cell proliferation with ECM 
elaboration, forming a well-developed plaque. 

or from disorders that derange lipid metabolism, e.g., 
nephrotic syndrome, alcoholism, hypothyroidism, or diabe-
tes mellitus. Common lipoprotein abnormalities in the general 
population (and indeed, present in many myocardial infarc-
tion survivors) include (1) increased LDL cholesterol levels, 
(2) decreased HDL cholesterol levels, and (3) increased 
levels of  lipoprotein(a).

Several lines of  evidence implicate hypercholesterolemia in 
atherogenesis:
• The dominant lipids in atheromatous plaques are choles-

terol and cholesterol esters.
• Genetic defects in lipoprotein uptake and metabolism that 

cause hyperlipoproteinemia are associated with acceler-
ated atherosclerosis. Thus, homozygous familial hypercho-
lesterolemia, caused by defective LDL receptors and 
inadequate hepatic LDL uptake, can lead to myocardial 
infarction by age 20.

• Other genetic or acquired disorders (e.g., diabetes melli-
tus, hypothyroidism) that cause hypercholesterolemia 
lead to premature atherosclerosis.

• Epidemiologic analyses such as the famous Framingham 
study demonstrate a significant correlation between the 
severity of  atherosclerosis and the levels of  total plasma 
cholesterol or LDL.

• Lowering serum cholesterol by diet or drugs slows the 
rate of  progression of  atherosclerosis, causes regression 
of  some plaques, and reduces the risk of  cardiovascular 
events.

The mechanisms by which dyslipidemia contributes to ath-
erogenesis include the following:
• Chronic hyperlipidemia, particularly hypercholesterol-

emia, can directly impair endothelial cell function by 
increasing local oxygen free radical production; among 
other things, oxygen free radicals accelerate NO decay, 
damping its vasodilator activity.

• With chronic hyperlipidemia, lipoproteins accumulate 
within the intima, where they are hypothesized to gener-
ate two pathogenic derivatives, oxidized LDL and cho-
lesterol crystals. LDL is oxidized through the action of  
oxygen free radicals generated locally by macrophages or 
endothelial cells and ingested by macrophages through the 
scavenger receptor, resulting in foam cell formation. 
Oxidized LDL stimulates the local release of  growth 
factors, cytokines, and chemokines, increasing monocyte 
recruitment, and also is cytotoxic to endothelial cells and 
smooth muscle cells. More recently, it has been shown 
that minute extracellular cholesterol crystals found in early 
atherosclerotic lesions serve as “danger” signals that acti-
vate innate immune cells such as monocytes and 
macrophages.

Inflammation. Inflammation contributes to the initiation, 
progression, and complications of  atherosclerotic lesions. 
Normal vessels do not bind inflammatory cells. Early in ath-
erogenesis, however, dysfunctional endothelial cells express 
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A B

Figure 9–11 Fatty streaks. A, Aorta with fatty streaks (arrows), mainly near the ostia of  branch vessels. B, Fatty streak in an experimental hypercho-
lesterolemic rabbit, demonstrating intimal, macrophage-derived foam cells (arrow). 
(B, Courtesy of Myron I. Cybulsky, MD, University of Toronto, Toronto, Ontario, Canada.)

adhesion molecules that promote leukocyte adhesion; vascu-
lar cell adhesion molecule-1 (VCAM-1), in particular, binds 
monocytes and T cells. After these cells adhere to the endo-
thelium, they migrate into the intima under the influence of  
locally produced chemokines.
• Monocytes differentiate into macrophages and avidly 

engulf  lipoproteins, including oxidized LDL and small  
cholesterol crystals. Cholesterol crystals appear to be par-
ticularly important instigators of  inflammation through 
activation of  the inflammasome and subsequent release of  
IL-1 (Chapter 2). Activated macrophages also produce 
toxic oxygen species that drive LDL oxidation and elabo-
rate growth factors that stimulate smooth muscle cell 
proliferation.

• T lymphocytes recruited to the intima interact with the 
macrophages and also contribute to a state of  chronic 
inflammation. It is not clear whether the T cells are 
responding to specific antigens (e.g., bacterial or viral anti-
gens, heat-shock proteins [see further on], or modified 
arterial wall constituents and lipoproteins) or are nonspe-
cifically activated by the local inflammatory milieu. Never-
theless, activated T cells in the growing intimal lesions 
elaborate inflammatory cytokines (e.g., IFN-γ), which 
stimulate macrophages, endothelial cells, and smooth 
muscle cells.

• As a consequence of  the chronic inflammatory state, acti-
vated leukocytes and vascular wall cells release growth 
factors that promote smooth muscle cell proliferation and 
matrix synthesis.

Infection. There is circumstantial evidence linking infections 
to atherosclerosis. Herpesvirus, cytomegalovirus, and Chla-
mydia pneumoniae all have been found in atherosclerotic 
plaque, and seroepidemiologic studies show increased anti-
body titers to Chlamydia pneumoniae in patients with more 
severe atherosclerosis. Infections with these organisms, 
however, are exceedingly common (as is atherosclerosis), 
making it difficult to draw conclusions about causality. It also 
is important to recognize that atherosclerosis can be induced 
in germ-free mice, indicating that there is no obligate role for 
infection in the disease process.

 MORPHOLOGY
Fatty Streaks. Fatty streaks begin as minute yellow, flat 
macules that coalesce into elongated lesions, 1 cm or more 
in length (Fig. 9–11). They are composed of  lipid-filled foamy 
macrophages but are only minimally raised and do not cause 
any significant flow disturbance. Fatty streaks can appear in 
the aortas of  infants younger than 1 year of  age and are 
present in virtually all children older than 10 years, regardless 
of  genetic, clinical, or dietary risk factors. The relationship of  
fatty streaks to atherosclerotic plaques is uncertain; although 
fatty streaks may evolve into plaques, not all are destined to 
progress. Nevertheless, it is notable that coronary fatty 
streaks form during adolescence at the same anatomic sites 
that are prone to plaques later in life.

Atherosclerotic Plaque. The key features of  these 
lesions are intimal thickening and lipid accumulation (Fig. 
9–7). Atheromatous plaques are white to yellow raised 
lesions; they range from 0.3 to 1.5 cm in diameter but can 

Smooth Muscle Proliferation and Matrix Synthesis. 
Intimal smooth muscle cell proliferation and ECM deposition 
lead to conversion of  the earliest lesion, a fatty streak, into 
a mature atheroma, thus contributing to the progressive 
growth of  atherosclerotic lesions (Fig. 9–10). Intimal smooth 
muscle cells can originate from the media or from circulating 
precursors; regardless of  their source, they have a prolifera-
tive and synthetic phenotype distinct from that of  the under-
lying medial smooth muscle cells. Several growth factors are 
implicated in smooth muscle cell proliferation and matrix 
synthesis, including platelet-derived growth factor (released 
by locally adherent platelets, macrophages, endothelial cells, 
and smooth muscle cells), fibroblast growth factor, and TGF-
α. The recruited smooth muscle cells synthesize ECM (most 
notably collagen), which stabilizes atherosclerotic plaques. 
However, activated inflammatory cells in atheromas also can 
cause intimal smooth muscle cell apoptosis and breakdown 
of  matrix, leading to the development of  unstable plaques 
(see later).
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in another. Moreover, in any given vessel, lesions at various 
stages often coexist.

Atherosclerotic plaques have three principal 
components: (1) cells, including smooth muscle cells, 
macrophages, and T cells; (2) extracellular matrix, 
including collagen, elastic fibers, and proteoglycans; 
and (3) intracellular and extracellular lipid (Fig. 9–13, 
A and B). The proportion and configuration of  each compo-
nent varies from lesion to lesion. Most commonly plaques 
have a superficial fibrous cap composed of  smooth muscle 
cells and relatively dense collagen. Where the cap meets the 
vessel wall (the “shoulder”) is a more cellular area containing 
macrophages, T cells, and smooth muscle cells. Deep to the 
fibrous cap is a necrotic core, containing lipid (primarily cho-
lesterol and cholesterol esters), necrotic debris, lipid-laden 
macrophages and smooth muscle cells (foam cells), fibrin, 
variably organized thrombus, and other plasma proteins.  
The extracellular cholesterol frequently takes the forms of  

A B

Figure 9–12 Atherosclerotic lesions. A, Aorta with mild atherosclerosis composed of  fibrous plaques, one denoted by the arrow. B, Aorta with severe 
diffuse complicated lesions, including an ulcerated plaque (open arrow), and a lesion with overlying thrombus (closed arrow). 

coalesce to form larger masses. Thrombus superimposed on 
ulcerated plaques imparts a red-brown color (Fig. 9–12).

Atherosclerotic plaques are patchy, usually involving only a 
portion of  any given arterial wall; on cross-section, therefore, 
the lesions appear “eccentric” (Fig. 9–13, A). The focal nature 
of  atherosclerotic lesions may be related to the vagaries of  
vascular hemodynamics. Local flow disturbances, such as tur-
bulence at branch points, make certain parts of  a vessel wall 
especially susceptible to plaque formation.

In descending order, the most extensively involved vessels 
are the infrarenal abdominal aorta, the coronary arteries, the 
popliteal arteries, the internal carotid arteries, and the vessels 
of  the circle of  Willis. Even in the same patient, atheroscle-
rosis typically is more severe in the abdominal aorta than in 
the thoracic aorta. Vessels of  the upper extremities usually 
are spared, as are the mesenteric and renal arteries, except 
at their ostia. Nevertheless, in any individual case, the severity 
of  atherosclerosis in one artery does not predict its severity 
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Figure 9–13 Atherosclerotic plaque in the coronary artery. A, Overall architecture demonstrating fibrous cap (F) and a central necrotic (largely lipid) 
core (C); collagen (blue) is stained with Masson trichrome. The lumen (L) is moderately narrowed by this eccentric lesion, which leaves part of  the 
vessel wall unaffected (arrow). B, Moderate-power view of  the plaque shown in A, stained for elastin (black); the internal and external elastic mem-
branes are attenuated and the media of  the artery is thinned under the most advanced plaque (arrow). C, High-power view of  the junction of  the 
fibrous cap and core, showing scattered inflammatory cells, calcification (arrowheads), and neovascularization (small arrows). 
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Figure 9–14 Summary of  the natural history, morphologic features, main pathogenic events, and clinical complications of  atherosclerosis. 
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crystalline aggregates that are washed out during routine 
tissue processing, leaving behind empty “cholesterol clefts.” 
The periphery of  the lesions shows neovascularization 
(proliferating small blood vessels) (Fig. 9–13, C). The media 
deep to the plaque may be attenuated and exhibit fibrosis 
secondary to smooth muscle atrophy and loss. Typical ath-
eromas contain relatively abundant lipid, but some so-called 
fibrous plaques are composed almost exclusively of  smooth 
muscle cells and fibrous tissue.

Plaques generally continue to change and progressively 
enlarge through cell death and degeneration, synthesis  
and degradation of  ECM (remodeling), and thrombus orga-
nization. Atheromas also often undergo calcification (Fig. 
9–10, C).

Clinical Consequences of Atherosclerotic Disease

Large elastic arteries (e.g., aorta, carotid, and iliac arteries) 
and large and medium-sized muscular arteries (e.g., coro-
nary, renal, and popliteal arteries) are the vessels most 
commonly involved by atherosclerosis. Accordingly, ath-
erosclerosis is most likely to present with signs and symp-
toms related to ischemia in the heart, brain, kidneys, and 
lower extremities. Myocardial infarction (heart attack), cere-
bral infarction (stroke), aortic aneurysms, and peripheral vascu-
lar disease (gangrene of extremities) are the major clinical 
consequences of atherosclerosis.

The natural history, principal morphologic features, and 
main pathogenic events are schematized in Figure 9–14. 
The principal pathophysiologic outcomes depend on the 
size of the affected vessel, the size and stability of the 
plaques, and the degree to which plaques disrupt the vessel 
wall:
• Occlusion of smaller vessels can compromise tissue 

perfusion.

• Plaque rupture can expose atherosclerotic debris, leading 
to acute (and frequently catastrophic) vascular thrombo-
sis or (with shedding of debris) distal embolization.

• Destruction of the underlying vessel wall can lead to 
aneurysm formation, with secondary rupture and/or 
thrombosis.

Atherosclerotic Stenosis
At early stages, remodeling of the media tends to preserve 
the luminal diameter by increasing the vessel circumfer-
ence. Owing to limits on remodeling, however, eventually 
the expanding atheroma may impinge on blood flow. Criti-
cal stenosis is the tipping point at which chronic occlusion 
limits flow so severely that tissue demand exceeds supply. 
In the coronary artery (and other) circulations, this typi-
cally occurs at approximately 70% fixed occlusion. At rest, 
affected patients have adequate cardiac perfusion, but with 
even modest exertion demand exceeds supply, and chest 
pain develops because of cardiac ischemia (stable angina) 
(see Chapter 10). The toll of chronic arterial hypoperfusion 
due to atherosclerosis in various vascular beds includes 
bowel ischemia, sudden cardiac death, chronic IHD, ischemic 
encephalopathy, and intermittent claudication (ischemic leg 
pain).

Acute Pla ue Change
Plaque erosion or rupture typically triggers thrombosis, leading 
to partial or complete vascular obstruction and often tissue 
infarction (see Fig. 9–14). Plaque changes fall into three 
general categories:
• Rupture/fissuring, exposing highly thrombogenic plaque 

constituents
• Erosion/ulceration, exposing the thrombogenic subendo-

thelial basement membrane to blood
• Hemorrhage into the atheroma, expanding its volume
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It is now recognized that plaques responsible for myocar-
dial infarctions and other acute coronary syndromes often 
are asymptomatic before the acute event, which superim-
poses thrombosis on a lesion that previously did not 
produce significant luminal occlusion. The worrisome con-
clusion is that large numbers of asymptomatic persons are 
at risk for a catastrophic coronary event. The causes of 
acute plaque change are complex and include both intrinsic 
(e.g., plaque structure and composition) and extrinsic 
factors (e.g., blood pressure). These factors combine to 
weaken the integrity of the plaque, making it unable to 
withstand vascular shear forces.

Certain types of plaques are believed to be at particu-
larly high risk of rupturing. These include plaques that 
contain large numbers of foam cells and abundant extracel-
lular lipid, plaques that have thin fibrous caps containing 
few smooth muscle cells, and plaques that contain clusters 
of inflammatory cells. Plaques at high risk for rupture  
are referred to as “vulnerable plaques” (Fig. 9–15). The 
fibrous cap also undergoes continuous remodeling; its 
mechanical strength and stability is proportional to its col-
lagen content, so the balance of collagen synthesis and 
degradation affects cap integrity. Collagen in atheroscle-
rotic plaques is synthesized primarily by smooth muscle 
cells, and loss of smooth muscle cells understandably 
results in cap weakening. Collagen is degraded by matrix 
metalloproteinases (MMPs), enzymes elaborated by mac-
rophages within the atheromatous plaque; conversely, 
tissue inhibitors of metalloproteinases (TIMPs) produced 
by endothelial cells, smooth muscle cells, and macrophages, 
all act to dampen MMP activity. 

In general, plaque inflammation increases collagen degrada-
tion and reduces collagen synthesis, thereby destabilizing the 
mechanical integrity of the cap. Of interest, statins may 
have a beneficial effect not only by reducing circulating 
cholesterol levels but also by stabilizing plaques through a 
reduction in plaque inflammation.

Factors extrinsic to plaques also are important. Thus, 
adrenergic stimulation (as with intense emotions) can 

increase systemic blood pressure or induce local vasocon-
striction, thereby increasing the mechanical stress on a 
given plaque. Indeed, one explanation for the pronounced 
circadian periodicity in the onset of heart attacks (peak 
incidence between 6 AM and 12 noon) is the adrenergic 
surge associated with waking and rising, which is suffi-
cient to cause blood pressure spikes and heightened plate-
let reactivity.

Fortunately, not all plaque ruptures result in occlusive 
thromboses with catastrophic consequences. In fact, silent 
plaque disruption and ensuing superficial platelet aggrega-
tion and thrombosis probably occur frequently and  
repeatedly in those with atherosclerosis. Healing of these 
subclinical plaque disruptions—and their overlying 
thromboses—is an important mechanism for atheroma 
enlargement.

Figure 9–15 Vulnerable and stable atherosclerotic plaque. Stable 
plaques have densely collagenized and thickened fibrous caps with minimal 
inflammation and negligible underlying atheromatous cores, whereas vul-
nerable plaques have thin fibrous caps, large lipid cores, and increased 
inflammation. 
(Adapted from Libby P: Circulation 91:2844, 1995.)
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MORPHOLOGY
Atherosclerotic plaques are susceptible to several clinically 
important changes:
• Rupture, ulceration, or erosion of  the luminal surface 

of  atheromatous plaques exposes highly thrombogenic 
substances and induces thrombus formation. Thrombi 
may partially or completely occlude the lumen, leading to 
tissue ischemia (e.g., in the heart) (Chapter 10) (Fig. 
9–16). If  the patient survives, thrombi become organized 
and incorporated into the growing plaque.

• Hemorrhage into a plaque. Rupture of  the overlying 
fibrous cap or of  the thin-walled vessels in the areas of  
neovascularization can cause intra-plaque hemorrhage; 
the resulting hematoma may cause rapid plaque expansion 
or plaque rupture.

• Atheroembolism. Ruptured plaque can discharge 
debris into the blood, producing microemboli composed 
of  plaque contents.

• Aneurysm formation. Atherosclerosis-induced pres-
sure or ischemic atrophy of  the underlying media, with 
loss of  elastic tissue, causes structural weakening that can 
lead to aneurysmal dilation and rupture.

SUMMARY
Atherosclerosis
• Atherosclerosis is an intima-based lesion composed of a 

fibrous cap and an atheromatous (literally, “gruel-like”) 
core; the constituents of the plaque include smooth 
muscle cells, ECMs, inflammatory cells, lipids, and necrotic 
debris.

• Atherogenesis is driven by an interplay of vessel wall 
injury and inflammation. The multiple risk factors for  
atherosclerosis all cause endothelial cell dysfunction  
and influence smooth muscle cell recruitment and 
stimulation.

• Atherosclerotic plaques develop and grow slowly over 
decades. Stable plaques can produce symptoms related to 
chronic ischemia by narrowing vessels, whereas unstable 
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Figure 9–16 Atherosclerotic plaque rupture. A, Plaque 
rupture without superimposed thrombus, in a patient 
who died suddenly. B, Acute coronary thrombosis 
superimposed on an atherosclerotic plaque with focal 
disruption of  the fibrous cap, triggering fatal myocardial 
infarction. In both A and B, an arrow points to the site 
of  plaque rupture. 
(B, Reproduced from Schoen FJ: Interventional and Surgical Cardiovascular 
Pathology: Clinical Correlations and Basic Principles. Philadelphia, WB 
Saunders, 1989, p 61.)

Figure 9–17 Aneurysms. A, Normal vessel. B, True aneurysm, saccular type. The wall bulges outward and may be attenuated but is otherwise intact. 
C, True aneurysm, fusiform type. There is circumferential dilation of  the vessel. D, False aneurysm. The wall is ruptured, creating a collection of  blood 
(hematoma) bounded externally by adherent extravascular tissues. E, Dissection. Blood has entered the wall of  the vessel and separated (dissected) 
the layers. 
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PATHOGENESIS
Arteries are dynamic tissues that maintain their integrity 
through the ongoing synthesis, degradation, and repair of  
their extracellular matrix. Aneurysms occur when the struc-
ture or function of  the connective tissue is compromised by 
any of  the following factors:
• Inadequate or abnormal connective tissue syn-

thesis. Several rare inherited diseases provide insight into 
the types of  molecular abnormalities that can lead  
to aneurysm formation. As described previously, TGF- 
β regulates smooth muscle cell proliferation and matrix 

plaques can cause dramatic and potentially fatal ischemic 
complications related to acute plaque rupture, thrombo-
sis, or embolization.

• Stable plaques tend to have a dense fibrous cap, minimal 
lipid accumulation, and little inflammation, whereas “vul-
nerable” unstable plaques have thin caps, large lipid cores, 
and relatively dense inflammatory infiltrates.

ANEURYSMS AND DISSECTIONS
Aneurysms are congenital or acquired dilations of blood vessels 
or the heart (Fig. 9–17). “True” aneurysms involve all three 
layers of the artery (intima, media, and adventitia) or the 
attenuated wall of the heart; these include atherosclerotic 
and congenital vascular aneurysms, as well as ventricular 
aneurysms resulting from transmural myocardial infarc-
tions. By comparison, a false aneurysm (pseudoaneurysm) 
results when a wall defect leads to the formation of an 
extravascular hematoma that communicates with the intra-
vascular space (“pulsating hematoma”). Examples are ven-
tricular ruptures contained by pericardial adhesions and 
leaks at the junction of a vascular graft with a natural 
artery. In arterial dissections, pressurized blood gains entry 

to the arterial wall through a surface defect and then pushes 
apart the underlying layers. Aneurysms and dissections 
are important causes of stasis and subsequent thrombosis; 
they also have a propensity to rupture—often with cata-
strophic results.

Aneurysms can be classified by shape (see Fig. 9–17). 
Saccular aneurysms are discrete outpouchings ranging 
from 5 to 20 cm in diameter, often with a contained throm-
bus. Fusiform aneurysms are circumferential dilations up to 
20 cm in diameter; these most commonly involve the aortic 
arch, the abdominal aorta, or the iliac arteries.
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synthesis. Thus, mutations in TGF-β receptors or down-
stream signaling pathways result in defective elastin and 
collagen synthesis; aneurysms in affected persons often 
rupture, even when small. In Marfan syndrome 
(Chapter 6), defective synthesis of  the scaffolding protein 
fibrillin leads to abnormal sequestration of  TGF-β in the 
aortic wall, with subsequent dilation due to dysregulated 
signaling and progressive loss of  elastic tissue. Defective 
type III collagen synthesis with aneurysm formation is a 
hallmark of  the type IV Ehlers-Danlos syndrome 
(Chapter 6).

• Excessive connective tissue degradation. Increased 
MMP expression, such as by macrophages in atheroscle-
rotic plaque, can contribute to aneurysm development by 
degrading arterial ECM in the arterial wall; similarly, 
decreased TIMP expression can also tip the balance 
toward net ECM degradation. A genetic predisposition to 
aneurysm formation in the setting of  inflammation may be 
related to MMP and/or TIMP polymorphisms, or to the 
nature of  the local inflammatory response that drives 
MMP or TIMP production.

• Loss of smooth muscle cells or change in the 
smooth muscle cell synthetic phenotype. Athero-
sclerotic thickening of  the intima can cause ischemia of  the 
inner media by increasing the diffusion distance from the 
lumen. Conversely, systemic hypertension can cause 
luminal narrowing of  the aortic vasa vasorum, leading to 
ischemia of  the outer media. Such ischemia results in 
smooth muscle cell loss as well as aortic “degenerative 
changes,” which include fibrosis (replacing distensible 
elastic tissue), inadequate ECM synthesis, and accumula-
tion of  increasing amounts of  amorphous proteoglycans. 
Histologically, these changes are collectively called cystic 
medial degeneration (Fig. 9–18), although no true 
cysts are formed. Such changes are nonspecific; they can 
occur whenever ECM synthesis is defective, including in 
genetic disorders such as Marfan syndrome and metabolic 
syndrome such as scurvy.

The two most important causes of aortic aneurysms 
are atherosclerosis and hypertension. Atherosclerosis 
is the more dominant factor in abdominal aortic aneurysms, 
while hypertension is associated with ascending aortic 

A B

Figure 9–18 Cystic medial degeneration. A, Cross-section of  aortic media from a patient with Marfan syndrome, showing marked elastin fragmentation 
and areas devoid of  elastin that resemble cystic spaces (asterisks). B, Normal media for comparison, showing the regular layered pattern of  elastic 
tissue. In both A and B, elastin is stained black. 

aneurysms. Other conditions that weaken vessel walls and 
lead to aneurysms include trauma, vasculitis (see later), con-
genital defects, and infections, so-called mycotic aneu-
rysms. Mycotic aneurysms result from (1) embolization of  
a septic embolus, usually as a complication of  infective endo-
carditis; (2) extension of  an adjacent suppurative process; or 
(3) direct infection of  an arterial wall by circulating organisms. 
Tertiary syphilis is a rare cause of  aortic aneurysms. A predi-
lection of  the spirochetes for the vasa vasorum of  the 
ascending thoracic aorta—and the subsequent immune 
response to them—results in an obliterative endarteritis 
that compromises blood flow to the media; the ensuing isch-
emic injury leads to aneurysmal dilation that occasionally also 
can involve the aortic valve annulus.

Abdominal Aortic Aneurysm

Atherosclerotic aneurysms occur most frequently in the abdomi-
nal aorta, but the common iliac arteries, aortic arch, and 
descending thoracic aorta can also be involved. Abdominal 
aortic aneurysm (AAA) occurs more frequently in men and 
in smokers and rarely develops before the age of 50 years. 
Atherosclerosis is a major cause of AAA, but other factors 
clearly contribute, since the incidence is less than 5% in 
men older than 60 despite almost universal abdominal 
aortic atherosclerosis in that population.

In the majority of cases, AAA results from excess ECM 
degradation mediated by local inflammatory infiltrates in 
atherosclerotic arteries and the destructive proteolytic 
enzymes produced at these sites. Atherosclerotic plaques 
compromise the diffusion of nutrients and wastes between 
the vascular lumen and the arterial wall, and also directly 
compress the underlying media. As a result, the media 
undergoes degeneration and necrosis, which results in 
arterial wall thinning. A familial predisposition to AAA, 
independent of genetic predilection to atherosclerosis or 
hypertension, may be a factor in some persons; thus, hered-
itary defects in structural components of the aorta  
can produce aneurysms (e.g., Marfan syndrome). Of note, 
the risks of AAA and smoking-related emphysema are 
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• Embolism from atheroma or mural thrombus
• Impingement on adjacent structures, e.g., compression 

of a ureter or erosion of vertebrae by the expanding 
aneurysm

• An abdominal mass (often palpably pulsating) that sim-
ulates a tumor

• Rupture into the peritoneal cavity or retroperitoneal 
tissues, leading to massive, often fatal hemorrhage

The risk of rupture is determined by size. AAAs 4 cm or 
less in diameter almost never burst, while those between 4 
and 5 cm do so at a rate of 1% per year. The risk rises to 
11% per year for AAAs 5 to 6 cm in diameter, and to 25% 
per year for aneurysms greater than 6 cm in diameter. 
Thus, aneurysms 5 cm in diameter or larger are managed 
surgically, either by open placement of tubular prosthetic 
grafts or with endoluminal insertion of stented grafts 
(expandable wire frames covered by a cloth sleeve). Timely 
intervention is critical, because the mortality rate for elec-
tive procedures is approximately 5%, whereas the rate for 
emergency surgery after rupture is roughly 50%.

A point worthy of emphasis is that because atheroscle-
rosis is a systemic disease, a patient with AAA also is very 
likely to have atherosclerosis in other vascular beds and is 
at a significantly increased risk for IHD and stroke.

Thoracic Aortic Aneurysm

Thoracic aortic aneurysms most commonly are associated 
with hypertension and Marfan syndrome, with other dis-
orders caused by mutations in TGF-β signaling pathway 
components also being increasingly recognized as etiolo-
gies. These aneurysms manifest with signs and symptoms 
referable to (1) encroachment on mediastinal structures 
(e.g., respiratory or feeding difficulties due to airway or 
esophageal compression, respectively); (2) persistent cough 
from irritation of the recurrent laryngeal nerves; (3) pain 
caused by erosion of bone (i.e., ribs and vertebral bodies); 
(4) cardiac disease due to valvular insufficiency or narrow-
ing of the coronary ostia; and (5) aortic rupture. Rare 
patients with syphilitic aneurysms commonly die of heart 
failure induced by aortic valvular incompetence.

Aortic Dissection

Aortic dissection occurs when blood splays apart the laminar 
planes of the media to form a blood-filled channel within the 
aortic wall (Fig. 9–20); this development can be catastrophic 
if the dissecting blood ruptures through the adventitia and 
escapes into adjacent spaces. Aortic dissection need not be 
associated with aortic dilation, and the older term “dissect-
ing aneurysm” should be avoided.

Aortic dissection occurs mainly in two age groups: (1) 
men aged 40 to 60 with antecedent hypertension (more 
than 90% of cases); and (2) younger patients with connec-
tive tissue abnormalities that affect the aorta (e.g., Marfan 
syndrome). Dissections also can be iatrogenic (e.g., compli-
cating arterial cannulation during diagnostic catheteriza-
tion or cardiopulmonary bypass). Rarely, for unknown 
reasons, pregnant women develop dissection of the aorta 
or its branches, including the coronary arteries. Dissection 

associated, suggesting that some affected patients have a 
systemic dysregulation of ECM degradation.

A B

Figure 9–19 Abdominal aortic aneurysm. A, External view of  a large 
aortic aneurysm that ruptured at the site is indicated by the arrow. 
B, Opened view, with the location of  the rupture tract indicated by a 
probe. The wall of  the aneurysm is attenuated, and the lumen is filled by 
a large, layered thrombus. 

MORPHOLOGY
AAAs typically occur between the renal arteries and the 
aortic bifurcation; they can be saccular or fusiform and up to 
15 cm in diameter and 25 cm in length (Fig. 9–19). In the vast 
majority of  cases, extensive atherosclerosis is present, with 
thinning and focal destruction of  the underlying media. The 
aneurysm sac usually contains bland, laminated, poorly orga-
nized mural thrombus, which can fill much of  the dilated 
segment. Not infrequently, AAAs are accompanied by smaller 
iliac artery aneurysms.
• Inflammatory AAAs are a distinct subtype character-

ized by dense periaortic fibrosis containing abundant lym-
phoplasmacytic inflammation with many macrophages and 
giant cells.

• Mycotic AAAs occur when circulating microorganisms 
(as in bacteremia from a Salmonella gastroenteritis) seed 
the aneurysm wall or the associated thrombus; the result-
ing suppuration accelerates the medial destruction and 
may lead to rapid dilation and rupture.

Clinical Consequences
The clinical consequences of AAA may include
• Obstruction of a vessel branching off the aorta (e.g., the 

renal, iliac, vertebral, or mesenteric arteries), resulting in 
distal ischemia of the kidneys, legs, spinal cord, or gas-
trointestinal tract, respectively
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Figure 9–20 Aortic dissection. A, An opened aorta with a proximal dissection originating from a small, oblique intimal tear (identified by the probe) 
associated with an intramural hematoma. Note that the intimal tear occurred in a region largely free of  atherosclerotic plaque. The distal edge of  the 
intramural hematoma (black arrows) lies at the edge of  a large area of  atherosclerosis (white arrow), which arrested the propagation of  the dissection. 
B, Histologic preparation showing the dissection and intramural hematoma (asterisk). Aortic elastic layers are black and blood is red in this section, 
stained with the Movat stain. 
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PATHOGENESIS
Hypertension is the major risk factor for aortic dissection. 
Aortas in hypertensive patients show medial hypertrophy  
of  the vasa vasorum associated with degenerative changes  
in ECM and variable loss of  medial smooth muscle cells,  
suggesting that diminished flow through the vasa vasorum  
is contributory. Most other dissections are related to heri-
table or acquired connective tissue disorders that give rise  
to abnormal aortic ECM, including Marfan syndrome,  
Ehlers-Danlos syndrome type IV, and defects in copper 
metabolism.

The trigger for the intimal tear and subsequent intramural 
hemorrhage is not known in most cases. Nevertheless, once 
the tear has occurred, blood under systemic pressure dis-
sects through the media along laminar planes. Accordingly, 
aggressive pressure-reducing therapy may be effective in lim-
iting an evolving dissection. In rare cases, disruption of  the 
vasa vasorum can give rise to an intramural hematoma 
without an intimal tear.

is unusual in the presence of substantial atherosclerosis or 
other causes of medial scarring, presumably because the 
medial fibrosis inhibits propagation of the dissecting hema-
toma (see Fig. 9–20).

MORPHOLOGY
In most dissections, the intimal tear marking the point of  
origin is found in the ascending aorta within 10 cm of  the 
aortic valve (Fig. 9–20, A). Such tears usually are transverse 
or oblique in orientation and 1 to 5 cm long, with sharp, 
jagged edges. The dissection plane can extend retrograde 
toward the heart or distally, occasionally as far as the iliac and 
femoral arteries, and usually lies between the middle and 
outer thirds of  the media (Fig. 9–20, B).

External rupture causes massive hemorrhage, or results in 
cardiac tamponade if  it occurs into the pericardial sac. In 

some (fortunate) instances, the dissecting hematoma reen-
ters the lumen of  the aorta through a second distal intimal 
tear, creating a second vascular channel within the media 
(so-called double-barreled aorta). Over time, such false 
channels become endothelialized to give rise to chronic 
dissections.

In most instances, no specific underlying causal pathology 
is identified in the aortic wall. The most frequent preexisting 
histologically detectable lesion is the cystic medial degen-
eration described previously; this is characterized by smooth 
muscle layer dropout and necrosis, elastic tissue fragmenta-
tion, and accumulations of  amorphous proteoglycan-rich 
ECM (Fig. 9–18). Inflammation is characteristically absent. 
Recognizable medial damage appears to be neither a prereq-
uisite for dissection nor a guarantee that dissection is immi-
nent. Occasionally, dissections occur in the setting of  rather 
trivial medial degeneration, while marked degenerative 
changes frequently are seen at autopsy in persons who exhib-
ited no clinical manifestations in life.

Clinical Consequences
The clinical manifestations of dissection depend primarily 
on the portion of the aorta affected; the most serious com-
plications occur with dissections involving the proximal 
aorta and arch. Thus, aortic dissections generally are clas-
sified into two types (Fig. 9–21):
• Proximal lesions: type A dissections, involving the ascend-

ing aorta, with or without involvement of the descend-
ing aorta (DeBakey type I or II, respectively)

• Distal lesions, usually beginning beyond the subclavian 
artery: type B dissections (DeBakey type III)

The classic clinical symptom of aortic dissection is the 
sudden onset of excruciating tearing or stabbing pain, 
usually beginning in the anterior chest, radiating to the 
back between the scapulae, and moving downward as the 
dissection progresses. The most common cause of death is 
rupture of the dissection into the pericardial, pleural, or perito-
neal cavity. Retrograde dissection into the aortic root also 
can cause fatal disruption of the aortic valvular apparatus 
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VASCULITIS
Vasculitis is a general term for vessel wall inflammation. 
The possible clinical manifestations are protean, but largely 
depend on the specific vascular bed that is affected. Besides 
findings referable to the involved tissue(s), there are usually 
also signs and symptoms of systemic inflammation, such 
as fever, myalgia, arthralgias, and malaise.

Although several forms of vasculitis have a predilection 
for relatively large vessels (e.g., large or medium-sized 
muscular arteries), most affect small vessels (arterioles, 
capillaries, and venules). Some 20 primary forms of vascu-
litis are recognized, and classi fication schemes attempt 
(with varying success) to group them according to vessel 
size, role of immune complexes, presence of specific auto-
antibodies, granuloma formation, tissue tropism, and 
other, poorly defined criteria (Fig. 9–22). As we shall see, 
there is considerable clinical and pathologic overlap among 
many of these disorders.

The two most common pathogenic mechanisms of  
vasculitis are immune-mediated inflammation and direct vas-
cular invasion by infectious pathogens. Infections also can 
indirectly precipitate immune-mediated vasculitis (e.g.,  
by generating immune complexes or triggering cross-
reactivity). In any given patient, it is critical to distinguish 
between infectious and immunologic mechanisms because 
immunosuppressive therapy is appropriate for immune-
mediated vasculitis but could exacerbate infectious vascu-
litis. Physical and chemical injury, including that due to 
radiation, mechanical trauma, and toxins, also can cause 
vasculitis.

Noninfectious Vasculitis

The main immunologic mechanisms underlying noninfec-
tious vasculitis are
• Immune complex deposition
• Antineutrophil cytoplasmic antibodies
• Anti-endothelial cell antibodies
• Autoreactive T cells
Immune Complex–Associated Vasculitis. This form of vas-
culitis is seen in immunologic disorders such as systemic 
lupus erythematosus (Chapter 4) that are associated with 
autoantibody production. The vascular lesions resemble 
those found in experimental immune complex–mediated 
disorders, such as the Arthus phenomenon and serum sick-
ness, and in many cases contain readily identifiable anti-
body and complement. Often, however, this type of 
vasculitis is a diagnostic challenge. Only rarely is the spe-
cific antigen responsible for immune complex formation 
known. While immune complexes are occasionally detected 
in the blood, in most instances it is not clear whether  
the pathogenic antigen-antibody complexes are deposited 

or compression of the coronary arteries. Common clinical 
presentations with cardiac involvement include tampon-
ade, aortic insufficiency, and myocardial infarction. Other 
complications are related to extension of the dissection to 
the great arteries of the neck and the renal, mesenteric, or 
iliac arteries, any of which may become obstructed. Simi-
larly, compression of spinal arteries can cause transverse 
myelitis.

In type A dissections, rapid diagnosis and institution of 
intensive antihypertensive therapy coupled with surgical 
plication of the aortic intimal tear can save 65% to 85% of 
the patients. However, the mortality rate approaches 70% 
in patients who present with hemorrhage or symptoms 
related to distal ischemia, and the overall 10-year survival 
rate is only 40% to 60%. Most type B dissections can be 
managed conservatively; patients have a 75% survival rate 
whether they are treated with surgery or with antihyper-
tensive medication only.

Figure 9–21 Classification of  dissections. Type A (proximal) involves 
the ascending aorta, either as part of  a more extensive dissection 
(DeBakey type I), or in isolation (DeBakey type II). Type B (distal, or 
DeBakey type III) dissections arise after the takeoff  of  the great vessels. 

Type BType A

DeBakey IIDeBakey I DeBakey III

SUMMARY
Aneurysms and Dissections
• Aneurysms are congenital or acquired dilations of the 

heart or blood vessels that involve the entire wall thick-
ness. Complications are related to rupture, thrombosis, 
and embolization.

• Dissections occur when blood enters the wall of a vessel 
and separates the various layers. Complications arise as a 
result of rupture or obstruction of vessels branching off 
the aorta.

• Aneurysms and dissections result from structural weak-
ness of the vessel wall caused by loss of smooth muscle 
cells or insufficient extracellular matrix, which can be a 
consequence of ischemia, genetic defects, or defective 
matrix remodeling.
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• Antiproteinase-3 (PR3-ANCA), previously called c-
ANCA. PR3 is a neutrophil azurophilic granule constitu-
ent that shares homology with numerous microbial 
peptides, possibly explaining the generation of PR3-
ANCAs. PR3-ANCAs are associated with Wegener 
granulomatosis (see below).

• Anti-myeloperoxidase (MPO-ANCA), previously called p-
ANCA. MPO is a lysosomal granule constituent involved 
in oxygen free radical generation (Chapter 2). MPO-
ANCAs are induced by several therapeutic agents, par-
ticularly propylthiouracil. MPO-ANCAs are associated 
with microscopic polyangiitis and Churg-Strauss syn-
drome (see later).

The close association between ANCA titers and disease 
activity suggests a pathogenic role for these antibodies. Of 
note, ANCAs can directly activate neutrophils, stimulating 
the release of reactive oxygen species and proteolytic 
enzymes; in vascular beds, this may lead to endothelial cell 
injury. While the antigenic targets of ANCA are primarily 
intracellular (and therefore not usually accessible to circu-
lating antibodies), it is now clear that ANCA antigens 
(especially PR3) either are constitutively expressed at low 
levels on the plasma membrane or are translocated to the 
cell surface in activated and apoptotic leukocytes.

A plausible mechanism for ANCA vasculitis involves 
the following sequence:

• Drugs or cross-reactive microbial antigens induce 
ANCA formation; alternatively, leukocyte surface 
expression or release of PR3 and MPO (in the setting of 
infections) incites ANCA development in a susceptible 
host.

• Subsequent infection, endotoxin exposure, or inflamma-
tory stimulus elicits cytokines such as TNF that upregu-
late the surface expression of PR3 and MPO on 
neutrophils and other cell types.

from the circulation or form in situ. In fact, in many sus-
pected cases, even the antigen-antibody deposits are scarce, 
perhaps because the immune complexes have been 
degraded by the time of biopsy.

Immune complex deposition is implicated in the follow-
ing vasculitides:
• Drug hypersensitivity vasculitis. In some cases drugs (e.g., 

penicillin) act as haptens by binding to host proteins; 
other agents are themselves foreign proteins (e.g., strep-
tokinase). Regardless, antibodies directed against the 
drug-modified proteins or foreign molecules result in 
immune complex formation. The clinical manifestations 
can be mild and self-limiting, or severe and even fatal; 
skin lesions are most common. It is always important to 
consider drug hypersensitivity as a cause of vasculitis, 
since discontinuation of the offending agent usually 
leads to resolution.

• Vasculitis secondary to infections. Antibody to microbial 
constituents can form immune complexes that circulate 
and deposit in vascular lesions. In up to 30% of patients 
with polyarteritis nodosa (see further on), the vasculitis 
is attributable to immune complexes composed of  
hepatitis B surface antigen (HBsAg) and anti-HBsAg 
antibody.

Anti-Neutrophil Cytoplasmic Antibodies. Many patients 
with vasculitis have circulating antibodies that react with 
neutrophil cytoplasmic antigens, so-called anti-neutrophil 
cytoplasmic antibodies (ANCAs). ANCAs are a heteroge-
neous group of autoantibodies directed against constitu-
ents (mainly enzymes) of neutrophil primary granules, 
monocyte lysosomes, and endothelial cells. ANCAs are 
very useful diagnostic markers; their titers generally mirror 
clinical severity, and a rise in titers after periods of quies-
cence is predictive of disease recurrence. Although a 
number of ANCAs have been described, two are most 
important:

Figure 9–22 Vascular sites involved in the more common vasculitides and their presumptive etiology. Note the considerable overlap in distributions. 
ANCA, anti-neutrophil cytoplasmic antibody; SLE, systemic lupus erythematosus. 
(Data from Jennette JC, Falk RJ: Nosology of primary vasculitis. Curr Opin Rheumatol 19:17, 2007.)
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A B

Figure 9–23 Temporal (giant cell) arteritis. A, H&E-stained section of  temporal artery showing giant cells near the fragmented internal elastic mem-
brane (arrow), along with medial and adventitial inflammation. B, Elastic tissue stain demonstrating focal destruction of  the internal elastic membrane 
(arrow) and associated medial attenuation and scarring. H&E, hematoxylin-eosin. 

• ANCAs bind these cytokine-activated cells, causing 
further activation of neutrophils.

• ANCA-activated neutrophils cause endothelial cell 
injury by releasing granule contents and reactive oxygen 
species.

The ANCA autoantibodies are directed against cellular 
constituents and do not form circulating immune com-
plexes. The vascular lesions do not typically contain 
demonstrable antibody and complement; therefore ANCA-
associated vasculitides are often described as “pauci-
immune.” Of interest, ANCAs directed against proteins 
other than PR3 and MPO are sometimes seen in patients 
with nonvasculitic inflammatory disorders (e.g., inflamma-
tory bowel disease, sclerosing cholangitis, and rheumatoid 
arthritis).
Anti-Endothelial Cell Antibodies. Antibodies to endothe-
lial cells, underlie certain vasculitides, such as Kawasaki 
disease (discussed later).

Presented next is a brief overview of several of the best-
characterized vasculitides, with emphasis on the substan-
tial overlap among the different entities. Of note, many 
cases lack a classic constellation of findings and are difficult 
to fit into one specific diagnostic category.

iant Cell (Te poral) Arteritis
Giant cell (temporal) arteritis is the most common form of vas-
culitis among the elderly in developed countries. It takes the form 
of chronic, typically granulomatous, inflammation of large to 
small size arteries, mainly those supplying the head—especially 
the temporal arteries. Vertebral and ophthalmic arteries, as 

MORPHOLOGY
In giant cell arteritis, the pathologic changes are notoriously 
patchy along the length of  affected vessels. Involved arterial 
segments exhibit nodular intimal thickening (and occasional 
thromboses) that reduce the lumen diameter and cause distal 
ischemia. Classic lesions exhibit granulomatous inflam-
mation within the inner media centered on the internal 
elastic membrane; there is an infiltrate of  lymphocytes and 
macrophages, with multinucleate giant cells, and fragmenta-
tion of the internal elastic lamina (Fig. 9–23). In up to 

PATHOGENESIS
The bulk of  evidence suggests the culprit is a T cell–mediated 
immune response to an as-yet uncharacterized vessel wall 
antigen. Pro-inflammatory cytokines (especially TNF) and 
anti-endothelial cell antibodies also contribute. The charac-
teristic granulomatous inflammation, the association with 
certain MHC class II haplotypes, and the excellent therapeutic 
response to steroids all are in favor of  an immune etiology. 
The extraordinary predilection for the temporal artery 
remains unexplained, although one hypothesis is that vessels 
in various parts of  the body develop from distinct anlagen 
and may, therefore, express unique antigens.

well as the aorta (giant cell aortitis), also can be involved. 
Because ophthalmic artery involvement can lead to sudden 
and permanent blindness, affected persons must be diag-
nosed and treated promptly.
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Clinical Features of  Giant Cell Arteritis
Temporal arteritis is rare before the age of 50. Signs and 
symptoms may be vague and constitutional—fever, fatigue, 
weight loss—or take the form of facial pain or headache, 
most intense along the course of the superficial temporal 
artery, which is painful to palpation. Ocular symptoms 
(associated with involvement of the ophthalmic artery) 
abruptly appear in about 50% of patients; these range from 
diplopia to complete vision loss. Diagnosis depends on 
biopsy and histology; however, because involvement in 
temporal arteritis is patchy a negative biopsy result does 
not exclude the diagnosis. Corticosteroid or anti-TNF ther-
apies are effective treatments.

Ta ayasu Arteritis
Takayasu arteritis is a granulomatous vasculitis of medium-
sized and larger arteries characterized principally by ocular 
disturbances and marked weakening of the pulses in the upper 
extremities (hence the alternate name, pulseless disease). This 
disorder manifests with transmural scarring and thickening 
of the aorta—particularly the aortic arch and great vessels—with 
severe luminal narrowing of the major branch vessels (Fig. 
9–24). Aortic lesions share many of the clinical and histo-
logic features of giant cell aortitis. Indeed, the distinction 
between the two entities is made largely on the basis of  
a patient’s age; those older than 50 years are designated 
giant cell aortitis, and those younger than 50 years, 
Takayasu aortitis. Although historically associated with 
Japanese ethnicity and certain HLA haplotypes, Takayasu 
aortitis has a global distribution. An autoimmune etiology 
is likely.

MORPHOLOGY
Takayasu arteritis classically affects the aortic arch 
and arch vessels; a third of  cases also involve the remain-
der of  the aorta and its branches. Occasionally, aortic root 
involvement causes dilation and aortic valve insufficiency. 
Pulmonary arteries are involved in 50% of patients, 
and renal and coronary arteries also can be affected. 
The takeoffs of  the great vessels can be markedly narrowed 
and even obliterated (Fig. 9–24, A and B), explaining the 
upper extremity weakness and faint carotid pulses. The his-
tologic picture (Fig. 9–24, C) encompasses a spectrum ranging 
from adventitial mononuclear infiltrates and perivascular 
cuffing of  the vasa vasorum, to intense transmural mononu-
clear inflammation, to granulomatous inflammation, replete 
with giant cells and patchy medial necrosis. The inflammation 
is associated with irregular thickening of  the vessel wall, 
intimal hyperplasia, and adventitial fibrosis.

25% of  cases, granulomas and giant cells are absent, and 
lesions exhibit only a nonspecific panarteritis with a mixed 
infiltrate of  acute and chronic inflammation. Healing is marked 
by medial and adventitial fibrosis and intimal thickening. Char-
acteristically, lesions at different stages of  development are 
seen within the same artery.

Figure 9–24 Takayasu arteritis. A, Aortic arch angiogram showing 
reduced flow of  contrast material into the great vessels and narrowing 
of  the brachiocephalic, carotid, and subclavian arteries (arrows). B, Cross-
sections of  the right carotid artery from the patient shown in A demon-
strating marked intimal thickening and luminal narrowing. The white circles 
correspond to the original vessel wall; the inner core of  tan tissue is the 
area of  intimal hyperplasia. C, Histologic appearance in active Takayasu 
aortitis illustrating destruction and fibrosis of  the arterial media associated 
with mononuclear infiltrates and inflammatory giant cells (arrows). 

A

B

C

Clinical Features of  Takayasu Aortitis
Initial signs and symptoms usually are nonspecific, includ-
ing fatigue, weight loss, and fever. With progression, vas-
cular signs and symptoms appear and dominate the clinical 
picture. These include reduced upper extremity blood 
pressure and pulse strength; neurologic deficits; and  
ocular disturbances, including visual field defects, retinal 
hemorrhages, and total blindness. Distal aorta disease can 
manifest as leg claudication, and pulmonary artery involve-
ment can cause pulmonary hypertension. Narrowing of the 
coronary ostia can lead to myocardial infarction, and 
involvement of the renal arteries causes systemic hyperten-
sion in roughly half of the patients. The evolution of the 
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fever, and weight loss—are nonspecific, and the vascular 
involvement is widely scattered, so that the clinical mani-
festations can be varied and puzzling. A “classic” presenta-
tion can involve some combination of rapidly accelerating 
hypertension due to renal artery involvement; abdominal 
pain and bloody stools caused by vascular gastrointestinal 
lesions; diffuse muscular aches and pains; and peripheral 
neuritis, predominantly affecting motor nerves. Renal 
involvement often is prominent and constitutes a major 
cause of death in these patients. Untreated, PAN typically 
is fatal; however, immunosuppression can yield remission 
or cure in 90% of the cases.

awasa i Disease
Kawasaki disease is an acute, febrile, usually self-limited 
illness of infancy and childhood (80% of the patients are 
younger than 4 years of age) associated with an arteritis of 
mainly large to medium-sized vessels. Its clinical signifi-
cance stems from the involvement of coronary arteries. Coro-
nary arteritis can cause aneurysms that rupture or 
thrombose, resulting in myocardial infarction. Originally 
described in Japan, the disease is now recognized in the 
United States and elsewhere.

In genetically susceptible persons, a variety of infectious 
agents (mostly viral) have been posited to trigger the 
disease. The vasculitis may result from a delayed-type 
hypersensitivity response directed against cross-reactive or 
newly uncovered vascular antigen(s). Subsequent cytokine 
production and polyclonal B cell activation result in  
autoantibodies to endothelial cells and smooth muscle cells 
that precipitate the vasculitis.

disease is variable. Some cases rapidly progress, while 
others become quiescent after 1 to 2 years. In the latter 
scenario, long-term survival, albeit with visual or neuro-
logic deficits, is possible.

Polyarteritis odosa
Polyarteritis nodosa (PAN) is a systemic vasculitis of small 
or medium-sized muscular arteries that typically involves the 
renal and visceral vessels and spares the pulmonary circu-
lation. There is no association with ANCAs, but a third of 
the patients have chronic hepatitis B infection, which leads 
to the formation of immune complexes containing hepatitis 
B antigens that deposit in affected vessels. The cause is 
unknown in the remaining cases.

Figure 9–25 Polyarteritis nodosa, associated with segmental fibrinoid 
necrosis and thrombotic occlusion of  a small artery. Note that part of  
the vessel (upper right, arrow) is uninvolved. 
(Courtesy of Sidney Murphree, MD, Department of Pathology, University of Texas Southwestern 
Medical School, Dallas, Texas.)

MORPHOLOGY
Classic PAN is a segmental transmural necrotizing 
inflammation of small to medium-sized arteries, 
often with superimposed thrombosis. Kidney, heart, liver, and 
gastrointestinal tract vessels are affected in descending order 
of  frequency. Lesions usually involve only part of  the vessel 
circumference and have a predilection for branch points. 
Impaired perfusion may lead to ulcerations, infarcts, ischemic 
atrophy, or hemorrhages in the distribution of  affected 
vessels. The inflammatory process also weakens the arterial 
wall, leading to aneurysms and rupture.

In the acute phase, there is transmural mixed inflammatory 
infiltrate composed of  neutrophils and mononuclear cells, 
frequently accompanied by fibrinoid necrosis and luminal 
thrombosis (Fig. 9–25). Older lesions show fibrous thickening 
of  the vessel wall extending into the adventitia. Characteristi-
cally, all stages of activity (from early to late) coexist in 
different vessels or even within the same vessel, suggesting 
ongoing and recurrent pathogenic insults.

MORPHOLOGY
The vasculitis resembles that seen in polyarteritis nodosa. 
There is a dense transmural inflammatory infiltrate, although 
the fibrinoid necrosis usually is less prominent than in poly-
arteritis nodosa. The acute vasculitis typically subsides  
spontaneously or in response to treatment, but aneurysm 
formation due to wall damage can supervene. As with other 
arteritides, healed lesions also can exhibit obstructive intimal 
thickening. Pathologic changes outside the cardiovascular 
system are rarely significant.

Clinical Features of  PAN
PAN is primarily a disease of young adults but can  
occur in all age groups. The clinical course may range from 
acute to chronic but typically is episodic, with long 
symptom-free intervals. The systemic findings—malaise, 

Clinical Features of  Kawasaki Disease
Kawasaki disease typically manifests with conjunctival 
and oral erythema and blistering, edema of the hands and 
feet, erythema of the palms and soles, a desquamative rash, 
and cervical lymph node enlargement (hence its other 
name, mucocutaneous lymph node syndrome). Approximately 
20% of untreated patients develop cardiovascular sequelae, 
ranging from asymptomatic coronary arteritis, to coronary 
artery ectasia, to large coronary artery aneurysms (7 to 
8 mm in diameter) with rupture or thrombosis, myocardial 
infarction, and sudden death. With intravenous immuno-
globulin therapy and aspirin, the rate of symptomatic coro-
nary artery disease is reduced to about 4%.

Microscopic Polyangiitis
Microscopic polyangiitis is a necrotizing vasculitis that gener-
ally affects capillaries, as well as small arterioles and venules. It 
also is called hypersensitivity vasculitis or leukocytoclastic 
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vasculitis. Unlike in polyarteritis nodosa, all lesions of micro-
scopic polyangiitis tend to be of the same age in any given patient. 
The skin, mucous membranes, lungs, brain, heart, gastro-
intestinal tract, kidneys, and muscle all can be involved; 
necrotizing glomerulonephritis (seen in 90% of patients) and 
pulmonary capillaritis are particularly common. Microscopic 
angiitis can be a feature of a number of immune disorders, 
such as Henoch-Schönlein purpura, essential mixed cryo-
globulinemia, or the vasculitis associated with connective 
tissue disorders.

In some cases, antibody responses to antigens such  
as drugs (e.g., penicillin), microorganisms (e.g., strepto-
cocci), heterologous proteins, or tumor proteins have been  
implicated. These reactions can either lead to immune 
complex deposition or trigger secondary immune responses 
(e.g., the development of ANCAs) that are pathogenic. 
Indeed, most cases are associated with MPO-ANCA. 
Recruitment and activation of neutrophils within affected 
vascular beds probably are responsible for the disease 
manifestations.

Clinical Features of  Microscopic Polyangiitis
Depending on the vascular bed involved, major features 
include hemoptysis, hematuria, proteinuria, abdominal 
pain or bleeding, muscle pain or weakness, and palpable 
cutaneous purpura. With the exception of patients with 
widespread renal or CNS involvement, immunosuppres-
sion and removal of the offending agent induce durable 
remissions.

egener ranulo atosis
Wegener granulomatosis is a necrotizing vasculitis charac-
terized by a specific triad of findings:
• Granulomas of the lung and/or the upper respiratory 

tract (ear, nose, sinuses, throat)
• Vasculitis of small to medium-sized vessels (capillaries, 

venules, arterioles, and arteries), most prominently in 
the lungs and upper respiratory tract

• Glomerulonephritis
“Limited” forms of disease can be restricted to the respira-
tory tract. Conversely, a widespread form of the disease 
can affect eyes, skin, and other organs, notably the heart; 
clinically, this resembles polyarteritis nodosa with the 
additional feature of respiratory involvement.

Wegener granulomatosis is likely to be initiated as a 
cell-mediated hypersensitivity response directed against 
inhaled infectious or environmental antigens. PR3-ANCAs 
are present in almost 95% of cases and probably drive the 
subsequent tissue injury; they also are useful markers of 
disease activity. After immunosuppressive therapy, ANCA 
levels fall dramatically, while rising titers are predictive of 
relapse.

MORPHOLOGY
Microscopic polyangiitis is characterized by segmental 
fibrinoid necrosis of the media with focal transmural 
necrotizing lesions; granulomatous inflammation is absent. 
These lesions resemble those of  polyarteritis nodosa but 
spare medium-sized and larger arteries, so that macroscopic 
infarcts are uncommon. In some areas (typically postcapillary 
venules), only infiltrating neutrophils that frequently undergo 
fragmentation are seen, giving rise to the term leukocyto-
clastic vasculitis (Fig. 9–26, A). Although immunoglobulins 
and complement components can be demonstrated in early 
skin lesions, most lesions are “pauci-immune” (i.e., show little 
or no antibody).

CA B

Figure 9–26 ANCA-associated small vessel vasculitis. A, Microscopic polyangiitis (leukocytoclastic vasculitis) with fragmented neutrophils in the 
thickened vessel wall. B and C, Wegener granulomatosis. B, Vasculitis of  a small artery with adjacent granulomatous inflammation including giant cells 
(arrows). C, Lung from a patient with Wegener granulomatosis, demonstrating large nodular cavitating lesions. 
(A, Courtesy of Scott Granter, MD, Brigham and Women’s Hospital, Boston, Massachusetts. C, Courtesy of Sidney Murphree, MD, Department of Pathology, University of Texas Southwestern Medical 
School, Dallas, Texas.)

 MORPHOLOGY
Upper respiratory tract lesions range from granulomatous 
sinusitis to ulcerative lesions of  the nose, palate, or pharynx; 
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Figure 9–27 Thromboangiitis obliterans (Buerger disease). The lumen 
is occluded by thrombus containing abscesses (arrow) and the vessel wall 
is infiltrated with leukocytes. 

by focal acute and chronic inflammation of medium-sized 
and small arteries, especially the tibial and radial arteries, 
associated with thrombosis; occasionally, secondary exten-
sion into adjacent veins and nerves may be seen. Buerger 
disease occurs almost exclusively in heavy tobacco smokers 
and usually develops before age 35.

The etiology is unknown. Direct endothelial cell toxicity 
caused by some component of tobacco is suspected; alter-
natively, a reactive compound in tobacco may modify 
vessel wall components and induce an immune response. 
Indeed, most patients with Buerger disease are hypersensi-
tive to tobacco extracts. A genetic predilection is suggested 
by an increased prevalence in certain ethnic groups (Israeli, 
Indian subcontinent, Japanese) and an association with 
certain HLA haplotypes.

Clinical Features of  Wegener Granulomatosis
The typical patient is a 40-year old man, although women 
and persons of other ages can be affected. Classic presenta-
tions include bilateral pneumonitis with nodules and cavi-
tary lesions (95%), chronic sinusitis (90%), mucosal 
ulcerations of the nasopharynx (75%), and renal disease 
(80%); patients with low-grade renal involvement may 
demonstrate only hematuria and proteinuria responsive to 
therapy, whereas more severe disease can portend rapidly 
progressive renal failure. Rash, myalgias, articular involve-
ment, neuritis, and fever can also occur. If untreated, the 
mortality rate at 1 year is 80%. Treatment with steroids, 
cyclophosphamide, TNF inhibitors and anti–B cell antibod-
ies (Rituximab) has improved this picture considerably. 
Most patients with Wegener granulomatosis now survive, 
but remain at high risk for relapses that can ultimately lead 
to renal failure.

Churg Strauss Syndro e
Churg-Strauss syndrome (also called allergic granulomatosis 
and angiitis) is a small vessel necrotizing vasculitis classically 
associated with asthma, allergic rhinitis, lung infiltrates, periph-
eral eosinophilia, extravascular necrotizing granulomas, and a 
striking infiltration of vessels and perivascular tissues by eosino-
phils. It is a rare disorder, affecting 1 in 1 million people. 
Cutaneous involvement (with palpable purpura), gastroin-
testinal bleeding, and renal disease (primarily as focal and 
segmental glomerulosclerosis) are the major associations. 
Cytotoxicity produced by the myocardial eosinophilic infil-
trates often leads to cardiomyopathy; cardiac involvement 
is seen in 60% of patients and is a major cause of morbidity 
and death.

Churg-Strauss syndrome may stem from “hyperrespon-
siveness” to some normally innocuous allergic stimulus. 
MPO-ANCAs are present in a minority of cases, suggesting 
that the disorder is pathogenically heterogeneous. The vas-
cular lesions differ from those of polyarteritis nodosa or 
microscopic polyangiitis by virtue of the presence of granu-
lomas and eosinophils.

Thro oangiitis literans ( uerger Disease)
Thromboangiitis obliterans (Buerger disease) is a distinctive 
disorder that frequently results in severe vascular insuffi-
ciency and gangrene of the extremities. It is characterized 

MORPHOLOGY
In thromboangiitis obliterans, there is a sharply segmental 
acute and chronic transmural vasculitis of medium-
sized and small arteries, predominantly those of  the 
extremities. In early stages, mixed inflammatory infiltrates are 
accompanied by luminal thrombosis; small microabscesses, 
occasionally rimmed by granulomatous inflammation, also 
may be present (Fig. 9–27). The inflammation often extends 
into contiguous veins and nerves (a feature that is rare in 
other forms of  vasculitis). With time, thrombi can organize 
and recanalize, and eventually the artery and adjacent struc-
tures become encased in fibrous tissue.

lung findings also vary, ranging from diffuse parenchymal  
infiltrates to granulomatous nodules. There is multifocal  
necrotizing granulomatous vasculitis with a sur-
rounding fibroblastic proliferation (see Fig. 9–26, B). 
Multiple granulomata can coalesce to produce radiographi-
cally visible nodules with central cavitation (see Fig. 9–26, B). 
Destruction of  vessels can lead to hemorrhage and hemop-
tysis. Lesions can ultimately undergo progressive fibrosis and 
organization.

The renal lesions range from mild, focal glomerular 
necrosis with thrombosis of  isolated glomerular capillary 
loops (focal and segmental necrotizing glomerulone-
phritis) to more advanced glomerular lesions with diffuse 
necrosis and parietal cell proliferation forming epithelial cres-
cents (crescentic glomerulonephritis) (Chapter 13).

Clinical Features of  Buerger Disease
Early manifestations include cold-induced Raynaud phe-
nomenon, instep foot pain induced by exercise (instep clau-
dication), and a superficial nodular phlebitis (venous 
inflammation). The vascular insufficiency of Buerger 
disease tends to be accompanied by severe pain—even at 
rest—undoubtedly from the neural involvement. Chronic 
extremity ulcerations can develop, progressing over time 
(occasionally precipitously) to frank gangrene. Smoking 
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Raynaud Phenomenon

Raynaud phenomenon results from exaggerated vasocon-
striction of arteries and arterioles in the extremities, par-
ticularly the fingers and toes, but also sometimes the nose, 
earlobes, or lips. The restricted blood flow induces parox-
ysmal pallor or cyanosis; involved digits characteristically 
show “red-white-and-blue” color changes from most prox-
imal to most distal, reflecting proximal vasodilation, central 
vasoconstriction, and more distal cyanosis, respectively. 
Raynaud phenomenon can be a primary entity or may be 
secondary to other disorders.

Primary Raynaud phenomenon (previously called Raynaud 
disease) is caused by exaggerated central and local vaso-
motor responses to cold or emotion; it affects 3% to 5% of 
the general population and has a predilection for young 
women. Structural changes in the arterial walls are absent 
except late in the course, when intimal thickening may 
appear. The course usually is benign, but in chronic cases, 
atrophy of the skin, subcutaneous tissues, and muscles 
may occur. Ulceration and ischemic gangrene are rare.

Secondary Raynaud phenomenon refers to vascular insuf-
ficiency due to arterial disease caused by other entities 
including systemic lupus erythematosus, scleroderma, 
Buerger disease, or even atherosclerosis (see later).  
Indeed, since Raynaud phenomenon may be the first mani-
festation of such conditions, every patient with Raynaud 
phenomenon should be evaluated for these secondary 
causes.

Myocardial Vessel Vasospasm

Excessive constriction of arteries or arterioles may cause 
ischemia, and persistent vasospasm can even lead to tissue 
infarction. In addition to intrinsic hyperreactivity of medial 
smooth muscle cells, as described earlier for primary 
Raynaud disease, high levels of vasoactive mediators can 
precipitate prolonged vascular contraction. Such agents 
can be endogenous (e.g., epinephrine released by pheo-
chromocytomas) or exogenous (cocaine or phenylephrine). 
Elevated thyroid hormone causes a similar effect by increas-
ing the sensitivity of vessels to circulating catecholamines, 
while autoantibodies and T cells in scleroderma (Chapter 
4) can cause vascular instability and vasospasm. In some 
susceptible persons, extreme psychological stress and the 
attendant release of catecholamines can lead to pathologic 
vasospasm.

When vasospasm of cardiac arterial or arteriolar beds 
(so-called cardiac Raynaud) is of sufficient duration (20 to 
30 minutes), myocardial infarction occurs. Elevated levels 
of catechols also increase heart rate and myocardial  
contractility, exacerbating ischemia caused by the vaso-
spasm. The outcome can be sudden cardiac death (pro b-
ably caused by a fatal arrhythmia) or an ischemic dilated 
cardiomyopathy—so-called Takotsubo cardiomyopathy 
(also called “broken heart syndrome,” because of the  
association with emotional duress). Histologic findings in 
acute cases may include microscopic areas of necrosis char-
acterized by myocyte hypercontraction (contraction band 
necrosis) (Chapter 10); in subacute and chronic cases, micro-
scopic foci of granulation tissue and/or scar may be 
present.

abstinence in the early stages of the disease often can ame-
liorate further attacks; however, once established, the vas-
cular lesions do not respond to smoking abstinence.

asculitis Associated with ther oninfectious Disorders
Vasculitis resembling hypersensitivity angiitis or classic 
PAN can be associated with many other diseases, including 
malignancies and immunologic disorders such as rheuma-
toid arthritis, systemic lupus erythematosus, antiphospho-
lipid antibody syndrome, and Henoch-Schönlein purpura. 
Rheumatoid vasculitis can occur in patients with severe, 
long-standing rheumatoid arthritis; it can cause a clinically 
significant aortitis but typically affects small and medium-
sized arteries, leading to visceral infarction. Linking vascu-
litis to specific disorders may have important therapeutic 
implications. For example, although classic immune 
complex lupus vasculitis and antiphospholipid antibody 
syndrome can share morphologic features, the former 
requires anti-inflammatory therapy while anticoagulation 
is indicated in the latter.

Infectious Vasculitis

Localized arteritis may be caused by the direct invasion of 
arteries by infectious agents, usually bacteria or fungi, and 
in particular Aspergillus and Mucor spp. Vascular invasion 
can be part of a more general tissue infection (e.g., bacterial 
pneumonia or adjacent to abscesses), or—less commonly—
arise from hematogenous spread of bacteria during septi-
cemia or embolization from infective endocarditis.

Vascular infections can weaken arterial walls and culmi-
nate in mycotic aneurysms (see earlier), or can induce throm-
bosis and infarction. Thus, inflammation of vessels in 
bacterial meningitis can cause thrombosis and infarction, 
leading ultimately to extension of a subarachnoid infection 
into the brain parenchyma.

SUMMARY
Vasculitis
• Vasculitis is defined as inflammation of vessel walls; it 

frequently is associated with systemic manifestations 
(including fever, malaise, myalgias, and arthralgias) and 
organ dysfunction that depends on the pattern of vascular 
involvement.

• Vasculitis can result from infections but more commonly 
has an immunologic basis such as immune complex  
deposition, anti-neutrophil antibodies (ANCAs), or anti–
endothelial cell antibodies.

• Different forms of vasculitis tend to specifically affect 
vessels of a particular caliber and location (see Fig. 9–22).

DISORDERS OF BLOOD VESSEL 
HYPERREACTIVITY

Several disorders are characterized by inappropriate or 
exaggerated vasoconstriction of blood vessels.
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salpingitis, and pelvic abscesses, as well as certain con-
ditions associated with hypercoagulability (e.g., polycy-
themia vera) (Chapter 11) can lead to portal vein 
thrombosis. 

In deep venous thrombosis (DVT) of the legs, prolonged 
immobilization resulting in venous stasis is the most important 
risk factor. This can occur with extended bed rest or even 
just sitting during long plane or automobile trips. The post-
operative state is another independent risk factor for DVT, 
as are congestive heart failure, pregnancy, oral contracep-
tive use, and obesity. Inherited defects in coagulation 
factors (Chapter 3) often predispose affected persons to 
development of thrombophlebitis. Venous thrombi may 
result from elaboration of procoagulant factors from malig-
nant tumors (Chapter 5). The resulting hypercoagulable 
state can manifest as evanescent thromboses in different 
vascular beds at different times,  result ing in so-called 
migratory thrombophlebitis or Trousseau syndrome.

Thrombi in the legs tend to produce few, if any, reliable 
signs or symptoms. When present, local manifestations 
include distal edema, cyanosis, superficial vein dilation, 
heat, tenderness, redness, swelling, and pain. In some 
cases, pain can be elicited by pressure over affected veins, 
squeezing the calf muscles, or forced dorsiflexion of the 
foot (Homan sign). However, symptoms often are absent, 
especially in bedridden patients, and the absence of findings 
does not exclude DVT.

Pulmonary embolism is a common and serious clinical com-
plication of DVT (Chapter 3), resulting from fragmentation 
or detachment of the venous thrombus. In many cases, the 
first manifestation of thrombophlebitis is a pulmonary embolus. 
Depending on the size and number of emboli, the outcome 
can range from resolution with no symptoms to death.

Superior and Inferior Vena Cava Syndromes

The superior vena cava syndrome usually is caused by neo-
plasms that compress or invade the superior vena cava, 
such as bronchogenic carcinoma or mediastinal lymphoma. 
The resulting obstruction produces a characteristic clinical 
complex consisting of marked dilation of the veins of the 
head, neck, and arms associated with cyanosis. Pulmonary 
vessels also can be compressed, causing respiratory 
distress.

The inferior vena cava syndrome can be caused by neo-
plasms that compress or invade the inferior vena cava or 
by a thrombus from the hepatic, renal, or lower extremity 
veins that propagates upward. Certain neoplasms—
particularly hepatocellular carcinoma and renal cell 
carcinoma—show a striking tendency to grow within 
veins, and these tumors may ultimately occlude the  
inferior vena cava. Obstruction of the inferior vena cava 
induces marked lower extremity edema, distention of the 
superficial collateral veins of the lower abdomen, and—
with renal vein involvement—proteinuria of marked 
degree.

Lymphangitis and Lymphedema

Primary disorders of lymphatic vessels are extremely 
uncommon. Much more commonly, lymphatic vessels are 
involved by inflammatory, infectious, or malignant pro-
cesses secondarily.

VEINS AND LYMPHATICS
Varicose veins and phlebothrombosis/thrombophlebitis 
account for at least 90% of cases of clinically relevant 
venous disease.

Varicose Veins of the Extremities

Varicose veins are abnormally dilated tortuous veins pro-
duced by chronically increased intraluminal pressures and 
weakened vessel wall support. The superficial veins of the 
upper and lower leg typically are involved. Up to 20% of 
men and a third of women develop lower extremity vari-
cose veins. Obesity increases the risk, and the higher inci-
dence in women probably reflects the prolonged elevation 
in venous pressure caused by compression of the inferior 
vena cava by the gravid uterus during pregnancy. There is 
also a familial tendency toward premature varicosities.

Clinical Features of  Varicose Veins
Varicose dilation renders the venous valves incompetent 
and leads to lower extremity stasis, congestion, edema, 
pain, and thrombosis. The most disabling sequelae include 
persistent edema in the extremity and secondary ischemic 
skin changes, including stasis dermatitis and ulcerations. The 
latter can become chronic varicose ulcers as a consequence 
of poor wound healing and superimposed infections. Of 
note, embolism from these superficial veins is very rare, in con-
trast with the relatively frequent emboli that arise from throm-
bosed deep veins (Chapter 3).

aricosities of ther Sites
Venous dilations in two other sites merit special 
attention:
• Esophageal varices. Liver cirrhosis (less frequently, portal 

vein obstruction or hepatic vein thrombosis) causes 
portal vein hypertension (Chapter 15). This in turn leads 
to the opening of porto-systemic shunts and increased 
blood flow into veins at the gastro-esophageal junction 
(forming esophageal varices), rectum (forming hemor-
rhoids), and periumbilical veins of the abdominal wall 
(forming a caput medusae). Esophageal varices are most 
important since they are prone to ruptures that can  
lead to massive (even fatal) upper gastrointestinal 
hemorrhage.

• Hemorrhoids are varicose dilations of the venous plexus 
at the anorectal junction that result from prolonged 
pelvic vascular congestion associated with pregnancy or 
straining to defecate. Hemorrhoids are a source of bleed-
ing and prone to thrombosis and painful ulceration.

Thrombophlebitis and Phlebothrombosis

Thrombosis of deep leg veins accounts for more than 90% of 
cases of thrombophlebitis and phlebothrombosis. These two 
terms are largely interchangeable designations for venous 
thrombosis and inflammation. Other sites where venous 
thrombi may form are the periprostatic venous plexus  
in males and the pelvic venous plexus in females, as  
well as the large veins in the skull and the dural sinuses 
(especially in the setting of infection or inflammation).  
Peritoneal infections, including peritonitis, appendicitis, 
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derivation of such proliferations may require imm u-
nohistochemical detection of endothelial cell–specific 
markers, such as CD31 or von Willebrand factor.

Because these are tumors of dysregulated endothelial cells, 
the possibility of controlling their growth with inhibitors 
of blood vessel formation (antiangiogenic factors) is being 
explored.

Benign Tumors and Tumor-Like Conditions

ascular Ectasias
Ectasia is a generic term for any local dilation of a structure, 
while telangiectasia is used to describe a permanent dilation 
of preexisting small vessels (capillaries, venules, and arte-
rioles, usually in the skin or mucous membranes) that 
forms a discrete red lesion. These lesions can be congenital 
or acquired and are not true neoplasms.
• Nevus flammeus (a “birthmark”), the most common form 

of vascular ectasia, is a light pink to deep purple flat 
lesion on the head or neck composed of dilated vessels. 
Most ultimately regress spontaneously.

• The so-called port wine stain is a special form of nevus 
flammeus. These lesions tend to grow during childhood, 
thicken the skin surface, and do not fade with time. Such 
lesions occurring in the distribution of the trigeminal 
nerve are associated with the Sturge-Weber syndrome 
(also called encephalotrigeminal angiomatosis). This uncom-
mon congenital disorder is associated with facial port 
wine nevi, ipsilateral venous angiomas in the cortical 
leptomeninges, mental retardation, seizures, hemiple-
gia, and radiopacities of the skull. Thus, a large facial 
telangiectasia in a child with mental deficiency may indicate 
the presence of additional vascular malformations.

• Spider telangiectasias are non-neoplastic vascular lesions 
with a general shape resembling that of a spider. These 
lesions manifest as radial, often pulsatile arrays of 
dilated subcutaneous arteries or arterioles (the “legs” of 

Lymphangitis refers to an acute inflammatory process 
caused by bacterial seeding of the lymphatic vessels and 
was discussed in Chapter 2. Clinically, the inflamed lym-
phatics appear as red, painful subcutaneous streaks, usually 
associated with tender enlargement of draining lymph 
nodes (acute lymphadenitis). If bacteria are not contained 
within the lymph nodes, they can pass into the venous 
circulation and cause bacteremia or sepsis.

Primary lymphedema can occur as an isolated congenital 
defect (simple congenital lymphedema) or as the familial 
Milroy disease (heredofamilial congenital lymphedema), result-
ing from agenesis or hypoplasia of lymphatics. Secondary 
or obstructive lymphedema stems from the accumulation of 
interstitial fluid behind an obstructed, previously normal 
lymphatic; such obstruction can result from various disor-
ders or conditions:
• Tumors involving either the lymphatic channels or the 

regional lymph nodes
• Surgical procedures that sever lymphatic connections 

(e.g., axillary lymph nodes in radical mastectomy)
• Postradiation fibrosis
• Filariasis
• Postinflammatory thrombosis and scarring
Regardless of the cause, lymphedema increases the hydro-
static pressure in the lymphatics distal to the obstruction 
and causes edema. Chronic edema in turn may lead to 
deposition of ECM and fibrosis, producing brawny indura-
tion or a peau d’orange appearance of the overlying skin. 
Eventually, inadequate tissue perfusion can lead to skin 
ulceration. Rupture of dilated lymphatics, typically follow-
ing obstruction by an infiltrating tumor mass, can lead  
to milky accumulations of lymph in various spaces  
designated chylous ascites (abdomen), chylothorax, and 
chylopericardium.

TUMORS
Tumors of blood vessels and lymphatics include common 
and benign hemangiomas, locally aggressive neoplasms 
that metastasize infrequently, and rare, highly malignant 
angiosarcomas (Table 9–4). Primary tumors of large vessels 
(aorta, pulmonary artery, and vena cava) are extremely 
rare and are mostly sarcomas. Congenital or developmen-
tal malformations and non-neoplastic reactive vascular 
proliferations (e.g., bacillary angiomatosis) also can manifest 
as tumor-like lesions.

Vascular neoplasms can arise from endothelium (e.g., 
hemangioma, lymphangioma, angiosarcoma) or cells that 
support or surround blood vessels (e.g., glomus tumor). 
Although a benign hemangioma usually can be distin-
guished with ease from an anaplastic high-grade angiosar-
coma, on occasion the distinction between benign and 
malignant can be difficult. General rules of thumb are as 
follows:
• Benign tumors usually contain obvious vascular chan-

nels filled with blood cells or lymph that are lined by a 
monolayer of normal-appearing endothelial cells.

• Malignant tumors are more cellular, show cytologic 
atypia, are proliferative, and usually do not form well-
organized vessels; confirmation of the endothelial  

Benign Neoplasms, Developmental and Ac uired Conditions
Hemangioma

Capillary hemangioma
Cavernous hemangioma
Pyogenic granuloma

ymphangioma
Simple capillary  lymphangioma
Cavernous lymphangioma cystic hygroma
lomus tumor

Vascular ectasias
Nevus ammeus
Spider telangiectasia arterial spider
Hereditary hemorrhagic telangiectasis sler Weber Rendu disease

Reactive vascular proliferations
Bacillary angiomatosis

Intermediate rade Neoplasms
Kaposi sarcoma
Hemangioendothelioma

Malignant Neoplasms
Angiosarcoma

Table –  Classi cation of Vascular umors and umor like Conditions
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is rare. Several histologic and clinical variants have been 
described:
• Capillary hemangiomas are the most common type; these 

occur in the skin, subcutaneous tissues, and mucous 
membranes of the oral cavities and lips, as well as in the 
liver, spleen, and kidneys (Fig. 9–28, A). Histologically, 
they are comprised of thin-walled capillaries with scant 
stroma (Fig. 9–28, B).

• Juvenile hemangiomas (so-called strawberry hemangio-
mas) of the newborn skin are extremely common (1 in 
200 births) and can be multiple. These grow rapidly for 
a few months but then fade by the age of 1 to 3 years, 
with complete regression by age 7 in the vast majority 
of cases.

• Pyogenic granulomas are capillary hemangiomas that 
manifest as rapidly growing red pedunculated lesions 
on the skin, gingival, or oral mucosa. Microscopically 
they resemble exuberant granulation tissue. They bleed 
easily and are often ulcerated (Fig. 9–28, C). Roughly a 
quarter of the lesions develop after trauma, reaching a 
size of 1 to 2 cm within a few weeks. Curettage and 
cautery usually are curative. Pregnancy tumor (granu-
loma gravidarum) is a pyogenic granuloma that occurs 
infrequently (1% of patients) in the gingiva of pregnant 
women. These lesions may spontaneously regress (espe-
cially after pregnancy) or undergo fibrosis, but occasion-
ally require surgical excision.

the spider) about a central core (the spider’s “body”) 
that blanch with pressure. Spider telangiectasias com-
monly occur on the face, neck, or upper chest and most 
frequently are associated with hyperestrogenic states 
(e.g., in pregnant women or patients with cirrhosis).

• Hereditary hemorrhagic telangiectasia (Osler-Weber-Rendu 
disease) is an autosomal dominant disorder caused by 
mutations in genes that encode components of the TGF-β 
signaling pathway in endothelial cells. The telangiecta-
sias are malformations composed of dilated capillaries 
and veins that are present at birth. They are widely 
distributed over the skin and oral mucous membranes, 
as well as in the respiratory, gastrointestinal, and urinary 
tracts. The lesions can spontaneously rupture, causing 
serious epistaxis (nosebleed), gastrointestinal bleeding, 
or hematuria.

e angio as
Hemangiomas are very common tumors composed of 
blood-filled vessels (Fig. 9–28). These lesions constitute 7% 
of all benign tumors of infancy and childhood; most are 
present from birth and initially increase in size, but many 
eventually regress spontaneously. While hemangiomas 
typically are localized lesions confined to the head and 
neck, they occasionally may be more extensive (angiomato-
sis) and can arise internally. Nearly one third of these inter-
nal lesions are found in the liver. Malignant transformation 

Figure 9–28 Hemangiomas. A, Hemangioma of  the tongue. B, Histologic appearance in juvenile capillary hemangioma. C, Pyogenic granuloma of  the 
lip. D, Histologic appearance in cavernous hemangioma. 
(A and D, Courtesy of John Sexton, MD, Beth Israel Hospital, Boston, Massachusetts. B, Courtesy of Christopher D.M. Fletcher, MD, Brigham and Women’s Hospital, Boston, Massachusetts. 
C, Courtesy of Thomas Rogers, MD, University of Texas Southwestern Medical School, Dallas, Texas.)

C D
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separated by intervening connective tissue stroma con-
taining lymphoid aggregates. The tumor margins are 
indistinct and unencapsulated, making definitive resec-
tion difficult.

lo us Tu ors ( lo angio as)
Glomus tumors are benign, exquisitely painful tumors 
arising from specialized smooth muscle cells of glomus bodies, 
arteriovenous structures involved in thermoregulation. 
Although they may superficially resemble cavernous he -
mangiomas, glomangiomas arise from smooth muscle 
cells, rather than endothelial cells. They most commonly 
are found in the distal portion of the digits, especially 
under the fingernails. Excision is curative.

acillary Angio atosis
Bacillary angiomatosis is a vascular proliferation in immu-
nocompromised hosts (e.g., patients with AIDS) caused by 
opportunistic gram-negative bacilli of the Bartonella family. 
The lesions can involve the skin, bone, brain, and other 
organs. Two species have been implicated:
• Bartonella henselae, whose principal reservoir is the 

domestic cat; this organism causes cat-scratch disease (a 
necrotizing granulomatous disorder of lymph nodes) in 
immunocompetent hosts.

• Bartonella quintana, which is transmitted by human body 
lice; this microbe was the cause of “trench fever” in 
World War I.

Skin lesions are red papules and nodules, or rounded sub-
cutaneous masses. Histologically, there is a proliferation  
of capillaries lined by prominent epithelioid endothelial 
cells, which exhibit nuclear atypia and mitoses (Fig. 9–29). 
Other features include infiltrating neutrophils, nuclear 
debris, and purplish granular collections of the causative 
bacteria.

The bacteria induce host tissues to produce hypoxia-
inducible factor-1α (HIF-1α), which drives vascular endo-
thelial growth factor (VEGF) production and vascular 
proliferation. The infections (and lesions) are cured by anti-
biotic treatment.

• Cavernous hemangiomas are composed of large, dilated 
vascular channels. Compared with capillary hemangio-
mas, cavernous hemangiomas are more infiltrative, fre-
quently involve deep structures, and do not spontaneously 
regress. On histologic examination, the mass is sharply 
defined but unencapsulated and is composed of large, 
cavernous blood-filled vascular spaces, separated by connec-
tive tissue stroma (see Fig. 9–28, D). Intravascular throm-
bosis with associated dystrophic calcification is common. 
They may be locally destructive, so surgical excision 
may be required in some cases. More often the tumors 
are of little clinical significance, but they can be cosmeti-
cally troublesome and are vulnerable to traumatic ulcer-
ation and bleeding. Moreover, cavernous hemangiomas 
detected by imaging studies may be difficult to distin-
guish from their malignant counterparts. Brain heman-
giomas also are problematic, as they can cause symptoms 
related to compression of adjacent tissue or rupture. 
Cavernous hemangiomas constitute one component of 
von Hippel-Lindau disease (Chapter 22), in which vascular 
lesions are commonly found in the cerebellum, brain 
stem, retina, pancreas, and liver.

y phangio as
Lymphangiomas are the benign lymphatic counterpart of 
hemangiomas.
• Simple (capillary) lymphangiomas are slightly elevated or 

sometimes pedunculated lesions up to 1 to 2 cm in 
diameter that occur predominantly in the head, neck, 
and axillary subcutaneous tissues. Histologically, 
lymphangiomas are composed of networks of 
endothelium-lined spaces that can be distinguished from 
capillary channels only by the absence of blood cells.

• Cavernous lymphangiomas (cystic hygromas) typically are 
found in the neck or axilla of children, and more rarely 
in the retroperitoneum. Cavernous lymphangiomas can 
be large (up to 15 cm), filling the axilla or producing 
gross deformities of the neck. Of note, cavernous  
lym phangiomas of the neck are common in Turner  
syndrome. These lesions are composed of massively  
dilated lymphatic spaces lined by endothelial cells and 

A B

Figure 9–29 Bacillary angiomatosis. A, Characteristic cutaneous lesion. B, Histologic features are those of  acute inflammation and capillary prolifera-
tion. Inset, Modified silver (Warthin-Starry) stain demonstrates clusters of  tangled bacilli (black). 
(A, Courtesy of Richard Johnson, MD, Beth Israel Deaconess Medical Center, Boston, Massachusetts. B and inset, courtesy of Scott Granter, MD, Brigham and Women’s Hospital, Boston, 
Massachusetts.)
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Intermediate-Grade (Borderline) Tumors

aposi Sarco a
Kaposi sarcoma (KS) is a vascular neoplasm caused by Kaposi 
sarcoma herpesvirus (KSHV, also known as human herpes-
virus-8, or HHV-8). Although it occurs in a number of 
contexts, it is by far most common in patients with AIDS; 
indeed, its presence is used as a criterion for the diagnosis. 
Four forms of KS, based on population demographics and 
risks, are recognized:
• Classic KS is a disorder of older men of Mediterranean, 

Middle Eastern, or Eastern European descent (especially 
Ashkenazic Jews); it is uncommon in the United States. 
It can be associated with malignancy or altered immu-
nity but is not associated with HIV infection. Classic KS 
manifests as multiple red-purple skin plaques or 
nodules, usually on the distal lower extremities; these 
progressively increase in size and number and spread 
proximally. Although persistent, the tumors typically 
are asymptomatic and remain localized to the skin and 
subcutaneous tissue.

• Endemic African KS typically occurs in younger (under 
age 40) HIV-seronegative persons and can follow an 
indolent or aggressive course; it involves lymph nodes 
much more frequently than in the classic variant. In 
combination with AIDS-associated KS (see later), KS is 
now the most common tumor in central Africa. A par-
ticularly severe form, with prominent lymph node and 
visceral involvement, occurs in prepubertal children; the 
prognosis is poor, with an almost 100% mortality rate 
within 3 years.

• Transplantation-associated KS occurs in solid organ trans-
plant recipients in the setting of T cell immunosuppres-
sion. The risk of KS is increased 100-fold in transplant 
recipients, in whom it pursues an aggressive course and 
often involves lymph nodes, mucosa, and viscera; cuta-
neous lesions may be absent. Lesions often regress with 
attenuation of immunosuppression, but at the risk of 
organ rejection.

• The incidence of KS has fallen more than 80% with the 
advent of antiretroviral therapy, but it continues to 
occur in HIV-infected persons with an incidence that is 
greater than 1000-fold higher than in the general popula-
tion. Worldwide, KS is the most common HIV-related malig-
nancy. AIDS-associated KS often involves lymph nodes 
and disseminates widely to viscera early in its course. 
Most patients eventually die of opportunistic infections 
rather than from KS.

MORPHOLOGY
In classic KS (and sometimes in other variants), the cutane-
ous lesions progress through three stages: patch, plaque, and 
nodule.
• Patches are pink, red, or purple macules, typically con-

fined to the distal lower extremities (Fig. 9–30, A). Micro-
scopic examination reveals dilated, irregular, and angulated 
blood vessels lined by endothelial cells and an interspersed 
infiltrate of  chronic inflammatory cells, sometimes con-
taining hemosiderin. These lesions can be difficult to dis-
tinguish from granulation tissue.

• With time, lesions spread proximally and become larger, 
violaceous, raised plaques (see Fig. 9–30, A) composed 
of  dilated, jagged dermal vascular channels lined and sur-
rounded by plump spindle cells. Other prominent features 
include extravasated erythrocytes, hemosiderin-laden 
macrophages, and other mononuclear cells.

• Eventually nodular, more overtly neoplastic, lesions 
appear. These are composed of  plump, proliferating 
spindle cells, mostly located in the dermis or subcutaneous 
tissues (Fig. 9–30, B), often with interspersed slitlike 
spaces. The spindle cells express both endothelial cell and 
smooth muscle cell markers and often contain round, pink 
cytoplasmic globules that represent degenerating red 
blood cells within phagolysosomes. Hemorrhage and 
hemosiderin deposition is more pronounced, and mitotic 
figures are common. The nodular stage often is accompa-
nied by nodal and visceral involvement, particularly in the 
African and AIDS-associated variants.

PATHOGENESIS
Virtually all KS lesions are infected by KSHV. Like 
Epstein-Barr virus, KSHV is a γ-herpesvirus. It is transmitted 
both through sexual contact and by poorly understood non-
sexual routes potentially including oral secretions and cutane-
ous exposures (of  note, the prevalence of  endemic African 
KS is inversely related to the wearing of  shoes). KSHV and 
altered T cell immunity probably are required for KS develop-
ment; in the elderly, diminished T cell immunity may be 
related to aging. It also is probable that acquired somatic 

mutations in the cells of  origin contribute to tumor develop-
ment and progression.

KSHV causes lytic and latent infections in endothelial cells, 
both of  which probably are important in KS pathogenesis. A 
virally encoded G protein induces VEGF production, stimulat-
ing endothelial growth, and cytokines produced by inflamma-
tory cells recruited to sites of  lytic infection also create a local 
proliferative milieu. In latently infected cells, KSHV-encoded 
proteins disrupt normal cellular proliferation controls (e.g., 
through synthesis of  a viral homologue of  cyclin D) and 
prevent apoptosis by inhibiting p53. Thus, the local inflamma-
tory environment favors cellular proliferation, and latently 
infected cells have a growth advantage. In its early stages, only 
a few cells are KSHV-infected, but with time, virtually all 
of the proliferating cells carry the virus.

Clinical Features of  KS
The course of disease varies widely according to the clinical 
setting. Most primary HHV-8 infections are asymptomatic. 
Classic KS is—at least initially—largely restricted to the 
surface of the body, and surgical resection usually is ade-
quate for an excellent prognosis. Radiation therapy can be 
used for multiple lesions in a restricted area, and chemo-
therapy yields satisfactory results for more disseminated 
disease, including nodal involvement. In KS associated 
with immunosuppression, withdrawal of therapy (with or 
without adjunct chemotherapy or radiotherapy) often is 
effective. For AIDS-associated KS, HIV antiretroviral 
therapy generally is beneficial, with or without additional 
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Figure 9–30 Kaposi sarcoma. A, Characteristic coalescent cutaneous red-purple macules and plaques. B, Histologic view of  the nodular stage, 
demonstrating sheets of  plump, proliferating spindle cells and slitlike vascular spaces. 
(Courtesy of Christopher D.M. Fletcher, MD, Brigham and Women’s Hospital, Boston, Massachusetts.)

tumor cells are plump and cuboidal and do not form well-
defined vascular channels, so that they can be mistaken for 
metastatic epithelioid tumors or melanomas.

Malignant Tumors

Angiosarco as
Angiosarcomas are malignant endothelial neoplasms (Fig. 
9–31) that range from highly differentiated tumors resem-
bling hemangiomas to wildly anaplastic lesions difficult to 
distinguish from carcinomas or melanomas. Older adults 
are more commonly affected. There is no gender bias, and 
lesions can occur at any site, but most often involve the 
skin, soft tissue, breast, and liver.

therapy. Interferon-γ and angiogenesis inhibitors also have 
proved somewhat effective.

e angioendothelio as
Hemangioendotheliomas comprise a wide spectrum of bor-
derline vascular neoplasms with clinical behaviors interme-
diate between those of benign, well-differentiated hemangiomas 
and aggressively malignant angiosarcomas.

As an example, epithelioid hemangioendothelioma is a vas-
cular tumor of adults arising in association with medium-
sized to large veins. The clinical course is highly variable; 
while excision is curative in a majority of the cases, up to 
40% of the tumors recur, and 20% to 30% eventually metas-
tasize; perhaps 15% of patients die of their tumors. The 

Figure 9–31 Angiosarcoma. A, Angiosarcoma of  the right ventricle. B, Moderately differentiated angiosarcoma with dense clumps of  atypical cells 
lining distinct vascular lumina. C, Immunohistochemical staining of  angiosarcoma for the endothelial cell marker CD31. 

A B C



C H A P T E R  9362 Blood Vessels

PATHOLOGY OF VASCULAR 
INTERVENTION

The morphologic changes that occur in vessels following 
therapeutic intervention—balloon angioplasty, stenting,  
or bypass surgery—recapitulate many of the changes  
that occur in the setting of other forms of vascular injury. 
Local trauma (due to stenting), vascular thrombosis (after 
angioplasty), and abnormal mechanical forces (e.g., a 
saphenous vein inserted into the arterial circulation as a 
coronary artery bypass graft) all induce the same stereo-
typical healing responses. Thus, just as with several risk 
factors for atherosclerosis, interventions that injure the 
endothelium also tend to induce intimal thickening by 
recruiting smooth muscle cells and promoting ECM 
deposition.

Endovascular Stenting

Arterial stenoses (especially those in coronary and carotid 
arteries) can be dilated by transiently inflating a balloon 
catheter to pressures sufficient to rupture the occluding 
plaque (balloon angioplasty); in doing so, a (hopefully) 
limited arterial dissection also is induced. Although most 
patients experience lessening of clinical signs and symp-
toms after angioplasty alone, abrupt reclosure can occur as 
a result of compression of the lumen by an extensive cir-
cumferential or longitudinal dissection, by vessel wall 
spasm, or by thrombosis. Thus, greater than 90% of endo-
vascular coronary procedures now involve both angio-
plasty and concurrent coronary stent placement.

Coronary stents are expandable tubes of metallic mesh. 
They provide a larger and more regular lumen, “tack 
down” the intimal flaps and dissections that occur during 
angioplasty, and mechanically limit vascular spasm. Nev-
ertheless, as a consequence of endothelial injury, thrombosis 
is an important immediate post-stenting complication, and 
patients must receive potent antithrombotic agents (pri-
marily platelet antagonists) to prevent acute catastrophic 
thrombotic occlusions. The long-term success of angio-
plasty is limited by the development of proliferative in-stent 
restenosis. This intimal thickening is due to smooth muscle 
cell ingrowth, proliferation, and matrix synthesis, all driven 
by the initial vascular wall injury; it results in clinically 
significant luminal occlusion in 5% to 35% of patients 
within 6 to 12 months of stenting (Fig. 9–32).

The newest generation of drug-eluting stents is designed 
to avoid this complication by leaching antiproliferative 
drugs (e.g., paclitaxel, sirolimus) into the adjacent vessel 
wall to block smooth muscle cell activation. Although the 
duration of drug elution is short (on the order of days), use 
of these stents nevertheless reduces the incidence of reste-
nosis at 1 year by 50% to 80%. 

MORPHOLOGY
In the skin, angiosarcomas begin as small, sharply demar-
cated, asymptomatic red nodules. More advanced lesions are 
large, fleshy red-tan to gray-white masses (Fig. 9–31, A) with 
margins that blend imperceptibly with surrounding structures. 
Necrosis and hemorrhage are common.

On microscopic examination, the extent of differentia-
tion is extremely variable, ranging from plump atypical 
endothelial cells that form vascular channels (Fig. 9–31, B) 
to undifferentiated spindle cell tumors without discernible 
blood vessels. The endothelial cell origin can be demon-
strated in the poorly differentiated tumors by staining for the 
endothelial cell markers CD31 and von Willebrand factor 
(Fig. 9–31, C).

SUMMARY
Vascular Tumors
• Vascular ectasias are not neoplasms, but rather dilations 

of existing vessels.
• Vascular neoplasms can derive from either blood vessels  

or lymphatics, and can be composed of endothelial cells 
(hemangioma, lymphangioma, angiosarcoma) or other cells 
of the vascular wall (e.g., glomus tumor)

• Most vascular tumors are benign (e.g., hemangiomas), 
some have an intermediate, locally aggressive behavior 
(e.g., Kaposi sarcoma), and others are highly malignant 
(e.g., angiosarcoma).

Hepatic angiosarcomas are associated with certain carcino-
gens, including arsenical pesticides, Thorotrast (a radioac-
tive contrast agent formerly used for radiologic imaging), 
and polyvinyl chloride (a widely used plastic, and one of 
the best known examples of human chemical carcinogen-
esis). A latent period of years between exposure and sub-
sequent tumor development is typical.

Angiosarcomas also can arise in the setting of lymph-
edema, classically in the ipsilateral upper extremity several 
years after radical mastectomy (i.e., with lymph node 
resection) for breast cancer. In such instances, the tumor 
presumably arises from lymphatic vessels (lymphangiosar-
coma). Angiosarcomas also can be induced by radiation and 
rarely are associated with long-term (years) indwelling 
foreign bodies (e.g., catheters).

Clinically, angiosarcomas are aggressive tumors that 
invade locally and metastasize. Current 5-year survival 
rates are only about 30%.

e angiopericyto as
These tumors derive their name from the cells of origin, the 
pericytes, myofibroblast-like cells that surround capillaries 
and venules. Recent studies indicate that tumors of peri-
cytes are exceedingly rare and that most tumors previously 
assigned to this group have other cellular origins (e.g., 
fibroblasts). Accordingly, many are now placed in other 
diagnostic categories, such as solitary fibrous tumor, which 
often arises on the surface of the pleura.

• Benign tumors typically form obvious vascular channels 
lined by normal-appearing endothelial cells. Malignant 
tumors more often are solid and cellular, exhibit cytologic 
aytpia, and lack well-defined vessels.
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Vascular Replacement

Synthetic or autologous vascular grafts commonly are used 
to replace damaged vessels or bypass diseased arteries. Of 
the synthetic grafts, large-bore (12- to 18-mm-diameter) 
conduits function well in high-flow locations such as the 
aorta, while small-diameter artificial grafts (8 mm or less 
in diameter) generally fail as a result of acute thrombosis 
or late intimal hyperplasia, primarily at the junction of the 
graft with the native vasculature.

Consequently, when small-bore vessel replacement is 
needed (e.g., in the more than 400,000 coronary artery 
bypass surgeries per year), grafts generally are composed 
of either autologous saphenous vein (taken from the 
patient’s own leg) or left internal mammary artery (owing 
to its proximity to the heart). The long-term patency of 
saphenous vein grafts is only 50% at 10 years. These grafts 
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The heart is a truly remarkable organ, beating more than 
40 million times a year and pumping over 7500 liters of 
blood a day; in a typical lifespan, the cumulative volume 
would fill three “supertanker” ships. The cardiovascular 
system is the first organ system to become fully functional 
in utero (at approximately 8 weeks of gestation); without a 
beating heart and vascular supply, further development 
cannot occur, and fetal demise is inevitable. When the  
heart fails postnatally, the results are equally catastrophic. 
Indeed, cardiovascular disease remains the leading con-
tributor to mortality worldwide and accounts for nearly 
40% of all U.S. deaths—approximately 1 death every 30 
seconds, or 750,000 deaths each year (accounting for 50% 
greater mortality than for all forms of cancer combined). 
The annual economic impact of ischemic heart disease, the 
most prevalent form of heart disease, is in excess of $100 
billion. Moreover, almost a third of these deaths are “pre-
mature,” occurring in persons younger than 75 years of 
age; thus, an additional economic burden is imposed 
through lost years of productivity.

OVERVIEW OF HEART DISEASE
Although a host of diseases can affect the cardiovascular 
system, the pathophysiologic pathways that result in a 
“broken” heart distill down to six principal mechanisms:
• Failure of the pump. In the most common situation, the 

cardiac muscle contracts weakly and the chambers 
cannot empty properly—so-called systolic dysfunction. In 

some cases, the muscle cannot relax sufficiently to permit 
ventricular filling, resulting in diastolic dysfunction.

• Obstruction to flow. Lesions that prevent valve opening 
(e.g., calcific aortic valve stenosis) or cause increased 
ventricular chamber pressures (e.g., systemic hyperten-
sion or aortic coarctation) can overwork the myocar-
dium, which has to pump against the obstruction.

• Regurgitant flow. Valve lesions that allow backward 
flow of blood create conditions that add increased 
volume workload to the affected chambers with each 
contraction.

• Shunted flow. Defects (congenital or acquired) that divert 
blood inappropriately from one chamber to another, or 
from one vessel to another, lead to pressure and volume 
overloads.

• Disorders of cardiac conduction. Uncoordinated cardiac 
impulses or blocked conduction pathways can cause 
arrhythmias that reduce contraction frequency or dimin-
ish effective cardiac output.

• Rupture of the heart or major vessel. Loss of circulatory 
continuity (e.g., gunshot wound through the thoracic 
aorta) leads to exsanguination, hypotensive shock, and 
death.

HEART FAILURE
Heart failure generally is referred to as congestive heart 
failure (CHF). CHF is the common end point for many 
forms of cardiac disease and typically is a progressive 
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virtually every other organ is eventually affected by some 
combination of forward and backward failure.

The cardiovascular system attempts to compensate for 
reduced myocardial contractility or increased hemody-
namic burden through several homeostatic mechanisms:

• The Frank-Starling mechanism. Increased end-diastolic 
filling volumes dilate the heart and cause increased 
cardiac myofiber stretching; these lengthened fibers con-
tract more forcibly, thereby increasing cardiac output. If 
the dilated ventricle is able to maintain cardiac output 
by this means, the patient is said to be in compensated 
heart failure. However, ventricular dilation comes at the 
expense of increased wall tension and amplifies the 
oxygen requirements of an already-compromised myo-
cardium. With time, the failing muscle is no longer able 
to propel sufficient blood to meet the needs of the body, 
and the patient develops decompensated heart failure.

• Activation of neurohumoral systems:
! Release of the neurotransmitter norepinephrine by 

the autonomic nervous system increases heart rate 
and augments myocardial contractility and vascular 
resistance.

! Activation of the renin-angiotensin-aldosterone 
system spurs water and salt retention (augmenting 
circulatory volume) and increases vascular tone.

! Release of atrial natriuretic peptide acts to balance the 
renin-angiotensin-aldosterone system through diure-
sis and vascular smooth muscle relaxation.

• Myocardial structural changes, including augmented muscle 
mass. Cardiac myocytes cannot proliferate, yet can 
adapt to increased workloads by assembling increased 
numbers of sarcomeres, a change that is accompanied 
by myocyte enlargement (hypertrophy) (Fig. 10–1).
! In pressure overload states (e.g., hypertension or valvu-

lar stenosis), new sarcomeres tend to be added paral-
lel to the long axis of the myocytes, adjacent to existing 
sarcomeres. The growing muscle fiber diameter thus 

condition that carries an extremely poor prognosis. In the 
United States alone, nearly 5 million persons are affected, 
resulting in more than 1 million hospitalizations and 
300,000 deaths each year, with a financial burden in excess 
of $18 billion. Most cases of heart failure are due to systolic 
dysfunction—inadequate myocardial contractile function, 
characteristically a consequence of ischemic heart disease 
or hypertension. Alternatively, CHF also can result from 
diastolic dysfunction—inability of the heart to adequately 
relax and fill, such as in massive left ventricular hypertro-
phy, myocardial fibrosis, amyloid deposition, or constric-
tive pericarditis. Indeed, heart failure in elderly persons, 
diabetic patients, and women may be more commonly 
attributable to diastolic dysfunction. Various studies 
suggest that 40–60% of cases of CHF may be due to dia-
stolic dysfunction. Finally, heart failure also can be caused 
by valve dysfunction (e.g., due to endocarditis) or can 
occur in normal hearts suddenly burdened with an abnor-
mal load (e.g., with fluid or pressure overload).

CHF occurs when the heart cannot generate sufficient 
output to meet the metabolic demands of the tissues—or 
can only do so at higher-than-normal filling pressures; in 
a minority of cases, heart failure can be a consequence of 
greatly increased tissue demands, as in hyperthyroidism, 
or poor oxygen carrying capacity as in anemia (high-output 
failure). CHF onset can be abrupt, as in the setting of a large 
myocardial infarct or acute valve dysfunction. In many 
cases, however, CHF develops gradually and insidiously 
owing to the cumulative effects of chronic work overload 
or progressive loss of myocardium.

In CHF, the failing heart can no longer efficiently pump 
the blood delivered to it by the venous circulation. The 
result is an increased end-diastolic ventricular volume, 
leading to increased end-diastolic pressures and, finally, 
elevated venous pressures. Thus, inadequate cardiac 
output—called forward failure—is almost always accompa-
nied by increased congestion of the venous circulation—
that is, backward failure. As a consequence, although the root 
problem in CHF typically is deficient cardiac function, 

Figure 10–1 Left ventricular hypertrophy, with and without dilation, viewed in transverse sections. Compared with a normal heart (center), the 
pressure-overloaded heart (left) has an increased mass, a thick wall, and a smaller lumen. The volume-overloaded heart (right) has an increased mass, 
larger lumen, and enlarged size, but a normal wall thickness. 
(Reproduced by permission from Edwards WD: Cardiac anatomy and examination of cardiac specimens. In Emmanouilides GC, Allen HD, Riemenschneider TA, Gutgesell HP [eds]: Moss and Adams’ 
Heart Disease in Infants, Children, and Adolescents: Including the Fetus and Young Adults, 5th ed. Philadelphia, Williams & Wilkins, 1995, p 86.)
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results in concentric hypertrophy—the ventricular wall 
thickness increases without an increase in the size of 
the chamber.

! In volume overload states (e.g., valvular regurgitation 
or shunts), the new sarcomeres are added in series 
with existing sarcomeres, so that the muscle fiber 
length increases. Consequently, the ventricle tends  
to dilate, and the resulting wall thickness can be 
increased, normal, or decreased; thus, heart weight—
rather than wall thickness—is the best measure of 
hypertrophy in volume-overloaded hearts.

Compensatory hypertrophy comes at a cost to the myocyte. 
The oxygen requirements of hypertrophic myocardium are 
amplified owing to increased myocardial cell mass. Because 
the myocardial capillary bed does not expand in step with 
the increased myocardial oxygen demands, the myocar-
dium becomes vulnerable to ischemic injury. Hypertrophy 
also typically is associated with altered patterns of gene 
expression reminiscent of the fetal myocytes, such as 
changes in the dominant form of myosin heavy chain pro-
duced. Altered gene expression may contribute to changes 
in myocyte function that lead to increases in heart rate and 
force of contraction, both of which improve cardiac output, 
but which also lead to higher cardiac oxygen consumption. 
In the face of ischemia and chronic increases in workload, 
other untoward changes also eventually supervene,  
including myocyte apoptosis, cytoskeletal alterations, and 
increased extracellular matrix (ECM) deposition.

Pathologic compensatory cardiac hypertrophy is corre-
lated with increased mortality; indeed, cardiac hypertro-
phy is an independent risk factor for sudden cardiac death. 
By contrast, the volume-loaded hypertrophy induced by 
regular aerobic exercise (physiologic hypertrophy) typically is 
accompanied by an increase in capillary density, with 
decreased resting heart rate and blood pressure. These 
physiologic adaptations reduce overall cardiovascular 
morbidity and mortality. In comparison, static exercise 
(e.g., weight lifting) is associated with pressure hypertro-
phy and may not have the same beneficial effects.

Left-Sided Heart Failure

Heart failure can affect predominantly the left or the right 
side of the heart or may involve both sides. The most 
common causes of left-sided cardiac failure are ischemic 
heart disease (IHD), systemic hypertension, mitral or aortic 
valve disease, and primary diseases of the myocardium 
(e.g., amyloidosis). The morphologic and clinical effects of 
left-sided CHF stem from diminished systemic perfusion 
and the elevated back-pressures within the pulmonary 
circulation.

Clinical Features
Dyspnea (shortness of breath) on exertion is usually the 
earliest and most significant symptom of left-sided heart 
failure; cough also is common as a consequence of fluid 
transudation into air spaces. As failure progresses, patients 
experience dyspnea when recumbent (orthopnea); this 
occurs because the supine position increases venous return 
from the lower extremities and also elevates the diaphragm. 
Orthopnea typically is relieved by sitting or standing, so 
patients usually sleep in a semiseated position. Paroxysmal 
nocturnal dyspnea is a particularly dramatic form of breath-
lessness, awakening patients from sleep with extreme 
dyspnea bordering on feelings of suffocation.

Other manifestations of left ventricular failure include 
an enlarged heart (cardiomegaly), tachycardia, a third 
heart sound (S3), and fine rales at the lung bases, caused by 
the opening of edematous pulmonary alveoli. With pro-
gressive ventricular dilation, the papillary muscles are  
displaced outwards, causing mitral regurgitation and a 
systolic murmur. Subsequent chronic dilation of the left 
atrium can cause atrial fibrillation, manifested by an “irregu-
larly irregular” heartbeat. Such uncoordinated, chaotic 
atrial contractions reduce the ventricular stroke volume 
and also can cause stasis. The stagnant blood is prone to 
form thrombi (particularly in the atrial appendage) that  
can shed emboli and cause strokes and manifestations of 
infarction in other organs.

Systemically, diminished cardiac output leads to 
decreased renal perfusion that in turn triggers the renin-
angiotension-aldosterone axis, increasing intravascular 
volume and pressures (Chapter 3). Unfortunately, these 
compensatory effects exacerbate the pulmonary edema. 
With further reduction in renal perfusion, prerenal azotemia 
may supervene, with impaired excretion of nitrogenous 
wastes and increasing metabolic derangement. In severe 
CHF, diminished cerebral perfusion can manifest as hypoxic 
encephalopathy with irritability, diminished cognition, and 
restlessness that can progress to stupor and coma.

MORPHOLOGY
Heart. The gross cardiac findings depend on the underlying 
disease process, for example, myocardial infarction or valvu-
lar deformities may be present. With the exception of  failure 
due to mitral valve stenosis or restrictive cardiomyopathies 
(described later), the left ventricle usually is hypertrophied 
and can be dilated, sometimes massively. Left ventricular 

dilation can result in mitral insufficiency and left atrial enlarge-
ment, which is associated with an increased incidence of  atrial 
fibrillation. The microscopic changes in heart failure are 
nonspecific, consisting primarily of  myocyte hypertrophy 
with interstitial fibrosis of  variable severity. Superimposed on 
this background may be other lesions that contribute to the 
development of  heart failure (e.g., recent or old myocardial 
infarction).

Lungs. Rising pressure in the pulmonary veins is ultimately 
transmitted back to the capillaries and arteries of  the lungs, 
resulting in congestion and edema as well as pleural effusion 
due to an increase in hydrostatic pressure in the venules of  
the visceral pleura. The lungs are heavy and boggy, and micro-
scopically show perivascular and interstitial transudates, 
alveolar septal edema, and accumulation of  edema fluid in 
the alveolar spaces. In addition, variable numbers of  red cells 
extravasate from the leaky capillaries into alveolar spaces, 
where they are phagocytosed by macrophages The subse-
quent breakdown of  red cells and hemoglobin leads to the 
appearance of  hemosiderin-laden alveolar macrophages— 
so-called heart failure cells—that reflect previous epi-
sodes of  pulmonary edema.
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Clinical Features
Unlike left-sided heart failure, pure right-sided heart 
failure typically is associated with very few respiratory 
symptoms. Instead, the clinical manifestations are related 
to systemic and portal venous congestion, including hepatic 
and splenic enlargement, peripheral edema, pleural effu-
sion, and ascites. Venous congestion and hypoxia of the 
kidneys and brain due to right heart failure can produce 
deficits comparable to those caused by the hypoperfusion 
caused by left heart failure.

Of note, in most cases of chronic cardiac decompensa-
tion, patients present with biventricular CHF, encompassing 
the clinical syndromes of both right-sided and left-sided heart 
failure. As congestive heart failure progresses, patients may 
become frankly cyanotic and acidotic, as a consequence of 
decreased tissue perfusion resulting from both diminished 
forward flow and increasing retrograde congestion.

Right-Sided Heart Failure

Right heart failure usually is the consequence of left-sided 
heart failure, since any pressure increase in the pulmonary 
circulation inevitably produces an increased burden on the 
right side of the heart. Isolated right-sided heart failure also 
can occur in a few diseases. The most common of these is 
severe pulmonary hypertension, resulting in right-sided 
heart pathology termed cor pulmonale. In cor pulmonale, 
myocardial hypertrophy and dilation generally are con-
fined to the right ventricle and atrium, although bulging of 
the ventricular septum to the left can cause left ventricular 
dysfunction. Isolated right-sided failure also can occur in 
patients with primary pulmonic or tricuspid valve disease, 
or congenital heart disease, such as with left-to-right shunts 
causing chronic volume and pressure overloads.

The major morphologic and clinical effects of pure right-
sided heart failure differ from those of left-sided heart 
failure in that engorgement of the systemic and portal 
venous systems typically is pronounced and pulmonary 
congestion is minimal.

MORPHOLOGY
Liver and Portal System. The liver usually is increased in 
size and weight (congestive hepatomegaly). A cut section 
displays prominent passive congestion, a pattern referred 
to as nutmeg liver (Chapter 3); congested centrilobular 
areas are surrounded by peripheral paler, noncongested 
parenchyma. When left-sided heart failure is also present, 
severe central hypoxia produces centrilobular necrosis in 
addition to the sinusoidal congestion. With long-standing 
severe right-sided heart failure, the central areas can become 
fibrotic, creating so-called cardiac cirrhosis.

Right-sided heart failure also leads to elevated pressure in 
the portal vein and its tributaries (portal hypertension), 
with vascular congestion producing a tense, enlarged spleen 
(congestive splenomegaly). Chronic passive congestion 
of  the bowel wall with edema can be severe enough to 
interfere with absorption of  nutrients and medications.

Pleural, Pericardial, and Peritoneal Spaces. Systemic 
venous congestion due to right heart failure can lead to 
transudates (effusions) in the pleural and pericardial 
spaces, but usually does not cause pulmonary parenchymal 
edema. Pleural effusions are most pronounced when there is 
increase in pulmonary venous as well as systemic venous 
pressures, as occurs in combined right and left heart failure. 
When large (e.g., 1 L or more), pleural effusions can cause 
atelectasis, and, very uncommonly, substantial pericardial 
effusions (greater than 500 mL) can limit cardiac filling and 
cause cardiac failure (due to tamponade). A combination 
of  hepatic congestion (with or without diminished albumin 
synthesis) and portal hypertension leads to peritoneal tran-
sudates (ascites) The effusions into the various body cavities 
typically are serous, with a low protein content, and lack 
inflammatory cells.

Subcutaneous Tissues. Peripheral edema of  dependent 
portions of  the body, especially ankle (pedal) and pretibial 
edema, is a hallmark of  right heart failure. In chronically 
bedridden patients, the edema may be primarily presacral. In 
particularly severe cases, generalized massive edema (ana-
sarca) may be seen.

SUMMARY
Heart Failure
• CHF occurs when the heart is unable to provide  

adequate perfusion to meet the metabolic requirements 
of peripheral tissues; inadequate cardiac output usually is 
accompanied by increased congestion of the venous 
circulation.

• Left-sided heart failure is most commonly secondary to 
ischemic heart disease, systemic hypertension, mitral or 
aortic valve disease, or primary diseases of the myocar-
dium; symptoms are mainly a consequence of pulmonary 
congestion and edema, although systemic hypoperfusion 
can cause renal and cerebral dysfunction.

• Right-sided heart failure is due most often to left heart 
failure and, less commonly, to primary pulmonary disor-
ders; signs and symptoms are related chiefly to peripheral 
edema and visceral congestion.

CONGENITAL HEART DISEASE
Congenital heart diseases are abnormalities of the heart or 
great vessels that are present at birth. They account for 20% 
to 30% of all birth defects and include a broad spectrum of 
malformations, ranging from severe anomalies incompat-
ible with intrauterine or perinatal survival, to mild lesions 
that produce only minimal symptoms at birth, or are 
entirely unrecognized during life. Congenital heart disease 
affects 6 to 8 of every 1000 liveborn infants, and the inci-
dence is higher in premature infants and in stillborns; 
roughly 40,000 children are born each year in the United 
States with clinically significant cardiac malformations, 
and another 40,000 have subclinical disease. Defects that 
permit maturation and live birth usually involve only 
single chambers or regions of the heart. Twelve entities 
account for 85% of cases of congenital heart disease; their 
frequencies are shown in Table 10–1.

Thanks to surgical advances, the number of patients 
surviving with congenital heart disease is increasing 
rapidly, including over 1 million persons in the United 
States alone. Although surgery may correct the hemody-
namic abnormalities, the repaired heart may not be 
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Data from Hoffman JI, Kaplan S: The incidence of congenital heart disease. J Am Coll 
Cardiol 39:1890, 2002.

Malformation

Incidence 
per  Million 

ive Births
Ventricular septal defect

Atrial septal defect

Pulmonary stenosis

Patent ductus arteriosus

etralogy of Fallot

Coarctation of aorta

Atrioventricular septal defect

Aortic stenosis

ransposition of great arteries

runcus arteriosus

otal anomalous pulmonary 
venous connection

ricuspid atresia

 A

Table 1 –1 Fre uency of Congenital Cardiac Malformations

*Summary of 44 published studies. Percentages do not add to 100% 
because of rounding.

completely normal, since the myocardial hypertrophy and 
cardiac remodeling brought about by the congenital defect 
may be irreversible; in addition, virtually all cardiac surgery 
results in some degree of myocardial scarring. Such changes 
lead secondarily to arrhythmias, ischemia, and myocardial 
dysfunction, which occasionally appear many years after 
surgical correction.

PATHOGENESIS
In most instances, congenital heart disease arises from faulty 
embryogenesis during gestational weeks 3 through 8, when 
major cardiovascular structures develop; the cause is 
unknown in almost 90% of  cases. Of  the known etiologic 
factors, environmental causes, including congenital rubella 

infection, teratogens, and maternal diabetes, and genetic 
factors are the best characterized. The contribution of  spe-
cific genetic loci has been demonstrated in familial forms of  
congenital heart disease and by well-defined associations with 
certain chromosomal abnormalities (e.g., trisomies 13, 15, 
18, and 21, and Turner syndrome).

Cardiac morphogenesis involves multiple genes that 
work together to choreograph a complex series of  tightly 
regulated events. Key steps include commitment of  progeni-
tor cells to the myocardial lineage, formation and looping of  
the heart tube, segmentation and growth of  the cardiac 
chambers, cardiac valve formation, and connection of  the 
great vessels to the heart. Proper orchestration of  these 
remarkable transformations depends on networks of  tran-
scription factors and several signaling pathways and mole-
cules, including the Wnt, vascular endothelial growth factor 
(VEGF), bone morphogenetic protein (BMP), transforming 
growth factor-β (TGF-β), fibroblast growth factor, and Notch 
pathways. Also essential for cardiac morphogenesis is the 
mechanical force imparted by flowing pulsatile blood, which 
is somehow sensed by the cells of  the developing heart and 
vessels.

Since crafting a normal heart involves many steps, even 
subtle perturbations can adversely influence the outcome. 
Most of  the known genetic defects are autosomal dominant 
mutations causing loss (or sometimes gain) of  function of  a 
particular factor (Table 10–2). Several mutations involve tran-
scription factors. For example, atrial and ventricular septal 
defects (ASDs and VSDs, respectively) and/or conduction 
defects may be caused by transcription factor mutations, such 
as TBX5  mutations in the Holt-Oram syndrome and NKX2.5  
or GATA4  mutations in sporadic, nonsyndromic cases. Other 
disorders (e.g., Noonan syndrome) are associated with muta-
tions in intracellular signaling cascades that cause constitutive 
activation. microRNAs, as well as epigenetic changes (e.g., 
DNA methylation), also are increasingly recognized as impor-
tant contributors. It is likely that even transient environmental 
stresses at critical junctures early in pregnancy can cause 
subtle changes in transcription factor activity, intracellular 
signaling, or morphogenic gradients that may recapitulate the 
defects produced by heritable mutations.

Disorder ene s ene Product Function

Nonsyndromic
ASD or conduction defects ranscription factor

ASD or VSD ATA ranscription factor

etralogy of Fallot FPM  or ranscription factors

Syndromic†
Alagille syndrome pulmonary artery stenosis or tetralogy of Fallot A  or TC Signaling proteins or receptors

Char syndrome PDA TFAP ranscription factor

CHAR  syndrome ASD, VSD, PDA, or hypoplastic right side of the heart C D Helicase binding protein

Di eorge syndrome ASD, VSD, or out o  tract obstruction T ranscription factor

Holt ram syndrome ASD, VSD, or conduction defect T ranscription factor

Noonan syndrome pulmonary valve stenosis, VSD, or hypertrophic cardiomyopathy PTP  RAS  S S Signaling proteins

Table 1 –2 Selected amples of ene Defects Associated With Congenital Heart Disease

ASD, atrial septal defect; CHARGE, posterior coloboma, heart defect, choanal atresia, retardation, genital and ear anomalies; PDA, patent ductus arteriosus; VSD, ventricular septal 
defect.

*Note that different mutations can cause the same phenotype, and that mutations in some genes can cause multiple phenotypes (e.g., NKX2.5). Many of these 
congenital lesions also can occur sporadically, without specific genetic mutation.
†Only the cardiac manifestations of the syndrome are listed; the other skeletal, facial, neurologic, and visceral changes are not.
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Atrial Septal Defects and Patent Fora en vale
During normal cardiac development patency is maintained 
between right and left atria by a series of ostia (primum 
and secundum) that eventually become the foramen ovale; 
this arrangement allows oxygenated blood from the mater-
nal circulation to flow from the right to the left atrium, 
thereby sustaining fetal development. At later stages of 
intrauterine development, tissue flaps (septum primum and 
septum secundum) grow to occlude the foramen ovale, and 
in 80% of cases, the higher left-sided pressures in the heart 
that occur at birth permanently fuse the septa against  
the foramen ovale. In the remaining 20% of cases, a patent 
foramen ovale results; although the flap is of adequate size 
to cover the foramen, the unsealed septa can potentially 
allow transient right-to-left blood flow. Paradoxical embo-
lism, defined as venous emboli (e.g., from deep leg veins) 
that enter the systemic arterial circulation, may also occur 
if right-sided atrial pressures increase, such as with pulmo-
nary hypertension or a Valsalva maneuver during sneezing 
or bowel movements.

In contrast to a patent foramen ovale, an ASD is an 
abnormal fixed opening in the atrial septum that allows 

Clinical Features
The various structural anomalies in congenital heart disease 
can be assigned to three major groups based on their hemo-
dynamic and clinical consequences: (1) malformations 
causing a left-to-right shunt; (2) malformations causing a 
right-to-left shunt (cyanotic congenital heart diseases); and 
(3) malformations causing obstruction.

A shunt is an abnormal communication between cham-
bers or blood vessels. Depending on pressure relationships, 
shunts permit the flow of blood from the left to the right 
side of the heart (or vice versa).
• With right-to-left shunt, a dusky blueness of the skin 

(cyanosis) results because the pulmonary circulation is 
bypassed and poorly oxygenated blood enters the sys-
temic circulation.

• By contrast, left-to-right shunts increase pulmonary blood 
flow and are not associated (at least initially) with  
cyanosis. However, they expose the low-pressure, low-
resistance pulmonary circulation to increased pressures 
and volumes; these conditions lead to adaptive changes 
that increase lung vascular resistance to protect the pul-
monary bed, resulting in right ventricular hypertrophy 
and—eventually—failure. With time, increased pulmo-
nary resistance also can cause shunt reversal (right to 
left) and late-onset cyanosis.

• Some congenital anomalies obstruct vascular flow—by 
narrowing the chambers, valves, or major blood vessels; 
a malformation characterized by complete obstruction is 
called an atresia. In some disorders (e.g., tetralogy of 
Fallot), an obstruction (pulmonary stenosis) can be asso-
ciated with a shunt (right-to-left, through a VSD).

The altered hemodynamics of congenital heart disease 
usually lead to chamber dilation or wall hypertrophy. 
However, some defects result in a reduced muscle mass or 
chamber size; this is called hypoplasia if it occurs before 
birth and atrophy if it develops postnatally.

Left-to-Right Shunts

Left-to-right shunts are the most common type of congeni-
tal cardiac malformation. They include atrial septal defects 
(ASDs), ventricular septal defects (VSDs), and patent ductus 
arteriosus (PDA) (Fig. 10–2). ASDs typically increase only 
right ventricular and pulmonary outflow volumes, while 
VSDs and PDAs cause both increased pulmonary blood 
flows and pressures. Manifestations of these shunts range 
in severity from no symptoms at all to fulminant heart 
failure.

Cyanosis is not an early feature of these defects. However, 
prolonged left-to-right shunting with volume and pressure 
overloads eventually causes pulmonary hypertension and 
secondarily right-sided pressures that exceed those on the 
left; at that point, reversal of blood flow occurs, with resul-
tant right-to-left shunting, and the development of cyano-
sis. Such reversal of flow and shunting of unoxygenated 
blood into the systemic circulation is called Eisenmenger 
syndrome. Once significant pulmonary hypertension develops, 
the structural defects of congenital heart disease are considered 
irreversible. This is the rationale for early surgical (or even 
nonsurgical) intervention.

Figure 10–2 Common congenital left-to-right shunts (arrows indicate 
direction of  blood flow). A, Atrial septal defect (ASD). B, Ventricular 
septal defect (VSD). C, Patent ductus arteriosus (PDA). Ao, aorta; 
LA, left atrium; LV, left ventricle; PT, pulmonary trunk; RA, right atrium; 
RV, right ventricle. 
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MORPHOLOGY
Ostium secundum ASDs (90% of  ASDs) typically are 
smooth-walled defects near the foramen ovale, usually 
without other associated cardiac abnormalities. Hemody-
namically significant lesions are accompanied by right atrial 
and ventricular dilation, right ventricular hypertrophy, and 
dilation of  the pulmonary artery, reflecting the effects of  a 
chronically increased volume load. Ostium primum ASDs 
(accounting for 5% of  these defects) occur at the lowest part 
of  the atrial septum and can be associated with mitral and 
tricuspid valve abnormalities, reflecting the close relationship 
between development of  the septum primum and the endo-
cardial cushions. In more severe cases, additional defects may 
include a VSD and a common atrioventricular canal. 
Sinus venosus ASDs (accounting for another 5% of  the 
cases) are located high in the atrial septum and often are 
accompanied by anomalous drainage of  the pulmonary veins 
into the right atrium or superior vena cava.

unrestricted blood flow between the atrial chambers. A 
majority (90%) of ASDs are so-called ostium secundum 
defects in which growth of the septum secundum is insuf-
ficient to occlude the second ostium.

Clinical Features
A majority of ASDs are asymptomatic until adulthood. 
Although VSDs are the most common congenital malfor-
mations at birth (Table 10–1), many close spontaneously. 
Consequently, ASDs—which are less likely to spontane-
ously close—are the most common defects to be first diag-
nosed in adults. ASDs initially cause left-to-right shunts, as 
a consequence of the lower pressures in the pulmonary 
circulation and the right side of the heart. In general, these 
defects are well tolerated, especially if they are less than 
1 cm in diameter; even larger lesions do not usually 
produce any symptoms in childhood. Over time, however, 
chronic volume and pressure overloads can cause pulmo-
nary hypertension. Surgical or intravascular ASD closures 
are thus performed to reverse the hemodynamic abnor-
malities and preempt the development of heart failure, 
paradoxical embolization, and irreversible pulmonary vas-
cular disease. Mortality is low, and postoperative survival 
is comparable to that for a normal population.

entricular Septal Defects
Defects in the ventricular septum allow left-to-right shunt-
ing and constitute the most common congenital cardiac 
anomaly at birth (Table 10–1 and Fig. 10–3). The ventricular 
septum normally is formed by the fusion of a muscular 
ridge that grows upward from the apex of the heart to a 
thinner membranous partition that grows downward from 
the endocardial cushions. The basal (membranous) region 
is the last part of the septum to develop and is the site of 
approximately 90% of VSDs. Although more common at birth, 
most VSDs close spontaneously in childhood, so that the overall 
incidence in adults is lower than that for ASDs. Only 20% to 
30% of VSDs occur in isolation; most are associated with 
other cardiac malformations.

Figure 10–3 Ventricular septal defect of  the membranous type (arrow). 
(Courtesy of William D. Edwards, MD, Mayo Clinic, Rochester, Minnesota.)

MORPHOLOGY
The size and location of  VSDs are variable (Fig. 10–3), ranging 
from minute defects in the membranous septum to large 
defects involving virtually the entire interventricular wall. In 
defects associated with a significant left-to-right shunt, the 
right ventricle is hypertrophied and often dilated. The diam-
eter of  the pulmonary artery is increased, owing to the 
greater volume ejected by the right ventricle. Vascular 
changes typical of  pulmonary hypertension are common 
(Chapter 12).

Clinical Features
Small VSDs may be asymptomatic, and roughly half of 
those in the muscular portion of the septum close sponta-
neously during infancy or childhood. Larger defects, 
however, result in chronic severe left-to-right shunting, 
often complicated by pulmonary hypertension and conges-
tive heart failure. Progressive pulmonary hypertension, 
with resultant reversal of the shunt and cyanosis, occurs 
earlier and more frequently with VSDs than with ASDs. 
Early surgical correction is therefore indicated for such 
lesions. Small or medium-sized defects that produce jet 
lesions in the right ventricle—which can cause endothelial 
damage—also increase the risk for development of infec-
tive endocarditis.

Patent Ductus Arteriosus
The ductus arteriosus arises from the left pulmonary artery 
and joins the aorta just distal to the origin of the left sub-
clavian artery. During intrauterine life, it permits blood 
flow from the pulmonary artery to the aorta, thereby 
bypassing the unoxygenated lungs. Shortly after birth in 
healthy term infants, the ductus constricts and is function-
ally closed after 1 to 2 days; these changes occur in response 
to increased arterial oxygenation, decreased pulmonary 
vascular resistance, and declining local levels of 



C H A P T E R  10372 Heart

Clinical Features
The hemodynamic consequences of tetralogy of Fallot are 
right-to-left shunting, decreased pulmonary blood flow, 
and increased aortic volumes. The clinical severity largely 
depends on the degree of the pulmonary outflow obstruction; 
even untreated, some patients can survive into adult life. 
Thus, if the pulmonic obstruction is mild, the condition 
resembles an isolated VSD because the high left-sided pres-
sures cause only a left-to-right shunt with no cyanosis. 
More commonly, more severe degrees of pulmonic stenosis 
cause early cyanosis. Moreover, as the child grows and  
the heart increases in size, the pulmonic orifice does not 
expand propor tionately, leading to progressive worsening 

prostaglandin E2. Complete obliteration occurs within the 
first few months of extrauterine life, leaving only a strand 
of residual fibrous tissue known as the ligamentum arterio-
sum. Ductal closure often is delayed (or even absent) in 
infants with hypoxia (related to respiratory distress or 
heart disease). PDAs account for about 7% of congenital 
heart lesions (Table 10–1 and Fig. 10–2), and the great 
majority of these (90%) are isolated defects.

Clinical Features
PDAs are high-pressure left-to-right shunts that produce 
harsh, “machinery-like” murmurs. A small PDA generally 
causes no symptoms, although larger defects eventually 
can lead to Eisenmenger syndrome with cyanosis and  
congestive heart failure. The high-pressure shunt also  
predisposes affected patients to development of infective 
endocarditis. While there is general agreement that isolated 
PDAs should be closed as early in life as is feasible, pres-
ervation of ductal patency (by administering prostaglandin 
E) can be lifesaving when a PDA is the only means to 
sustain systemic or pulmonary blood flow (e.g., in infants 
with aortic or pulmonic atresia).

Right-to-Left Shunts

Cardiac malformations associated with right-to-left shunts 
are distinguished by early cyanosis. This occurs because 
poorly oxygenated blood from the right side of the heart 
flows directly into the arterial circulation. Two of the most 
important conditions associated with cyanotic congenital 
heart disease are tetralogy of Fallot and transposition of the 
great vessels (Fig. 10–4). Clinical consequences of severe, 
systemic cyanosis include clubbing of the tips of the fingers 
and toes (hypertrophic osteoarthropathy), polycythemia, and 
paradoxical embolization.

Tetralogy of Fallot
Tetralogy of Fallot is the most common cause of cyanotic 
congenital heart disease and accounts for about 5% of all 
congenital cardiac malformations (Table 10–1). The four 
cardinal features are (1) VSD; (2) right ventricular outflow 
tract obstruction (subpulmonic stenosis); (3) overriding of 
the VSD by the aorta; and (4) right ventricular hypertrophy 
(Fig. 10–4, A). All of the features of tetralogy of Fallot result 
from anterosuperior displacement of the infundibular 
septum leading to abnormal septation between the pulmo-
nary trunk and the aortic root.

Figure 10–4 Common congenital right-to-left shunts (cyanotic congeni-
tal heart disease). A, Tetralogy of  Fallot (arrow indicates direction of  
blood flow). B, Transposition of  the great vessels with and without VSD. 
Ao, aorta; LA, left atrium; LV, left ventricle; PT, pulmonary trunk; RA, right 
atrium; RV, right ventricle. 
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MORPHOLOGY
The heart is large and “boot-shaped” as a consequence of  
right ventricular hypertrophy; the proximal aorta is dilated, 
while the pulmonary trunk is hypoplastic. The left-sided 
cardiac chambers are of  normal size, while the right ventricu-
lar wall is markedly hypertrophied, sometimes even exceed-
ing the thickness of  the left ventricle. The VSD usually is large 
and lies in the vicinity of  the membranous portion of  the 
interventricular septum; the aortic valve lies immediately over 
the VSD (overriding aorta) and is the major site of  egress 

for blood flow from both ventricles. The obstruction of  the 
right ventricular outflow most often is due to narrowing of  
the infundibulum (subpulmonic stenosis) but also can be 
caused by pulmonary valve stenosis or complete atresia of  
the valve and the proximal pulmonary arteries. In such cases, 
a persistent PDA or dilated bronchial arteries may be the only 
route for blood to reach the lungs.
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with Turner syndrome frequently have coarctation. There 
are two classic forms (Fig. 10–5): (1) an “infantile” form 
featuring hypoplasia of the aortic arch proximal to a PDA 
and (2) an “adult” form consisting of a discrete ridgelike 
infolding of the aorta, adjacent to the ligamentum arterio-
sum. Coarctation can occur as a solitary defect, but in more 
than half of the cases it is accompanied by a bicuspid aortic 
valve. Aortic valve stenosis, ASD, VSD, or mitral regurgita-
tion also can be present.

of functional stenosis. Fortuitously, the pulmonic outflow 
stenosis protects the pulmonary vasculature from pressure 
and volume overloads, so that pulmonary hypertension 
does not develop, and right ventricular failure is rare. Nev-
ertheless, patients develop the typical sequelae of cyanotic 
heart disease, such as polycythemia (due to hypoxia) with 
attendant hyperviscosity and hypertrophic osteoarthropa-
thy; right-to-left shunting also increases the risk for infec-
tive endocarditis and systemic embolization. Complete 
surgical repair is possible with classic tetralogy of Fallot 
but is more complicated in the setting of pulmonary atresia.

Transposition of the reat Arteries
Transposition of the great arteries is a discordant connec-
tion of the ventricles to their vascular outflow. The embryo-
logic defect is an abnormal formation of the truncal and 
aortopulmonary septa so that the aorta arises from the 
right ventricle and the pulmonary artery emanates from 
the left ventricle (Fig. 10–4, B). The atrium-to-ventricle con-
nections, however, are normal (concordant), with the right 
atrium joining the right ventricle and the left atrium emp-
tying into the left ventricle.

The functional outcome is separation of the systemic  
and pulmonary circulations, a condition incompatible with 
postnatal life unless a shunt such as a VSD exists for ade-
quate mixing of blood and delivery of oxygenated blood to 
the aorta. Indeed, VSDs occur in a third of cases and 
provide stable shunts (Fig. 10–4, B). There is marked right 
ventricular hypertrophy, since that chamber functions as 
the systemic ventricle; the left ventricle is atrophic, since it 
pumps only to the low-resistance pulmonary circulation. 
Some patients with transposition of the great arteries have 
a patent foramen ovale or PDA that allows oxygenated 
blood to reach the aorta, but these tend to close; as a result, 
such infants typically require emergent surgical interven-
tion within the first few days of life.

Clinical Features
The dominant manifestation is cyanosis, with the progno-
sis depending on the magnitude of shunting, the degree of 
tissue hypoxia, and the ability of the right ventricle to 
maintain systemic pressures. Without surgery (even with 
stable shunting), most patients with uncorrected transposi-
tion of the great arteries die within the first months of  
life. However, improved surgical techniques now permit 
definitive repair and such patients often survive into 
adulthood.

Obstructive Lesions

Congenital obstruction to blood flow can occur at the  
level of the heart valves or more distally within a great 
vessel. Obstruction can also occur proximal to the valve, as 
with subpulmonic stenosis in tetralogy of Fallot. Relatively 
common examples of congenital obstruction are pulmonic 
valve stenosis, aortic valve stenosis or atresia, and coarcta-
tion of the aorta.

Aortic Coarctation
Coarctation (narrowing, or constriction) of the aorta is a common 
form of obstructive congenital heart disease (Table 10–1). Males 
are affected twice as often as females, although females 

Figure 10–5 Coarctation of  the aorta with (“infantile” or preductal 
form) and without a patent ductus arteriosus (PDA) (“adult” or postduc-
tal form); arrow indicates direction of  blood flow. Ao, aorta; LA, left 
atrium; LV, left ventricle; PT, pulmonary trunk; RA, right atrium; RV, right 
ventricle. 
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MORPHOLOGY
“Infantile” (preductal) coarctation is characterized by 
circumferential narrowing of  the aortic segment between the 
left subclavian artery and the ductus arteriosus; the ductus 
typically is patent and is the main source of  (unoxygenated) 
blood delivered to the distal aorta. The pulmonary trunk is 
dilated to accommodate the increased blood flow; because 
the right side of  the heart now perfuses the body distal to 
the narrowed segment (“coarct”), the right ventricle typically 
is hypertrophied.

In the more common “adult” (postductal) coarcta-
tion, the aorta is sharply constricted by a tissue ridge adja-
cent to the nonpatent ligamentum arteriosum (Fig. 10–6). 
The constricted segment is made up of  smooth muscle and 
elastic fibers that are continuous with the aortic media. Proxi-
mal to the coarctation, the aortic arch and its branch vessels 
are dilated and the left ventricle is hypertrophied.

Clinical Features
Clinical manifestations depend almost entirely on the 
severity of the narrowing and the patency of the ductus 
arteriosus.
• Preductal coarctation with a PDA usually presents early in 

life, classically as cyanosis localized to the lower half of 
the body; without intervention, most affected infants do 
not survive the neonatal period.
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ISCHEMIC HEART DISEASE
Since cardiac myocytes generate energy almost exclusively 
through mitochondrial oxidative phosphorylation, cardiac 
function is strictly dependent upon the continuous flow of 
oxygenated blood through the coronary arteries. Ischemic 
heart disease (IHD) is a broad term encompassing several 
closely related syndromes caused by myocardial ischemia—
an imbalance between cardiac blood supply (perfusion) 
and myocardial oxygen and nutritional requirements. 
Despite dramatic improvements in therapy in the past 
quarter-century, IHD in its various forms remains the 
leading cause of mortality in the United States and other 
developed nations, accounting for 7 million deaths world-
wide each year.

In more than 90% of cases, IHD is a consequence of reduced 
coronary blood flow secondary to obstructive atherosclerotic vas-
cular disease (Chapter 9). Thus, unless otherwise specified, 
IHD usually is synonymous with coronary artery disease 
(CAD). In most cases, the syndromes of IHD are the late 
manifestations of coronary atherosclerosis that has been 
gradually building for decades (beginning even in child-
hood or adolescence).

Less frequently, IHD can result from increased demand 
(e.g., with increased heart rate or hypertension); diminished 
blood volume (e.g., with hypotension or shock); diminished 
oxygenation (e.g., due to pneumonia or CHF); or diminished 
oxygen-carrying capacity (e.g., due to anemia or carbon mon-
oxide poisoning).

The manifestations of IHD are a direct consequence of 
the insufficient blood supply to the heart. The clinical pre-
sentation may include one or more of the following cardiac 
syndromes:
• Angina pectoris (literally, “chest pain”): Ischemia induces 

pain but is insufficient to cause myocyte death. Angina 
can be stable (occurring predictably at certain levels of 
exertion), can be caused by vessel spasm (Prinzmetal 
angina), or can be unstable (occurring with progressively 
less exertion or even at rest).

• Acute myocardial infarction (MI): The severity or duration 
of ischemia is sufficient to cause cardiomyocyte death.

• Chronic IHD with CHF: Progressive cardiac decompensa-
tion after acute MI, or secondary to accumulated small 
ischemic insults, eventually precipitates mechanical 
pump failure.

• Sudden cardiac death (SCD): This can occur as a conse-
quence of tissue damage from MI, but most commonly 
results from a lethal arrhythmia without myocyte necro-
sis (see later under “Arrhythmias”).

The term acute coronary syndrome is applied to any of the 
three catastrophic manifestations of IHD—unstable angina, 
acute MI, and SCD.

• Postductal coarctation without a PDA usually is asymp-
tomatic, and the disease may remain unrecognized well 
into adult life. Classically, there is upper extremity 
hypertension paired with weak pulses and relative 
hypotension in the lower extremities, associated with 
symptoms of claudication and coldness. Exuberant col-
lateral circulation “around” the coarctation often devel-
ops through markedly enlarged intercostal and internal 
mammary arteries; expansion of the flow through these 
vessels can lead to radiographically visible “notching” 
of the ribs.

In most cases, significant coarctations are associated with 
systolic murmurs and occasionally palpable thrills. Balloon 
dilation or surgical resection with end-to-end anastomosis 
(or replacement of the affected aortic segment by a pros-
thetic graft) yields excellent results.

SUMMARY
Congenital Heart Disease
• Congenital heart disease represents defects of cardiac 

chambers or the great vessels; these either result in shunt-
ing of blood between the right and left circulation or 
cause outflow obstructions. Lesions range from relatively 
asymptomatic to rapidly fatal. Environmental (toxic or 
infectious) and genetic causes both contribute.

• Left-to-right shunts are the most common and typically 
are associated with ASDs, VSDs, or a PDA. These lesions 
result in chronic right-sided pressure and volume over-
loads that eventually cause pulmonary hypertension with 
reversal of flow and right-to-left shunts with cyanosis 
(Eisenmenger syndrome).

• Right-to-left shunts most commonly are caused by tetral-
ogy of Fallot or transposition of the great arteries. These 
lesions cause early-onset cyanosis and are associated with 

Figure 10–6 Coarctation of  the aorta, postductal type. The coarctation 
is a segmental narrowing of  the aorta (arrow). Such lesions typically mani-
fest later in life than preductal coarctations. The dilated ascending aorta 
and major branch vessels are to the left of  the coarctation. The lower 
extremities are perfused predominantly by way of  dilated, tortuous col-
lateral channels. 
(Courtesy of Sid Murphree, MD, Department of Pathology, University of Texas Southwestern 
Medical School, Dallas, Texas.)

polycythemia, hypertrophic osteoarthropathy, and para-
doxical embolization.

• Obstructive lesions include forms of aortic coarctation; 
the clinical severity of these lesions depends on the 
degree of stenosis and the patency of the ductus 
arteriosus.
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Epide iology
Nearly a half-million Americans die annually of IHD. As 
troubling as this toll is, it represents a spectacular advance 
over previous eras; since peaking in 1963, the mortality 
related to IHD in the United States has declined  
by 50%. The improvement can be largely attributed to 
interventions that have diminished cardiac risk factors 
(behaviors or conditions that promote atherosclerosis) 
(Chapter 9), in particular smoking cessation programs, 
hypertension and diabetes treatment, and use of cholesterol-
lowering agents. To a lesser extent, diagnostic and therapeu-
tic advances have also contributed; these include aspirin 
prophylaxis, better arrhythmia control, coronary care units, 
thrombolysis for MI, angioplasty and endovascular stent-
ing, and coronary artery bypass graft surgery. Maintaining 
this downward trend in mortality will be particularly chal-
lenging given the predicted longevity of “baby boomers,” 
as well as the epidemic of obesity that is sweeping the 
United States and other parts of the world.

PATHOGENESIS
IHD is primarily a consequence of inadequate coro-
nary perfusion relative to myocardial demand. This 
imbalance occurs as a consequence of the combina-
tion of preexisting (“fixed”) atherosclerotic occlu-
sion of coronary arteries and new, superimposed 
thrombosis and/or vasospasm.

Atherosclerotic narrowing can affect any of  the coronary 
arteries—left anterior descending (LAD), left circumflex 
(LCX), and right coronary artery (RCA)—singly or in any 
combination. Clinically significant plaques can be located any-
where but tend to occur within the first several centimeters 
of  the LAD and LCX, and along the entire length of  the RCA. 
Sometimes, secondary branches also are involved (i.e., diago-
nal branches of  the LAD, obtuse marginal branches of  the 
LCX, or posterior descending branch of  the RCA).

Fixed obstructions that occlude less than 70% of  a coro-
nary vessel lumen typically are asymptomatic, even with exer-
tion. In comparison, lesions that occlude more than 70%  
of  a vessel lumen—resulting in so-called critical stenosis—
generally cause symptoms in the setting of  increased demand; 
with critical stenosis, certain levels of  exertion predictably 
cause chest pain, and the patient is said to have stable 
angina. A fixed stenosis that occludes 90% or more of  a 
vascular lumen can lead to inadequate coronary blood flow 
with symptoms even at rest—one of  the forms of  unstable 
angina (see later discussion).

Of  importance, if  an atherosclerotic lesion progressively 
occludes a coronary artery at a sufficiently slow rate over 
years, remodelling of  other coronary vessels may provide 
compensatory blood flow for the area at risk; such collat-
eral perfusion can subsequently protect against MI even if  
the vessel eventually becomes completely occluded. Unfor-
tunately, with acute coronary blockage, there is no time for 
collateral flow to develop and infarction results.

The following elements contribute to the development and 
consequences of  coronary atherosclerosis:
• Inflammation plays an essential role at all stages of  

atherosclerosis, from inception to plaque rupture (Chapter 
9). Atherosclerosis begins with the interaction of  

endothelial cells and circulating leukocytes, resulting in T 
cell and macrophage recruitment and activation. These 
cells drive subsequent smooth muscle cell accumulation 
and proliferation, with variable amounts of  matrix produc-
tion, all overlying an atheromatous core of  lipid, choles-
terol, calcification, and necrotic debris. At later stages, 
destabilization of  atherosclerotic plaque occurs through 
macrophage metalloproteinase secretion.

• Thrombosis associated with a disrupted plaque 
often triggers the acute coronary syndromes. 
Partial vascular occlusion by a newly formed thrombus on 
a disrupted atherosclerotic plaque can wax and wane with 
time and lead to unstable angina or sudden death; alter-
natively, even partial luminal occlusion by thrombus can 
compromise blood flow sufficiently to cause a small infarc-
tion of  the innermost zone of  the myocardium (suben-
docardial infarct). Organizing thrombi produce potent 
activators of  smooth muscle proliferation, which can con-
tribute to the growth of  atherosclerotic lesions. Mural 
thrombus in a coronary artery can also embolize; indeed, 
small emboli can be found in the distal intramyocardial 
circulation (along with associated microinfarcts) at autopsy 
of  patients who have had unstable angina. In the most 
serious extreme, completely obstructive thrombus over a 
disrupted plaque can cause a massive MI.

• Vasoconstriction directly compromises lumen diame-
ter; moreover, by increasing local mechanical shear forces, 
vessel spasm can potentiate plaque disruption. Vasocon-
striction in atherosclerotic plaques can be stimulated by 
(1) circulating adrenergic agonists, (2) locally released 
platelet contents, (3) imbalance between endothelial cell–
relaxing factors (e.g., nitric oxide) and –contracting factors 
(e.g., endothelin) due to endothelial dysfunction, and (4) 
mediators released from perivascular inflammatory cells.

Acute Plaque Change. Onset of  myocardial ischemia 
depends not only on the extent and severity of  fixed athero-
sclerotic disease but also on dynamic changes in coronary 
plaque morphology. In most patients, unstable angina, 
infarction, and often sudden cardiac death occur 
because of abrupt plaque change followed by 
thrombosis—hence the term acute coronary syn-
drome (Fig. 10–7).

The initiating event typically is sudden disruption of  par-
tially occlusive plaque. More than one mechanism of  injury 
may be involved: Rupture, fissuring, or ulceration of  
plaques can expose highly thrombogenic constituents or 
underlying subendothelial basement membrane, leading to 
rapid thrombosis. In addition, hemorrhage into the core 
of plaques can expand plaque volume, thereby acutely exac-
erbating the degree of  luminal occlusion.

Factors that trigger acute plaque change are believed to  
act by increasing the lesion’s susceptibility to disruption by 
mechanical stress. Both intrinsic aspects of  plaque composi-
tion and structure (Chapter 9) and extrinsic factors, such 
as blood pressure and platelet reactivity, may contribute as 
follows:
• Plaques that contain large atheromatous cores, or have 

thin overlying fibrous caps are more likely to rupture, and 
are therefore termed “vulnerable.” Fissures frequently 
occur at the junction of  the fibrous cap and the adjacent 
normal plaque-free arterial segment, where the  
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Figure 10–7 Diagram of  sequential progression of  coronary artery 
lesions leading to various acute coronary syndromes. 
(Modified and redrawn from Schoen FJ: Interventional and Surgical Cardiovascular Pathology: 
Clinical Correlations and Basic Principles. Philadelphia, WB Saunders, 1989, p 63.)

mechanical stresses are highest and the fibrous cap is thin-
nest. Fibrous caps also are continuously remodeling; their 
overall balance of  collagen synthesis versus degradation 
determines mechanical strength and plaque stability. Col-
lagen is produced by smooth muscle cells and degraded 
by the action of  metalloproteases elaborated by macro-
phages. Consequently, atherosclerotic lesions with a 
paucity of  smooth muscle cells or large numbers of  inflam-
matory cells are more vulnerable to rupture. Of  interest, 
statins (inhibitors of  hydroxymethylglutaryl Co-A reduc-
tase, a key enzyme in cholesterol synthesis) may be of  
additional benefit in CAD and IHD by reducing plaque 

inflammation and increasing plaque stability, 
beyond their cholesterol-lowering effects.

• Influences extrinsic to plaque also are important. Adren-
ergic stimulation can put physical stress on the plaque by 
causing hypertension or local vasospasm. Indeed, the 
surge in adrenergic stimulation associated with awakening 
and rising may underlie the observation that the incidence 
of  acute MI is highest between 6 AM and 12 noon. Intense 
emotional stress also leads to adrenergic stimulation, 
explaining the association of  natural catastrophes such as 
earthquakes and floods with secondary waves of  MIs in 
susceptible individuals.

In a majority of  cases, the vulnerable “culprit lesion” in 
patients who suffer an MI was not critically stenotic or even 
symptomatic before its rupture. As noted previously, anginal 
symptoms typically occur with fixed lesions exhibiting greater 
than 70% chronic occlusion. Pathologic and clinical studies 
show that two thirds of  ruptured plaques are 50% stenotic 
or less before plaque rupture, and 85% exhibit initial stenotic 
occlusion of  70% or less. Thus, the worrisome conclusion is 
that a large number of  asymptomatic adults are at significant 
risk for a catastrophic coronary event. At present, it is impos-
sible to predict plaque rupture in any given patient.

Plaque disruption and ensuing nonocclusive thrombosis 
also are common, repetitive, and often clinically silent com-
plications of  atheromas. The healing of  such subclinical plaque 
disruption and overlying thrombosis is an important mecha-
nism by which atherosclerotic lesions progressively enlarge 
(Fig. 10–7).

Angina Pectoris

Angina pectoris is an intermittent chest pain caused by tran-
sient, reversible myocardial ischemia. The pain probably is a 
consequence of the ischemia-induced release of adenosine, 
bradykinin, and other molecules that stimulate the auto-
nomic afferents. Three variants are recognized:
• Typical or stable angina is predictable episodic chest pain 

associated with particular levels of exertion or some 
other increased demand (e.g., tachycardia). The pain is 
classically described as a crushing or squeezing subster-
nal sensation, that can radiate down the left arm or  
to the left jaw (referred pain). The pain usually is 
relieved by rest (reducing demand) or by drugs such  
as nitroglycerin, a vasodilator that increases coronary 
perfusion.

• Prinzmetal or variant angina occurs at rest and is caused 
by coronary artery spasm. Although such spasms typi-
cally occur on or near existing atherosclerotic plaques, 
completely normal vessel can be affected. Prinzmetal 
angina typically responds promptly to vasodilators such 
as nitroglycerin and calcium channel blockers.

• Unstable angina (also called crescendo angina) is character-
ized by increasingly frequent pain, precipitated by  
progressively less exertion or even occurring at rest. 
Unstable angina is associated with plaque disruption 
and superimposed thrombosis, distal embolization of 
the thrombus, and/or vasospasm; it is often the harbin-
ger of MI, caused by complete vascular occlusion.
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Myocardial Infarction

Myocardial infarction (MI), also commonly referred to as 
“heart attack,” is necrosis of heart muscle resulting from isch-
emia. Roughly 1.5 million people per year in the United 
States suffer an MI; of these, one third die—half before they 
can get to the hospital. The major underlying cause of IHD 
is atherosclerosis; while MIs can occur at virtually any age, 
the frequency rises progressively with increasing age and with 
increasing atherosclerotic risk factors (Chapter 9). Neverthe-
less, approximately 10% of MIs occur before age 40, and 
45% occur before age 65. Blacks and whites are equally 
affected. Men are at significantly greater risk than women, 
although the gap progressively narrows with age. In 
general, women tend to be remarkably protected against 
MI during their reproductive years. However, menopause—
with declining estrogen production—is associated with 
exacerbation of coronary artery disease and IHD is the 
most common cause of death in elderly women.

PATHOGENESIS
The vast majority of MIs are caused by acute coro-
nary artery thrombosis (Fig. 10–7). In most instances, 
disruption of  preexisting atherosclerotic plaque serves as the 
nidus for thrombus generation, vascular occlusion, and sub-
sequent transmural infarction of  the downstream myocar-
dium. In 10% of  MIs, however, transmural infarction occurs 
in the absence of  occlusive atherosclerotic vascular disease; 
such infarcts are mostly attributable to coronary artery vaso-
spasm or to embolization from mural thrombi (e.g., in the 
setting of  atrial fibrillation) or valve vegetations. Occasionally, 
especially with infarcts limited to the innermost (subendocar-
dial) myocardium, thrombi or emboli may be absent. In such 
cases, severe diffuse coronary atherosclerosis leads to mar-
ginal perfusion of  the heart. In this setting, a prolonged period 
of  increased demand (e.g., due to tachycardia or hyperten-
sion) can lead to ischemic necrosis of  the myocardium most 
distal to the epicardial vessels. Finally, ischemia without 
detectable atherosclerosis or thromboembolic disease can  
be caused by disorders of  small intramyocardial arterioles, 
including vasculitis, amyloid deposition, or stasis, as in sickle 
cell disease.

Coronary Artery Occlusion. In a typical MI, the fol-
lowing sequence of  events takes place:
• An atheromatous plaque is suddenly disrupted by intra-

plaque hemorrhage or mechanical forces, exposing sub-
endothelial collagen and necrotic plaque contents to the 
blood.

• Platelets adhere, aggregate, and are activated, releasing 
thromboxane A2, adenosine diphosphate (ADP), and 
serotonin—causing further platelet aggregation and vaso-
spasm (Chapter 3).

• Activation of  coagulation by exposure of  tissue factor and 
other mechanisms adds to the growing thrombus.

• Within minutes, the thrombus can evolve to completely 
occlude the coronary artery lumen.

The evidence for this scenario derives from autopsy studies 
of  patients dying of  acute MI, as well as imaging studies dem-
onstrating a high frequency of  thrombotic occlusion early 

after MI. Angiography performed within 4 hours of  the onset 
of  MI demonstrates coronary thrombosis in almost 90% of  
cases. When angiography is performed 12 to 24 hours after 
onset of  symptoms, however, evidence of  thrombosis is seen 
in only 60% of  patients, even without intervention. Thus, 
at least some occlusions clear spontaneously through lysis  
of  the thrombus or relaxation of  spasm. This sequence of  
events in a typical MI also has therapeutic implications: Early 
thrombolysis and/or angioplasty can be highly successful in 
limiting the extent of  myocardial necrosis.

Myocardial Response to Ischemia. Loss of  the myocar-
dial blood supply leads to profound functional, biochemical, 
and morphologic consequences. Within seconds of  vascular 
obstruction, aerobic glycolysis ceases, leading to a drop in 
adenosine triphosphate (ATP) and accumulation of  poten-
tially noxious metabolites (e.g., lactic acid) in the cardiac 
myocytes. The functional consequence is a rapid loss of  
contractility, which occurs within a minute or so of  the onset 
of  ischemia. Ultrastructural changes (including myofibrillar 
relaxation, glycogen depletion, cell and mitochondrial swell-
ing) also become rapidly apparent. These early changes are 
potentially reversible. Only severe ischemia lasting at least 
20 to 40 minutes causes irreversible damage and myocyte 
death leading to coagulation necrosis (Chapter 1). With 
longer periods of  ischemia, vessel injury ensues, leading to 
microvascular thrombosis.

Thus, if  myocardial blood flow is restored before irrevers-
ible injury occurs, cell viability can be preserved; this is the 
rationale for early diagnosis of  MI, and for prompt interven-
tion by thrombolysis or angioplasty to salvage myocardium 
at risk. As discussed later, however, reperfusion also can have 
untoward effects. In addition, despite timely reperfusion, in 
the postischemic state, myocardium remains profoundly dys-
functional for at least several days. This defect is caused by 
persistent abnormalities in cellular biochemistry that result in 
a non-contractile state (stunned myocardium). Such stun-
ning can be severe enough to produce transient but revers-
ible cardiac failure.

Myocardial ischemia also contributes to arrhythmias, prob-
ably by causing electrical instability (irritability) of  
ischemic regions of  the heart. Although massive myocardial 
damage can cause a fatal mechanical failure, sudden cardiac 
death in the setting of  myocardial ischemia most often (in 
80% to 90% of  cases) is due to ventricular fibrillation caused 
by myocardial irritability.

Irreversible injury of  ischemic myocytes first occurs in the 
subendocardial zone (Fig. 10–8). This region is especially sus-
ceptible to ischemia because it is the last area to receive 
blood delivered by the epicardial vessels, and also because it 
is exposed to relatively high intramural pressures, which act 
to impede the inflow of  blood. With more prolonged isch-
emia, a wavefront of  cell death moves through other regions 
of  the myocardium, with the infarct usually achieving its full 
extent within 3 to 6 hours; in the absence of  intervention, 
the infarct can involve the entire wall thickness (transmural 
infarct). Clinical intercession within this critical window of  
time can lessen the size of  the infarct within the “territory at 
risk.”

Patterns of Infarction. The location, size, and morpho-
logic features of  an acute myocardial infarct depend on mul-
tiple factors:
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• The size and distribution of  the involved vessel (Fig. 
10–9)

• The rate of  development and the duration of  the 
occlusion

• Metabolic demands of  the myocardium (affected, for 
example, by blood pressure and heart rate)

• Extent of  collateral supply
Acute occlusion of  the proximal left anterior descending 
(LAD) artery is the cause of  40% to 50% of  all MIs and typi-
cally results in infarction of  the anterior wall of  the left ven-
tricle, the anterior two thirds of  the ventricular septum, and 
most of  the heart apex; more distal occlusion of  the same 
vessel may affect only the apex. Similarly, acute occlusion of  
the proximal left circumflex (LCX) artery (seen in 15% to 20% 
of  MIs) will cause necrosis of  the lateral left ventricle, and 
proximal right coronary artery (RCA) occlusion (30% to 40% 
of  MIs) affects much of  the right ventricle. The posterior third 
of  the septum and the posterior left ventricle are perfused 
by the posterior descending artery. The posterior descending 
artery can arise from either the RCA (in 90% of  people) or 
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Figure 10–8 Progression of  myocardial necrosis after coronary artery occlusion. A transmural segment of  myocardium that is dependent on the 
occluded vessel for perfusion constitutes the area at risk (outlined). Necrosis begins in the subendocardial region in the center of  the ischemic zone 
and with time expands to involve the entire wall thickness. Note that a very narrow zone of  myocardium immediately beneath the endocardium is 
spared from necrosis because it can be oxygenated by diffusion from the ventricle. 

the LCX. By convention, the coronary artery—either RCA 
or LCX—that gives rise to the posterior descending artery 
and thereby perfuses the posterior third of  the septum is 
considered the dominant vessel. Thus, in a right dominant 
heart, occlusion of  the RCA can lead to left ventricular 
ischemic injury, while in a left dominant heart, occlusion 
of  the left main coronary artery will generally affect the entire 
left ventricle and septum. Occasionally coronary occlusions 
are encountered in the left main coronary artery—a lesion 
dubbed a “widow maker” because so much myocardial ter-
ritory is supplied that acute obstructions of  the left main 
coronary artery typically are fatal. Occlusions may also affect 
secondary branches, such as the diagonal branches of  the 
LAD artery or marginal branches of  the LCX artery. By 
contrast, significant atherosclerosis or thrombosis of  pene-
trating intramyocardial branches of  coronary arteries is rare.

Even though the three major coronary arteries are end 
arteries, these epicardial vessels are interconnected by 
numerous intercoronary anastomoses (collateral circula-
tion). Although these channels normally are closed, gradual 
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Figure 10–9 Dependence of  myocardial infarction on the location and nature of  the diminished perfusion. Left, Patterns of  transmural infarction 
resulting from major coronary artery occlusion. Right ventricle may be involved with occlusion of  right main coronary artery (not depicted). Right, 
Patterns of  infarction resulting from partial or transient occlusion (top), global hypotension superimposed on fixed three-vessel disease (middle), or 
occlusion of  small intramyocardial vessels (bottom). 

narrowing of  one artery allows blood to flow from high to 
low pressure areas through the collateral channels. In this 
manner, gradual collateral dilation can provide adequate per-
fusion to areas of  the myocardium despite occlusion of  an 
epicardial vessel. Based on the size of  the involved vessel and 
the degree of  collateral circulation, myocardial infarcts may 
take one of  the following patterns.
• Transmural infarctions involve the full thickness of  the 

ventricle and are caused by epicardial vessel occlusion 
through a combination of  chronic atherosclerosis and 
acute thrombosis; such transmural MIs typically yield ST 
segment elevations on the electrocardiogram (ECG) and 
can have a negative Q waves with loss of  R wave ampli-
tude. These infarcts are also called ST elevated MIs 
(STEMIs).

• Subendocardial infarctions are MIs limited to the 
inner third of  the myocardium; these infarcts typically do 
not exhibit ST segment elevations or Q waves on the ECG 
tracing. As already mentioned, the subendocardial region 
is most vulnerable to hypoperfusion and hypoxia. Thus, in 
the setting of  severe coronary artery disease, transient 
decreases in oxygen delivery (as from hypotension, 
anemia, or pneumonia) or increases in oxygen demand (as 
with tachycardia or hypertension) can cause subendocar-
dial ischemic injury. This pattern also can occur when an 
occlusive thrombus lyses before a full-thickness infarction 
can develop.

• Microscopic infarcts occur in the setting of  small vessel 
occlusions and may not show any diagnostic ECG changes. 
These can occur in the setting of  vasculitis, embolization 
of  valve vegetations or mural thrombi, or vessel spasm 
due to elevated catecholamines—either endogenous (e.g., 
pheochromocytoma or extreme stress), or exogenous 
(e.g., cocaine).

MORPHOLOGY
Nearly all transmural infarcts (involving 50% or more of  the 
ventricle thickness) affect at least a portion of  the left ven-
tricle and/or interventricular septum. Roughly 15% to 30% 
of  MIs that involve the posterior or posteroseptal wall also 
extend into the right ventricle. Isolated right ventricle infarcts 
occur in only 1% to 3% of  cases. Even in transmural infarcts, 
a narrow rim (approximately 0.1 mm) of  viable subendocar-
dial myocardium is preserved by diffusion of  oxygen and 
nutrients from the ventricular lumen.

The gross and microscopic appearance of  an MI depends 
on the age of  the injury. Areas of  damage progress through 
a highly characteristic sequence of  morphologic changes from 
coagulative necrosis, to acute and then chronic inflammation, 
to fibrosis (Table 10–3). Myocardial necrosis proceeds invari-
ably to scar formation without any significant regeneration; 
studies looking at whether tissue stem cells can be used to 
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infarcted zone is progressively replaced by granulation tissue 
(most prominent 1 to 2 weeks after MI), which in turn forms 
the provisional scaffolding upon which dense collagenous scar 
forms. In most instances, scarring is well advanced by the end 
of  the sixth week, but the efficiency of  repair depends on the 
size of  the original lesion. Healing requires the migration of  

ime Frame ross Features ight Microscopic Findings lectron Microscopic Findings

Reversible In ury
0 11

2−  hours None None Rela ation of myo brils  glycogen 
loss  mitochondrial s elling

Irreversible In ury
1
2 4−  hours None Usually none  variable aviness of bers at border Sarcolemmal disruption  

mitochondrial amorphous densities

 hours ccasionally dark mottling Beginning coagulation necrosis  edema  hemorrhage

 hours Dark mottling ngoing coagulation necrosis  pyknosis of nuclei  
hypereosinophilic appearance of myocytes  marginal 
contraction band necrosis  beginning neutrophilic 
in ltrate

 days Mottling ith yello tan infarct 
center

Coagulation necrosis ith loss of nuclei and 
striations  interstitial in ltrate of neutrophils

 days Hyperemic border  central 
yello tan softening

Beginning disintegration of dead myo bers, ith 
dying neutrophils  early phagocytosis of dead cells 
by macrophages at infarct border

 days Ma imally yello tan and soft, 
ith depressed red tan margins

Well developed phagocytosis of dead cells  early 
formation of brovascular granulation tissue at 
margins

 days Red gray depressed infarct 
borders

Well established granulation tissue ith ne  blood 
vessels and collagen deposition

 eeks ray hite scar, progressive from 
border to ard core of infarct

Increased collagen deposition, ith decreased 
cellularity

>  months Scarring complete Dense collagenous scar

Table 1 –  volution of Morphologic Changes in Myocardial Infarction

Figure 10–10 Acute myocardial infarct of  the posterolateral left ven-
tricle demonstrated by a lack of  triphenyltetrazolium chloride staining in 
areas of  necrosis (arrow); the absence of  staining is due to enzyme leakage 
after cell death. Note the anterior scar (arrowhead), indicative of  remote 
infarction. The myocardial hemorrhage at the right edge of  the infarct 
(asterisk) is due to ventricular rupture, and was the acute cause of  death 
in this patient (specimen is oriented with the posterior wall at the top). 

regenerate functional myocardium are ongoing but have yet 
to bear fruit.

Recognition of  very recent myocardial infarcts can be chal-
lenging, particularly when death occurs within a few hours. 
Myocardial infarcts less than 12 hours old usually are 
not grossly apparent. However, infarcts more than 3 
hours old can be visualized by exposing myocardium to vital 
stains, such as triphenyltetrazolium chloride, a substrate for 
lactate dehydrogenase. Because this enzyme is depleted in 
the area of  ischemic necrosis (it leaks out of  the damaged 
cells), the infarcted area is unstained (pale), while old scars 
appear white and glistening (Fig. 10–10). By 12 to 24 hours 
after MI, an infarct usually can be grossly identified 
by a red-blue discoloration caused by stagnated, 
trapped blood. Thereafter, infarcts become progressively 
better delineated as soft, yellow-tan areas; by 10 to 14 days, 
infarcts are rimmed by hyperemic (highly vascularized) granu-
lation tissue. Over the succeeding weeks, the infarcted tissue 
evolves to a fibrous scar.

The microscopic appearance also undergoes a character-
istic sequence of  changes (Table 10–3 and Figure 10–11). 
Typical features of  coagulative necrosis (Chapter 1) become 
detectable within 4 to 12 hours of  infarction. “Wavy fibers” 
also can be present at the edges of  an infarct; these reflect 
the stretching and buckling of  noncontractile dead fibers. 
Sublethal ischemia can also induce intracellular myocyte 
vacuolization; such myocytes are viable but frequently are 
poorly contractile.

Necrotic myocardium elicits acute inflammation (typically 
most prominent 1 to 3 days after MI), followed by a wave of  
macrophages that remove necrotic myocytes and neutrophil 
fragments (most pronounced by 5 to 10 days after MI). The 
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Figure 10–11 Microscopic features of  myocardial infarction and its repair. A, One-day-old infarct showing coagulative necrosis and wavy fibers, 
compared with adjacent normal fibers (at right). Necrotic cells are separated by edema fluid. B, Dense neutrophilic infiltrate in the area of  a 2- to 
3-day-old infarct. C, Nearly complete removal of  necrotic myocytes by phagocytic macrophages (7 to 10 days). D, Granulation tissue characterized 
by loose connective tissue and abundant capillaries. E, Healed myocardial infarct consisting of  a dense collagenous scar. A few residual cardiac muscle 
cells are present. D and E are Masson’s trichrome stain, which stains collagen blue. 

inflammatory cells and ingrowth of  new vessels from the 
infarct margins. Thus, an MI heals from its borders toward 
the center, and a large infarct may not heal as fast or as 
completely as a small one. Once an MI is completely healed, 
it is impossible to distinguish its age: Whether present for 8 
weeks or 10 years, fibrous scars look the same.

Infarct Modi cation y Reperfusion
The therapeutic goal in acute MI is to salvage the maximal 
amount of ischemic myocardium; this is accomplished by 
restoration of tissue perfusion as quickly as possible (hence 
the adage “time is myocardium”). Such reperfusion is 
achieved by thrombolysis (dissolution of thrombus by 
tissue plasminogen activator), angioplasty, or coronary 
arterial bypass graft. Unfortunately, while preservation of 
viable (but at-risk) heart can improve both short- and long-
term outcomes, reperfusion is not an unalloyed blessing. 
Indeed, restoration of blood flow into ischemic tissues can 
incite greater local damage than might otherwise have 
occurred—so-called reperfusion injury. The factors that 

contribute to reperfusion injury include: 1) Mitochondrial 
dysfunction: ischemia alters the mitochondrial membrane 
permeability, which allows proteins to move into the mito-
chondria. This leads to swelling and rupture of the outer 
membrane, releasing mitochondrial contents that promote 
apoptosis; 2) Myocyte hypercontracture: during periods of 
ischemia the intracellular levels of calcium are increased  
as a result of impaired calcium cycling and sarcolemmal 
damage. After reperfusion the contraction of myofibrils is 
augmented and uncontrolled, causing cytoskeletal damage 
and cell death; 3) Free radicals including superoxide  
anion (•O2), hydrogen peroxide (H2O2), hypochlorous acid 
(HOCl), nitric oxide–derived peroxynitrite, and hydroxyl 
radicals (•OH) are produced within minutes of reperfusion 
and cause damage to the myocytes by altering membrane 
proteins and phospholipids; 4) Leukocyte aggregation, 
which may occlude the microvasculature and contribute  
to the “no-reflow” phenomenon. Further, leukocytes  
elaborate proteases and elastases that cause cell death; 5) 
Platelet and complement activation also contribute to 
microvascular injury. Complement activation is thought to 
play a role in the no-reflow phenomenon by injuring the 
endothelium.



C H A P T E R  10382 Heart

Figure 10–12 Reperfused myocardial infarction. A, The transverse heart slice (stained with triphenyl tetrazolium chloride) exhibits a large anterior 
wall myocardial infarction that is hemorrhagic because of  bleeding from damaged vessels. Posterior wall is at top. B, Hemorrhage and contraction bands, 
visible as prominent hypereosinophilic cross-striations spanning myofibers (arrow), are seen microscopically. 

A B

Figure 10-13 Multiple measurements of  troponin I and myocardial form 
of  creatine kinase (CK-MB) at different time points can be used to esti-
mate the size and timing of  MIs. 
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The typical appearance of reperfused myocardium in 
the setting of an acute MI is shown in Figure 10–12. Such 
infarcts typically are hemorrhagic as a consequence of  
vascular injury and leakiness. Microscopically, irreversibly 
damaged myocytes subject to reperfusion show contraction 
band necrosis; in this pathologic process, intense eosino-
philic bands of hypercontracted sarcomeres are created by 
an influx of calcium across plasma membranes that 
enhances actin-myosin interactions. In the absence of ATP, 
the sarcomeres cannot relax and get stuck in an agonal 
tetanic state. Thus, while reperfusion can salvage reversibly 
injured cells, it also alters the morphology of irreversibly injured 
cells.

Clinical Features
The classic MI is heralded by severe, crushing substernal 
chest pain (or pressure) that can radiate to the neck, jaw, 
epigastrium, or left arm. In contrast to angina pectoris, the 
associated pain typically lasts several minutes to hours, 
and is not relieved by nitroglycerin or rest. However, in a 
substantial minority of patients (10% to 15%), MIs have 
atypical signs and symptoms and may even be entirely 
asymptomatic. Such “silent” infarcts are particularly 
common in patients with underlying diabetes mellitus (in 
which autonomic neuropathies may prevent perception of 
pain) and in elderly persons.

The pulse generally is rapid and weak, and patients  
are often diaphoretic and nauseous (particularly with  
posterior wall MIs). Dyspnea is common, attributable to 
impaired myocardial contractility and dysfunction of the 
mitral valve apparatus, with resultant acute pulmonary 
congestion and edema. With massive MIs (involving more 
than 40% of the left ventricle), cardiogenic shock 
develops.

Electrocardiographic abnormalities are important for the 
diagnosis of MI; these include Q waves, ST segment 
changes, and T wave inversions (the latter two represent-
ing abnormalities in myocardial repolarization). Arrhyth-
mias caused by electrical abnormalities in ischemic 
myocardium and conduction system are common; indeed, 
sudden cardiac death from a lethal arrhythmia accounts for 

the vast majority of MI-related deaths occurring before 
hospitalization.

The laboratory evaluation of MI is based on measuring 
blood levels of macromolecules that leak out of injured 
myocardial cells through damaged cell membranes (Fig. 
10–13); these molecules include myoglobin, cardiac tropo-
nins T and I (TnT, TnI), creatine kinase (CK) (specifically 
the myocardial isoform, CK-MB), and lactate dehydroge-
nase. Troponins and CK-MB have high specificity and sen-
sitivity for myocardial damage.
• CK-MB remains a valuable marker of myocardial injury, 

second only to the cardiac-specific troponins (see next 
entry). Total CK activity is not a reliable marker of 
cardiac injury since various isoforms of CK are also 
found in brain, myocardium, and skeletal muscle. 
However, the CK-MB isoform—principally derived 



383Ischemic Heart Disease

out-of-hospital mortality is substantially worse: A third of 
persons with ST elevation MIs (STEMIs) will die, usually 
of an arrhythmia within an hour of symptom onset, before 
they receive appropriate medical attention. Such statistics 
make the rising rate of coronary artery disease in develop-
ing countries with scarce hospital facilities all the more 
worrisome.

Nearly three fourths of patients experience one or more 
of the following complications after an acute MI (Fig. 
10–14):

• Contractile dysfunction. In general, MIs affect left ven-
tricular pump function in proportion to the volume  
of damage. In most cases, there is some degree of left 
ventricular failure manifested as hypotension, pulmo-
nary congestion, and pulmonary edema. Severe “pump 
failure” (cardiogenic shock) occurs in roughly 10% of 
patients with transmural MIs and typically is associated 
with infarcts that damage 40% or more of the left 
ventricle.

• Papillary muscle dysfunction. Although papillary muscles 
rupture infrequently after MI, they often are dysfunc-
tional and can be poorly contractile as a result of 

Figure 10–14 Complications of  myocardial infarction. A–C, Cardiac rupture. A, Anterior free wall myocardial rupture (arrow). B, Ventricular septal 
rupture (arrow). C, Papillary muscle rupture. D, Fibrinous pericarditis, with a hemorrhagic, roughened epicardial surface overlying an acute infarct. 
E, Recent expansion of  an anteroapical infarct with wall stretching and thinning (arrow) and mural thrombus. F, Large apical left ventricular aneurysm 
(arrow). 
(A–E, Reproduced by permission from Schoen FJ: Interventional and Surgical Cardiovascular Pathology: Clinical Correlations and Basic Principles. Philadelphia, WB Saunders, 1989; F, Courtesy of 
William D. Edwards, MD, Mayo Clinic, Rochester, Minnesota.)
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from myocardium, but also present at low levels in skel-
etal muscle—is the more specific indicator of heart 
damage. CK-MB activity begins to rise within 2 to 4 
hours of MI, peaks at 24 to 48 hours, and returns to 
normal within approximately 72 hours.

• TnI and TnT normally are not found in the circulation; 
however, after acute MI, both are detectable within 2 to 
4 hours, with levels peaking at 48 hours and remaining 
elevated for 7 to 10 days. Although cardiac troponin and 
CK-MB are equally sensitive markers of the early stages 
of an MI, persistence of elevated troponin levels for 
approximately 10 days allows the diagnosis of an acute 
MI long after CK-MB levels have returned to normal. 
With reperfusion, both troponin and CK-MB levels may 
peak earlier owing to more rapid washout of the enzyme 
from the necrotic tissue.

Conse uences and Co plications  
of Myocardial Infarction
Extraordinary progress has been made in improving 
patient outcomes after acute MI; the overall in-hospital 
death rate for MI is approximately 7%. Unfortunately, 
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of mural thrombi, arrhythmias, and heart failure, they 
do not rupture.

• Progressive late heart failure. Discussed later on as “chronic 
IHD.”

The risk of developing complications and the prognosis 
after MI depend on infarct size, site, and type (subendocar-
dial versus transmural infarct). Thus, large transmural 
infarcts are associated with a higher probability of cardio-
genic shock, arrhythmias, and late CHF, and patients with 
anterior transmural MIs are at greatest risk for free wall 
rupture, expansion, formation of mural thrombi, and aneu-
rysm formation. By contrast, posterior transmural infarcts 
are more likely to be complicated by serious conduction 
blocks, right ventricular involvement, or both; when acute-
onset VSDs occur in this area, they are more difficult to 
manage. Overall, patients with anterior infarcts have a 
much worse clinical course than those with posterior 
infarcts. With subendocardial infarcts, thrombi may form 
on the endocardial surface, but pericarditis, rupture, and 
aneurysms rarely occur.

In addition to the aforementioned scarring, the remain-
ing viable myocardium attempts to compensate for the loss 
of contractile mass. Noninfarcted regions undergo hyper-
trophy and dilation; in combination with the scarring and 
thinning of the infarcted zones, the changes are collectively 
termed ventricular remodeling. The initial compensatory 
hypertrophy of noninfarcted myocardium is hemodynami-
cally beneficial. The adaptive effect of remodeling can be 
overwhelmed, however, and ventricular function may 
decline in the setting of expansion and ventricular aneu-
rysm formation.

Long-term prognosis after MI depends on many factors, 
the most important of which are left ventricular function 
and the severity of atherosclerotic narrowing of vessels 
perfusing the remaining viable myocardium. The overall 
mortality rate within the first year is about 30%, including 
deaths occurring before the patient reaches the hospital. 
Thereafter, the annual mortality rate is 3% to 4%.

Chronic Ischemic Heart Disease

Chronic IHD, also called ischemic cardiomyopathy, is essen-
tially progressive heart failure secondary to ischemic myo-
cardial damage. In most instances, there is a history of 
previous MI. In this setting, chronic IHD appears when the 
compensatory mechanisms (e.g., hypertrophy) of residual 
viable myocardium begin to fail. In other cases, severe 
obstructive CAD can cause diffuse myocardial dysfunction 
without frank infarction.

ischemia, leading to postinfarct mitral regurgitation. 
Much later, papillary muscle fibrosis and shortening or 
global ventricular dilation also can cause mitral valve 
insufficiency.

• Right ventricular infarction. Although isolated right ven-
tricular infarction occurs in only 1% to 3% of MIs, the 
right ventricle frequently is injured in association with 
septal or left ventricular infarction. In either case, right-
sided heart failure is a common outcome, leading to 
venous circulation pooling and systemic hypotension.

• Myocardial rupture. Rupture complicates only 1% to 5% 
of MIs but is frequently fatal when it occurs. Left ven-
tricular free wall rupture is most common, usually 
resulting in rapidly fatal hemopericardium and cardiac 
tamponade (Fig. 10–14, A). Ventricular septal rupture 
creates a VSD with left-to-right shunting (Fig. 10–14, B), 
and papillary muscle rupture leads to severe mitral 
regurgitation (Fig. 10–14, C). Rupture occurs most com-
monly within 3 to 7 days after infarction—the time in 
the healing process when lysis of myocardial connective 
tissue is maximal and when much of the infarct has been 
converted to soft, friable granulation tissue. Risk factors 
for free wall rupture include age older than 60 years, 
anterior or lateral wall infarctions, female gender, lack 
of left ventricular hypertrophy, and first MI (as scarring 
associated with prior MIs tends to limit the risk of myo-
cardial tearing).

• Arrhythmias. MIs lead to myocardial irritability and con-
duction disturbances that can cause sudden death. Approxi-
mately 90% of patients develop some form of rhythm 
disturbance, with the incidence being higher in STEMIs 
versus non-STEMIs. MI-associated arrhythmias include 
heart block of variable degree (including asystole), bra-
dycardia, supraventricular tachyarrhythmias, ventricu-
lar premature contractions or ventricular tachycardia, 
and ventricular fibrillation. The risk of serious arrhyth-
mias (e.g., ventricular fibrillation) is greatest in the first 
hour and declines thereafter.

• Pericarditis. Transmural MIs can elicit a fibrinohemor-
rhagic pericarditis; this is an epicardial manifestation of 
the underlying myocardial inflammation (Fig. 10–14, D). 
Heralded by anterior chest pain and a pericardial fric-
tion rub, pericarditis typically appears 2 to 3 days after 
infarction and then gradually resolves over the next few 
days. Extensive infarcts or severe pericardial inflamma-
tion occasionally can lead to large effusions or can orga-
nize to form dense adhesions that eventually manifest 
as a constrictive lesion.

• Chamber dilation. Because of the weakening of necrotic 
muscle, there may be disproportionate stretching, thin-
ning, and dilation of the infarcted region (especially 
with anteroseptal infarcts).

• Mural thrombus. With any infarct, the combination of 
attenuated myocardial contractility (causing stasis) and 
endocardial damage (causing a thrombogenic surface) 
can foster mural thrombosis (Fig. 10–14, E), eventually 
leading to left-sided thromboembolism.

• Ventricular aneurysm. A late complication, aneurysms of 
the ventricle most commonly result from a large trans-
mural anteroseptal infarct that heals with the formation 
of a thinned wall of scar tissue (Fig. 10–14, F). Although 
ventricular aneurysms frequently give rise to formation 

MORPHOLOGY
Patients with chronic IHD typically exhibit left ventricular 
dilation and hypertrophy, often with discrete areas of  
gray-white scarring from previous healed infarcts. Invariably, 
there is moderate to severe atherosclerosis of  the coronary 
arteries, sometimes with total occlusion. The endocardium 
generally shows patchy, fibrous thickening, and mural thrombi 
may be present. Microscopic findings include myocardial 
hypertrophy, diffuse subendocardial myocyte vacuolization, 
and fibrosis from previous infarction.
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Clinical Features
Severe, progressive heart failure characterizes chronic IHD, 
occasionally punctuated by new episodes of angina or 
infarction. Arrhythmias, CHF, and intercurrent MI account 
for most of the associated morbidity and mortality.

Cardiac Stem Cells

Because of the serious morbidity associated with IHD, 
there is much interest in exploring the possibility of using 
cardiac stem cells to replace the damaged myocardium. 
Although cardiac regeneration in metazoans (such as newts 
and zebrafish) is well described, the myocardium of higher-
order animals is classically considered a postmitotic cell 
population without replicative potential. Increasing evi-
dence, however, points to the presence of bone marrow–
derived precursors—as well as a small resident stem cell 
population within the myocardium—capable of repopulat-
ing the mammalian heart. These cells are characterized  
by the expression of a cluster of cell surface markers that 
allow their isolation and purification. Besides self-renewal, 
these cardiac stem cells generate all cell lineages seen 
within the myocardium. Like all other tissue stem cells, 
they occur in very low frequency. They have a slow intrin-
sic rate of proliferation, which is greatest in neonates and 
decreases with age. Of interest, stem cell numbers and 
progeny increase after myocardial injury or hypertrophy, 
albeit to a limited extent, since hearts that suffer an MI 
clearly do not recover any significant function in the 
necrotic zone. Nevertheless, the potential for stimulating 
the proliferation of these cells in vivo is tantalizing because 
it could facilitate recovery of myocardial function after 
acute MI or chronic IHD. Conversely, ex vivo expansion 
and subsequent administration of such cells after an MI  
is another area of vigorous investigation. Unfortunately, 
results thus far have been less than exciting. Implanted 
stem cells may show some cardiomyocyte differentiation, 
but the durability of this benefit has been limited, and they 
do not contribute significantly to the restoration of contrac-
tile force; moreover, aberrant integration into the conduct-
ing system of the host heart carries the risk of formation of 
autonomous arrhythmic foci.

SUMMARY
Ischemic Heart Disease
• In the vast majority of cases, cardiac ischemia is due to 

coronary artery atherosclerosis; vasospasm, vasculitis, and 
embolism are less common causes.

• Cardiac ischemia results from a mismatch between coro-
nary supply and myocardial demand and manifests as dif-
ferent, albeit overlapping syndromes:
! Angina pectoris is exertional chest pain due to inade-

quate perfusion, and is typically due to atherosclerotic 
disease causing greater than 70% fixed stenosis 
(so-called critical stenosis).

! Unstable angina results from a small fissure or rupture 
of atherosclerotic plaque triggering platelet aggregation, 
vasoconstriction, and formation of a mural thrombus 
that need not necessarily be occlusive.

ARRHYTHMIAS
As is well known, the heart contains specialized conduc-
tion system consisting of excitatory myocytes that regulate 
the rate and rhythm of cardiac contraction and are essential 
for normal cardiac function. This system is influenced by 
direct neural inputs (e.g., vagal stimulation), adrenergic 
agents (e.g., epinephrine [adrenaline]), hypoxia, and potas-
sium concentrations (i.e., hyperkalemia can block signal 
transmission altogether). The components of the conduc-
tion system include (1) the sinoatrial (SA) node pacemaker 
(located at the junction of the right atrial appendage  
and superior vena cava), (2) the atrioventricular (AV) node 
(located in the right atrium along the atrial septum), (3) the 
bundle of His, connecting the right atrium to the ventricular 
septum, and the subsequent divisions into (4) the right  
and left bundle branches that stimulate their respective 
ventricles.

Abnormalities in myocardial conduction can be sus-
tained or sporadic (paroxysmal). Aberrant rhythms can be 
initiated anywhere in the conduction system, from the SA 
node down to the level of an individual myocyte; they are 
typically designated as originating from the atrium (supra-
ventricular) or within the ventricular myocardium. Arrhyth-
mias can manifest as tachycardia (fast heart rate), bradycardia 
(slow heart rate), an irregular rhythm with normal ven-
tricular contraction, chaotic depolarization without func-
tional ventricular contraction (ventricular fibrillation), or no 
electrical activity at all (asystole). Patients may be unaware 
of a rhythm disorder or may note a “racing heart” or pal-
pitations; loss of adequate cardiac output due to sustained 
arrhythmia can produce lightheadedness (near syncope), 
loss of consciousness (syncope), or sudden cardiac death (see 
further on).

! Acute myocardial infarction typically results from acute 
thrombosis after plaque disruption; a majority occur  
in plaques that did not previously exhibit critical 
stenosis.

! Sudden cardiac death usually results from a fatal arrhyth-
mia, typically without significant acute myocardial 
damage.

! Ischemic cardiomyopathy is progressive heart failure due 
to ischemic injury, either from previous infarction(s) or 
chronic ischemia.

• Myocardial ischemia leads to loss of myocyte function 
within 1 to 2 minutes but causes necrosis only after 20 
to 40 minutes. Myocardial infarction is diagnosed on the 
basis of symptoms, electrocardiographic changes, and 
measurement of serum CK-MB and troponins. Gross and 
histologic changes of infarction require hours to days to 
develop.

• Infarction can be modified by therapeutic intervention 
(e.g., thrombolysis or stenting), which salvages myocar-
dium at risk but may also induce reperfusion-related 
injury.

• Complications of infarction include ventricular rupture, 
papillary muscle rupture, aneurysm formation, mural 
thrombus, arrhythmia, pericarditis, and CHF.
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Ischemic injury is the most common cause of rhythm disor-
ders, because of direct damage or due to the dilation of 
heart chambers with consequent alteration in conduction 
system firing.

Far less common are inherited causes of arrhythmias. 
These are caused by mutations in genes that regulate 
various ion channels that regulate depolarization and repo-
larization of myocardial cells. Such channelopathies are 
important (but fortunately uncommon) substrates for fatal 
arrhythmias. They underlie some cases of sudden cardiac 
death, which is discussed next.

Sudden Cardiac Death

Sudden cardiac death (SCD) most commonly is defined  
as sudden death, typically due to sustained ventricular 
arrhythmias in individuals who have underlying structural 
heart disease which may or may not have been symptom-
atic in the past. Some 300,000 to 400,000 persons are victims 
of SCD each year in the United States alone. Coronary 
artery disease is the leading cause of death, being respon-
sible for 80% to 90% of cases; unfortunately, SCD often is 
the first manifestation of IHD. Of interest, autopsy typi-
cally shows only chronic severe atherosclerotic disease; 
acute plaque disruption is found in only 10% to 20% of 
cases. Healed remote MIs are present in about 40% of the 
cases.

In younger victims of SCD, other, nonatherosclerotic 
causes are more common, including:
• Hereditary (channelopathies) or acquired abnormalities 

of the cardiac conduction system
• Congenital coronary arterial abnormalities
• Mitral valve prolapse
• Myocarditis or sarcoidosis
• Dilated or hypertrophic cardiomyopathy
• Pulmonary hypertension
• Myocardial hypertrophy. Increased cardiac mass is an 

independent risk factor for SCD; thus, in some young 
persons who die suddenly, including athletes, hyperten-
sive hypertrophy or unexplained increased cardiac mass 
is the only pathologic finding.

The ultimate mechanism of SCD most often is a lethal arrhyth-
mia (e.g., asystole or ventricular fibrillation). Of note, 
frank infarction need not occur; 80% to 90% of patients  
who suffer SCD but are successfully resuscitated do not 
show any enzymatic or ECG evidence of myocardial 
necrosis—even if the original cause was IHD! Although 
ischemic injury (and other pathologic conditions) can 
directly affect the major components of the conduction 
system, most cases of fatal arrhythmia are triggered by 
electrical irritability of myocardium distant from the con-
duction system.

The relationship of coronary artery disease to the  
various clinical end points discussed earlier is depicted in 
Figure 10–15.

The prognosis for patients vulnerable to SCD is  
markedly improved by medical intervention, particularly 
by implantation of automatic cardioverter-defibrillators 
that sense and electrically counteract episodes of ventricu-
lar fibrillation.

Figure 10–15 Pathways in the progression of  ischemic heart disease 
showing the relationships among coronary artery disease and its major 
sequelae. 

CORONARY ARTERY DISEASE

Chronic ischemic heart disease

Congestive heart failure

Myocardial
ischemia

Acute plaque
change; coronary
artery thrombosis

MYOCARDIAL INFARCTION
with muscle loss
and arrhythmias

Ventricular
remodeling

Infarct
healing

Hypertrophy,
dilation of

viable muscle

Myocardial ischemia
of increased severity

and duration

SUDDEN CARDIAC DEATH

SUMMARY
Arrhythmias
• Arrhythmias can be caused by ischemic or structural 

changes in the conduction system or by myocyte electrical 
instability. In structurally normal hearts, arrhythmias more 
often are due to mutations in ion channels that cause 
aberrant repolarization or depolarization.

• SCD most frequently is due to coronary artery disease 
leading to ischemia. Myocardial irritability typically results 
from nonlethal ischemia or from preexisting fibrosis from 
previous myocardial injury. SCD less often is due to acute 
plaque rupture with thrombosis that induces a rapidly fatal 
arrhythmia.

HYPERTENSIVE HEART DISEASE
As discussed in Chapter 9, hypertension is a common 
disorder associated with considerable morbidity and affect-
ing many organs, including the heart, brain, and kidneys. 
The comments here will focus specifically on the major 
cardiac complications of hypertension, which result from 
pressure overload and ventricular hypertrophy. Myocyte 
hypertrophy is an adaptive response to pressure overload; 
there are limits to myocardial adaptive capacity, however, 
and persistent hypertension eventually can culminate  
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in dysfunction, cardiac dilation, CHF, and even sudden 
death. Although hypertensive heart disease most com-
monly affects the left side of the heart secondary to sys-
temic hypertension, pulmonary hypertension also can 
cause right-sided hypertensive changes—so-called cor 
pulmonale.

Systemic (Left-Sided) Hypertensive Heart Disease

The criteria for the diagnosis of systemic hypertensive 
heart disease are (1) left ventricular hypertrophy in the 
absence of other cardiovascular pathology (e.g., valvular 
stenosis), and (2) a history or pathologic evidence of hyper-
tension. The Framingham Heart Study established unequiv-
ocally that even mild hypertension (above 140/90 mm Hg), 
if sufficiently prolonged, induces left ventricular hypertro-
phy. Roughly 25% of the U.S. population suffers from at 
least this degree of hypertension.

MORPHOLOGY
As discussed earlier, systemic hypertension imposes pressure 
overload on the heart and is associated with gross and micro-
scopic changes somewhat distinct from those caused by 
volume overload. The essential feature of  systemic hyperten-
sive heart disease is left ventricular hypertrophy, typi-
cally without ventricular dilation until very late in the process  
(Fig. 10–16, A). The heart weight can exceed 500 g (normal, 
320 to 360 g), and the left ventricular wall thickness can 
exceed 2.0 cm (normal, 1.2 to 1.4 cm). With time, the 
increased left ventricular wall thickness imparts a stiffness that 
impairs diastolic filling and can result in left atrial dilation. In 

A B

Figure 10–16 Hypertensive heart disease. A, Systemic (left-sided) hypertensive heart disease. There is marked concentric thickening of  the left 
ventricular wall causing reduction in lumen size. The left ventricle and left atrium are on the right in this four-chamber view of  the heart. A pacemaker 
is present incidentally in the right ventricle (arrow). Note also the left atrial dilation (asterisk) due to stiffening of  the left ventricle and impaired diastolic 
relaxation, leading to atrial volume overload. B, Chronic cor pulmonale. The right ventricle (shown on the left side of  this picture) is markedly dilated 
and hypertrophied with a thickened free wall and hypertrophied trabeculae. The shape and volume of  the left ventricle have been distorted by the 
enlarged right ventricle. 

long-standing systemic hypertensive heart disease leading to 
congestive failure, the ventricle typically is dilated.

Microscopically, the transverse diameter of  myocytes is 
increased and there is prominent nuclear enlargement and 
hyperchromasia (“boxcar nuclei”), as well as intercellular 
fibrosis.

Clinical Features
Compensated hypertensive heart disease typically is 
asymptomatic and is suspected only from discovery of 
elevated blood pressure on routine physical exams, or from 
ECG or echocardiographic findings of left ventricular 
hypertrophy. In some patients, the disease comes to atten-
tion with the onset of atrial fibrillation (secondary to left 
atrial enlargement) and/or CHF. The mechanisms by 
which hypertension leads to heart failure are incompletely 
understood; presumably the hypertrophic myocytes fail to 
contract efficiently, possibly due to structural abnormali-
ties in newly assembled sarcomeres and because the vas-
cular supply is inadequate to meet the demands of the 
increased muscle mass. Depending on the severity and 
duration of the condition, the underlying cause of hyper-
tension, and the adequacy of therapeutic control, patients 
can (1) enjoy normal longevity and die of unrelated causes, 
(2) develop progressive IHD owing to the effects of hyper-
tension in potentiating coronary atherosclerosis, (3) suffer 
progressive renal damage or cerebrovascular stroke, or (4) 
experience progressive heart failure. The risk of sudden 
cardiac death also is increased. Effective hypertension 
control can prevent or lead to the regression of cardiac 
hypertrophy and its attendant risks.
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VALVULAR HEART DISEASE
Valvular disease results in stenosis or insufficiency (regur-
gitation or incompetence), or both.
• Stenosis is the failure of a valve to open completely, obstruct-

ing forward flow. Valvular stenosis is almost always due 
to a primary cuspal abnormality and is virtually always 
a chronic process (e.g., calcification or valve scarring).

• Insufficiency results from failure of a valve to close completely, 
thereby allowing regurgitation (backflow) of blood. Valvular 
insufficiency can result from either intrinsic disease of 
the valve cusps (e.g., endocarditis) or disruption of the 
supporting structures (e.g., the aorta, mitral annulus, 
tendinous cords, papillary muscles, or ventricular free 
wall) without primary cuspal injury. It can appear 
abruptly, as with chordal rupture, or insidiously as a 
consequence of leaflet scarring and retraction.

Stenosis or regurgitation can occur alone or together in the 
same valve. Valvular disease can involve only one valve 
(the mitral valve being the most common target), or more 
than one valve. Abnormal flow through diseased valves 
typically produces abnormal heart sounds called murmurs; 
severe lesions can even be palpated as thrills. Depending 
on the valve involved, murmurs are best heard at different 
locations on the chest wall; moreover, the nature (regurgi-
tation versus stenosis) and severity of the valvular disease 
determines the quality and timing of the murmur (e.g., 
harsh systolic or soft diastolic murmurs).

The outcome of valvular disease depends on the valve 
involved, the degree of impairment, the tempo of its devel-
opment, and the effectiveness of compensatory mecha-
nisms. For example, sudden destruction of an aortic valve 
cusp by infection can cause massive regurgitation and the 
abrupt onset of cardiac failure. By contrast, rheumatic 
mitral stenosis usually progresses over years, and its clini-
cal effects can be well tolerated until late in the course.

Valvular abnormalities can be congenital or acquired. By 
far the most common congenital valvular lesion is a bicus-
pid aortic valve, containing only two functional cusps instead 
of the normal three; this malformation occurs with 

Pulmonary Hypertensive Heart  
Disease—Cor Pulmonale

Cor pulmonale consists of right ventricular hypertrophy and 
dilation—frequently accompanied by right heart failure—
caused by pulmonary hypertension attributable to primary dis-
orders of the lung parenchyma or pulmonary vasculature (Table 
10–4). Right ventricular dilation and hypertrophy caused 
by left ventricular failure (or by congenital heart disease) 
is substantially more common but is excluded by this 
definition.

Cor pulmonale can be acute in onset, as with pulmonary 
embolism, or can have a slow and insidious onset when 
due to prolonged pressure overloads in the setting of 
chronic lung and pulmonary vascular disease (Table 
10–4).

MORPHOLOGY
In acute cor pulmonale, the right ventricle usually shows 
only dilation; if  an embolism causes sudden death, the heart 
may even be of  normal size. Chronic cor pulmonale is 
characterized by right ven tricular (and often right atrial) 
hypertrophy. In extreme cases, the thickness of  the right 
ventricular wall may be comparable with or even exceed that 
of  the left ventricle (Fig. 10–16, B). When ventricular failure 
develops, the right ventricle and atrium often are dilated. 
Because chronic cor pulmonale occurs in the setting of  pul-
monary hypertension, the pulmonary arteries often contain 
atheromatous plaques and other lesions, reflecting long-
standing pressure elevations.

SUMMARY
Hypertensive Heart Disease
• Hypertensive heart disease can affect either the left ven-

tricle or the right ventricle; in the latter case, the disorder 
is called cor pulmonale. Elevated pressures induce myocyte 
hypertrophy and interstitial fibrosis that increases wall 
thickness and stiffness.

• The chronic pressure overload of systemic hypertension 
causes left ventricular concentric hypertrophy, often asso-
ciated with left atrial dilation due to impaired diastolic 
filling of the ventricle. Persistently elevated pressure over-
load can cause ventricular failure with dilation.

• Cor pulmonale results from pulmonary hypertension due 
to primary lung parenchymal or vascular disorders. Hyper-
trophy of both the right ventricle and the right atrium is 
characteristic; dilation also may be seen when failure 
supervenes.

Diseases of the Pulmonary Parenchyma
Chronic obstructive pulmonary disease

Diffuse pulmonary interstitial brosis

Pneumoconiosis

Cystic brosis

Bronchiectasis

Diseases of the Pulmonary Vessels
Recurrent pulmonary thromboembolism

Primary pulmonary hypertension

tensive pulmonary arteritis e.g., Wegener granulomatosis

Drug , to in , or radiation induced vascular obstruction

tensive pulmonary tumor microembolism

Disorders Affecting Chest Movement
Kyphoscoliosis

Marked obesity pick ickian syndrome

Neuromuscular diseases

Disorders Inducing Pulmonary Arterial Constriction
Metabolic acidosis

Hypo emia

bstruction to ma or air ays

Idiopathic alveolar hypoventilation

Table 1 –  Disorders Predisposing to Cor Pulmonale
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• Alterations in the ECM. In some cases, changes consist of 
increased proteoglycan and diminished fibrillar colla-
gen and elastin (myxomatous degeneration); in other cases, 
the valve becomes fibrotic and scarred.

• Changes in the production of matrix metalloproteinases or 
their inhibitors

Degenerative changes in the cardiac valves probably are an 
inevitable part of the aging process, because of the repeti-
tive mechanical stresses to which valves are subjected—40 
million beats per year, with each normal opening and 
closing requiring substantial valve deformation.

Calci c Aortic Stenosis
Calcific aortic degeneration is the most common cause of 
aortic stenosis. Although progressive age-associated “wear 
and tear” has been the pathologic mechanism most often 
proposed, cuspal fibrosis and calcification are increasingly 
viewed as the valvular counterparts to age-related arterio-
sclerosis. Thus, chronic injury due to hyperlipidemia, 
hypertension, inflammation, and other factors implicated 
in atherosclerosis probably play a significant role in the 
pathogenesis. In most cases, calcific degeneration is asymp-
tomatic and is discovered only incidentally by viewing 
calcifications on a routine chest radiograph or at autopsy. 
In other patients, valvular sclerosis and/or calcification can 
be severe enough to cause stenosis, necessitating surgical 
intervention.

The incidence of calcific aortic stenosis is increasing with 
the rising average age for the U.S. population. In anatomi-
cally normal valves, it typically begins to manifest when 
patients reach their 70s and 80s; onset with bicuspid aortic 
valves is at a much earlier age (often 40 to 50 years).

a frequency of 1% to 2% of all live births, and has been 
associated with a number of mutations including those 
affecting proteins of the Notch signaling pathway. The two 
cusps are of unequal size, with the larger cusp exhibiting 
a midline raphe resulting from incomplete cuspal separa-
tion (Fig. 10–17, B). Bicuspid aortic valves are generally 
neither stenotic nor incompetent through early life; 
however, they are more prone to early and progressive 
degenerative calcification (see further on).

The most important causes of acquired valvular diseases 
are summarized in Table 10–5; acquired stenoses of the 
aortic and mitral valves account for approximately two 
thirds of all valve disease.

Degenerative Valve Disease

Degenerative valve disease is a term used to describe changes 
that affect the integrity of valvular extracellular matrix 
(ECM). Degenerative changes include
• Calcifications, which can be cuspal (typically in the aortic 

valve) (Fig. 11–17, A and B) or annular (in the mitral 
valve) (Fig. 11–17, C and D). The mitral annular calcifica-
tion usually is asymptomatic unless it encroaches on the 
adjacent conduction system.

• Decreased numbers of valve fibroblasts and myofibroblasts

Figure 10–17 Calcific valvular degeneration. A, Calcific aortic stenosis 
of  a previously normal valve (viewed from above the valve). Nodular 
masses of  calcium are heaped up within the sinuses of  Valsalva (arrow). 
Note that the commissures are not fused, as in rheumatic aortic valve 
stenosis (Fig. 10–19, C ). B, Calcific aortic stenosis occurring on a con-
genitally bicuspid valve. One cusp has a partial fusion at its center, called 
a raphe (arrow). C and D, Mitral annular calcification, with calcific nodules 
within the annulus (attachment margin) of  the mitral leaflets (arrows). C, 
Left atrial view. D, Cut section demonstrating the extension of  the calci-
fication into the underlying myocardium. Such involvement of  adjacent 
structures near the interventricular septum can impinge on the conduc-
tion system. 

A B

C D

Mitral Valve Disease Aortic Valve Disease

Mitral Stenosis Aortic Stenosis
Postin ammatory scarring rheumatic 

heart disease
Postin ammatory scarring 

rheumatic heart disease
Senile calci c aortic stenosis
Calci cation of congenitally 

deformed valve

Mitral Regurgitation Aortic Regurgitation
Abnormalities of lea ets and 

commissures
Postin ammatory scarring
Infective endocarditis
Mitral valve prolapse
Fen phen induced valvular brosis

Abnormalities of tensor apparatus
Rupture of papillary muscle
Papillary muscle dysfunction brosis
Rupture of chordae tendineae

Abnormalities of left ventricular cavity 
and or annulus
eft ventricular enlargement 

myocarditis, dilated 
cardiomyopathy

Calci cation of mitral ring

Intrinsic valvular disease
Postin ammatory scarring 

rheumatic heart 
disease

Infective endocarditis
Aortic disease

Degenerative aortic 
dilation

Syphilitic aortitis
Ankylosing spondylitis
Rheumatoid arthritis
Marfan syndrome

Table 1 –  tiology of Ac uired Heart Valve Disease

Fen-phen, fenfluramine-phentermine. Data from Schoen FJ: Surgical pathology of 
removed natural and prosthetic valves. Hum Pathol 18:558, 1987.
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Clinical Features
In severe disease, valve orifices can be compromised by as 
much as 70% to 80% (from a normal area of approximately 
4 cm2 to as little as 0.5 to 1 cm2). Cardiac output is main-
tained only by virtue of concentric left ventricular hyper-
trophy, and the chronic outflow obstruction can drive left 
ventricular pressures to 200 mm Hg or more. The hyper-
trophied myocardium is prone to ischemia, and angina can 
develop. Systolic and diastolic dysfunction collude to cause 
CHF, and cardiac decompensation eventually ensues. The 
development of angina, CHF, or syncope in aortic stenosis 
heralds the exhaustion of compensatory cardiac hyper-
function and carries a poor prognosis; without surgical 
intervention, 50% to 80% of patients die within 2 to 3 years 
of the onset of symptoms like CHF, angina, and syncope.

Myxo atous Mitral alve
In myxomatous degeneration of the mitral valve, one or both 
mitral leaflets are “floppy” and prolapse—they balloon back 
into the left atrium during systole. Mitral valve prolapse is a 
primary form of myxomatous mitral degeneration affect-
ing some 0.5% to 2.4% of adults; thus, it is one of the most 
common forms of valvular heart disease in the Western 
world. Men and women are equally affected. Secondary 
myxomatous mitral degeneration can occur in any one of 
a number of settings where mitral regurgitation is caused 
by some other entity (e.g., IHD).

Figure 10–18 Myxomatous degeneration of  the mitral valve. There is 
prominent hooding with prolapse of  the posterior mitral leaflet (arrow) 
into the left atrium; the atrium also is dilated, reflecting long-standing 
valvular insufficiency and volume overload. The left ventricle is on the right 
in this four-chamber view. 
(Courtesy of William D. Edwards, MD, Mayo Clinic, Rochester, Minnesota.)

MORPHOLOGY
The hallmark of  calcific aortic stenosis is heaped-up calcified 
masses on the outflow side of  the cusps; these protrude into 
the sinuses of  Valsalva and mechanically impede valve opening 
(Fig. 10–17, A and B); commissural fusion (usually a sign of  
previous inflammation) is not a typical feature of  degenera-
tive aortic stenosis, although the cusps may become second-
arily fibrosed and thickened. An earlier, hemodynamically 
inconsequential stage of  the calcification process is called 
aortic valve sclerosis.

PATHOGENESIS
The basis for primary myxomatous degeneration is 
unknown. Nevertheless, an underlying (possibly systemic) 
intrinsic defect of  connective tissue synthesis or remodeling 
is likely. Thus, myxomatous degeneration of  the mitral valve 
is a common feature of  Marfan syndrome (due to fibrillin-1 
mutations) (Chapter 6), and occasionally occurs in other 
connective tissue disorders. In some patients with primary 
disease, additional hints of  structural abnormalities in the 
systemic connective tissue, including scoliosis and high-arched 
palate, may be found. Subtle defects in structural proteins  
(or the cells that make them) may cause hemodynamically 
stressed connective tissues rich in microfibrils and elastin 
(e.g., cardiac valves) to elaborate defective ECM. Second-
ary myxomatous change presumably results from injury to 
the valve myofibroblasts, imposed by chronically aberrant 
hemodynamic forces.

MORPHOLOGY
Myxomatous degeneration of  the mitral valve is character-
ized by ballooning (hooding) of  the mitral leaflets (Fig. 10–
18). The affected leaflets are enlarged, redundant, thick, and 
rubbery; the tendinous cords also tend to be elongated, 
thinned, and occasionally rupture. In those with primary 
mitral desease, concomitant tricuspid valve involvement is 
frequent (20% to 40% of  cases); less commonly aortic and 
pulmonic valves can also be affected. On histologic examina-
tion, the essential change is thinning of  the valve layer known 
as the fibrosa layer of  the valve, on which the structural 
integrity of  the leaflet depends, accompanied by expansion 
of  the middle spongiosa layer owing to increased deposition 
of  myxomatous (mucoid) material. The same changes  
occur whether the myxomatous degeneration is due to an 
intrinsic ECM defect (primary), or is caused by regurgitation 
secondary to another etiologic process (e.g., ischemic 
dysfunction).

Clinical Features
Most patients are asymptomatic, and the valvular abnor-
mality is discovered only incidentally on physical examina-
tion. In a minority of cases, patients may complain of 
palpitations, dyspnea, or atypical chest pain. Auscultation 
discloses a midsystolic click, caused by abrupt tension on 
the redundant valve leaflets and chordae tendineae as  
the valve attempts to close; there may or may not be  
an associated regurgitant murmur. Although in most 
instances the natural history and clinical course are benign, 
approximately 3% of patients develop complications such 
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as hemodynamically significant mitral regurgitation and 
congestive heart failure, particularly if the chordae or valve 
leaflets rupture. Patients with primary myxomatous degen-
eration also are at increased risk for the development of 
infective endocarditis (see later), as well as sudden cardiac 
death due to ventricular arrhythmias. Stroke or other sys-
temic infarction may rarely occur from embolism of thrombi 
formed in the left atrium.

Rheumatic Valvular Disease

Rheumatic fever is an acute, immunologically mediated, 
multisystem inflammatory disease that occurs after group 
A β-hemolytic streptococcal infections (usually pharyngi-
tis, but also rarely with infections at other sites such as 
skin). Rheumatic heart disease is the cardiac manifestation 
of rheumatic fever. It is associated with inflammation of all 
parts of the heart, but valvular inflammation and scarring pro-
duces the most important clinical features.

The valvular disease principally takes the form of 
deforming fibrotic mitral stenosis; indeed rheumatic heart 
disease is essentially the only cause of acquired mitral 
stenosis. The incidence of rheumatic fever (and thus  
rheumatic heart disease) has declined remarkably in many  
parts of the Western world over the past several decades; 
this is due to a combination of improved socioeconomic 
conditions, rapid diagnosis and treatment of streptococcal 
pharyngitis, and a fortuitous (and unexplained) decline  
in the virulence of many strains of group A streptococci. 
Nevertheless, in developing countries and economically 
depressed urban areas in the United States, rheumatic fever 
and rheumatic heart disease remain important public 
health problems.

PATHOGENESIS
Acute rheumatic fever is a hypersensitivity reaction classically 
attributed to antibodies directed against group A streptococ-
cal molecules that also are cross-reactive with host antigens 
(see also Chapter 4). In particular, antibodies against M pro-
teins of  certain streptococcal strains bind to proteins in the 
myocardium and cardiac valves and cause injury through the 
activation of  complement and Fc receptor–bearing cells 
(including macrophages). CD4+ T cells that recognize strep-
tococcal peptides also can cross-react with host antigens and 
elicit cytokine-mediated inflammatory responses. The char-
acteristic 2- to 3-week delay in symptom onset after infection 
is explained by the time needed to generate an immune 
response; streptococci are completely absent from the 
lesions. Since only a small minority of  infected patients 
develop rheumatic fever (estimated at 3%), a genetic suscep-
tibility is likely to influence the development of  the cross-
reactive immune responses. The chronic fibrotic lesions are 
the predictable consequence of  healing and scarring associ-
ated with the resolution of  the acute inflammation.

MORPHOLOGY
Acute rheumatic fever is characterized by discrete 
inflammatory  foci within  a variety of  tissues. The myo -
cardial inflammatory lesions—called Aschoff bodies—are 

pathognomonic for rheumatic fever (Fig. 10–19, B); these 
are collections of  lymphocytes (primarily T cells), scattered 
plasma cells, and plump activated macrophages called 
Anitschkow cells occasionally punctuating zones of  fibri-
noid necrosis. The Anitschkow cells have abundant cyto-
plasm and central nuclei with chromatin condensed to form 
a slender, wavy ribbon (so-called caterpillar cells). During 
acute rheumatic fever, Aschoff  bodies can be found in any of  
the three layers of  the heart—pericardium, myocardium, or 
endocardium (including valves). Hence, rheumatic fever is 
said to cause pancarditis, with the following salient 
features:
• The pericardium exhibits a fibrinous exudate, which gen-

erally resolves without sequelae.
• The myocardial involvement—myocarditis—takes the 

form of  scattered Aschoff  bodies within the interstitial 
connective tissue.

• Valve involvement results in fibrinoid necrosis and fibrin 
deposition along the lines of  closure (Fig. 10–19, A) 
forming 1- to 2-mm vegetations—verrucae—that cause 
little disturbance in cardiac function.

Chronic rheumatic heart disease is characterized by 
organization of  the acute inflammation and subsequent scar-
ring. Aschoff  bodies are replaced by fibrous scar so that these 
lesions are rarely seen in chronic rheumatic heart disease. 
Most characteristically, valve cusps and leaflets become per-
manently thickened and retracted. Classically, the mitral 
valves exhibit leaflet thickening, commissural fusion 
and shortening, and thickening and fusion of the 
chordae tendineae (Fig. 10–19, C-E). Fibrous bridging 
across the valvular commissures and calcification create “fish-
mouth” or “buttonhole” stenoses (Fig. 10–19, C). Micro-
scopic examination shows neovascularization (grossly evident 
in Fig. 10–19, D) and diffuse fibrosis that obliterates the 
normal leaflet architecture.

The most important functional consequence of  rheumatic 
heart disease is valvular stenosis and regurgitation; ste-
nosis tends to predominate. The mitral valve alone is involved 
in 70% of  cases, with combined mitral and aortic disease in 
another 25%; the tricuspid valve usually is less frequently (and 
less severely) involved; and the pulmonic valve almost always 
escapes injury. With tight mitral stenosis, the left atrium pro-
gressively dilates owing to pressure overload, precipitating 
atrial fibrillation. The combination of  dilation and fibrillation 
is a fertile substrate for thrombosis, and formation of  large 
mural thrombi is common. Long-standing passive venous 
congestion gives rise to pulmonary vascular and parenchymal 
changes typical of  left-sided heart failure. In time, this leads 
to right ventricular hypertrophy and failure. With pure mitral 
stenosis, the left ventricle generally is normal.

Clinical Features
Acute rheumatic fever occurs most often in children; the 
principal clinical manifestation is carditis. Nevertheless, 
about 20% of first attacks occur in adults, with arthritis 
being the predominant feature. Symptoms in all age groups 
typically begin 2 to 3 weeks after streptococcal infection, 
and are heralded by fever and migratory polyarthritis—
one large joint after another becomes painful and swollen 
for a period of days, followed by spontaneous resolution 
with no residual disability. Although cultures are negative 
for streptococci at the time of symptom onset, serum titers 
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Figure 10–19 Acute and chronic rheumatic heart disease. A, Acute rheumatic mitral valvulitis superimposed on chronic rheumatic heart disease. 
Small vegetations (verrucae) are visible along the line of  closure of  the mitral valve leaflet (arrows). Previous episodes of  rheumatic valvulitis have caused 
fibrous thickening and fusion of  the chordae tendineae. B, Microscopic appearance of  an Aschoff  body in acute rheumatic carditis; there is central 
necrosis associated with a circumscribed collection of  mononuclear inflammatory cells, including some activated macrophages with prominent nucleoli 
and central wavy (caterpillar) chromatin (arrows). C and D, Mitral stenosis with diffuse fibrous thickening and distortion of  the valve leaflets, commis-
sural fusion (arrows), and thickening and shortening of  the chordae tendineae. There is marked left atrial dilation as seen from above the valve (C). D, 
Anterior leaflet of  an opened rheumatic mitral valve; note the inflammatory neovascularization (arrow). E, Surgically removed specimen of  rheumatic 
aortic stenosis, demonstrating thickening and distortion of  the cusps with commissural fusion. 
(E, From Schoen FJ, St John-Sutton M: Contemporary issues in the pathology of valvular heart disease. Hum Pathol 18:568, 1967.)

to one or more streptococcal antigens (e.g., streptolysin O 
or DNAase) usually are elevated. The clinical signs of car-
ditis include pericardial friction rubs and arrhythmias; 
myocarditis can be sufficiently aggressive that cardiac dila-
tion ensues, causing functional mitral insufficiency and 
CHF. Nevertheless, less than 1% of patients die of acute 
rheumatic fever.

The diagnosis of acute rheumatic fever is made based on 
serologic evidence of previous streptococcal infection in 
conjunction with two or more of the so-called Jones criteria: 
(1) carditis; (2) migratory polyarthritis of large joints; (3) 
subcutaneous nodules; (4) erythema marginatum skin 
rashes; and (5) Sydenham chorea, a neurologic disorder 
characterized by involuntary purposeless, rapid move-
ments (also called St. Vitus dance). Minor criteria such as 
fever, arthralgias, ECG changes, or elevated acute phase 
reactants also can help support the diagnosis.

After an initial attack and the generation of immuno-
logic memory, patients are increasingly vulnerable to 
disease reactivation with subsequent streptococcal infec-
tions. Carditis is likely to worsen with each recurrence, and 
the damage is cumulative. However, chronic rheumatic 

carditis usually does not manifest itself clinically until years 
or even decades after the initial episode of rheumatic fever. 
At that time, the signs and symptoms of valvular disease 
depend on which cardiac valve(s) are involved. In addition 
to various cardiac murmurs, cardiac hypertrophy and dila-
tion, and CHF, patients with chronic rheumatic heart 
disease often have arrhythmias (particularly atrial fibrilla-
tion in the setting of mitral stenosis), and thromboembolic 
complications due to atrial mural thrombi. In addition, 
scarred and deformed valves are more susceptible to infec-
tive endocarditis. The long-term prognosis is highly vari-
able. In some cases, a relentless cycle of valvular deformity 
ensues, yielding hemodynamic abnormality, which begets 
further deforming fibrosis. Surgical repair or replacement 
of diseased valves has greatly improved the outlook for 
patients with rheumatic heart disease.

Infective Endocarditis

Infective endocarditis is a serious infection mandating 
prompt diagnosis and intervention. Microbial invasion  
of heart valves or mural endocardium—often with  
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destruction of the underlying cardiac tissues—charac-
teristically results in bulky, friable vegetations composed of 
necrotic debris, thrombus, and organisms. The aorta, aneu-
rysmal sacs, other blood vessels and prosthetic devices also 
can become infected. Although fungi, rickettsiae (agents of 
Q fever), and chlamydial species can cause endocarditis, 
the vast majority of cases are caused by extracellular 
bacteria.

Infective endocarditis can be classified into acute and 
subacute forms, based on the tempo and severity of the 
clinical course; the distinctions are attributable to the viru-
lence of the responsible microbe and whether underlying 
cardiac disease is present. Of note, a clear delineation 
between acute and subacute endocarditis does not always 
exist, and many cases fall somewhere along the spectrum 
between the two forms.
• Acute endocarditis refers to tumultuous, des tructive infec-

tions, frequently involving a highly virulent organism 
attacking a previously normal valve, and capable of 
causing substantial morbidity and mortality even with 
appropriate antibiotic therapy and/or surgery.

• Subacute endocarditis refers to infections by organisms of 
low virulence involving a previously abnormal heart, 
especially scarred or deformed valves. The disease typi-
cally appears insidiously and—even untreated—follows 
a protracted course of weeks to months; most patients 
recover after appropriate antibiotic therapy.

PATHOGENESIS
Infective endocarditis can develop on previously normal 
valves, but cardiac abnormalities predispose to such infec-
tions; rheumatic heart disease, mitral valve prolapse, bicuspid 
aortic valves, and calcific valvular stenosis are all common 
substrates. Prosthetic heart valves (discussed later) now 
account for 10% to 20% of  all cases of  infective endocarditis. 
Sterile platelet-fibrin deposits at sites of  pacemaker lines, 
indwelling vascular catheters, or damaged endocardium due 
to jet streams caused by preexisting cardiac disease all can be 
foci for bacterial seeding with subsequent development of  
endocarditis. Host factors such as neutropenia, immunodefi-
ciency, malignancy, diabetes mellitus, and alcohol or intrave-
nous drug abuse also increase the risk of  infective endocarditis, 
as well as adversely affecting outcomes.

The causative organisms differ depending on the underlying 
risk factors. Fifty percent to 60% of  cases of  endocarditis 
occurring on damaged or deformed valves are caused by 
Streptococcus viridans, a relatively banal group of  normal oral 
flora. By contrast, the more virulent S. aureus (common to 
skin) can attack deformed as well as healthy valves and is 
responsible for 10% to 20% of  cases overall; it also is the 
major offender in infections occurring in intravenous drug 
abusers. Additional bacterial agents include enterococci and 
the so-called HACEK group (Haemophilus, Actinobacillus, Car-
diobacterium, Eikenella, and Kingella), all commensals in the 
oral cavity. More rarely, gram-negative bacilli and fungi are 
involved. In about 10% of  all cases of  endocarditis, no organ-
ism is isolated from the blood (“culture-negative” endocardi-
tis) because of  previous antibiotic therapy, difficulties in 
isolating the offending agent, or because deeply embedded 

organisms within the enlarging vegetation are not released 
into the blood.

Foremost among the factors predisposing to endocarditis 
is seeding of  the blood with microbes. The mechanism or 
portal of  entry of  the agent into the bloodstream may be an 
obvious infection elsewhere, a dental or surgical procedure 
that causes a transient bacteremia, injection of  contaminated 
material directly into the bloodstream by intravenous drug 
users, or an occult source from the gut, oral cavity, or trivial 
injuries. Recognition of  predisposing anatomic substrates and 
clinical conditions causing bacteremia allows appropriate anti-
biotic prophylaxis.

MORPHOLOGY
In both acute and subacute forms of  the disease, friable, 
bulky, and potentially destructive vegetations contain-
ing fibrin, inflammatory cells, and microorganisms are present 
on the heart valves (Figs. 10–20 and 10–21). The aortic and 
mitral valves are the most common sites of  infection, although 
the tricuspid valve is a frequent target in the setting of  intra-
venous drug abuse. Vegetations may be single or multiple and 
may involve more than one valve; they can sometimes erode 
into the underlying myocardium to produce an abscess cavity 
(ring abscess) (Fig. 10-21, B). Shedding of  emboli is 
common because of  the friable nature of  the vegetations. 
Since the fragmented vegetations contain large numbers of  
organisms, abscesses often develop at the sites where emboli 
lodge, leading to development of  septic infarcts and 
mycotic aneurysms.

Subacute endocarditis typically elicits less valvular destruc-
tion than that associated with acute endocarditis. On micro-
scopic examination, the subacute vegetations of  infective 
endocarditis often have granulation tissue at their bases (sug-
gesting chronicity), promoting development of  chronic 
inflammatory infiltrates, fibrosis, and calcification over time.

Clinical Features
Fever is the most consistent sign of infective endocarditis. 
However, in subacute disease (particularly in the elderly), 
fever may be absent, and the only manifestations may be 
nonspecific fatigue, weight loss, and a flulike syndrome; 
splenomegaly also is common in subacute cases. By con-
trast, acute endocarditis often manifests with a stormy 
onset including rapidly developing fever, chills, weakness, 
and lassitude. Murmurs are present in 90% of patients with 
left-sided lesions; microemboli can give rise to petechia, 
nail bed (splinter) hemorrhages, retinal hemorrhages (Roth 
spots), painless palm or sole erythematous lesions (Janeway 
lesions), or painful fingertip nodules (Osler nodes); diagnosis 
is confirmed by positive blood cultures and echocardio-
graphic findings.

Prognosis depends on the infecting organism and on 
whether or not complications develop. Complications gen-
erally begin within the first weeks after onset of the infec-
tious process and can include glomerulonephritis due to 
glomerular trapping of antigen-antibody complexes, with 
hematuria, albuminuria, or renal failure (Chapter 13). A 
septic pathophysiologic picture, arrhythmias (suggesting 
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Figure 10–20 The major forms of  vegetative endocarditis. The acute rheumatic fever phase of  rheumatic heart disease is marked by the appearance 
of  small, warty, inflammatory vegetations along the lines of  valve closure; as the inflammation resolves, substantial scarring can result. Infective endo-
carditis (IE) is characterized by large, irregular, often destructive masses that can extend from valve leaflets onto adjacent structures (e.g., chordae or 
myocardium). Nonbacterial thrombotic endocarditis (NBTE) typically manifests with small to medium-sized, bland, nondestructive vegetations at the 
line of  valve closure. Libman-Sacks endocarditis (LSE) is characterized by small to medium-sized inflammatory vegetations that can be attached on either 
side of  valve leaflets; these heal with scarring. 

A B

Figure 10–21 Infective endocarditis. A, Subacute endocarditis caused by Streptococcus viridans on a previously myxomatous mitral valve. The large, 
friable vegetations are denoted by arrows. B, Acute endocarditis caused by Staphylococcus aureus on congenitally bicuspid aortic valve with extensive 
cuspal destruction and ring abscess (arrow). 

on cardiac valves. Although NBTE can occur in otherwise 
healthy persons, a wide variety of diseases associated with 
general debility or wasting are associated with an increased 
risk of NBTE—hence the alternate term marantic endocar-
ditis. In contrast with infective endocarditis, the valvular 
lesions of NBTE are sterile and are nondestructive (Fig. 
10–22).

Valvular damage is not a prerequisite for NBTE;  
indeed, the condition usually is found on previously normal 
valves. Rather, hypercoagulable states are the usual precursor to 
NBTE; such conditions include chronic disseminated intra-
vascular coagulation, hyperestrogenic states, and those 
associated with underlying malignancy, particularly muci-
nous adenocarcinomas. This last association probably 
relates to the procoagulant effect of circulating mucin and/
or tissue factor elaborated by these tumors. Endocardial 
trauma, such as from an indwelling catheter, also is a well-
recognized predisposing condition.

Although the local effect on the valve usually is trivial, 
NBTE lesions can become clinically significant by giving 
rise to emboli that can cause infarcts in the brain, heart, and 

invasion into underlying myocardium), and systemic 
embolization bode particularly ill for the patient.  
Left untreated, infective endocarditis generally is fatal. 
However, with appropriate long-term (6 weeks or more) 
antibiotic therapy and/or valve replacement, mortality is 
reduced. For infections involving low-virulence organisms 
(e.g., Streptococcus viridans or Streptococcus bovis), the cure 
rate is 98%, and for enterococci and Staphylococcus aureus 
infections, cure rates range from 60% to 90%; however, 
with infections due to aerobic gram-negative bacilli or 
fungi, half of the patients ultimately succumb. The cure 
rate for endocarditis arising on prosthetic valves is 10% to 
15% lower across the board.

Noninfected Vegetations

on acterial Thro otic Endocarditis
Nonbacterial thrombotic endocarditis (NBTE) is character-
ized by the deposition of small (1 to 5 mm in diameter) 
thrombotic masses composed mainly of fibrin and platelets 
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other organs. An NBTE lesion also can serve as a potential 
nidus for bacterial colonization and the consequent devel-
opment of infective endocarditis.

i an Sac s Endocarditis
Libman-Sacks endocarditis is characterized by the presence 
of sterile vegetations on the valves of patients with sys-
temic lupus erythematosus. The lesions probably develop 
as a consequence of immune complex deposition and thus 
exhibit associated inflammation, often with fibrinoid necro-
sis of the valve substance adjacent to the vegetation; sub-
sequent fibrosis and serious deformity can result in lesions 
that resemble chronic rheumatic heart disease. These can 
occur anywhere on the valve surface, on the cords, or even 
on the atrial or ventricular endocardium (Fig. 10–20). 
Similar lesions can occur in the setting of antiphospholipid 
antibody syndrome  (Chapter 3).

Carcinoid Heart Disease

The carcinoid syndrome results from bioactive compounds 
such as serotonin released by carcinoid tumors (Chapter 14); 
systemic manifestations include flushing, diarrhea, derma-
titis, and bronchoconstriction. Carcinoid heart disease refers 
to the cardiac manifestation caused by the bioactive 

Figure 10–22 Nonbacterial thrombotic endocarditis (NBTE). A, Small 
thrombotic vegetations along the line of  closure of  the mitral valve leaflets 
(arrows). B, Photomicrograph of  NBTE lesion, showing bland thrombus, 
with virtually no inflammation in the valve cusp (C) or the thrombotic 
deposit (t). The thrombus is only loosely attached to the cusp (arrow). 
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compounds and occurs in half of the patients in whom the 
systemic syndrome develops. Cardiac lesions typically do 
not occur until there is a massive hepatic metastatic burden, 
since the liver normally catabolizes circulating mediators 
before they can affect the heart. Classically, endocardium 
and valves of the right heart are primarily affected since 
they are the first cardiac tissues bathed by the mediators 
released by gastrointestinal carcinoid tumors. The left side 
of the heart is afforded some measure of protection because 
the pulmonary vascular bed degrades the mediators. 
However, left-sided heart carcinoid lesions can occur in the 
setting of atrial or ventricular septal defects and right-to-
left flow, or they can arise in association with primary 
pulmonary carcinoid tumors.

PATHOGENESIS
The mediators elaborated by carcinoid tumors include  
serotonin (5-hydroxytryptamine), kallikrein, bradykinin,  
histamine, prostaglandins, and tachykinins. Although it  
is not clear which of  these is causative, plasma levels of  
serotonin and urinary excretion of  the serotonin metabolite 
5-hydroxyindoleacetic acid correlate with the severity of  
right-sided heart lesions. The valvular plaques in carcinoid 
syndrome also are similar to lesions that occur with the 
administration of  fenfluramine (an appetite suppressant) or 
ergot alkaloids (for migraine headaches); of  interest, these 
agents either affect systemic serotonin metabolism or bind to 
hydroxytryptamine receptors on heart valves.

MORPHOLOGY
The cardiovascular lesions associated with the carcinoid syn-
drome are distinctive, glistening white intimal plaquelike thick-
enings on the endocardial surfaces of  the cardiac chambers 
and valve leaflets (Fig. 10–23). The lesions are composed of  
smooth muscle cells and sparse collagen fibers embedded in 
an acid mucopolysaccharide–rich matrix. Underlying struc-
tures are intact. With right-sided involvement, typical findings 
are tricuspid insufficiency and pulmonic stenosis.

Prosthetic Cardiac Valves

Although prosthetic heart valves are less-than-perfect sub-
stitutes for the native tissues, their introduction has radi-
cally altered the prognosis for patients with valve disease. 
Two types of prosthetic valves are currently used, each 
with its own advantages and disadvantages:
• Mechanical valves are now most commonly double tilting 

disk devices made of pyrolytic carbon. They have excel-
lent durability but require chronic anticoagulation, with 
the attendant risks of hemorrhage or valve thrombosis, 
if anticoagulation is inadequate. Mechanical aortic 
valves can also cause significant red cell hemolysis as a 
consequence of mechanical shear forces (the so-called 
Waring blender effect) (Chapter 11).

• Bioprosthetic valves are manufactured from glut-
araldehyde-fixed porcine or bovine tissues, or cry-
opreserved human valves. These do not require 
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Figure 10–23 Carcinoid heart disease. A, Characteristic endocardial fibrotic lesion “coating” the right ventricle and tricuspid valve, and extending 
onto the chordae tendineae. B, Microscopic appearance of  the thickened intima, which contains smooth muscle cells and abundant acid mucopolysac-
charides (blue-green in this Movat stain, which colors the underlying endocardial elastic tissue black). 

anticoagulation but are less durable and eventually fail 
owing to matrix deterioration. Virtually all biologic 
valve leaflets undergo some degree of stiffening after 
implantation; the loss of mobility may be sufficient to 
cause significant stenosis. Calcification of bioprosthetic 
leaflets is common and can contribute to the stenosis. 
Bioprosthetic valves also can perforate or tear, resulting 
in valvular insufficiency.

• All forms of prosthetic valves are susceptible to infec-
tion. In mechanical valves, infective endocarditis typi-
cally involves the suture line and adjacent perivalvular 
tissue; the associated tissue changes can cause the valve 
to detach (paravalvular leak). In bioprosthetic valves, the 
valve leaflets as well as the perivalvular tissues can 
become infected.

CARDIOMYOPATHIES
Most cardiac muscle diseases are secondary to some other 
condition, e.g., coronary atherosclerosis, hypertension, or 
valvular heart disease. However, there are also cardiac dis-
eases attributable to intrinsic myocardial dysfunction. Such 
diseases are termed cardiomyopathies (literally, “heart 
muscle diseases”); these can be primary—that is, principally 
confined to the myocardium—or secondary presenting as 
the cardiac manifestation of a systemic disorder. Cardio-
myopathies are thus a diverse group that includes inflam-
matory dis orders (e.g., myocarditis), immunologic diseases 
(e.g., sarcoidosis), systemic metabolic disorders (e.g., 
hemochromatosis), muscular dystrophies, and genetic dis-
orders of myocardial fibers. In many cases, the cardiomy-
opathy is of unknown etiology and thus is termed idiopathic; 
however, a number of previously “idiopathic” cardiomy-
opathies have been shown to be the consequence of specific 
genetic abnormalities in cardiac energy metabolism or in 
structural and contractile proteins.

Cardiomyopathies can be classified according to a 
variety of criteria, including the underlying genetic basis 
of dysfunction; indeed, a number of the arrhythmia-
inducing channelopathies that are included in some clas-
sifications of cardiomyopathy were alluded to earlier. For 
purposes of general diagnosis and therapy, however, three 
time-honored clinical, functional, and pathologic patterns 
are recognized (Fig. 10–24 and Table 10–6):
• Dilated cardiomyopathy (DCM) (including arrhythmo-

genic right ventricular cardiomyopathy)
• Hypertrophic cardiomyopathy (HCM)
• Restrictive cardiomyopathy
Another rare form of cardiomyopathy is left ventricular non-
compaction; it is a congenital disorder characterized by a 
distinctive “spongy” appearance of the ventricles, associ-
ated with CHF and arrhythmias.

Of the three major patterns, DCM is most common (90% 
of cases), and restrictive cardiomyopathy is the least fre-
quent. Within each pattern, there is a spectrum of clinical 
severity, and in some cases clinical features overlap among 
the groups. In addition, each of these patterns can be 

SUMMARY
Valvular Heart Disease
• Valve pathology can lead to occlusion (stenosis) and/or to 

regurgitation (insufficiency); acquired aortic stenosis and 
mitral valve stenosis account for approximately two thirds 
of all valve disease.

• Valve calcification typically results in stenosis; abnormal 
matrix synthesis and turnover leads to myxomatous 
degeneration and insufficiency.

• Inflammatory valve diseases cause postinflammatory  
neovascularization and scarring. Rheumatic heart disease 
results from antistreptococcal antibodies that cross-react 
with cardiac tissues; it most commonly affects the mitral 
valve and is responsible for 99% of cases of acquired mitral 
stenosis.

• Infective endocarditis can be aggressive and rapidly destroy 
normal valves (in the acute form), or can be indolent and 
minimally destructive of previously abnormal valves (in 
subacute infective endocarditis). Systemic embolization 
can produce septic infarcts.

• Nonbacterial thrombotic endocarditis occurs on previ-
ously normal valves as a result of hypercoagulable states; 
embolization is an important complication.
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Figure 10–24 The three major forms of  cardiomyopathy. Dilated car-
diomyopathy leads primarily to systolic dysfunction, whereas restrictive 
and hypertrophic cardiomyopathies result in diastolic dysfunction. Note 
the changes in atrial and/or ventricular dilation and in ventricular wall 
thickness. Ao, aorta; LA, left atrium; LV, left ventricle. 
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Functional 
Pattern

eft Ventricular 
ection Fraction

Mechanisms of Heart 
Failure Causes

Secondary Myocardial 
Dysfunction Mimicking 
Cardiomyopathy

Dilated < Impairment of contractility 
systolic dysfunction

enetic  alcohol  peripartum 
myocarditis  hemochromatosis  
chronic anemia  do orubicin 
Adriamycin  sarcoidosis  idiopathic

Ischemic heart disease  valvular 
heart diseases  hypertensive 
heart disease  congenital heart 
disease

Hypertrophic Impairment of compliance 
diastolic dysfunction

enetic  Friedreich ata ia  storage 
diseases  infants of diabetic mothers

Hypertensive heart disease  
aortic stenosis

Restrictive Impairment of compliance 
diastolic dysfunction

Amyloidosis  radiation induced 
brosis  idiopathic

Pericardial constriction

Table 1 –  Cardiomyopathies  Functional Patterns, Causes

*Range of normal values is approximately 50%–65%.

caused by a specific identifiable cause, or can be idiopathic 
(Table 10–6).

Dilated Cardiomyopathy

Dilated cardiomyopathy (DCM) is characterized by progres-
sive cardiac dilation and contractile (systolic) dysfunction, 
usually with concurrent hypertrophy; regardless of cause, 
the clinicopathologic patterns are similar.

PATHOGENESIS
By the time it is diagnosed, DCM has frequently already 
progressed to end-stage disease; the heart is dilated and 
poorly contractile, and at autopsy or cardiac transplant, fails 
to reveal any specific pathologic features. Nevertheless, 
genetic and epidemiologic studies suggest that at least five 
general pathways can lead to end-stage DCM (Fig. 10–25):
• Genetic causes. DCM has a hereditary basis in 20% to 

50% of  cases and over 40 genes are known to be mutated 
in this form of  cardiomyopathy; autosomal dominant 
inheritance is the predominant pattern, most commonly 
involving mutations in encoding cytoskeletal proteins, or 
proteins that link the sarcomere to the cytoskeleton (e.g., 
α-cardiac actin). X-linked DCM is most frequently associ-
ated with dystrophin gene mutations affecting the cell 
membrane protein that physically couples the intracellular 
cytoskeleton to the ECM; (different types of  dystrophin 
mutations also underlie Duchenne and Becker muscular 
dystrophies, Chapter 21). Uncommon forms of  DCM are 
caused by mutations of  genes in the mitochondrial genome 
that encode proteins involved in oxidative phosphoryla-
tion or fatty acid β-oxidation, presumably leading to defec-
tive ATP generation. Other cytoskeletal proteins that are 
affected in genetic forms of  DCM include desmin (the 
principal intermediate filament protein in cardiac myo-
cytes), and the nuclear lamins A and C. Since contractile 
myocytes and conduction fibers share a common devel-
opmental pathway, congenital conduction abnormalities 
also can be a feature of  inherited forms of  DCM.

• Infection. The nucleic acid “footprints” of  coxsackievirus 
B and other enteroviruses can occasionally be detected in 
the myocardium from late-stage DCM patients. Moreover, 
sequential endomyocardial biopsies have documented 
instances in which infectious myocarditis progressed to 
DCM. Consequently, many cases of  DCM are attributed 
to viral infections (discussed later), even though inflamma-
tion is absent from the end-stage heart. Simply finding viral 
transcripts or demonstrating elevated antiviral antibody 
titers may be sufficient to invoke a myocarditis that was 
“missed” in its early stages.

• Alcohol or other toxic exposure. Alcohol abuse is 
strongly associated with the development of  DCM. 
Alcohol and its metabolites (especially acetaldehyde) have 
a direct toxic effect on myocardium. Moreover, chronic 
alcoholism can be associated with thiamine deficiency, 
introducing an element of  beriberi heart disease (Chapter 
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DILATED CARDIOMYOPATHY

20-50% genetic causesNon-genetic causes
 • Myocarditis
 • Peripartum
 • Toxic (e.g., alcohol)
 • Idiopathic

Various proteins
(cell membrane, 

cytoskeleton, 
sarcomere,

 nuclear envelope, 
or mitochondrial)

• Hypertrophy
• Dilation
• Fibrosis, interstitial
• Intracardiac thrombi

Dilated cardiomyopathy
phenotype

• Heart failure
• Sudden death
• Atrial fibrillation
• Stroke

Clinical

Defect in force generation,
force transmission, and/or

myocyte signaling

100% genetic causes
Sarcomeric proteins

• Hypertrophy, marked
• Asymmetrical septal hypertrophy
• Myofiber disarray
• Fibrosis, interstitial and
     replacement
• LV outflow tract plaque
• Thickened septal vessels

Hypertrophic cardiomyopathy
phenotype

Defect in energy transfer from
mitochondria to sarcomere and/or

direct sarcomeric dysfunction

HYPERTROPHIC CARDIOMYOPATHY

Figure 10–25 Causes and consequences of  dilated and hypertrophic cardiomyopathy. A significant fraction of  dilated cardiomyopathies—and virtually 
all hypertrophic cardiomyopathies—have a genetic origin. Dilated cardiomyopathies can be caused by mutations in cytoskeletal, sarcomeric, nuclear 
envelope, or mitochondrial proteins; hypertrophic cardiomyopathies typically are caused by sarcomeric protein mutations. Although the two forms of  
cardiomyopathy differ in cause and morphology, they have common clinical end points. LV, left ventricle. 

7). DCM also can develop after exposure to other toxic 
agents, particularly doxorubicin (Adriamycin), a chemo-
therapeutic drug, and cobalt.

• Peripartum cardiomyopathy occurs late in gestation 
or several weeks to months postpartum. The etiology is 
likely to be multifactorial, with contributing factors  
including pregnancy-associated hypertension, volume 
overload, nutritional deficiency, metabolic derangements 
(e.g., gestational diabetes), and/or immunologic responses; 
recent experiments also suggest that a cleavage product 
of  prolactin (which rises late in pregnancy) can induce 
myocardial dysfunction. Fortunately, approximately half  of  
these patients spontaneously recover normal function.

• Iron overload in the heart can result either from heredi-
tary hemochromatosis (Chapter 15) or from multiple 
transfusions. DCM is the most common manifestation, 
and may be attributable to interference with metal-
dependent enzyme systems or to injury caused by iron-
mediated production of  reactive oxygen species.

MORPHOLOGY
The heart in DCM characteristically is enlarged (up to two 
to three times the normal weight) and flabby, with dilation 
of all chambers (Fig. 10–26). Because of  the wall thinning 
that accompanies dilation, the ventricular thickness may be 
less than, equal to, or greater than normal. Mural thrombi 

are often present and may be a source of  thromboemboli. 
By definition, valvular and vascular lesions that can cause 
cardiac dilation secondarily (e.g., atherosclerotic coronary 
artery disease) are absent.

The characteristic histologic abnormalities in 
DCM are nonspecific, and do not typically point to 
a specific etiologic entity. An exception is DCM second-
ary to iron overload, in which marked accumulation of  intra-
myocardial hemosiderin is demonstrable by staining with 
Prussian blue.

In general, the severity of  morphologic changes in DCM 
does not necessarily reflect either the degree of  dysfunction 
or the prognosis. Most myocytes exhibit hypertrophy with 
enlarged nuclei, but many are attenuated, stretched, and 
irregular. There is also variable interstitial and endocardial 
fibrosis, with scattered areas of  replacement fibrosis; the 
latter mark previous myocyte ischemic necrosis caused by 
hypoperfusion.

Clinical Features
DCM can occur at any age but most commonly is diag-
nosed between the ages of 20 and 50 years. It typically 
manifests with signs of slowly progressive CHF, including 
dyspnea, easy fatigability, and poor exertional capacity, 
although patients can slip precipitously from a compen-
sated to a decompensated state. The fundamental defect in 
DCM is ineffective contraction. Thus, in end-stage DCM, the 
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Figure 10–27 Arrhythmogenic right ventricular cardiomyopathy. A, The right ventricle is markedly dilated with focal, almost transmural replacement 
of  the free wall by adipose tissue and fibrosis. The left ventricle has a grossly normal appearance in this heart; it can be involved (albeit to a lesser 
extent) in some instances. B, The right ventricular myocardium (red) is focally replaced by fibrous connective tissue (blue, arrow) and fat (Masson tri-
chrome stain). 
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Figure 10–26 Dilated cardiomyopathy (DCM). A, Four-chamber dilation and hypertrophy are evident. A small mural thrombus can be seen at the 
apex of  the left ventricle (arrow). B, The nonspecific histologic picture in typical DCM, with myocyte hypertrophy and interstitial fibrosis (collagen is 
blue in this Masson trichrome–stained preparation). 

cardiac ejection fraction typically is less than 25% (normal 
being 50% to 65%). Secondary mitral regurgitation and 
abnormal cardiac rhythms are common, and embolism 
from intracardiac (mural) thrombi can occur. Half of the 
patients die within 2 years, and only 25% survive longer 
than 5 years; death usually is due to progressive cardiac 
failure or arrhythmia. Cardiac transplantation is the only 
definitive treatment. Implantation of long-term ventricular 
assist devices is being increasingly utilized, however, and 
in some patients a course of mechanical assistance can 
produce durable regression of cardiac dysfunction.

Arrhyth ogenic Right entricular Cardio yopathy
Arrhythmogenic right ventricular cardiomyopathy (ARVC) 
is an autosomal dominant disorder of cardiac muscle with 
variable penetrance; it classically manifests with right-
sided heart failure and rhythm disturbances that can cause 
sudden cardiac death. Morphologically, the right ventricu-
lar wall is severely thinned owing to myocyte replacement 
by massive fatty infiltration and lesser amounts of fibrosis 
(Fig. 10–27). Many of the mutations involve genes encoding 
desmosomal junctional proteins at the intercalated disk 
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A B

Figure 10–28 Hypertrophic cardiomyopathy with asymmetric septal hypertrophy. A, The septal muscle bulges into the left ventricular outflow tract, 
giving rise to a “banana-shaped” ventricular lumen, and the left atrium is enlarged. The anterior mitral leaflet has been moved away from the septum 
to reveal a fibrous endocardial plaque (arrow) (see text). B, Histologic appearance demonstrating disarray, extreme hypertrophy, and characteristic 
branching of  myocytes, as well as interstitial fibrosis. 

MORPHOLOGY
HCM is marked by massive myocardial hypertrophy without 
ventricular dilation (Fig. 10–28, A). Classically, there is dispro-
portionate thickening of  the ventricular septum relative to 
the left ventricle free wall (so-called asymmetric septal 
hypertrophy); nevertheless, in about 10% of  cases of  HCM, 
concentric hypertrophy is seen. On longitudinal sectioning, 
the ventricular cavity loses its usual round-to-ovoid shape and 
is compressed into a “banana-like” configuration. An endo-
cardial plaque in the left ventricular outflow tract and thicken-
ing of  the anterior mitral leaflet reflect contact of  the anterior 
mitral leaflet with the septum during ventricular systole; these 
changes correlate with functional left ventricular outflow tract 
obstruction.

The characteristic histologic features in HCM are marked 
myocyte hypertrophy, haphazard myocyte (and myofiber) 
disarray, and interstitial fibrosis (Fig. 10–28, B).

PATHOGENESIS
Most cases of  HCM are caused by missense mutations in one 
of  several genes encoding proteins that form the contractile 
apparatus. In most cases, the pattern of  transmission is auto-
somal dominant, with variable expression. Although more 
than 400 causative mutations in nine different genes have 
been identified, HCM is fundamentally a disorder of 
sarcomeric proteins. Of these, β-myosin heavy chain 
is most frequently affected, followed by myosin-binding 
protein C and troponin T. Mutations in these three genes 
account for 70% to 80% of  all cases of  HCM.

The diverse mutations underlying HCM have one unifying 
feature: they all affect sarcomeric proteins and increase myo-
filament activation. This results in myocyte hypercontractility 
with concomitant increase in energy use and net negative 

(e.g., plakoglobin), as well as proteins that interact with the 
desmosome (e.g., the intermediate filament desmin).

Hypertrophic Cardiomyopathy

Hypertrophic cardiomyopathy (HCM) is characterized by 
myocardial hypertrophy, defective diastolic filling, and—in a 
third of cases—ventricular outflow obstruction. The heart is 
thick-walled, heavy, and hypercontractile, in striking con-
trast with the flabby, poorly contractile heart in DCM.  
Systolic function usually is preserved in HCM, but the 
myocardium does not relax and therefore exhibits primary 
diastolic dysfunction. HCM needs to be distinguished  
clinically from disorders causing ventricular stiffness (e.g., 
amyloid deposition) and ventricular hypertrophy (e.g., 
aortic stenosis and hypertension).

energy balance. Some of  the genes mutated in HCM are also 
mutated in DCM (e.g., beta-myosin) but in DCM the (allelic) 
mutations depress motor function as opposed to gain of  
function in HCM.

Clinical Features
Although HCM can present at any age it typically mani-
fests during the postpubertal growth spurt. The clinical 
symptoms can be best understood in the context of the 
functional abnormalities. It is characterized by a massively 
hypertrophied left ventricle that paradoxically provides a mark-
edly reduced stroke volume. This condition occurs as a conse-
quence of impaired diastolic filling and overall smaller 
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• Endomyocardial fibrosis is principally a disease of children 
and young adults in Africa and other tropical areas; it is 
characterized by dense diffuse fibrosis of the ventricular 
endocardium and subendocardium, often involving the 
tricuspid and mitral valves. The fibrous tissue markedly 
diminishes the volume and compliance of affected 
chambers, resulting in a restrictive physiology. Endo-
myocardial fibrosis has been linked to nutritional  
deficiencies and/or inflammation related to helminthic 
infections (e.g., hypereosinophilia); worldwide, it is the 
most common form of restrictive cardiomyopathy.

• Loeffler endomyocarditis also exhibits endocardial fibrosis, 
typically associated with formation of large mural 
thrombi, but without geographic predilection. Histo-
logic examination typically shows peripheral hypereo-
sinophilia and eosinophilic tissue infiltrates; release of 
eosinophil granule contents, especially major basic 
protein, probably engenders endo- and myocardial 
necrosis, followed by scarring, layering of the endocar-
dium by thrombus, and finally thrombus organization. 
Of interest, some patients have an underlying hyper-
eosinophilic myeloproliferative disorder driven by con-
stitutively active platelet derived growth factor receptor 
(PDGFR) tyrosine kinases (Chapter 11). Treatment of 
such patients with tyrosine kinase inhibitors can result 
in hematologic remission and reversal of the endomyo-
cardial lesions.

Myocarditis

Myocarditis encompasses a diverse group of clinical enti-
ties in which infectious agents and/or inflammatory processes 
primarily target the myocardium. It is important to distin-
guish these conditions from those, such as IHD, in which 
the inflammatory process is a consequence of some other 
cause of myocardial injury.

chamber size. In addition, roughly 25% of patients have 
dynamic obstruction to the left ventricular outflow by the 
anterior leaflet of the mitral valve. Reduced cardiac output 
and a secondary increase in pulmonary venous pressure 
cause exertional dyspnea, with a harsh systolic ejection 
murmur. A combination of massive hypertrophy, high left 
ventricular pressures, and compromised intramural arter-
ies frequently leads to myocardial ischemia (with angina), 
even in the absence of concomitant CAD. Major clinical 
problems include atrial and ventricular fibrillations with 
mural thrombus formation, infective endocarditis of the 
mitral valve, CHF, and sudden death. Most patients are 
improved by therapy that promotes ventricular relaxation; 
partial surgical excision or controlled alcohol-induced 
infarction of septal muscle also can relieve the outflow tract 
obstruction. As mentioned earlier, HCM is an important 
cause of sudden cardiac death. In almost one third of the 
cases of sudden cardiac death in athletes under the age of 
35, the underlying cause is HCM.

Restrictive Cardiomyopathy

Restrictive cardiomyopathy is characterized by a primary 
decrease in ventricular compliance, resulting in impaired ven-
tricular filling during diastole (simply put, the wall is stiffer). 
Because the contractile (systolic) function of the left ven-
tricle usually is unaffected, the functional state can be con-
fused with constrictive pericarditis or HCM. Restrictive 
cardiomyopathy can be idiopathic or associated with sys-
temic diseases that also happen to affect the myocardium, 
for example radiation fibrosis, amyloidosis, sarcoidosis, or 
products of inborn errors of metabolism.

MORPHOLOGY
The ventricles are of  approximately normal size or only 
slightly enlarged, the cavities are not dilated, and the myocar-
dium is firm. Biatrial dilation commonly is due to poor ven-
tricular filling and pressure overloads. Microscopic examination 
reveals variable degrees of  interstitial fibrosis. Although gross 
morphologic findings are similar for restrictive cardiomyopa-
thy of  disparate causes, endomyocardial biopsy often can 
reveal a specific etiologic disorder.

Three forms of restrictive cardiomyopathy merit brief 
mention:
• Amyloidosis is caused by the deposition of extracellular 

proteins with the predilection for forming insoluble 
β-pleated sheets (Chapter 4). Cardiac amyloidosis can 
occur with systemic amyloidosis or can be restricted to 
the heart, particularly in the case of senile cardiac amyloi-
dosis. In the latter instance, deposition of normal (or 
mutant) forms of transthyretin (a liver-synthesized cir-
culating protein that transports thyroxine and retinol) in 
the hearts of elderly patients results in a restrictive car-
diomyopathy. Four percent of African Americans carry 
a specific mutation of transthyretin that is responsible 
for a four-fold increased risk of isolated cardiac amyloi-
dosis in that population.

PATHOGENESIS
In the United States, viral infections are the most common 
cause of  myocarditis, with coxsackieviruses A and B and 
other enteroviruses accounting for a majority of  the cases. 
Cytomegalovirus (CMV), human immunodeficiency virus 
(HIV), influenza virus, and others are less common patho-
gens. Offending agents occasionally can be identified by 
nucleic acid footprints in infected tissues, or by serologic 
studies showing rising antibody titers. While some viruses 
cause direct cytolytic injury, in most cases the injury results 
from an immune response directed against virally infected 
cells; this is analogous to the damage inflicted by virus-specific 
T cells on hepatitis virus–infected liver cells (Chapter 15). In 
some cases viruses trigger a reaction against cross-reacting 
proteins such as myosin heavy chain.

The nonviral infectious causes of myocarditis run 
the entire gamut of  the microbial world. The protozoan 
Trypanosoma cruzi is the agent of  Chagas disease. Although 
uncommon in the northern hemisphere, Chagas disease 
affects up to half  of  the population in endemic areas of  South 
America, with myocardial involvement in the vast majority. 
About 10% of  the patients die during an acute attack; others 
can enter a chronic immune-mediated phase with develop-
ment of  progressive signs of  CHF and arrhythmia 10 to 20 
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MORPHOLOGY
In acute myocarditis, the heart may appear normal or dilated; 
in advanced stages, the myocardium typically is flabby and 
often mottled with pale and hemorrhagic areas. Mural 
thrombi can be present.

A B
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Figure 10–29 Myocarditis. A, Lymphocytic myocarditis, with edema and associated myocyte injury. B, Hypersensitivity myocarditis, characterized by 
perivascular eosinophil-rich inflammatory infiltrates. C, Giant cell myocarditis, with lymphocyte and macrophage infiltrates, extensive myocyte damage, 
and multinucleate giant cells. D, Chagas myocarditis. A myofiber distended with trypanosomes (arrow) is present, along with mononuclear inflammation 
and myofiber necrosis. 

years later. Toxoplasma gondii (household cats are the most 
common vector) also can cause myocarditis, particularly in 
immunocompromised persons. Trichinosis is the most 
common helminthic disease with associated cardiac 
involvement.

Myocarditis occurs in approximately 5% of  patients with 
Lyme disease, a systemic illness caused by the bacterial spi-
rochete Borrelia burgdorferi (Chapter 8). Lyme myocar ditis 
manifests primarily as self-limited conduction system disease, 
frequently requiring temporary pacemaker insertion.

Noninfectious causes of myocarditis include lesions 
associated with systemic diseases of  immune origin, such as 
systemic lupus erythematosus and polymyositis. Drug hyper-
sensitivity reactions (hypersensitivity myocarditis) also 
can occur with exposure to any of  a wide range of  agents; 
such reactions typically are benign and only in rare circum-
stances lead to CHF or sudden death.

Microscopically, active myocarditis is characterized by 
edema, interstitial inflammatory infiltrates, and myocyte 
injury (Fig. 10–29). A diffuse lymphocytic infiltrate is most 
common (Fig. 10–29, A), although the inflammatory involve-
ment is often patchy and can be “missed” on endomyocardial 
biopsy. If  the patient survives the acute phase of  myocarditis, 
lesions can resolve without significant sequelae or heal by 
progressive fibrosis.

In hypersensitivity myocarditis, interstitial and perivas-
cular infiltrates are composed of  lymphocytes, macrophages, 
and a high proportion of  eosinophils (Fig. 10-29, B). Giant 
cell myocarditis is a morphologically distinctive entity char-
acterized by widespread inflammatory cellular infiltrates con-
taining multinucleate giant cells (formed by macrophage 
fusion). Giant cell myocarditis probably represents the 
aggressive end of  the spectrum of  lymphocytic myocarditis, 
and there is at least focal—and frequently extensive—
necrosis (Fig. 10-29, C). This variant carries a poor 
prognosis.

Chagas myocarditis is characterized by the parasi-
tization of  scattered myofibers by trypanosomes accom-
panied by an inflammatory infiltrate of  neutrophils, 
lymphocytes, macrophages, and occasional eosinophils (Fig. 
10-29, D).
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Clinical Features
The clinical spectrum of myocarditis is broad; at one end, 
the disease is asymptomatic, and patients recover without 
sequelae. At the other extreme is the precipitous onset of 
heart failure or arrhythmias, occasionally with sudden 
death. Between these extremes are many levels of involve-
ment associated with a variety of signs and symptoms, 
including fatigue, dyspnea, palpitations, pain, and fever. 
The clinical features of myocarditis can mimic those of 
acute MI. Clinical progression from myocarditis to DCM 
occasionally is seen.

SUMMARY
Cardiomyopathy
• Cardiomyopathy is intrinsic cardiac muscle disease; there 

may be specific causes, or it may be idiopathic.
• The three general pathophysiologic categories of cardio-

myopathy are dilated (accounting for 90% of the cases), 
hypertrophic, and restrictive (least common).

• DCM results in systolic (contractile) dysfunction. Causes 
include myocarditis, toxic exposures (e.g., alcohol), and 
pregnancy. In 20% to 50% of cases, mutations affecting 
cytoskeletal proteins are responsible.

• HCM results in diastolic (relaxation) dysfunction. Virtually 
all cases are due to autosomal dominant mutations in the 
proteins that make up the contractile apparatus, in par-
ticular β-myosin heavy chain.

• Restrictive cardiomyopathy results in a stiff, noncompliant 
myocardium and can be due to depositions (e.g., amyloid), 
increased interstitial fibrosis (e.g., due to radiation), or to 
endomyocardial scarring.

• Myocarditis is myocardial damage caused by inflammatory 
infiltrates secondary to infections or immune reactions. 
Coxsackieviruses A and B are the most common patho-
gens in the United States. Clinically, myocarditis can be 
asymptomatic, give rise to acute heart failure, or evolve 
to DCM.

PERICARDIAL DISEASE
Pericardial disorders include effusions and inflammatory 
conditions, sometimes resulting in fibrous constriction. Iso-
lated pericardial disease is unusual, and pericardial lesions 
typically are associated with a pathologic process else-
where in the heart or surrounding structures or are second-
ary to a systemic disorder.

Pericarditis

Primary pericarditis is uncommon. It most often is due to 
viral infection (typically with concurrent myocarditis), 
although bacteria, fungi, or parasites may also be involved. 
In most cases, pericarditis is secondary to acute MI, cardiac 
surgery, radiation to the mediastinum, or processes involv-
ing other thoracic structures (e.g., pneumonia or pleuritis). 
Uremia is the most common systemic disorder associated 
with pericarditis. Less common secondary causes include 

rheumatic fever, systemic lupus erythematosus, and meta-
static malignancies. Pericarditis can (1) cause immediate 
hemodynamic complications if it elicits a large effusion 
(resulting in cardiac tamponade) (see further on), (2) resolve 
without significant sequelae, or (3) progress to a chronic 
fibrosing process.

MORPHOLOGY
In patients with acute viral pericarditis or uremia, the 
exudate typically is fibrinous, imparting an irregular, shaggy 
appearance to the pericardial surface (so-called “bread and 
butter” pericarditis). In acute bacterial pericarditis, the 
exudate is fibrinopurulent (suppurative), often with areas 
of  frank pus (Fig. 10–30); tuberculous pericarditis can exhibit 
areas of  caseation. Pericarditis due to malignancy often is 
associated with an exuberant, shaggy fibrinous exudate and 
a bloody effusion; metastases can be grossly evident as irreg-
ular excrescences or may be grossly inapparent, especially in 
the case of  leukemia. In most cases, acute fibrinous or fibri-
nopurulent pericarditis resolves without any sequelae. With 
extensive suppuration or caseation, however, healing can 
result in fibrosis (chronic pericarditis).

Chronic pericarditis may be associated with delicate 
adhesions or dense, fibrotic scars that obliterate the pericar-
dial space. In extreme cases, the heart is so completely 
encased by dense fibrosis that it cannot expand normally 
during diastole—resulting in the condition known as con-
strictive pericarditis.

Figure 10–30 Acute suppurative (purulent, exudative) pericarditis, 
caused by extension from a pneumonia. 

Clinical Features
Pericarditis classically manifests with atypical chest pain 
(not related to exertion and worse in recumbency), and a 
prominent friction rub. When associated with significant 
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TSC2 tumor suppressor genes; loss of TSC-1 and -2 activity 
leads to myocyte overgrowth. Because they often regress 
spontaneously, rhabdomyomas are best considered to be 
hamartomas rather than true neoplasms. Like certain other 
tumors that appear in very young children (e.g., neuroblas-
toma), rhabdomyomas often regress spontaneously for 
unknown reasons.

fluid accumulation, acute pericarditis can cause cardiac 
tamponade, with declining cardiac output and consequent 
shock. Chronic constrictive pericarditis produces a combi-
nation of right-sided venous distention and low cardiac 
output, similar to the clinical picture in restrictive 
cardiomyopathy.

Pericardial Effusions

Normally, the pericardial sac contains at most 30 to 50 mL 
of clear, serous fluid. Serous and/or fibrinous effusions in 
excess of this amount occur most commonly in the setting 
of pericardial inflammation. Other types of pericardial 
effusions and their causes include
• Serous: congestive heart failure, hypoalbuminemia of 

any cause
• Serosanguineous: blunt chest trauma, malignancy, rup-

tured MI or aortic dissection
• Chylous: mediastinal lymphatic obstruction
The consequences of pericardial accumulations depend  
on the volume of fluid and the ability of the parietal  
pericardium to stretch; the latter depends largely on how 
fast the effusion accumulates.  Thus, slowly accumulat -
ing effusions—even as large as 1000 mL—can be well- 
tolerated. By contrast, rapidly developing collections of as 
little as 250 mL (e.g., ruptured MI or ruptured aortic dis-
section) can so restrict diastolic cardiac filling as to produce 
potentially fatal cardiac tamponade.

CARDIAC TUMORS

Metastatic Neoplasms

Tumor metastases constitute the most common malignancy of 
the heart; metastatic cardiac lesions occur in about 5% of 
patients dying of cancer. Although any malignancy can 
secondarily involve the heart, certain tumors have a higher 
predilection for cardiac metastases. In descending order 
these are lung cancer, lymphoma, breast cancer, leukemia, 
melanoma, hepatocellular carcinoma, and colon cancer.

Pri ary eoplas s
Primary cardiac tumors are uncommon; moreover, most also 
are (fortunately) benign. The five most common have no 
malignant potential and account for 80% to 90% of all 
primary heart tumors. In descending order of frequency, 
these are myxomas, fibromas, lipomas, papillary fibroelas-
tomas, and rhabdomyomas. Angiosarcomas constitute  
the most common primary malignant tumor of the heart. 
Only the myxomas and rhabdomyomas merit further 
mention here.

Myxomas are the most common primary tumors of the 
adult heart (Fig. 10–31). Roughly 90% are atrial, with the 
left atrium accounting for 80% of those.

Rhabdomyomas are the most frequent primary tumors of 
the heart in infants and children; they frequently are dis-
covered owing to valvular or outflow obstruction. Cardiac 
rhabdomyomas occur with high frequency in patients with 
tuberous sclerosis caused by mutations in the TSC1 or 

Figure 10–31 Atrial myxoma. A, A large pedunculated lesion arises 
from the region of  the fossa ovalis and extends into the mitral valve 
orifice. B, Abundant amorphous extracellular matrix contains scattered 
multinucleate myxoma cells (arrowheads) in various groupings, including 
abnormal vascular formations (arrow). 
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MORPHOLOGY
Myxomas are almost always single, classically arising in the 
region of  the fossa ovalis (atrial septum). They can be small 
(less than 1 cm in diameter) to massive (up to 10 cm across), 
sessile or pedunculated masses (Fig. 10–31, A), most often 
manifesting as soft, translucent, villous lesions with a gelati-
nous appearance. Pedunculated forms often are sufficiently 
mobile to swing into the mitral or tricuspid valve during 
systole, causing intermittent obstruction or exerting a “wreck-
ing ball” effect that damages the valve leaflets.

Histologically, myxomas are composed of  stellate, fre-
quently multinucleated myxoma cells (typically with hyper-
chromatic nuclei), admixed with cells showing endothelial, 
smooth muscle, and/or fibroblastic differentiation (undiffer-
entiated cells also are present); all of  the cell types arise from 
differentiation of  multipotential mesenchymal tumor cells. 
The cells are embedded in an abundant acid mucopolysac-
charide ground substance (Fig. 10–31, B). Hemorrhage, 
poorly organizing thrombus, and mononuclear inflammation 
also are usually present.

Rhabdomyomas are gray-white masses up to several cen-
timeters in diameter that protrude into the ventricular cham-
bers. Histologic examination shows a mixed population of  
cells; most characteristic, however, are large, rounded, or 
polygonal cells containing numerous glycogen-laden vacuoles 
separated by strands of  cytoplasm running from the plasma 
membrane to the centrally located nucleus, so-called spider 
cells.
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extensive, the “rejection episode” can be reversed by 
augmented immunosuppressive therapy. Advanced 
rejection can be irreversible and fatal.

• Allograft arteriopathy is the single most important long-
term limitation for cardiac transplantation. It is a condi-
tion of late, progressive, diffusely stenosing intimal 
proliferation in the coronary arteries (Fig. 10–32, B), 
leading to ischemic injury. Within 5 years of transplanta-
tion, significant arteriopathy has developed in 50% of 
patients, and virtually all patients have lesions within 10 
years. The pathogenesis of this disorder involves immu-
nologic responses that induce local production of growth 
factors, which in turn promote intimal smooth muscle 
cell recruitment and proliferation with ECM synthesis. 
Allograft arteriopathy is a particularly vexing problem 
because it can lead to silent MI (transplant recipients 
have denervated hearts and do not experience angina), 
progressive CHF, or sudden death.

Despite these problems, the outlook for transplant recipi-
ents generally is good, with a 1-year survival rate of 80% 
and a 5-year survival rate more than 60%.

Clinical Features
The major clinical manifestations are due to valvular  
“ball-valve” obstruction, embolization, or a syndrome of 
constitutional signs and symptoms including fever and 
malaise. This syndrome is attributable to tumor elaboration 
of the cytokine interleukin-6, a major mediator of the acute-
phase response. Echocardiography is the diagnostic modal-
ity of choice, and surgical resection is almost uniformly 
curative.

ther Cardiac Tu ors
• Lipomas are localized, poorly encapsulated masses of 

adipose tissue; these can be asymptomatic, create  
ball-valve obstructions (as with myxomas), or produce 
arrhythmias.

• Papillary fibroelastomas usually are only incidentally 
identified lesions, although they can embolize. Gener-
ally located on valves, they form distinctive clusters (up 
to 1 cm in diameter) of hairlike projections that grossly 
resemble sea anemones. Histologic examination shows 
myxoid connective tissue containing abundant muco-
polysaccharide matrix and laminated elastic fibers, all 
surrounded by endothelium.

• Cardiac angiosarcomas and other sarcomas are not clini-
cally or morphologically distinctive from their counter-
parts in other locations and therefore merit no additional 
comment here.

CARDIAC TRANSPLANTATION
Although permanent ventricular assist device implantation 
is increasingly an option for management of end-stage 
heart disease, cardiac transplantation remains the treat-
ment of choice for patients with intractable heart failure. 
Without transplantation, medically managed end-stage 
heart failure carries a 50% 1-year mortality rate, and less 
than 10% of the patients survive 5 years. Roughly 3000 
heart transplantation procedures are performed annually 
worldwide, mostly for DCM and IHD. Even so, the need 
far outstrips the number of available organs, and many 
more patients die while on a waiting list (estimated at 
50,000 per year) than undergo successful transplantation.

Beyond the issues of supply and demand, the major 
complications of cardiac transplantation are acute cardiac 
rejection and allograft arteriopathy (Fig. 10–32). The immu-
nosuppression required for allograft survival also increases 
the risk of opportunistic infections and certain malignan-
cies (e.g., Epstein-Barr virus–associated lymphoma).
• Rejection is suspected clinically in the setting of fever, 

reduced cardiac ejection fraction, unexplained arrhyth-
mia, or an edematous, thickened ventricular wall on 
cardiac ultrasound examination. It is diagnosed by 
endomyocardial biopsy of the transplanted heart.  
Rejection is characterized by an interstitial lymphocytic 
inflammation, associated myocyte damage (Fig. 10–32, 
A), and a histologic pattern similar to that seen in viral 
myocarditis (Fig. 10–29, A). In both instances, T cell–
mediated killing and local cytokine production compro-
mise cardiac function. Increasingly, antibody-mediated 
injury also is recognized as an important mechanism  
in allograft rejection. When myocardial injury is not 

Figure 10–32 Rejection of  cardiac allografts. A, Acute cardiac allograft 
rejection, typified by a lymphocyte infiltrate associated with cardiac 
myocyte damage. Note the similarity of  rejection and viral myocarditis 
(Fig. 10–29, A). B, Allograft arteriopathy, with severe concentric intimal 
thickening producing critical stenosis. The internal elastic lamina (arrow) 
and media are intact. (Movat pentachrome stain.) 
(B, Reproduced by permission from Salomon RN, Hughes CC, Schoen FJ, et al: Human coronary 
transplantation-associated arteriosclerosis. Evidence for chronic immune reaction to activated 
graft endothelial cells. Am J Pathol 138:791, 1991.)

A
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The hematopoietic and lymphoid systems are affected 
by a wide spectrum of diseases. One way to organize  
these disorders is based on whether they primarily affect 
red cells, white cells, or the hemostatic system, which 
includes platelets and clotting factors. The most common 
red cell disorders are those that lead to anemia, a state of 
red cell deficiency. White cell disorders, by contrast, are 
most often associated with excessive proliferation, as a 
result of malignant transformation. Hemostatic derange-
ments may result in hemorrhagic diatheses (bleeding disor-
ders). Finally, splenomegaly, a feature of numerous 
diseases, is discussed at the end of the chapter, as are 
tumors of the thymus.

Although these divisions are useful, in reality the pro-
duction, function, and destruction of red cells, white cells, 
and components of the hemostatic system are closely 
linked, and pathogenic derangements primarily affecting 
one cell type or component of the system often lead to 
alterations in others. For example, in certain conditions B 
cells make autoantibodies against components of the red 
cell membrane. The opsonized red cells are recognized and 

destroyed by phagocytes in the spleen, which becomes 
enlarged. The increased red cell destruction causes anemia, 
which in turn drives a compensatory hyperplasia of red 
cell progenitors in the bone marrow.

Other levels of interplay and complexity stem from the 
anatomically dispersed nature of the hematolymphoid 
system, and the capacity of both normal and malignant 
white cells to “traffic” between various compartments. 
Hence, a patient who is diagnosed with lymphoma by 
lymph node biopsy also may be found to have neoplastic 
lymphocytes in their bone marrow and blood. The malig-
nant lymphoid cells in the marrow may suppress hemato-
poiesis, giving rise to low blood cell counts (cytopenias), 
and the further seeding of tumor cells to the liver and 
spleen may lead to organomegaly. Thus, in both benign 
and malignant hematolymphoid disorders, a single under-
lying abnormality can result in diverse systemic manifesta-
tions. Keeping these complexities in mind, we will use the 
time-honored classification of hematolymphoid disorders 
based on predominant involvement of red cells, white cells, 
and the hemostatic system.

Hematopoietic and  
Lymphoid Systems

See Targeted Therapy available online at  
studentconsult.com 
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RED CELL DISORDERS
Disorders of red cells can result in anemia or, less com-
monly, polycythemia (an increase in red cells also known 
as erythrocytosis). Anemia is defined as a reduction in 
the oxygen-transporting capacity of blood, which usually 
stems from a decrease in the red cell mass to subnormal 
levels.

Anemia can result from bleeding, increased red cell destruc-
tion, or decreased red cell production. These mechanisms serve 
as one basis for classifying anemias (Table 11–1). In some 
entities overlap occurs, for example, in thalassemia where 
reduced red cell production and early destruction give rise 
to anemia. With the exception of anemias caused by chronic 
renal failure or chronic inflammation (described later), the 

Blood oss
Acute  trauma
Chronic  gastrointestinal tract lesions, gynecologic disturbances

Increased Destruction Hemolytic Anemias

Intrinsic (Intracorpuscular) Abnormalities

ereditary
Membrane abnormalities

Membrane skeleton proteins  spherocytosis, elliptocytosis
Membrane lipids  abetalipoproteinemia

nzyme de ciencies
nzymes of he ose monophosphate shunt  glucose phosphate 
dehydrogenase, glutathione synthetase
lycolytic enzymes  pyruvate kinase, he okinase

Disorders of hemoglobin synthesis
Structurally abnormal globin synthesis hemoglobinopathies  sickle 

cell anemia, unstable hemoglobins
De cient globin synthesis  thalassemia syndromes

Ac uired
Membrane defect  paro ysmal nocturnal hemoglobinuria

Extrinsic (Extracorpuscular) Abnormalities

Antibody mediated
Isohemagglutinins  transfusion reactions, immune hydrops Rh disease 

of the ne born
Autoantibodies  idiopathic primary , drug associated, systemic lupus 

erythematosus
Mechanical trauma to red cells

Microangiopathic hemolytic anemias  thrombotic thrombocytopenic 
purpura, disseminated intravascular coagulation

Defective cardiac valves
Infections  malaria

Impaired Red Cell Production
Disturbed proliferation and differentiation of stem cells  aplastic anemia, 

pure red cell aplasia
Disturbed proliferation and maturation of erythroblasts

Defective DNA synthesis  de ciency or impaired utilization of 
vitamin B  and folic acid megaloblastic anemias
Anemia of renal failure erythropoietin de ciency
Anemia of chronic disease iron se uestration, relative 

erythropoietin de ciency
Anemia of endocrine disorders

Defective hemoglobin synthesis
De cient heme synthesis  iron de ciency, sideroblastic anemias
De cient globin synthesis  thalassemias

Marro  replacement  primary hematopoietic neoplasms acute 
leukemia, myelodysplastic syndromes

Marro  in ltration myelophthisic anemia  metastatic neoplasms, 
granulomatous disease

Table 11–1 Classi cation of Anemia According to 
Underlying Mechanism

decrease in tissue oxygen tension that accompanies anemia 
triggers increased production of the growth factor erythro-
poietin from specialized cells in the kidney. This in turn 
drives a compensatory hyperplasia of erythroid precursors 
in the bone marrow and, in severe anemias, the appearance 
of extramedullary hematopoiesis within the secondary 
hematopoietic organs (the liver, spleen, and lymph nodes). 
In well-nourished persons who become anemic because of 
acute bleeding or increased red cell destruction (hemolysis) 
the compensatory response can increase the production of 
red cells five- to eight-fold. The rise in marrow output is 
signaled by the appearance of increased numbers of newly 
formed red cells (reticulocytes) in the peripheral blood. By 
contrast, anemias caused by decreased red cell production 
(aregenerative anemias) are associated with subnormal 
reticulocyte counts (reticulocytopenia).

Anemias also can be classified on the basis of red cell 
morphology, which often points to particular causes. Spe-
cific features that provide etiologic clues include the size, 
color and shape of the red cells. These features are judged 
subjectively by visual inspection of peripheral smears and 
also are expressed quantitatively using the following 
indices:

• Mean cell volume (MCV): the average volume per red cell, 
expressed in femtoliters (cubic microns)

• Mean cell hemoglobin (MCH): the average mass of hemo-
globin per red cell, expressed in picograms

• Mean cell hemoglobin concentration (MCHC): the average 
concentration of hemoglobin in a given volume of 
packed red cells, expressed in grams per deciliter

• Red cell distribution width (RDW): the coefficient of varia-
tion of red cell volume

Red cell indices are directly measured or automatically 
calculated by specialized instruments in clinical laborato-
ries. The same instruments also determine the reticulocyte 
count, a simple measure that distinguishes between hemo-
lytic and aregenerative anemias. Adult reference ranges for 
these tests are shown in Table 11–2. Depending on the dif-
ferential diagnosis, a number of other blood tests also may 
be performed to evaluate anemia, including (1) iron indices 
(serum iron, serum iron-binding capacity, transferrin satu-
ration, and serum ferritin concentrations), which help dis-
tinguish among anemias caused by iron deficiency, chronic 
disease, and thalassemia; (2) plasma unconjugated bilirubin, 
haptoglobin, and lactate dehydrogenase levels, which are abnor-
mal in hemolytic anemias; (3) serum and red cell folate and 
vitamin B12 concentrations, which are low in megaloblastic 
anemias; (4) hemoglobin electrophoresis, which is used to 
detect abnormal hemoglobins; and (5) the Coombs test, 
which is used to detect antibodies or complement on red 
cells in suspected cases of immunohemolytic anemia. In 
isolated anemia, tests performed on the peripheral blood 
usually suffice to establish the cause. By contrast, when 
anemia occurs along with thrombocytopenia and/or 
granu  locytopenia, it is much more likely to be associated 
with marrow aplasia or infiltration; in such instances, a 
marrow examination usually is warranted.

As discussed later, the clinical consequences of anemia 
are determined by its severity, rapidity of onset, and  
underlying pathogenic mechanism. If the onset is slow,  
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ANEMIA OF BLOOD LOSS: 
HEMORRHAGE

With acute blood loss exceeding 20% of blood volume, the 
immediate threat is hypovolemic shock rather than anemia. 
If the patient survives, hemodilution begins at once and 
achieves its full effect within 2 to 3 days; only then is the 
full extent of the red cell loss revealed. The anemia is normo-
cytic and normochromic. Recovery from blood loss anemia is 
enhanced by a compensatory rise in the erythropoietin 
level, which stimulates increased red cell production and 
reticulocytosis within a period of 5 to 7 days.

With chronic blood loss, iron stores are gradually 
depleted. Iron is essential for hemoglobin synthesis and 
erythropoiesis, and its deficiency leads to a chronic anemia 
of underproduction. Iron deficiency anemia can occur  
in other clinical settings as well; it is described later  
along with other anemias caused by decreased red cell 
production.

HEMOLYTIC ANEMIAS
Normal red cells have a life span of about 120 days. 
Anemias caused by accelerated red cell destruction are 
termed hemolytic anemias. Destruction can stem from either 
intrinsic (intracorpuscular) red cell defects, which are 
usually inherited, or extrinsic (extracorpuscular) factors, 
which are usually acquired. Examples of each type of 
hemolytic anemia are listed in Table 11–1.

Features shared by all uncomplicated hemolytic anemias 
include (1) a decreased red cell life span, (2) a compensa-
tory increase in erythropoiesis, and (3) the retention of the 
products of degraded red cells (including iron) by the 
body. Because the recovered iron is efficiently recycled, red 
cell regeneration may almost keep pace with the hemolysis. 
Consequently, hemolytic anemias are associated with erythroid 
hyperplasia in the marrow and increased numbers of reticulo-
cytes in the peripheral blood. In severe hemolytic anemias, 
extramedullary hematopoiesis may appear in the liver, 
spleen, and lymph nodes.

Destruction of red cells can occur within the vascular 
compartment (intravascular hemolysis) or within tissue mac-
rophages (extravascular hemolysis). Intravascular hemolysis 
can result from mechanical forces (e.g., turbulence created 
by a defective heart valve) or biochemical or physical 
agents that damage the red cell membrane (e.g., fixation  
of complement, exposure to clostridial toxins, or heat). 
Regardless of cause, intravascular hemolysis leads to 
hemoglobinemia, hemoglobinuria, and hemosiderinuria. 
The conversion of heme to bilirubin can result in unconju-
gated hyperbilirubinemia and jaundice. Massive intravas-
cular hemolysis sometimes leads to acute tubular necrosis 
(Chapter 13). Haptoglobin, a circulating protein that binds 
and clears free hemoglobin, is completely depleted from 
the plasma, which also usually contains high levels of 
lactate dehydrogenase (LDH) as a consequence of its release 
from hemolyzed red cells.

Extravascular hemolysis, the more common mode of red 
cell destruction, primarily takes place within the spleen 
and liver. These organs contain large numbers of macro-
phages, the principal cells responsible for the removal of 
damaged or immunologically targeted red cells from the 

the deficit in O2-carrying capacity is partially compensated 
for by adaptations such as increases in plasma volume, 
cardiac output, respiratory rate, and levels of red cell 2,3- 
diphosphoglycerate, a glycolytic pathway intermediate 
that enhances the release of O2 from hemoglobin. These 
changes mitigate the effects of mild to moderate anemia in 
otherwise healthy persons but are less effective in those 
with compromised pulmonary or cardiac function. Pallor, 
fatigue, and lassitude are common to all forms of anemia. 
Anemias caused by the premature destruction of red cells 
(hemolytic anemias) are associated with hyperbilirubinemia, 
jaundice, and pigment gallstones, all related to increases in the 
turnover of hemoglobin. Anemias that stem from ineffective 
hematopoiesis (the premature death of erythroid progenitors 
in the marrow) are associated with inappropriate increases 
in iron absorption from the gut, which can lead to iron 
overload (secondary hemochromatosis) with consequent 
damage to endocrine organs and the heart. If left untreated, 
severe congenital anemias such as β-thalassemia major inevi-
tably result in growth retardation, skeletal abnormalities, and 
cachexia.

Units Men Women
Hemoglobin Hb g d . . . .

Hematocrit Hct

Red cell count × μ . . . .

Reticulocyte count . . . .

Mean cell volume MCV f

Mean cell Hb MCH pg

Mean cell Hb 
concentration MCHC

g d

Red cell distribution 
idth RDW

. .

Table 11–2 Adult Reference Ranges for Red Blood Cells

*Reference ranges vary among laboratories. The reference ranges for the laboratory 
providing the result should always be used in interpreting a laboratory test.

SUMMARY
Pathology of Anemias
Causes
• Blood loss (hemorrhage)
• Increased red cell destruction (hemolysis)
• Decreased red cell production

Morphology
• Microcytic (iron deficiency, thalassemia)
• Macrocytic (folate or vitamin B12 deficiency)
• Normocytic but with abnormal shapes (hereditary sphero-

cytosis, sickle cell disease)

Clinical Manifestations
• Acute: shortness of breath, organ failure, shock
• Chronic

! Pallor, fatigue, lassitude
! With hemolysis: jaundice and gallstones
! With ineffective erythropoiesis: iron overload, heart and 

endocrine failure
! If severe and congenital: growth retardation, bone 

deformities due to reactive marrow hyperplasia
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circulation. Because extreme alterations of shape are neces-
sary for red cells to navigate the splenic sinusoids, any 
reduction in red cell deformability makes this passage dif-
ficult and leads to splenic sequestration and phagocytosis. 
As described later in the chapter, diminished deformability 
is a major cause of red cell destruction in several hemolytic 
anemias. Extravascular hemolysis is not associated with 
hemoglobinemia and hemoglobinuria, but often produces 
jaundice and, if long-standing, leads to the formation of 
bilirubin-rich gallstones (pigment stones). Haptoglobin is 
decreased, as some hemoglobin invariably escapes from 
macrophages into the plasma, and LDH levels also are 
elevated. In most forms of chronic extravascular hemolysis 
there is a reactive hyperplasia of mononuclear phagocytes 
that results in splenomegaly.

We now turn to some of the common hemolytic anemias.

Hereditary Spherocytosis

This disorder stems from inherited (intrinsic) defects in the 
red cell membrane that lead to the formation of sphero-
cytes, nondeformable cells that are highly vulnerable to 
sequestration and destruction in the spleen. Hereditary 
spherocytosis is usually transmitted as an autosomal domi-
nant trait; a more severe, autosomal recessive form of the 
disease affects a small minority of patients. MORPHOLOGY

On smears, spherocytes are dark red and lack central 
pallor (Fig. 11–2). The excessive red cell destruction and 
resultant anemia lead to a compensatory hyperplasia of  red 
cell progenitors in the marrow and an increase in red cell 
production marked by reticulocytosis. Splenomegaly is 
more common and prominent in hereditary spherocytosis 
than in any other form of  hemolytic anemia. The splenic 
weight usually is between 500 and 1000 g. The enlargement 
results from marked congestion of  the splenic cords and 
increased numbers of  tissue macrophages. Phagocytosed red 
cells are seen within macrophages lining the sinusoids and, in 
particular, within the cords. In long-standing cases there is 
prominent systemic hemosiderosis. The other general fea-
tures of  hemolytic anemias also are present, including cho-
lelithiasis, which occurs in 40% to 50% of  patients with 
hereditary spherocytosis.

PATHOGENESIS
Hereditary spherocytosis is caused by abnormalities in 
the membrane skeleton, a network of  proteins that 
underlies lipid bilayer of  the red cell (Fig. 11–1). The major 
membrane skeleton protein is spectrin, a long, flexible het-
erodimer that self-associates at one end and binds short actin 
filaments at its other end. These contacts create a two-
dimensional meshwork that is linked to the overlying mem-
brane through ankyrin and band 4.2 to the intrinsic membrane 
protein called band 3, and through band 4.1 to glycophorin.

The mutations in hereditary spherocytosis most frequently 
involve ankyrin, band 3, and spectrin, but mutations in other 
components of  the skeleton have also been described.  

Band 3 GP

Lipid bilayer

Actin
α

αSpectrin
β

β
4.2 Ankyrin 4.1

4.1

Normal

Spherocyte

Splenic
macrophage

Figure 11–1 Pathogenesis of  hereditary spherocytosis. Left panel, Normal organization of  the major red cell membrane skeleton proteins. Mutations 
in α-spectrin, β-spectrin, ankyrin, band 4.2, and band 3 that weaken the association of  the membrane skeleton with the overlying plasma membrane 
cause red cells to shed membrane vesicles and transform into spherocytes (right panel ). The nondeformable spherocytes are trapped in the splenic 
cords and phagocytosed by macrophages. GP, glycophorin. 

A shared feature of the pathogenic mutations is that 
they weaken the vertical interactions between the 
membrane skeleton and the intrinsic membrane 
proteins. This defect somehow destabilizes the lipid bilayer 
of  the red cells, which shed membrane vesicles into the cir-
culation as they age. Little cytoplasm is lost in the process 
and as a result the surface area to volume ratio decreases 
progressively over time until the cells become spherical (Fig. 
11–1).

The spleen plays a major role in the destruction of  sphe-
rocytes. Red cells must undergo extreme degrees of  defor-
mation to pass through the splenic cords. The floppy discoid 
shape of  normal red cells allows considerable latitude for 
shape changes. By contrast, spherocytes have limited deform-
ability and are sequestered in the splenic cords, where  
they are destroyed by the plentiful resident macrophages. 
The critical role of the spleen is illustrated by the 
beneficial effect of splenectomy; although the red 
cell defect and spherocytes persist, the anemia is 
corrected.
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valine for glutamic acid at the sixth amino acid residue of 
β-globin. In homozygotes, all HbA is replaced by HbS, 
whereas in heterozygotes, only about half is replaced.

Incidence
Sickle cell anemia is the most common familial hemolytic anemia 
in the world. In parts of Africa where malaria is endemic, 
the gene frequency approaches 30% as a result of a small 
but significant protective effect of HbS against Plasmodium 
falciparum malaria. In the United States, approximately 8% 
of blacks are heterozygous for HbS, and about 1 in 600 have 
sickle cell anemia.

Clinical Features
The characteristic clinical features are anemia, splenomegaly, 
and jaundice. The anemia is highly variable in severity, 
ranging from subclinical to profound; most commonly it is 
of moderate degree. Because of their spherical shape, red 
cells in hereditary spherocytosis have increased osmotic fra-
gility when placed in hypotonic salt solutions, a character-
istic that can help establish the diagnosis.

The clinical course often is stable but may be punctuated 
by aplastic crises. The most severe crises are triggered by 
parvovirus B19, which infects and destroys erythroblasts 
in the bone marrow. Because red cells in hereditary sphe-
rocytosis have a shortened life span, a lack of red cell pro-
duction for even a few days results in a rapid worsening 
of the anemia. Such episodes are self-limited, but some 
patients need supportive blood transfusions during the 
period of red cell aplasia.

There is no specific treatment for hereditary spherocy-
tosis. Splenectomy provides relief for symptomatic patients 
by removing the major site of red cell destruction. The 
benefits of splenectomy must be weighed against the risk 
of increased susceptibility to infections, particularly in chil-
dren. Partial splenectomy is gaining favor, because this 
approach may produce hematologic improvement while 
maintaining protection against sepsis.

Sickle Cell Anemia

The hemoglobinopathies are a group of hereditary disor-
ders caused by inherited mutations that lead to structural 
abnormalities in hemoglobin. Sickle cell anemia, the proto-
typical (and most prevalent) hemoglobinopathy, stems 
from a mutation in the β-globin gene that creates sickle 
hemoglobin (HbS). Other hemoglobinopathies are infre-
quent and beyond the scope of this discussion.

Normal hemoglobins are tetramers composed of two 
pairs of similar chains. On average, the normal adult red 
cell contains 96% HbA (α2β2), 3% HbA2 (α2δ2), and 1% 
fetal Hb (HbF, α2γ2). HbS is produced by the substitution of 

Figure 11–2 Hereditary spherocytosis—peripheral blood smear. Note 
the anisocytosis and several hyperchromic spherocytes. Howell-Jolly 
bodies (small nuclear remnants) are also present in the red cells of  this 
asplenic patient. 
(Courtesy of Dr. Robert W. McKenna, Department of Pathology, University of Texas Southwestern 
Medical School, Dallas, Texas.)

PATHOGENESIS
On deoxygenation, HbS molecules form long polymers by 
means of  intermolecular contacts that involve the abnormal 
valine residue at position 6. These polymers distort the red 
cell, which assumes an elongated crescentic, or sickle, shape 
(Fig. 11–3). The sickling of  red cells initially is reversible upon 
reoxygenation. However, the distortion of  the membrane 
that is produced by each sickling episode leads to an influx 
of  calcium, which causes the loss of  potassium and water and 
also damages the membrane skeleton. Over time, this cumu-
lative damage creates irreversibly sickled cells, which are 
rapidly hemolyzed.

Many variables influence the sickling of  red cells in vivo. 
The three most important factors are
• The presence of hemoglobins other than HbS. In 

heterozygotes approximately 40% of  Hb is HbS and the 
remainder is HbA, which interacts only weakly with deox-
ygenated HbS. Because the presence of  HbA greatly 
retards the polymerization of  HbS, the red cells of  het-
erozygotes have little tendency to sickle in vivo. Such 
persons are said to have sickle cell trait. HbC, another 
mutant β-globin, has a lysine residue instead of  the normal 
glutamic acid residue at position 6. About 2.3% of  Ameri-
can blacks are heterozygous carriers of  HbC; as a result, 
about 1 in 1250 newborns are compound heterozygotes 
for HbC and HbS. Because HbC has a greater tendency 
to aggregate with HbS than does HbA, HbS/HbC com-
pound heterozygotes have a symptomatic sickling disorder 
called HbSC disease. HbF interacts weakly with HbS, 
so newborns with sickle cell anemia do not manifest the 
disease until HbF falls to adult levels, generally around the 
age of  5 to 6 months.

• The intracellular concentration of HbS. The poly-
merization of  deoxygenated HbS is strongly concentration-
dependent. Thus, red cell dehydration, which increases 
the Hb concentration, facilitates sickling. Conversely, the 
coexistence of  α-thalassemia (described later), which 
decreases the Hb concentration, reduces sickling. The 
relatively low concentration of  HbS also contributes to 
the absence of  sickling in heterozygotes with sickle cell 
trait.

• The transit time for red cells through the micro-
vasculature. The normal transit times of  red cells 
through capillaries are too short for significant polymeriza-
tion of  deoxygenated HbS to occur. Hence, sickling in 
microvascular beds is confined to areas of  the body in 
which blood flow is sluggish. This is the normal situation 



C H A P T E R  11412 Hematopoietic and Lymphoid Systems 

Figure 11–4 Pathophysiology of  sickle cell disease. 
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in the spleen and the bone marrow, two tissues promi-
nently affected by sickle cell disease. Sickling also can be 
triggered in other microvascular beds by acquired factors 
that retard the passage of  red cells. As described previ-
ously, inflammation slows the flow of  blood by increasing 
the adhesion of  leukocytes and red cells to endothelium 
and by inducing the exudation of  fluid through leaky 
vessels. In addition, sickle red cells have a greater tendency 
than normal red cells to adhere to endothelial cells, appar-
ently because repeated bouts of  sickling causes mem-
brane damage that make them sticky. These factors 
conspire to prolong the transit times of  sickle red cells, 
increasing the probability of  clinically significant sickling.

Two major consequences arise from the sickling of 
red cells (Fig. 11–4). First, the red cell membrane damage 
and dehydration caused by repeated episodes of  sickling 
produce a chronic hemolytic anemia. The mean life span 
of  red cells in sickle cell anemia is only 20 days (one sixth of  
normal). Second, red cell sickling produces widespread 
microvascular obstructions, which result in ischemic 
tissue damage and pain crises. Vaso-occlusion does not cor-
relate with the number of  irreversibly sickled cells and there-
fore appears to result from factors such as infection, 
inflammation, dehydration, and acidosis that enhance the 
sickling of  reversibly sickled cells.

A B

Figure 11–3 Sickle cell anemia—peripheral blood smear. A, Low magnification shows sickle cells, anisocytosis, poikilocytosis, and target cells. 
B, Higher magnification shows an irreversibly sickled cell in the center. 
(Courtesy of Dr. Robert W. McKenna, Department of Pathology, University of Texas Southwestern Medical School, Dallas, Texas.)

MORPHOLOGY
The anatomic alterations in sickle cell anemia stem from (1) 
the severe chronic hemolytic anemia, (2) the increased 
breakdown of  heme to bilirubin, and (3) microvascular 
obstructions, which provoke tissue ischemia and infarction. 
In peripheral smears, elongated, spindled, or boat-shaped 
irreversibly sickled red cells are evident (Fig. 11–3). Both the 
anemia and the vascular stasis lead to hypoxia-induced fatty 
changes in the heart, liver, and renal tubules. There is a com-
pensatory hyperplasia of  erythroid progenitors in the marrow. 
The cellular proliferation in the marrow often causes bone 

resorption and secondary new bone formation, resulting in 
prominent cheekbones and changes in the skull resembling a 
“crewcut” in radiographs. Extramedullary hematopoiesis may 
appear in the liver and spleen.

In children there is moderate splenomegaly (splenic 
weight up to 500 g) due to red pulp congestion caused by 
entrapment of  sickled red cells. However, the chronic splenic 
erythrostasis produces hypoxic damage and infarcts, which 
over time reduce the spleen to a useless nubbin of  fibrous 
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The clinical course is highly variable. As a result of 
improvements in supportive care, an increasing number  
of patients are surviving into adulthood and producing 
offspring. Of particular importance is prophylactic treat-
ment with penicillin to prevent pneumococcal infections. 
Approximately 50% of patients survive beyond the fifth 
decade. By contrast, sickle cell trait causes symptoms rarely 
and only under extreme conditions, such as after vigorous 
exertion at high altitudes.

A mainstay of therapy is hydroxyurea, a “gentle” inhibi-
tor of DNA synthesis. Hydroxyurea reduces pain crises 
and lessens the anemia through several beneficial intracor-
puscular and extracorpuscular effects, including (1) an 
increase in red cell levels of HbF; (2) an anti-inflammatory 
effect due to the inhibition of white cell production; (3) an 
increase in red cell size, which lowers the mean cell hemo-
globin concentration; and (4) its metabolism to NO, a 
potent vasodilator and inhibitor of platelet aggregation. 
Encouraging results also have been obtained with alloge-
neic bone marrow transplantation, which has the potential 
to be curative.

Thalassemia

The thalassemias are inherited disorders caused by muta-
tions that decrease the synthesis of α- or β-globin chains. 
As a result, there is a deficiency of Hb and additional red 
cell changes due to the relative excess of the unaffected 
globin chain. The mutations that cause thalassemia are par-
ticularly common among populations in Mediterranean, 
African, and Asian regions in which malaria is endemic. 
As with HbS, it is hypothesized that globin mutations asso-
ciated with thalassemia are protective against falciparum  
malaria.

tissue. This process, referred to as autosplenectomy, is 
complete by adulthood.

Vascular congestion, thrombosis, and infarction can 
affect any organ, including the bones, liver, kidney, retina, 
brain, lung, and skin. The bone marrow is particularly prone 
to ischemia because of  its sluggish blood flow and high rate 
of  metabolism. Priapism, another frequent problem, can lead 
to penile fibrosis and erectile dysfunction. As with the other 
hemolytic anemias, hemosiderosis and gallstones are 
common.

Clinical Course
Homozygous sickle cell disease usually is asymptomatic 
until 6 months of age when the shift from HbF to HbS is 
complete. The anemia is moderate to severe; most patients 
have hematocrits 18% to 30% (normal range, 36% to 48%). 
The chronic hemolysis is associated with hyperbilirubine-
mia and compensatory reticulocytosis. From its onset, the 
disease runs an unremitting course punctuated by sudden 
crises. The most serious of these are the vaso-occlusive, or 
pain, crises. The vaso-occlusion in these episodes can involve 
many sites but occurs most commonly in the bone marrow, 
where it often progresses to infarction.

A feared complication is the acute chest syndrome, which 
can be triggered by pulmonary infections or fat emboli 
from infarcted marrow. The blood flow in the inflamed, 
ischemic lung becomes sluggish and “spleenlike,” leading 
to sickling within hypoxemic pulmonary beds. This exac-
erbates the underlying pulmonary dysfunction, creating a 
vicious circle of worsening pulmonary and systemic hypox-
emia, sickling, and vaso-occlusion. Another major compli-
cation is stroke, which sometimes occurs in the setting of 
the acute chest syndrome. Although virtually any organ 
can be damaged by ischemic injury, the acute chest syndrome 
and stroke are the two leading causes of ischemia-related death.

A second acute event, aplastic crisis, is caused by a 
sudden decrease in red cell production. As in hereditary 
spherocytosis, this usually is triggered by the infection of 
erythroblasts by parvovirus B19 and, while severe, is 
self-limited.

In addition to these crises, patients with sickle cell 
disease are prone to infections. Both children and adults 
with sickle cell disease are functionally asplenic, making 
them susceptible to infections caused by encapsulated  
bacteria, such as pneumococci. In adults the basis for 
“hyposplenism” is autoinfarction. In the earlier childhood 
phase of splenic enlargement, congestion caused by trapped 
sickled red cells apparently interferes with bacterial seques-
tration and killing; hence, even children with enlarged 
spleens are at risk for development of fatal septicemia. 
Patients with sickle cell disease also are predisposed to 
Salmonella osteomyelitis, possibly in part because of poorly 
understood acquired defects in complement function.

In homozygous sickle cell disease, irreversibly sickled 
red cells are seen in routine peripheral blood smears. In 
sickle cell trait, sickling can be induced in vitro by exposing 
cells to marked hypoxia. The diagnosis is confirmed by 
electrophoretic demonstration of HbS. Prenatal diagnosis 
of sickle cell anemia can be performed by analyzing fetal 
DNA obtained by amniocentesis or biopsy of chorionic 
villi.

PATHOGENESIS
A diverse collection of  α-globin and β-globin mutations 
underlies the thalassemias, which are autosomal codominant 
conditions. As described previously, adult hemoglobin, or 
HbA, is a tetramer composed of  two α chains and two β 
chains. The α chains are encoded by two α-globin genes, 
which lie in tandem on chromosome 11, while the β chains 
are encoded by a single β-globin gene located on chromo-
some 16. The clinical features vary widely depending on the 
specific combination of  mutated alleles that are inherited by 
the patient (Table 11–3), as described next.

β-Thalassemia
The mutations associated with β-thalassemia fall into two 
categories: (1) β0, in which no β-globin chains are produced; 
and (2) β+, in which there is reduced (but detectable) β-globin 
synthesis. Sequencing of  β-thalassemia genes has revealed 
more than 100 different causative mutations, a majority con-
sisting of  single-base changes. Persons inheriting one abnor-
mal allele have β-thalassemia minor (also known as 
β-thalassemia trait), which is asymptomatic or mildly 
symptomatic. Most people inheriting any two β0 and β+ alleles 
have β-thalassemia major; occasionally, persons inheriting 
two β+ alleles have a milder disease termed β-thalassemia 
intermedia. In contrast with α-thalassemias (described 
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Clinical Syndrome enotype Clinical Features Molecular enetics

β halassemias
β halassemia ma or Homozygous β thalassemia 

β β , β+ β+, β β+
Severe anemia  regular blood 
transfusions re uired

Mainly point mutations that lead to 
defects in the transcription, splicing, 
or translation of β globin mRNA

β halassemia intermedia Variable β β+, β+ β+, β β, β+ β Severe anemia, but regular blood 
transfusions not re uired

β halassemia minor Heterozygous β thalassemia 
β β, β+ β

Asymptomatic ith mild or absent 
anemia  red cell abnormalities seen

α halassemias
Silent carrier − α, α α Asymptomatic  no red cell 

abnormality
Mainly gene deletions

α halassemia trait − − , α α Asian
− α, − α black African, Asian

Asymptomatic, like β thalassemia 
minor

HbH disease − − , − α Severe  resembles β thalassemia 
intermedia

Hydrops fetalis − − , − − ethal in utero ithout 
transfusions

Table 11–  Clinical and enetic Classi cation of halassemias

HgH, hemoglobin H; mRNA, messenger ribonucleic acid.

later), gene deletions rarely underlie β-thalassemias 
(Table 11–3).

The mutations responsible for β-thalassemia disrupt 
β-globin synthesis in several different ways (Fig. 11–5):
• Mutations leading to aberrant RNA splicing are 

the most common cause of β-thalassemia. Some 
of  these mutations disrupt the normal RNA splice junc-
tions; as a result, no mature mRNA is made and there is 
a complete failure of  β-globin production, creating β0. 
Other mutations create new splice junctions in abnormal 
positions—within an intron, for example. Because the 
normal splice sites are intact, both normal and abnormal 
splicing occurs, and some normal β-globin mRNA is made. 
These alleles are designated β+.

• Some mutations lie within the β-globin promoter and 
lower the rate of  β-globin gene transcription. Because 
some normal β-globin is synthesized, these are β+ alleles.

• Other mutations involve the coding regions of  the β-
globin gene, usually with severe consequences. For 
example, some single-nucleotide changes create termina-
tion (“stop”) codons that interrupt the translation of  

b+Thalb0Thalb0Thalb+Thal

5´ 3´

Exon-1 Exon-2 Exon-3

Transcription defect
RNA splicing defect
Translation defect
  

Promoter
sequence

Figure 11–5 Distribution of  β-globin gene mutations associated with β-thalassemia. Arrows denote sites at which point mutations giving rise to β+ or 
β0 thalassemia have been identified. 

β-globin mRNA and completely prevent the synthesis of  
β-globin.

Two mechanisms contribute to the anemia in 
β-thalassemia. The reduced synthesis of  β-globin leads to 
inadequate HbA formation and results in the production of  
poorly hemoglobinized red cells that are pale (hypochro-
mic) and small in size (microcytic). Even more important 
is the imbalance in β-globin and α-globin chain syn-
thesis, as this creates an excess of  unpaired α chains that 
aggregate into insoluble precipitates, which bind and severely 
damage the membranes of  both red cells and erythroid pre-
cursors. A high fraction of  the damaged erythroid precursors 
die by apoptosis (Fig. 11–6), a phenomenon termed ineffec-
tive erythropoiesis, and the few red cells that are produced 
have a shortened life span due to extravascular hemoly-
sis. Ineffective hematopoiesis has another untoward effect: It 
is associated with an inappropriate increase in the absorption 
of  dietary iron, which without medical intervention inevitably 
leads to iron overload. The increased iron absorption is 
caused by inappropriately low levels of  hepcidin, which is a 
negative regulator of  iron absorption (see later).
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α-Thalassemia
Unlike β-thalassemia, α-thalassemia is caused mainly by 
deletions involving one or more of the α-globin 
genes. The severity of  the disease is proportional to the 
number of  α-globin genes that are missing (Table 11–3). For 
example, the loss of  a single α-globin gene produces a silent-
carrier state, whereas the deletion of  all four α-globin genes 
is lethal in utero because the red cells have virtually no 
oxygen-delivering capacity. With loss of  three α-globin genes 
there is a relative excess of  β-globin or (early in life) γ-globin 
chains. Excess β-globin and γ-globin chains form relatively 
stable β4 and γ4 tetramers known as HbH and Hb Bart, 
respectively, which cause less membrane damage than the 
free α-globin chains that are found in β-thalassemia; as a 
result, ineffective erythropoiesis is less pronounced in 
α-thalassemia. Unfortunately, both HbH and Hb Bart have 
an abnormally high affinity for oxygen, which renders them 
ineffective at delivering oxygen to the tissues.

HbA
(a2 b2 )

Normal erythroblast Abnormal erythroblast

NORMAL b-THALASSEMIA

Normal red blood cells

Dietary iron

Reduced b-globin synthesis,
with relative excess of a-globin
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Ineffective erythropoiesis
Most erythroblasts
die in bone marrow

Tissue hypoxia

Blood
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Reduce
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Figure 11–6 Pathogenesis of  β-thalassemia major. Note that aggregates of  excess α-globin are not visible on routine blood smears. Blood transfusions 
constitute a double-edged sword, diminishing the anemia and its attendant complications but also adding to the systemic iron overload. 

MORPHOLOGY
A range of  pathologic features are seen, depending on the 
specific underlying molecular lesion. On one end of  the spec-
trum is β-thalassemia minor and α-thalassemia trait, in which 
the abnormalities are confined to the peripheral blood. In 
smears the red cells are small (microcytic) and pale (hypo-
chromic), but regular in shape. Often seen are target cells, 
cells with an increased surface area-to-volume ratio that 
allows the cytoplasm to collect in a central, dark-red “puddle.” 
On the other end of  the spectrum, in β-thalassemia major, 
peripheral blood smears show marked microcytosis, 
hypochromia, poikilocytosis (variation in cell size), and 
anisocytosis (variation in cell shape). Nucleated red cells 
(normoblasts) are also seen that reflect the underlying eryth-
ropoietic drive. β-Thalassemia intermedia and HbH disease 
are associated with peripheral smear findings that lie between 
these two extremes.
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reduced level of HbA (α2β2) and an increased level of 
HbA2 (α2δ2). HbH disease can be diagnosed by detection 
of β4 tetramers by electrophoresis.

Glucose-6-Phosphate Dehydrogenase Deficiency

Red cells are constantly exposed to both endogenous and 
exogenous oxidants, which are normally inactivated by 
reduced glutathione (GSH). Abnormalities affecting the 
enzymes responsible for the synthesis of GSH leave red 
cells vulnerable to oxidative injury and lead to hemolytic 
anemias. By far the most common of these anemias is that 
caused by glucose-6-phosphate dehydrogenase (G6PD) 
deficiency. The G6PD gene is on the X chromosome. More 
than 400 G6PD variants have been identified, but only a 
few are associated with disease. One of the most important 
variants is G6PD A− , which is carried by approximately 
10% of black males in the United States. G6PD A−  has a 
normal enzymatic activity but a decreased half-life. Because 
red cells do not synthesize proteins, older G6PD A−  red 
cells become progressively deficient in enzyme activity and 
the reduced form of glutathione. This in turn renders older 
red cells more sensitive to oxidant stress.Clinical Course

β-Thalassemia minor and α-thalassemia trait (caused by dele-
tion of two α-globin genes) are often asymptomatic. There 
is usually only a mild microcytic hypochromic anemia; 
generally, these patients have a normal life expectancy. 
Iron deficiency anemia is associated with a similar red cell 
appearance and must be excluded by appropriate labora-
tory tests (described later).

β-Thalassemia major manifests postnatally as HbF synthe-
sis diminishes. Affected children suffer from growth retar-
dation that commences in infancy. They are sustained by 
repeated blood transfusions, which improve the anemia and 
reduce the skeletal deformities associated with excessive 
erythropoiesis. With transfusions alone, survival into the 
second or third decade is possible, but systemic iron over-
load gradually develops owing to inappropriate uptake of 
iron from the gut and the iron load in transfused red cells. 
Unless patients are treated aggressively with iron chela-
tors, cardiac dysfunction from secondary hemochromatosis 
inevitably develops and often is fatal in the second or third 
decade of life. When feasible, bone marrow transplantation 
at an early age is the treatment of choice. HbH disease 
(caused by deletion of three α-globin genes) and 
β-thalassemia intermedia are not as severe as β-thalassemia 
major, since the imbalance in α- and β-globin chain synthe-
sis is not as great and hematopoiesis is more effective. 
Anemia is of moderate severity and patients usually do not 
require transfusions. Thus, the iron overload that is so 
common in β-thalassemia major is rarely seen.

The diagnosis of β-thalassemia major can be strongly 
suspected on clinical grounds. Hb electrophoresis shows pro-
found reduction or absence of HbA and increased levels of 
HbF. The HbA2 level may be normal or increased. Similar 
but less profound changes are noted in patients affected by 
β-thalassemia intermedia. Prenatal diagnosis of β-thalassemia 
is challenging due to the diversity of causative mutations, 
but can be made in specialized centers by DNA analysis. 
In fact, thalassemia was the first disease diagnosed by 
DNA-based tests, opening the way for the field of molecu-
lar diagnostics. The diagnosis of β-thalassemia minor is 
made by Hb electrophoresis, which typically reveals a 

PATHOGENESIS
G6PD deficiency produces no symptoms until the 
patient is exposed to an environmental factor (most 
commonly infectious agents or drugs) that produces 
oxidants. The drugs incriminated include antimalarials (e.g., 
primaquine), sulfonamides, nitrofurantoin, phenacetin, aspirin 
(in large doses), and vitamin K derivatives. More commonly, 
episodes of  hemolysis are triggered by infections, which 
induce phagocytes to generate oxidants as part of  the normal 
host response. These oxidants, such as hydrogen peroxide, 
are normally sopped up by GSH, which is converted to oxi-
dized glutathione in the process. Because regeneration of  
GSH is impaired in G6PD-deficient cells, oxidants are free to 
“attack” other red cell components including globin chains, 
which have sulfhydryl groups that are susceptible to oxida-
tion. Oxidized hemoglobin denatures and precipitates, 
forming intracellular inclusions called Heinz bodies, which 
can damage the cell membrane sufficiently to cause intravas-
cular hemolysis. Other, less severely damaged cells lose their 
deformability and suffer further injury when splenic phago-
cytes attempt to “pluck out” the Heinz bodies, creating 
so-called bite cells (Fig. 11–7). Such cells become trapped 
upon recirculation to the spleen and are destroyed by phago-
cytes (extravascular hemolysis).

The anatomic changes in β-thalassemia major are similar in 
kind to those seen in other hemolytic anemias but profound 
in degree. The ineffective erythropoiesis and hemolysis result 
in a striking hyperplasia of  erythroid progenitors, with a shift 
toward early forms. The expanded erythropoietic marrow 
may completely fill the intramedullary space of  the skeleton, 
invade the bony cortex, impair bone growth, and produce 
skeletal deformities. Extramedullary hematopoiesis and 
hyperplasia of  mononuclear phagocytes result in prominent 
splenomegaly, hepatomegaly, and lymphadenopathy. The 
ineffective erythropoietic precursors consume nutrients and 
produce growth retardation and a degree of  cachexia remi-
niscent of  that seen in cancer patients. Unless steps are taken 
to prevent iron overload, over the span of  years severe 
hemosiderosis develops (Fig. 11–6). HbH disease and 
β-thalassemia intermedia are also associated with spleno-
megaly, erythroid hyperplasia, and growth retardation related 
to anemia, but these are less severe than in β-thalassemia 
major.

Clinical Features
Drug-induced hemolysis is acute and of variable severity. 
Typically, patients develop hemolysis after a lag of 2 or 3 
days. Since G6PD is X-linked, the red cells of affected males 
are uniformly deficient and vulnerable to oxidant injury. 
By contrast, random inactivation of one X chromosome in 
heterozygous females (Chapter 6) creates two populations 
of red cells, one normal and the other G6PD-deficient. Most 
carrier females are unaffected except for those with a large 
proportion of deficient red cells (a chance situation known 
as unfavorable lyonization). In the case of the G6PD 
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Figure 11–7 Glucose-6-phosphate dehydrogenase deficiency after 
oxidant drug exposure—peripheral blood smear. Inset, Red cells with 
precipitates of  denatured globin (Heinz bodies) revealed by supravital 
staining. As the splenic macrophages pluck out these inclusions, “bite 
cells” like the one in this smear are produced. 
(Courtesy of Dr. Robert W. McKenna, Department of Pathology, University of Texas Southwestern 
Medical School, Dallas, Texas.)

Immunohemolytic Anemias

Some individuals develop antibodies that recognize deter-
minants on red cell membranes and cause hemolytic 
anemia. These antibodies may arise spontaneously or be 
induced by exogenous agents such as drugs or chemicals. 
Immunohemolytic anemias are uncommon and classified 
on the basis of (1) the nature of the antibody and (2) the 
presence of predisposing conditions (summarized in Table 
11–4).

The diagnosis of immunohemolytic anemias depends on 
the detection of antibodies and/or complement on red 
cells. This is done with the direct Coombs antiglobulin test, in 
which the patient’s red cells are incubated with antibodies 
against human immunoglobulin or complement. In a posi-
tive test result, these antibodies cause the patient’s red  
cells to clump (agglutinate). The indirect Coombs test, which 
assesses the ability of the patient’s serum to agglutinate test 
red cells bearing defined surface determinants, can then be 
used to characterize the target of the antibody.

ar  Anti ody I unohe olytic Ane ias
Warm antibody immunohemolytic anemias are caused by 
immunoglobulin G (IgG) or, rarely, IgA antibodies that are 
active at 37°C. More than 60% of cases are idiopathic 

A−  variant, it is mainly older red cells that are susceptible 
to lysis. Since the marrow compensates for the anemia by 
producing new resistant red cells, the hemolysis abates 
even if the drug exposure continues. In other variants such 
as G6PD Mediterranean, found mainly in the Middle East, 
the enzyme deficiency and the hemolysis that occur on 
exposure to oxidants are more severe.

Paroxysmal Nocturnal Hemoglobinuria

Paroxysmal nocturnal hemoglobinuria (PNH) is a rare dis-
order worthy of mention because it is the only hemolytic 
anemia that results from an acquired somatic mutation in 
myeloid stem cells.

PATHOGENESIS
PNH stems from acquired mutations in gene PIGA, 
which is required for the synthesis of  phosphatidylinositol 
glycan (PIG), a membrane anchor that is a component of  
many proteins. Without the “PIG-tail,” these proteins cannot 
be expressed on the cell surface. The affected proteins 
include several that limit the activation of  complement. As a 
result, PIGA-deficient precursors give rise to red cells that 
are inordinately sensitive to complement-mediated 
lysis. Leukocytes are also deficient in these protective pro-
teins, but nucleated cells are generally less sensitive to com-
plement than are red cells, and as a result the red cells take 
the brunt of  the attack. The paroxysmal nocturnal hemolysis 
that gives the disorder its name occurs because the fixation 
of  complement is enhanced by the slight decrease in blood 
pH that accompanies sleep (owing to CO2 retention). 
However, most patients present less dramatically with anemia 
due to chronic low-level hemolysis. Another complication 
that is often serious and sometimes fatal is venous throm-
bosis. The etiopathogenesis of  the prothrombotic state is 

somehow also related to the activity of  the complement 
membrane attack complex, as inhibitors of  this complex 
(described below) greatly lessen the incidence of  
thrombosis.

Because PIGA is X-linked, normal cells have only a single 
active PIGA gene, mutation of  which is sufficient to give rise 
to PIGA deficiency. Because all myeloid lineages are affected 
in PNH, the responsible mutations must occur in an 
early myeloid progenitor with self-renewal capacity. 
Remarkably, many normal individuals harbor small numbers 
of  bone marrow cells bearing PIGA mutations identical to 
those that cause PNH. It is believed that clinically evident 
PNH occurs only in rare instances in which the PIGA mutant 
clone has a survival advantage. One setting in which this may 
be true is in primary bone marrow failure (aplastic anemia), 
which most often appears to be caused by immune-mediated 
destruction or suppression of  marrow stem cells. It is hypoth-
esized that PIGA-deficient stem cells somehow escape the 
immune attack and eventually replace the normal marrow 
elements. Targeted therapy with an antibody that inhibits the 
C5b–C9 membrane attack complex is effective at diminishing 
both the hemolysis and the thrombotic complications, but 
also places patients at high risk for Neisseria infections, includ-
ing meningococcal sepsis.

Warm Antibody ype
Pri ary idiopathic
Secondary  B cell neoplasms e.g., chronic lymphocytic leukemia , 

autoimmune disorders e.g., systemic lupus erythematosus , drugs 
e.g., α methyldopa, penicillin, uinidine

Cold Antibody ype
Acute Mycoplas a infection, infectious mononucleosis
Chronic  idiopathic, B cell lymphoid neoplasms e.g., lymphoplasmacytic 

lymphoma

Table 11–  Classi cation of Immunohemolytic Anemias
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produced by defective cardiac valve prostheses (the blender 
effect), which can create sufficiently turbulent blood flow 
to shear red cells. Microangiopathic hemolytic anemia is 
observed in pathologic states in which small vessels  
become partially obstructed or narrowed by lesions that 
predispose passing red cells to mechanical damage. The 
most frequent of these conditions is disseminated intravas-
cular coagulation (DIC) (see later), in which vessels are 
narrowed by the intravascular deposition of fibrin. Other 
causes of microangiopathic hemolytic anemia include 
malignant hypertension, systemic lupus erythematosus, 
thrombotic thrombocytopenic purpura, hemolytic uremic 
syndrome, and disseminated cancer. The morphologic 
alterations in the injured red cells (schistocytes) are striking 
and quite characteristic; “burr cells,” “helmet cells,” and 
“triangle cells” may be seen (Fig. 11–8). While microangio-
pathic hemolysis is not usually in and of itself a major 
clinical problem, it often points to a serious underlying 
condition.

Malaria

It is estimated that malaria affects 500 million and kills 
more than 1 million people per year, making it one of the 
most widespread afflictions of humans. Malaria is endemic 
in Asia and Africa, but with widespread jet travel cases are 
now seen all over the world. It is caused by one of four 
types of protozoa. Of these, the most important is Plasmo-
dium falciparum, which causes tertian malaria (falciparum 
malaria), a serious disorder with a high fatality rate. The 
other three species of Plasmodium that infect humans—
Plasmodium malariae, Plasmodium vivax, and Plasmodium 
ovale—cause relatively benign disease. All forms are trans-
mitted by the bite of female Anopheles mosquitoes, and 
humans are the only natural reservoir.

Figure 11–8 Microangiopathic hemolytic anemia—peripheral blood 
smear. This specimen from a patient with hemolytic uremic syndrome 
contains several fragmented red cells. 
(Courtesy of Dr. Robert W. McKenna, Department of Pathology, University of Texas Southwestern 
Medical School, Dallas, Texas.)

PATHOGENESIS
The life cycle of  plasmodia is complex. As mosquitoes feed 
on human blood, sporozoites are introduced from the saliva 

(primary), while another 25% are secondary to an underly-
ing disease affecting the immune system (e.g., systemic 
lupus erythematosus) or are induced by drugs. The hemo-
lysis usually results from the opsonization of red cells by the 
autoantibodies, which leads to erythrophagocytosis in the 
spleen and elsewhere. In addition, incomplete consump-
tion (“nibbling”) of antibody-coated red cells by macro-
phages removes membrane. With loss of cell membrane the 
red cells are transformed into spherocytes, which are rapidly 
destroyed in the spleen, as described earlier for hereditary 
spherocytosis. The clinical severity of immunohemolytic 
anemias is quite variable. Most patients have chronic mild 
anemia with moderate splenomegaly and require no 
treatment.

The mechanisms of hemolysis induced by drugs are 
varied and in some instances poorly understood. Drugs 
such as α-methyldopa induce autoantibodies against 
intrinsic red cell constituents, in particular Rh blood group 
antigens. Presumably, the drug somehow alters the immu-
nogenicity of native epitopes and thereby circumvents T 
cell tolerance (Chapter 4). Other drugs such as peni cillin 
act as haptens, inducing an antibody response by binding 
covalently to red cell membrane proteins. Sometimes anti-
bodies recognize a drug in the circulation and form immune 
complexes that are deposited on red cell membranes. Here 
they may fix complement or act as opsonins, either of 
which can lead to hemolysis.

Cold Anti ody I unohe olytic Ane ias
Cold antibody immunohemolytic anemias usually are 
caused by low-affinity IgM antibodies that bind to red cell 
membranes only at temperatures below 30°C, such as occur 
in distal parts of the body (e.g., ears, hands, and toes) in 
cold weather. Although bound IgM fixes complement well, 
the latter steps of the complement fixation cascade occur 
inefficiently at temperatures lower than 37°C. As a result, 
most cells with bound IgM pick up some C3b but are not 
lysed intravascularly. When these cells travel to warmer 
areas, the weakly bound IgM antibody is released, but the 
coating of C3b remains. Because C3b is an opsonin (Chapter 
2), the cells are phagocytosed by macrophages, mainly in 
the spleen and liver; hence, the hemolysis is extravascular. 
Binding of pentavalent IgM also cross-links red cells and 
causes them to clump (agglutinate). Sludging of blood in 
capillaries due to agglutination often produces Raynaud phenom-
enon in the extremities of affected individuals. Cold agglu-
tinins sometimes also appear transiently during recovery 
from pneumonia caused by Mycoplasma spp. and infectious 
mononucleosis, producing a mild anemia of little clinical 
importance. More important chronic forms of cold agglu-
tinin hemolytic anemia occur in association with certain B 
cell neoplasms or as an idiopathic condition.

Hemolytic Anemias Resulting from Mechanical 
Trauma to Red Cells

Abnormal mechanical forces result in red cell hemolysis in 
a variety of circumstances. Traumatic hemolysis can occur 
incidentally during any activity involving repeated physi-
cal blows or their equivalent (e.g., marathon racing, karate 
chopping, bongo drumming) but is of little clinical impor-
tance. More significant mechanical hemolysis is sometimes 
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ANEMIAS OF DIMINISHED 
ERYTHROPOIESIS

The category of anemias involving diminished erythro-
poiesis includes anemias that are caused by an inadequate 
dietary supply of nutrients, particularly iron, folic acid, and 
vitamin B12. Other anemias of this type are those associated 
with bone marrow failure (aplastic anemia), systemic 

Clinical Features
The distinctive clinical and anatomic features of malaria 
are related to the following factors:
• Showers of new merozoites are released from the red 

cells at intervals of approximately 48 hours for P. vivax, 
P. ovale, and P. falciparum and 72 hours for P. malariae. 
The episodic shaking, chills, and fever coincide with this 
release.

• The parasites destroy large numbers of infected red 
cells, thereby causing a hemolytic anemia.

• A characteristic brown malarial pigment derived from 
hemoglobin called hematin is released from the rup-
tured red cells and produces discoloration of the spleen, 
liver, lymph nodes, and bone marrow.

• Activation of defense mechanisms in the host leads  
to a marked hyperplasia of mononuclear phagocytes, 
producing massive splenomegaly and occasional 
hepatomegaly.

Fatal falciparum malaria often involves the brain, a complication 
known as cerebral malaria. Normally, red cells bear nega-
tively charged surfaces that interact poorly with endothe-
lial cells. Infection of red cells with P. falciparum induces 
the appearance of positively charged surface knobs con-
taining parasite-encoded proteins, which bind to adhesion 
molecules expressed on activated endothelium. Several 
endothelial cell adhesion molecules, including intercellular 
adhesion molecule-1 (ICAM-1), have been proposed to 
mediate this interaction, which leads to the trapping of red 
cells in postcapillary venules. In an unfortunate minority 
of patients, mainly children, this process involves cerebral 
vessels, which become engorged and occluded. Cerebral 
malaria is rapidly progressive; convulsions, coma, and 
death usually occur within days to weeks. Fortunately, 
falciparum malaria usually pursues a chronic course, which 
may be punctuated at any time by blackwater fever. The 
trigger is obscure for this uncommon complication, which 
is associated with massive intravascular hemolysis, hemo-
globinemia, hemoglobinuria, and jaundice.

With appropriate chemotherapy, the prognosis for 
patients with most forms of malaria is good; however, 
treatment of falciparum malaria is becoming more difficult 
with the emergence of drug-resistant strains. Because of  
the potentially serious consequences of the disease, early 

and within a few minutes infect liver cells. Here the parasites 
multiply rapidly to form a schizont containing thousands of  
merozoites. After a period of  days to several weeks that 
varies with the Plasmodium species, the infected hepatocytes 
release the merozoites, which quickly infect red cells. 
Intraerythrocytic parasites either continue asexual reproduc-
tion to produce more merozoites or give rise to gameto-
cytes capable of  infecting the next hungry mosquito. During 
their asexual reproduction in red cells, each of  the four forms 
of  malaria develops into trophozoites with a somewhat 
distinctive appearance. Thus, the species of malaria that 
is responsible for an infection can be identified in 
appropriately stained thick smears of peripheral 
blood. The asexual phase is completed when the trophozo-
ites give rise to new merozoites, which escape by lysing the 
red cells.

SUMMARY
Hemolytic Anemias
Hereditary Spherocytosis
• Autosomal dominant disorder caused by mutations that 

affect the red cell membrane skeleton, leading to loss of 
membrane and eventual conversion of red cells to sphe-
rocytes, which are phagocytosed and removed in the 
spleen

• Manifested by anemia, splenomegaly

Sickle Cell Anemia
• Autosomal recessive disorder resulting from a mutation 

in β-globin that causes deoxygenated hemoglobin to 
self-associate into long polymers that distort (sickle) the 
red cell

• Blockage of vessels by sickled cells causes pain crises and 
tissue infarction, particularly of the marrow and spleen

• Red cell membrane damage caused by repeated bouts of 
sickling results in a moderate to severe hemolytic anemia

Thalassemias
• Autosomal codominant disorders caused by mutations in 

α- or β-globin that reduce hemoglobin synthesis, resulting 
in a microcytic, hypochromic anemia. In β-thalassemia, 
unpaired α-globin chains form aggregates that damage red 
cell precursors and further impair erythropoiesis.

Glucose-6-Phosphate Dehydrogenase  
(G6PD) Deficiency
• X-linked disorder caused by mutations that destabilize 

G6PD, making red cells susceptible to oxidant damage

Immunohemolytic Anemias
• Caused by antibodies against either normal red cell con-

stituents or antigens modified by haptens (such as drugs)
• Antibody binding results in either red cell opsonization 

and extravascular hemolysis or (uncommonly) comple-
ment fixation and intravascular hemolysis

Malaria
• Intracellular red cell parasite that causes chronic hemoly-

sis of variable severity
• Falciparum malaria may be fatal due to the propensity of 

infected red cells to adhere to small vessels in the brain 
(cerebral malaria)

diagnosis and treatment are important. The ultimate solu-
tion is an effective vaccine, which is long-sought but still 
elusive.
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mucosal and skin epithelial cells. Iron balance is maintained 
largely by regulating the absorption of dietary iron. The normal 
daily Western diet contains 10 to 20 mg of iron. Most of 
this is found in heme within meat and poultry, with the 
remainder present as inorganic iron in vegetables. About 
20% of heme iron and 1% to 2% of nonheme iron are 
absorbable; hence, the average Western diet contains suf-
ficient iron to balance fixed daily losses.

Iron is absorbed in the duodenum (Fig. 11–9). Nonheme 
iron is carried across the apical and basolateral membranes 
of enterocytes by distinct transporters. After reduction by 
ferric reductase, ferrous iron (Fe2+) is transported across the 
apical membrane by divalent metal transporter-1 (DMT1). 
A second transporter, ferroportin, then moves iron from 
the cytoplasm to the plasma across the basolateral mem-
brane. The newly absorbed iron is next oxidized by hepha-
estin and ceruloplasmin to ferric iron (Fe3+), the form of 
iron that binds to transferrin. Both DMT1 and ferroportin 
are widely distributed in the body and are involved in iron 
transport in other tissues as well. As depicted in Figure 
11–9, only a fraction of the iron that enters enterocytes is 
delivered to transferrin by ferroportin. The remainder is 
incorporated into cytoplasmic ferritin and lost through the 
exfoliation of mucosal cells.

When the body is replete with iron, most iron entering 
duodenal cells is “handed off” to ferritin, whereas transfer 
to plasma transferrin is enhanced when iron is deficient or 
erythropoiesis is inefficient. This balance is regulated by 
hepcidin, a small hepatic peptide that is synthesized and 
secreted in an iron-dependent fashion. Plasma hepcidin 
binds ferroportin and induces its internalization and deg-
radation; thus, when hepcidin concentrations are high, fer-
roportin levels fall and less iron is absorbed. Conversely, 
when hepcidin levels are low (as occurs in hemochromato-
sis) (Chapter 15), basolateral transport of iron is increased, 
eventually leading to systemic iron overload.

inflammation (anemia of chronic disease), or bone marrow 
infiltration by tumor or inflammatory cells (myelophthisic 
anemia). In this section, some common examples of anemias 
of these types are discussed individually.

Iron Deficiency Anemia

About 10% of people living in developed countries and 
25% to 50% of those in developing countries are anemic.  
In both settings, the most frequent cause of anemia is iron 
deficiency. The factors responsible for iron deficiency differ 
in various populations and are best understood in the 
context of normal iron metabolism.

The normal total body iron mass is about 2.5 g for 
women and 3.5 g for men. Approximately 80% of func-
tional body iron is present in hemoglobin, with the remain-
der being found in myoglobin and iron-containing enzymes 
(e.g., catalase, cytochromes). The iron storage pool, consist-
ing of hemosiderin and ferritin-bound iron in the liver, 
spleen, bone marrow, and skeletal muscle, contains on 
average 15% to 20% of total body iron. Because serum fer-
ritin is largely derived from this storage pool, the serum 
ferritin level is a good measure of iron stores. Assessment of 
bone marrow iron is another reliable but more invasive 
method for estimating iron stores. Iron is transported in the 
plasma bound to the protein transferrin. In normal persons, 
transferrin is about 33% saturated with iron, yielding 
serum iron levels that average 120 μg/dL in men and 
100 μg/dL in women. Thus, the normal total iron-binding 
capacity of serum is 300 to 350 μg/dL.

In keeping with the high prevalence of iron deficiency, 
evolutionary pressures have yielded metabolic pathways 
that are strongly biased toward iron retention. There is no 
regulated pathway for iron excretion, which is limited to 
the 1 to 2 mg/day that is lost through the shedding of 

Figure 11–9 Regulation of  iron absorption. Duodenal epithelial cell uptake of  heme and nonheme iron discussed in the text is depicted. When the 
storage sites of  the body are replete with iron and erythropoietic activity is normal, plasma hepcidin levels are high. This situation leads to downregula-
tion of  ferroportin and trapping of  most of  the absorbed iron, which is lost when duodenal epithelial cells are shed into the gut. Conversely, when 
body iron stores decrease or erythropoiesis is stimulated, hepcidin levels fall and ferroportin activity increases, allowing a greater fraction of  the absorbed 
iron to be transferred into plasma transferrin. DMT1, divalent metal transporter-1. 
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complication is pica, the compunction to consume nonfood-
stuffs such as dirt or clay.

In peripheral smears red cells are microcytic and hypo-
chromic (Fig. 11–10). Diagnostic criteria include anemia, 
hypochromic and microcytic red cell indices, low serum 
ferritin and iron levels, low transferrin saturation, increased 
total iron-binding capacity, and, ultimately, response to 
iron therapy. For unclear reasons, the platelet count often 
is elevated. Erythropoietin levels are increased, but the 
marrow response is blunted by the iron deficiency; thus, 
marrow cellularity usually is only slightly increased.

Persons often die with iron deficiency anemia, but virtu-
ally never of it. An important point is that in well-nourished 
persons, microcytic hypochromic anemia is not a disease 
but rather a symptom of some underlying disorder.

Anemia of Chronic Disease

Anemia associated with chronic disease is the most 
common form of anemia in hospitalized patients. It super-
ficially resembles the anemia of iron deficiency but arises 
instead from the suppression of erythropoiesis by systemic 
inflammation. It occurs in a variety of disorders associated 
with sustained inflammation, including:
• Chronic microbial infections, such as osteomyelitis, bac-

terial endocarditis, and lung abscess
• Chronic immune disorders, such as rheumatoid arthritis 

and regional enteritis
• Neoplasms, such as Hodgkin lymphoma and carcino-

mas of the lung and breast

PATHOGENESIS
Iron deficiency arises in a variety of  settings:
• Chronic blood loss is the most important cause 

of iron deficiency anemia in the Western world; 
the most common sources of  bleeding are the gastroin-
testinal tract (e.g., peptic ulcers, colonic cancer, hemor-
rhoids) and the female genital tract (e.g., menorrhagia, 
metrorrhagia, cancers).

• In the developing world, low intake and poor bio-
availability due to predominantly vegetarian diets 
are the most common causes of iron deficiency. 
In the United States, low dietary intake is an infrequent 
culprit but is sometimes culpable in infants fed exclusively 
milk, the impoverished, the elderly, and teenagers subsist-
ing predominantly on junk food.

• Increased demands not met by normal dietary intake 
occur worldwide during pregnancy and infancy.

• Malabsorption can occur with celiac disease or after gas-
trectomy (Chapter 14).

Regardless of  the cause, iron deficiency develops insidiously. 
Iron stores are depleted first, marked by a decline in  
serum ferritin and the absence of  stainable iron in the bone 
marrow. These changes are followed by a decrease in serum 
iron and a rise in the serum transferrin. Ultimately, the capac-
ity to synthesize hemoglobin, myoglobin, and other iron-
containing proteins is diminished, leading to microcytic 
anemia, impaired work and cognitive performance, and even 
reduced immunocompetence.

Figure 11–10 Iron deficiency anemia—peripheral blood smear. Note 
the increased central pallor of  most of  the red cells. Scattered, fully 
hemoglobinized cells, from a recent blood transfusion, stand out in 
contrast. 
(Courtesy of Dr. Robert W. McKenna, Department of Pathology, University of Texas Southwestern 
Medical School, Dallas, Texas.)

PATHOGENESIS
The anemia of chronic disease stems from high 
levels of plasma hepcidin, which blocks the transfer of  
iron to erythroid precursors by downregulating ferroportin 
in macrophages. The elevated hepcidin levels are caused by 
pro-inflammatory cytokines such as IL-6, which increase 
hepatic hepcidin synthesis. In addition, chronic inflammation 
blunts erythropoietin synthesis by the kidney, lowering red 
cell production by the marrow. The functional advantages of  
these adaptations in the face of  systemic inflammation are 
unclear; they may serve to inhibit the growth of  iron-
dependent microorganisms or to augment certain aspects of  
host immunity.

Clinical Features
In most instances, iron deficiency anemia is usually mild 
and asymptomatic. Nonspecific manifestations, such as 
weakness, listlessness, and pallor, may be present in severe 
cases. With long-standing anemia, abnormalities of the fin-
gernails, including thinning, flattening, and “spooning,” 
may appear. A curious but characteristic neurobehavioral 

Clinical Features
As in anemia of iron deficiency, the serum iron levels 
usually are low in the anemia of chronic disease, and the 
red cells may even be slightly hypochromic and microcytic. 
Unlike iron deficiency anemia, however, storage iron in the 
bone marrow is increased, the serum ferritin concentration is 
elevated, and the total iron-binding capacity is reduced. Admin-
i stration of erythropoietin and iron can improve the anemia, 
but only effective treatment of the underlying condition is 
curative.
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Figure 11–11 Comparison of  normoblasts (left) and megaloblasts 
(right)—bone marrow aspirate. Megaloblasts are larger, have relatively 
im  mature nuclei with finely reticulated chromatin, and abundant  
basophilic cytoplasm. 
(Courtesy of Dr. José Hernandez, Department of Pathology, University of Texas Southwestern 
Medical School, Dallas, Texas.)

MORPHOLOGY
Certain morphologic features are common to all forms of  
megaloblastic anemia. The bone marrow is markedly hyper-
cellular and contains numerous megaloblastic erythroid pro-
genitors. Megaloblasts are larger than normal erythroid 
progenitors (normoblasts) and have delicate, finely reticu-
lated nuclear chromatin (indicative of  nuclear immaturity) 
(Fig. 11–11). As megaloblasts differentiate and acquire hemo-
globin, the nucleus retains its finely distributed chromatin and 
fails to undergo the chromatin clumping typical of  normo-
blasts. The granulocytic precursors also demonstrate nuclear-
cytoplasmic asynchrony, yielding giant metamyelocytes. 
Megakaryocytes may also be abnormally large and have 
bizarre multilobed nuclei.

In the peripheral blood the earliest change is the appear-
ance of  hypersegmented neutrophils, which appear 
before the onset of  anemia. Normal neutrophils have three 
or four nuclear lobes, but in megaloblastic anemias they often 
have five or more. The red cells typically include large, egg-
shaped macro-ovalocytes; the mean cell volume often is 
greater than 110 fL (normal, 82 to 92 fL). Although macro-
cytes appear hyperchromic, in reality the mean cell hemoglo-
bin concentration is normal. Large, misshapen platelets also 
may be seen. Morphologic changes in other systems, espe-
cially the gastrointestinal tract, also occur, giving rise to some 
of  the clinical manifestations.

Folate (Folic Acid) De ciency Ane ia
Megaloblastic anemia secondary to folate deficiency is not 
common, but marginal folate stores occur with surprising 
frequency even in apparently healthy persons. The risk of 
clinically significant folate deficiency is high in those with 
a poor diet (the economically deprived, the indigent, and 
the elderly) or increased metabolic needs (pregnant women 
and patients with chronic hemolytic anemias).

Folate is present in nearly all foods but is destroyed by 
10 to 15 minutes of cooking. Thus, the best sources are fresh 
uncooked vegetables and fruits. Food folates are predomi-
nantly in polyglutamate form and must be split into mono-
glutamates for absorption, a conversion that is hampered 
by concurrent consumption of acidic foods and substances 
found in beans and other legumes. Phenytoin (dilantin) 
and a few other drugs also inhibit folate absorption, while 
others, such as methotrexate, inhibit folate metabolism. 
The principal site of intestinal absorption is the upper third 
of the small intestine; thus, malabsorptive disorders that 
affect this level of the gut, such as celiac disease and tropi-
cal sprue, can impair folate uptake.

PATHOGENESIS
The metabolism and functions of  folate are complex. Here, 
it is sufficient to note that after absorption folate is trans-
ported in the blood mainly as a monoglutamate. Within cells 
it is further metabolized to several derivatives, but its conver-
sion from dihydrofolate to tetrahydrofolate by dihydrofolate 
reductase is particularly important. Tetrahydrofolate acts 
as an acceptor and donor of one-carbon units in 
several reactions that are required for the synthesis of  
purines and thymidylate, the building blocks of  DNA, 
and its deficiency accounts for the defect in DNA replication 
that underlies megaloblastic anemia.

PATHOGENESIS
The morphologic hallmark of  megaloblastic anemia is the 
presence of  megaloblasts, enlarged erythroid precursors that 
give rise to abnormally large red cells (macrocytes). Granu-
locyte precursors are also increased in size. Underlying this 
cellular gigantism is a defect in DNA synthesis that impairs 
nuclear maturation and cell division. Because the synthesis of  
RNA and cytoplasmic elements proceeds at a normal rate 
and thus outpaces that of  the nucleus, the hematopoietic 
precursors show nuclear-cytoplasmic asynchrony. This 
maturational derangement contributes to the anemia in 
several ways. Many megaloblasts are so defective in DNA 
synthesis that they undergo apoptosis in the marrow (inef-
fective hematopoiesis). Others mature into red cells 
but do so after fewer cell divisions, further diminishing the 
output of  red cells. Granulocyte and platelet precursors are 
also affected (although not as severely) and most patients 
present with pancytopenia (anemia, thrombocytopenia, and 
granulocytopenia).

Megaloblastic Anemias

The two principal causes of megaloblastic anemia are folate 
deficiency and vitamin B12 deficiency. Both vitamins are 
required for DNA synthesis and the effects of their defi-
ciency on hematopoiesis are essentially identical. However, 
the causes and consequences of folate and vitamin B12 defi-
ciency differ in important ways.
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Clinical Features
The manifestations of vitamin B12 deficiency are nonspe-
cific. As with all anemias, findings include pallor, easy 
fatigability, and, in severe cases, dyspnea and even conges-
tive heart failure. The increased destruction of erythroid 
progenitors may give rise to mild jaundice. Gastrointestinal 
signs and symptoms similar to those of folate deficiency 
are seen. The spinal cord disease begins with symmetric 
numbness, tingling, and burning in feet or hands, followed 
by unsteadiness of gait and loss of position sense, particu-
larly in the toes. Although the anemia responds dramati-
cally to parenteral vitamin B12, the neurologic manifestations 
often fail to resolve. As discussed in Chapter 14, patients 
with pernicious anemia have an increased risk for the 
development of gastric carcinoma.

The diagnostic features of pernicious anemia include (1) 
low serum vitamin B12 levels, (2) normal or elevated serum 
folate levels, (3) serum antibodies to intrinsic factor, (4) 
moderate to severe megaloblastic anemia, (5) leukopenia 
with hypersegmented granulocytes, and (6) a dramatic 
reticulocytic response (within 2 to 3 days) to parenteral 
administration of vitamin B12.

Clinical Features
The onset of the anemia of folate deficiency is insidious, 
being associated with nonspecific symptoms such as weak-
ness and easy fatigability. The clinical picture may be com-
plicated by the coexistent deficiency of other vitamins, 
especially in alcoholics. Because the cells lining the gastro-
intestinal tract, like the hematopoietic system, turn over 
rapidly, symptoms referable to the alimentary tract, such 
as sore tongue, are common. Unlike in vitamin B12 deficiency, 
neurologic abnormalities do not occur.

The diagnosis of a megaloblastic anemia is readily made 
from examination of smears of peripheral blood and bone 
marrow. The anemia of folate deficiency is best distin-
guished from that of vitamin B12 deficiency by measuring 
serum and red cell folate and vitamin B12 levels.

ita in  (Co ala in) De ciency Ane ia 
(Pernicious Ane ia)
Inadequate levels of vitamin B12 (also known as cobalamin) 
result in a megaloblastic anemia identical to that seen with 
folate deficiency. However, vitamin B12 deficiency can also 
cause a demyelinating disorder of the peripheral nerves 
and the spinal cord. There are many causes of vitamin B12 
deficiency. The term pernicious anemia, a relic of days when 
the cause and therapy of this condition were unknown, 
applies to vitamin B12 deficiency that results from defects 
involving intrinsic factor. Intrinsic factor plays a critical 
role in the absorption of vitamin B12, a multistep process 
that proceeds as follows:
1. Peptic digestion releases dietary vitamin B12, allowing 

it to bind a salivary protein called haptocorrin.
2. On entering the duodenum, haptocorrin–B12 complexes 

are processed by pancreatic proteases; this releases B12, 
which attaches to intrinsic factor secreted from the pari-
etal cells of the gastric fundic mucosa.

3. The intrinsic factor–B12 complexes pass to the distal 
ileum and attach to cubulin, a receptor for intrinsic factor, 
and are taken up into enterocytes.

4. The absorbed vitamin B12 is transferred across the baso-
lateral membranes of enterocytes to plasma transcobala-
min, which delivers vitamin B12 to the liver and other 
cells of the body.

PATHOGENESIS
Long-standing malabsorption underlies the vast 
majority of cases of vitamin B12 deficiency. Vitamin B12 
is abundant in all food derived from animals, including eggs 
and dairy products, and is resistant to cooking and boiling. 
Even bacterial contamination of  water and nonanimal foods 
can provide adequate amounts. As a result, deficiencies due 
to diet are rare, being confined to strict vegans. Once vitamin 
B12 is absorbed, the body handles it very efficiently. It is stored 
in the liver, which normally contains reserves sufficient to 
support bodily needs for 5 to 20 years.

Pernicious anemia is the most frequent cause of 
vitamin B12 deficiency. This disease seems to stem from 
an autoimmune reaction against parietal cells and intrinsic 
factor itself, which produces gastric mucosal atrophy (Chapter 
14). Several associations favor an autoimmune basis:

• Autoantibodies are present in the serum and gastric juice 
of  most patients. Three types of  antibodies have been 
found: parietal canalicular antibodies, which bind 
to the mucosal parietal cells; blocking antibodies, 
which disrupt the binding of  vitamin B12 to intrinsic factor; 
and intrinsic factor–B12 complex antibodies, which 
prevent the complex from binding to cubulin.

• Pernicious anemia frequently occurs concomitantly with 
other autoimmune diseases, such as Hashimoto thyroid-
itis, Addison disease, and type 1 diabetes mellitus.

• Serum antibodies to intrinsic factor are often present in 
patients with other autoimmune diseases.

Chronic vitamin B12 malabsorption is also seen after gas-
trectomy (owing to loss of  intrinsic factor–producing cells) 
or ileal resection (owing to loss of  intrinsic factor–B12 
complex–absorbing cells), and in disorders that disrupt the 
function of  the distal ileum (such as Crohn disease, tropical 
sprue, and Whipple disease). Particularly in older persons, 
gastric atrophy and achlorhydria may interfere with the pro-
duction of  acid and pepsin, which are needed to release the 
vitamin B12 from its bound form in food.

The metabolic defects responsible for the anemia are inter-
twined with folate metabolism. Vitamin B12 is required for 
recycling of  tetrahydrofolate, the form of  folate that is 
needed for DNA synthesis. In keeping with this relationship, 
the anemia of  vitamin B12 deficiency is reversed with admin-
istration of  folate. By contrast, folate administration does not 
prevent and may in fact worsen the neurologic symptoms. 
The main neurologic lesions associated with vitamin B12 defi-
ciency are demyelination of the posterior and lateral 
columns of the spinal cord, sometimes beginning in the 
peripheral nerves. In time, axonal degeneration may super-
vene. The severity of  the neurologic manifestations is not 
related to the degree of  anemia. Indeed, the neurologic 
disease may occur in the absence of  overt megaloblastic 
anemia.
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Clinical Course
Aplastic anemia affects persons of all ages and both sexes. 
The slowly progressive anemia causes the insidious devel-
opment of weakness, pallor, and dyspnea. Thrombocy-
topenia often manifests with petechiae and ecchymoses. 
Granulocytopenia may be manifested by frequent and per-
sistent minor infections or by the sudden onset of chills, 
fever, and prostration. It is important to separate aplastic 
anemia from anemias caused by marrow infiltration 
(myelophthisic anemia), “aleukemic leukemia,” and gran-
ulomatous diseases, which may have similar clinical pre-
sentations but are easily distinguished on examination of 
the bone marrow. Aplastic anemia does not cause spleno-
megaly; if it is present, another diagnosis should be sought. 
Typically, the red cells are normochromic and normocytic 
or slightly macrocytic. Reticulocytes are reduced in number 
(reticulocytopenia).

The prognosis is unpredictable. Withdrawal of drugs 
sometimes leads to remission, but this is the exception 
rather than the rule. The idiopathic form carries a poor 
prognosis if left untreated. Bone marrow transplantation 
often is curative, particularly in nontransfused patients 
younger than 40 years of age. Transfusions sensitize 
patients to alloantigens, producing a high rate of engraft-
ment failure; thus, they must be minimized in persons  
eligible for bone marrow transplantation. Successful trans-
plantation requires “conditioning” with high doses of 
immunosuppressive radiation or chemotherapy, reinforc-
ing the notion that autoimmunity has an important role in 
the disease. As mentioned earlier, patients who are poor 
transplantation candidates often benefit from immuno-
suppressive therapy.

Myelophthisic Anemia

Myelophthisic anemia is caused by extensive infiltration of 
the marrow by tumors or other lesions. It most commonly is 
associated with metastatic breast, lung, or prostate cancer. 
Other tumors, advanced tuberculosis, lipid storage disor-
ders, and osteosclerosis can produce a similar clinical 
picture. The principal manifestations include anemia and 
thrombocytopenia; in general, the white cell series is less 
affected. Characteristically misshapen red cells, some 
resembling teardrops, are seen in the peripheral blood. Imma-
ture granulocytic and erythrocytic precursors also may be 
present (leukoerythroblastosis) along with mild leukocytosis. 
Treatment is directed at the underlying condition.

MORPHOLOGY
The bone marrow in aplastic anemia is markedly hypocellular, 
with greater than 90% of  the intertrabecular space being 
occupied by fat. The limited cellularity often consists only of  
lymphocytes and plasma cells. Anemia may cause fatty change 
in the liver. Thrombocytopenia and granulocytopenia may 
result in hemorrhages and bacterial infections, respectively. 
The requirement for transfusions may eventually lead to 
hemosiderosis.

SUMMARY
Anemias of Diminished Erythropoiesis
Iron Deficiency Anemia
• Caused by chronic bleeding or inadequate iron intake; 

results in insufficient hemoglobin synthesis and hypochro-
mic, microcytic red cells

Anemia of Chronic Disease
• Caused by inflammatory cytokines, which increase hepci-

din levels and thereby sequester iron in macrophages, and 
also suppress erythropoietin production

PATHOGENESIS
In more than half  of  the cases, aplastic anemia is idiopathic. 
In the remainder, an exposure to a known myelotoxic 
agent, such as a drug or a chemical, can be identified. With 
some agents, the marrow damage is predictable, dose-
related, and reversible. Included in this category are antineo-
plastic drugs (e.g., alkylating agents, antimetabolites), benzene, 
and chloramphenicol. In other instances, marrow toxicity 
occurs as an “idiosyncratic” or hypersensitivity reaction to 
small doses of  known myelotoxic drugs (e.g., chlorampheni-
col) or to drugs such as sulfonamides, which are not myelo-
toxic in other persons. Aplastic anemia sometimes arises 
after certain viral infections, most often community-acquired 
viral hepatitis. The specific virus responsible is not known; 
hepatitis viruses A, B, and C are not the culprits. Marrow 
aplasia develops insidiously several months after recovery 
from the hepatitis and follows a relentless course.

The pathogenic events leading to marrow failure remain 
vague, but it seems that autoreactive T cells play an 
important role. This is supported by a variety of  experimental 
data and clinical experience showing that aplastic anemia 
responds to immunosuppressive therapy aimed at T cells in 
70% to 80% of  cases. Much less clear are the events that 
trigger the T cell attack on marrow stem cells; viral antigens, 
drug-derived haptens, and/or genetic damage may create 
neoantigens within stem cells that serve as targets for the 
immune system.

Rare but interesting genetic conditions also are associated 
with marrow failure. From 5% to 10% of  patients with 
“acquired” aplastic anemia have inherited defects in telom-
erase, which as noted earlier is needed for the maintenance 
and stability of  chromosomes. It is hypothesized that the 
defect in telomerase leads to premature senescence of  
hematopoietic stem cells. Of  further interest, the bone 
marrow cells in up to 50% of  sporadic cases have unusually 
short telomeres, possibly as a consequence of  as-yet undis-
covered defects in telomerase, or of  excessive replication of  
hematopoietic stem cells, which may lead to premature 
senescence. Some children with Fanconi anemia, an inherited 
disorder of  DNA repair, also develop marrow aplasia.

Aplastic Anemia

Aplastic anemia is a disorder in which multipotent myeloid 
stem cells are suppressed, leading to bone marrow failure and 
pancytopenia. It must be distinguished from pure red cell 
aplasia, in which only erythroid progenitors are affected 
and anemia is the only manifestation.
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red cell mass) or relative. Relative polycythemia results 
from dehydration, such as occurs with water deprivation, 
prolonged vomiting, diarrhea, or the excessive use of 
diuretics. Absolute polycythemia is described as primary 
when the increased red cell mass results from an autono-
mous proliferation of erythroid progenitors, and secondary 
when the excessive proliferation stems from elevated levels 
of erythropoietin. Primary polycythemia (polycythemia 
vera) is a clonal, neoplastic myeloproliferative disorder 
considered later in this chapter. The increases in erythro-
poietin that cause secondary forms of absolute polycythe-
mia have a variety of causes (Table 11–5).

Megaloblastic Anemia
• Caused by deficiencies of folate or vitamin B12 that lead 

to inadequate synthesis of thymidine and defective DNA 
replication

• Results in enlarged abnormal hematopoietic precursors 
(megaloblasts), ineffective hematopoiesis, macrocytic 
anemia, and (in most cases) pancytopenia

Aplastic Anemia
• Caused by bone marrow failure (hypocellularity) due to 

diverse causes, including exposures to toxins and radia-
tion, idiosyncratic reactions to drugs and viruses, and 
inherited defects in telomerase and DNA repair

Myelophthisic Anemia
• Caused by replacement of the bone marrow by infiltrative 

processes such as metastatic carcinoma and granuloma-
tous disease

• Leads to the appearance of early erythroid and granulo-
cytic precursors (leukoerythroblastosis) and teardrop-
shaped red cells in the peripheral blood

POLYCYTHEMIA
Polycythemia, or erythrocytosis, denotes an increase in red 
cells per unit volume of peripheral blood, usually in asso-
ciation with an increase in hemoglobin concentration. Poly-
cythemia may be absolute (defined as an increase in total 

Relative
Reduced plasma volume hemoconcentration

Absolute

Primary

Abnormal proliferation of myeloid stem cells, normal or lo  
erythropoietin levels polycythemia vera  inherited activating 
mutations in the erythropoietin receptor rare

Secondary

Increased erythropoietin levels
Adaptive  lung disease, high altitude living, cyanotic heart disease
Paraneoplastic  erythropoietin secreting tumors e.g., renal cell 

carcinoma, hepatomacellular carcinoma, cerebellar 
hemangioblastoma

Surreptitious  endurance athletes

Table 11–  Pathophysiologic Classi cation of Polycythemia

WHITE CELL DISORDERS
Disorders of white cells include deficiencies (leukopenias) 
and proliferations, which may be reactive or neoplastic. 
Reactive proliferation in response to a primary, often 
microbial, disease is common. Neoplastic disorders, though 
less common, are more ominous: They cause approxi-
mately 9% of all cancer deaths in adults and a staggering 
40% in children younger than 15 years of age.

Presented next are brief descriptions of some non-
neoplastic conditions, followed by more detailed consider-
ations of the malignant proliferations of white cells.

NON-NEOPLASTIC DISORDERS OF 
WHITE CELLS

Leukopenia

Leukopenia results most commonly from a decrease in 
granulocytes, the most numerous circulating white cells. 
Lymphopenia is much less common; it is associated with 
rare congenital immunodeficiency diseases, advanced 
human immunodeficiency virus (HIV) infection, and treat-
ment with high doses of corticosteroids. Only the more 
common leukopenias of granulocytes are discussed here.

PATHOGENESIS
The mechanisms underlying neutropenia can be divided into 
two broad categories:
• Decreased granulocyte production. Clinically impor-

tant reductions in granulopoiesis are most often caused by 
marrow failure (as occurs in aplastic anemia), extensive 
replacement of  the marrow by tumor (such as in leuke-
mias), or cancer chemotherapy. Alternatively, some neu-
tropenias are isolated, with only the differentiation of  
committed granulocytic precursors being affected. The 
forms of  neutropenia are most often caused by certain 
drugs or, less commonly, by neoplastic proliferations of  
cytotoxic T cells and natural killer (NK) cells.

eutropenia Agranulocytosis
A reduction in the number of granulocytes in blood is 
known as neutropenia or, when severe, agranulocytosis. Neu-
tropenic persons are susceptible to bacterial and fungal 
infections, in whom they can be fatal. The risk of infection 
rises sharply as the neutrophil count falls below 500 
cells/μL. 
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nearly universal. At this age, symptomatic disease is 
uncommon, and even though infected hosts mount an 
immune response (described later), more than half con-
tinue to shed virus. By contrast, in developed countries 
with better standards of hygiene, infection usually is 
delayed until adolescence or young adulthood. For unclear 
reasons, only about 20% of healthy seropositive persons in 
developed countries shed the virus, and only about 50% of 
those who are exposed to the virus acquire the infection.

Clinical Features
The initial symptoms often are malaise, chills, and fever, 
with subsequent marked weakness and fatigability. Infec-
tions constitute the major problem. They commonly take 
the form of ulcerating, necrotizing lesions of the gingiva, 
floor of the mouth, buccal mucosa, pharynx, or other sites 
within the oral cavity (agranulocytic angina). Owing to the 
lack of leukocytes, such lesions often contain large masses 
or sheets of microorganisms. In addition to removal of the 
offending drug and control of infection, treatment efforts 
may also include granulocyte colony-stimulating factor, 
which stimulates neutrophil production by the bone 
marrow.

Reactive Leukocytosis

An increase in the number of white cells in the blood is 
common in a variety of inflammatory states caused by 
microbial and nonmicrobial stimuli. Leukocytoses are rela-
tively nonspecific and are classified according to the par-
ticular white cell series that is affected (Table 11–6). As 
discussed later on, in some cases reactive leukocytosis may 
mimic leukemia. Such “leukemoid” reactions must be distin-
guished from true white cell malignancies. Infectious 
mononucleosis merits separate consideration because it 
gives rise to a distinctive syndrome associated with 
lymphocytosis.

Infectious Mononucleosis
Infectious mononucleosis is an acute, self-limited disease 
of adolescents and young adults that is caused by Epstein-
Barr virus (EBV), a member of the herpesvirus family. The 
infection is characterized by (1) fever, sore throat, and gen-
eralized lymphadenitis and (2) a lymphocytosis of acti-
vated, CD8+ T cells. Of note, cytomegalovirus infection 
induces a similar syndrome that can be differentiated only 
by serologic methods.

EBV is ubiquitous in all human populations. In the 
developing world, EBV infection in early childhood is 

Neutrophilic eukocytosis
Acute bacterial infections especially those caused by pyogenic 
organisms  sterile in ammation caused by, for e ample, tissue necrosis 
myocardial infarction, burns

osinophilic eukocytosis osinophilia
Allergic disorders such as asthma, hay fever, allergic skin diseases e.g., 
pemphigus, dermatitis herpetiformis  parasitic infestations  drug 
reactions  certain malignancies e.g., Hodgkin lymphoma and some 
non Hodgkin lymphomas  collagen vascular disorders and some 
vasculitides  atheroembolic disease transient

Basophilic eukocytosis Basophilia
Rare, often indicative of a myeloproliferative disease e.g., chronic 
myelogenous leukemia

Monocytosis
Chronic infections e.g., tuberculosis , bacterial endocarditis, 
rickettsiosis, and malaria  collagen vascular diseases e.g., systemic lupus 
erythematosus  and in ammatory bo el diseases e.g., ulcerative 
colitis

ymphocytosis
Accompanies monocytosis in many disorders associated ith chronic 
immunologic stimulation e.g., tuberculosis, brucellosis  viral infections 
e.g., hepatitis A, cytomegalovirus, pstein Barr virus  ordetella pertussis 

infection

Table 11–  Causes of eukocytosis

PATHOGENESIS
Transmission to a seronegative “kissing cousin” usually 
involves direct oral contact. It is hypothesized (but has not 
been proved) that the virus initially infects oropharyngeal 
epithelial cells and then spreads to underlying lymphoid tissue 
(tonsils and adenoids), where mature B cells are infected. The 
infection of  B cells takes one of  two forms. In a minority of  
cells, the infection is lytic, leading to viral replication and 
eventual cell lysis accompanied by the release of  virions. In 
most cells, however, the infection is nonproductive, and the 
virus persists in latent form as an extrachromosomal episome. 
B cells that are latently infected with EBV undergo 
polyclonal activation and proliferation, as a result of  
the action of  several EBV proteins (Chapter 5). These cells 
disseminate in the circulation and secrete antibodies with 
several specificities, including the well-known heterophil anti-
sheep red cell antibodies that are detected in diagnostic tests 
for mononucleosis. During acute infections, EBV is shed in 
the saliva; it is not known if  the source of  these virions is 
oropharyngeal epithelial cells or B cells.

A normal immune response is extremely important in con-
trolling the proliferation of  EBV-infected B cells and the 
spread of  the virus. Early in the course of  the infection, IgM 

MORPHOLOGY
The alterations in the bone marrow depend on the underly-
ing cause of  the neutropenia. Marrow hypercellularity is 
seen when there is excessive neutrophil destruction or inef-
fective granulopoiesis, such as occurs in megaloblastic anemia. 
By contrast, agents such as drugs that cause neutro-
penia do so by suppressing granulocytopoiesis, 
thus decreasing the numbers of  granulocytic precursors. 
Erythropoiesis and megakaryopoiesis can be normal if  the 
responsible agent specifically affects granulocytes, but  
most myelotoxic drugs reduce marrow elements from all 
lineages.

• Increased granulocyte destruction. This can be 
encountered with immune-mediated injury (triggered in 
some cases by drugs) or in overwhelming bacterial, fungal, 
or rickettsial infections due to increased peripheral utiliza-
tion. Splenomegaly also can lead to the sequestration and 
accelerated removal of  neutrophils.
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Clinical Features
Although mononucleosis classically manifests with fever, 
sore throat, lymphadenitis, and the other features men-
tioned earlier, atypical presentations are not unusual. 
Sometimes there is little or no fever and only fatigue and 
lymphadenopathy, raising the specter of lymphoma; fever 
of unknown origin, unassociated with lymphadenopathy 
or other localized findings; hepatitis that is difficult to dif-
ferentiate from one of the hepatotropic viral syndromes 
(Chapter 15); or a febrile rash resembling rubella. Ulti-
mately, the diagnosis depends on the following findings, 
in increasing order of specificity: (1) lymphocytosis with 
the characteristic atypical lymphocytes in the peripheral 
blood, (2) a positive heterophil reaction (Monospot test), 
and (3) a rising titer of antibodies specific for EBV antigens 
(viral capsid antigens, early antigens, or Epstein-Barr 
nuclear antigen). In most patients, mononucleosis resolves 
within 4 to 6 weeks, but sometimes the fatigue lasts longer. 
Occasionally, one or more complications supervene. 
Perhaps the most common of these is hepatic dysfunction, 
associated with jaundice, elevated hepatic enzyme levels, 
disturbed appetite, and, rarely, even liver failure. Other 
complications involve the nervous system, kidneys, bone 
marrow, lungs, eyes, heart, and spleen (including fatal 
splenic rupture).

EBV is a potent transforming virus that plays a role in 
the pathogenesis of a number of human malignancies, 
including several types of B cell lymphoma (Chapter 5). A 
serious complication in those lacking T cell immunity (such 
as organ and bone marrow transplant recipients and HIV-
infected individuals) is unimpeded EBV-driven B cell pro-
liferation. This process can be initiated by an acute infection 
or the reactivation of a latent B cell infection and generally 
begins as a polyclonal pro liferation that transforms to overt 
monoclonal B cell lymphoma over time. Reconstitution of 
immunity (e.g., by cessation of immunosuppressive drugs) 
is sometimes sufficient to cause complete regression of the 
B cell proliferation, which is uniformly fatal if left untreated.

The importance of T cells and NK cells in the control of 
EBV infection is driven home by X-linked lymphoprolifera-
tive syndrome, a rare inherited immunodeficiency charac-
terized by an ineffective immune response to EBV. Most 
affected boys have mutations in the SH2D1A gene, which 
encodes a signaling protein that participates in the activa-
tion of T cells and NK cells and in antibody production. In 
more than 50% of cases, EBV causes an acute overwhelm-
ing infection that is usually fatal. Others succumb to lym-
phoma or infections related to hypogammaglobulinemia, 
the basis of which is not understood.

Reactive Lymphadenitis

Infections and nonmicrobial inflammatory stimuli often 
activate immune cells residing in lymph nodes, which act 
as defensive barriers. Any immune response against foreign 

Figure 11–12 Atypical lymphocytes in infectious mononucleosis—
peripheral blood smear. The cell on the left is a normal small resting 
lymphocyte with a compact nucleus and scant cytoplasm. By contrast, the 
atypical lymphocyte on the right has abundant cytoplasm and a large 
nucleus with dispersed chromatin. 

MORPHOLOGY
The major alterations involve the blood, lymph nodes, spleen, 
liver, central nervous system, and occasionally other organs. 
There is peripheral blood leukocytosis; the white cell count 
is usually between 12,000 and 18,000 cells/μL. Typically 
more than half  of  these cells are large atypical lympho-
cytes, 12 to 16 μm in diameter, with an oval, indented, or 
folded nucleus and abundant cytoplasm with a few azurophilic 
granules (Fig. 11–12). These atypical lymphocytes, which are 
sufficiently distinctive to suggest the diagnosis, are mainly 
CD8+ T cells.

Lymphadenopathy is common and is most prominent 
in the posterior cervical, axillary, and groin regions. On his-
tologic examination, the enlarged nodes are flooded by atypi-
cal lymphocytes, which occupy the paracortical (T cell) areas. 
A few cells resembling Reed-Sternberg cells, the hallmark of  
Hodgkin lymphoma, often are seen. Because of  these atypical 
features, special tests are sometimes needed to distinguish 
the reactive changes of  mononucleosis from lymphoma.

The spleen is enlarged in most cases, weighing between 
300 and 500 g, and exhibits a heavy infiltration of  atypical 
lymphocytes. As a result of  the rapid increase in splenic size 
and the infiltration of  the trabeculae and capsule by the lym-
phocytes, such spleens are fragile and prone to rupture after 
even minor trauma.

antibodies are formed against viral capsid antigens. Later the 
serologic response shifts to IgG antibodies, which persist for 
life. More important in the control of  the EBV-positive B cell 
proliferation are cytotoxic CD8+ T cells and NK cells. Virus-
specific CD8+ T cells appear in the circulation as 
atypical lymphocytes, a finding that is characteristic 
of mononucleosis. In otherwise healthy persons, the fully 
developed humoral and cellular responses to EBV act as 
brakes on viral shedding. In most cases, however, a small 
number of  latently infected EBV-positive B cells escape the 
immune response and persist for the life of  the patient. As 
described later, impaired T cell immunity in the host can have 
disastrous consequences.

Atypical lymphocytes usually also infiltrate the portal areas 
and sinusoids of  the liver. Scattered apoptotic cells or foci 
of  parenchymal necrosis associated with a lymphocytic infil-
trate also may be present—a picture that can be difficult to 
distinguish from that in other forms of  viral hepatitis.
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NEOPLASTIC PROLIFERATIONS  
OF WHITE CELLS

Tumors are the most important disorders of white cells. 
They can be divided into three broad categories based on 
the origin of the tumor cells:
• Lymphoid neoplasms, which include non-Hodgkin lym-

phomas (NHLs), Hodgkin lymphomas, lymphocytic 
leukemias, and plasma cell neoplasms and related dis-
orders. In many instances tumors are composed of cells 
resembling some normal stage of lymphocyte differen-
tiation, a feature that serves as one of the bases for their 
classification.

• Myeloid neoplasms arise from progenitor cells that give 
rise to the formed elements of the blood: granulocytes, 
red cells, and platelets. The myeloid neoplasms fall into 
three fairly distinct subcategories: acute myeloid leuke-
mias, in which immature progenitor cells accumulate in 
the bone marrow; myeloproliferative disorders, in which an 
inappropriate increase in the production of formed 

MORPHOLOGY
Follicular Hyperplasia. This pattern occurs with infec-
tions or inflammatory processes that activate B cells, which 
migrate into B cell follicles and create the follicular (or 
germinal center) reaction. The reactive follicles contain 
numerous activated B cells, scattered T cells, and phagocytic 
macrophages containing nuclear debris (tingible body  
macrophages), and a meshwork of  antigen-presenting follicu-
lar dendritic cells. Causes of  follicular hyperplasia include 
rheumatoid arthritis, toxoplasmosis, and early HIV 
infection. This form of  lymphadenitis can be confused mor-
phologically with follicular lymphoma (discussed later). Find-
ings that favor follicular hyperplasia are (1) the preservation 
of  the lymph node architecture; (2) variation in the shape and 
size of  the germinal centers; (3) the presence of  a mixture 
of  germinal center lymphocytes of  varying shape and size; 
and (4) prominent phagocytic and mitotic activity in germinal 
centers.

Paracortical Hyperplasia. This pattern is caused by 
immune reactions involving the T cell regions of  the lymph 
node. When activated, parafollicular T cells transform into 
large proliferating immunoblasts that can efface the B cell 
follicles. Paracortical hyperplasia is encountered in viral 
infections (such as EBV), after certain vaccinations (e.g., 

antigens can lead to lymph node enlargement (lymphade-
nopathy). The infections causing lymphadenitis are varied 
and numerous, and may be acute or chronic. In most 
instances the histologic appearance of the lymph node 
reaction is nonspecific. A somewhat distinctive form of 
lymphadenitis that occurs with cat-scratch disease is 
described separately later.

Acute onspeci c y phadenitis
This form of lymphadenitis may be isolated to a group of 
nodes draining a local infection, or be generalized, as in 
systemic infectious and inflammatory conditions.

MORPHOLOGY
The nodal changes in cat-scratch disease are quite character-
istic. Initially sarcoid-like granulomas form, but these then 
undergo central necrosis associated with an infiltrate of  neu-
trophils. These irregular stellate necrotizing granulo-
mas are similar in appearance to those seen in a limited 
number of  other infections, such as lymphogranuloma vene-
reum. The microbe is extracellular and can be visualized with 
silver stains. The diagnosis is based on a history of  exposure 
to cats, the characteristic clinical findings, a positive result on 
serologic testing for antibodies to Bartonella, and the distinc-
tive morphologic changes in the lymph nodes.

MORPHOLOGY
Inflamed nodes in acute nonspecific lymphadenitis are 
swollen, gray-red, and engorged. Histologically, there are 
large germinal centers containing numerous mitotic 
figures. When the cause is a pyogenic organism, a neutrophilic 
infiltrate is seen around the follicles and within the lymphoid 
sinuses. With severe infections, the centers of  follicles can 
undergo necrosis, leading to the formation of  an abscess.

Affected nodes are tender and may become fluctuant if  
abscess formation is extensive. The overlying skin is fre-
quently red and may develop draining sinuses. With control 
of  the infection the lymph nodes may revert to a normal 
“resting” appearance or if  damaged undergo scarring.

Chronic onspeci c y phadenitis
Depending on the causative agent, chronic nonspecific 
lymphadenitis can assume one of three patterns:  
follicular hyperplasia, paracortical hyperplasia, or sinus 
histiocytosis.

smallpox), and in immune reactions induced by drugs (espe-
cially phenytoin).

Sinus Histiocytosis. This reactive pattern is characterized 
by distention and prominence of  the lymphatic sinusoids, 
owing to a marked hypertrophy of lining endothelial 
cells and an infiltrate of macrophages (histiocytes). It 
often is encountered in lymph nodes draining cancers and 
may represent an immune response to the tumor or its 
products.

Cat Scratch Disease
Cat-scratch disease is a self-limited lymphadenitis caused 
by the bacterium Bartonella henselae. It is primarily a disease 
of childhood; 90% of the patients are younger than 18 years 
of age. It manifests with regional lymphadenopathy, most 
frequently in the axilla and the neck. The nodal enlarge-
ment appears approximately 2 weeks after a feline scratch 
or, less commonly, after a splinter or thorn injury. An 
inflammatory nodule, vesicle, or eschar is sometimes 
visible at the site of the skin injury. In most patients the 
lymph node enlargement regresses over a period of 2 to 4 
months. Encephalitis, osteomyelitis, or thrombocytopenia 
may develop in rare patients.
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• The most common lymphomas are derived from germi-
nal center or post–germinal center B cells. This conclu-
sion is drawn from molecular analyses showing that 
most B cell lymphomas have undergone somatic hyper-
mutation, an event confined to germinal center B cells. 
Normal germinal center B cells also undergo immuno-
globulin class switching, an event that allows B cells to 
express immunoglobulins other than IgM. Class switch-
ing and somatic hypermutation are mistake-prone forms 
of regulated genomic instability, which places germinal 
center B cells at high risk for potentially transforming 
mutations. In fact, many of the recurrent chromosomal 
translocations found in mature B cell malignancies 
involve the immunoglobulin loci and appear to stem 
from “accidents” during attempted diversification of the 
immunoglobulin genes. In this regard, it is interesting 
that mature T cells, which are genomically stable, give 
rise to lymphomas infrequently and only very rarely 
have chromosomal translocations involving the T cell 
receptor loci.

• All lymphoid neoplasms are derived from a single trans-
formed cell and are therefore clonal. As described in 
Chapter 4, differentiating precursor B and T cells rear-
range their antigen receptor genes, thereby ensuring that 
each lymphocyte makes a single, unique antigen recep-
tor. Because antigen receptor gene rearrangement virtu-
ally always precedes transformation, the daughter cells 
derived from a given malignant progenitor share the 
same antigen receptor gene configuration and synthe-
size identical antigen receptor proteins (either immuno-
globulins or T cell receptors). Thus, analyses of antigen 
receptor genes and their protein products can be used 
to differentiate clonal neoplasms from polyclonal, reac-
tive processes.

• Lymphoid neoplasms often disrupt normal immune 
function. Both immunodeficiency (as evident by 
increased susceptibility to infection) and autoimmunity 
may be seen, sometimes in the same patient. Ironically, 
patients with inherited or acquired immunodeficiency 
are themselves at high risk for the development of 
certain lymphoid neoplasms, particularly those associ-
ated with EBV infection.

• Although NHLs often manifest at a particular tissue site, 
sensitive molecular assays usually show the tumor to be 
widely disseminated at diagnosis. As a result, with few 
exceptions, only systemic therapies are curative. By con-
trast, Hodgkin lymphoma often arises at a single site 
and spreads in a predictable fashion to contiguous 
lymph node groups. For this reason, early in its course, 
it is sometimes treated with local therapy alone.

The WHO classification of lymphoid neoplasms considers 
the morphology, cell of origin (determined by immunophe-
notyping), clinical features, and genotype (e.g., karyotype, 
presence of viral genomes) of each entity. It encompasses 
all lymphoid neoplasms, including leukemias and multiple 
myeloma, and separates them on the basis of origin into 
three major categories: (1) tumors of B cells, (2) tumors of 
T cells and NK cells, and (3) Hodgkin lymphoma.

An updated version of the WHO classification of lym-
phoid neoplasms is presented in Table 11–7. As is evident, 
the diagnostic entities are numerous. The focus here is on 
the following subsets of neoplasms:

blood elements leads to elevated blood cell counts;  
and myelodysplastic syndromes, which are characteristi-
cally associated with ineffective hematopoiesis and 
cytopenias.

• Histiocytic neoplasms include proliferative lesions of mac-
rophages and dendritic cells. Of special interest is a spec-
trum of proliferations of Langerhans cells (Langerhans 
cell histiocytoses).

Lymphoid Neoplasms

The numerous lymphoid neoplasms vary widely in their 
clinical presentation and behavior, and thus present chal-
lenges to students and clinicians alike. Some characteristi-
cally manifest as leukemias, with involvement of the bone 
marrow and the peripheral blood. Others tend to manifest 
as lymphomas, tumors that produce masses in lymph nodes 
or other tissues. Plasma cell tumors usually arise within the 
bones and manifest as discrete masses, causing systemic 
symptoms related to the production of a complete or partial 
monoclonal immunoglobulin. While these tendencies are 
reflected in the names given to these entities, in reality all 
lymphoid neoplasms have the potential to spread to lymph 
nodes and various tissues throughout the body, especially 
the liver, spleen, bone marrow, and peripheral blood. 
Because of their overlapping clinical behavior, the various lym-
phoid neoplasms can be distinguished with certainty only by the 
morphologic and molecular characteristics of the tumor cells. 
Stated another way, for purposes of diagnosis and prog-
nostication, it is most important to focus on what the tumor 
cell is, not where it resides in the patient.

Two groups of lymphomas are recognized: Hodgkin lym-
phomas and non-Hodgkin lymphomas. Although both arise 
most commonly in lymphoid tissues, Hodgkin lymphoma 
is set apart by the presence of distinctive neoplastic Reed-
Sternberg giant cells (see later), which usually are greatly 
outnumbered by non-neoplastic inflammatory cells. The 
biologic behavior and clinical treatment of Hodgkin lym-
phoma also are different from those of NHLs, making the 
distinction of practical importance.

Historically, few areas of pathology evoked as much 
controversy and confusion as the classification of lymphoid 
neoplasms, which is perhaps inevitable in view of the 
intrinsic complexity of the immune system, from which 
they arise. Great progress has been made over the past 
several decades, however, and an international working 
group of pathologists, molecular biologists, and clinicians 
working on behalf of the World Health Organization 
(WHO) has formulated a widely accepted classification 
scheme that relies on a combination of morphologic, phe-
notypic, genotypic, and clinical features. As background 
for the subsequent discussion of this classification, certain 
important principles warrant consideration:

• B and T cell tumors often are composed of cells that are 
arrested at or derived from a specific stage of their 
normal differentiation (Fig. 11–13). The diagnosis and 
classification of these tumors rely heavily on tests (either 
immunohistochemistry or flow cytometry) that detect 
lineage-specific antigens (e.g., B cell, T cell, and NK cell 
markers) and markers of maturity. By convention, many 
such markers are identified by their cluster of differen-
tiation (CD) number.
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Acute y pho lastic eu e ia y pho lastic y pho a
Acute lymphoblastic leukemia (ALL) and lymphoblastic 
lymphoma are aggressive tumors, composed of immature 
lymphocytes (lymphoblasts), that occur predominantly in 
children and young adults. The various lymphoblastic 
tumors are morphologically indistinguishable, often cause 
similar signs and symptoms, and are treated similarly. 
These tumors are therefore considered together here.

Just as B cell precursors normally develop within the 
bone marrow, pre-B cell tumors usually manifest in the 
bone marrow and peripheral blood as leukemias. Similarly, 
pre-T cell tumors commonly manifest as masses involving 
the thymus, the normal site of early T cell differentiation. 
However, pre-T cell “lymphomas” often progress rapidly 
to a leukemic phase, and other pre-T cell tumors seem to 
involve only the marrow at presentation. Hence, both pre-B 
and pre-T cell tumors usually take on the clinical appearance of 
ALL at some time during their course. As a group, ALLs con-
stitute 80% of childhood leukemia, peaking in incidence at 
age 4, with most cases being of pre-B cell origin. The pre-T 
cell tumors are most common in male patients between 15 
and 20 years of age.

• Precursor B and T cell lymphoblastic lymphoma/
leukemia—commonly called acute lymphoblastic leuke-
mia (ALL)

• Chronic lymphocytic leukemia/small lymphocytic 
lymphoma

• Follicular lymphoma
• Mantle cell lymphoma
• Diffuse large B cell lymphomas
• Burkitt lymphoma
• Multiple myeloma and related plasma cell tumors
• Hodgkin lymphoma

Together these neoplasms constitute more than 90% of the 
lymphoid tumors seen in the United States.

The salient features of the more common lymphoid leu-
kemias, non-Hodgkin lymphomas, and plasma cell tumors 
are summarized in Table 11–8. Hodgkin lymphomas will 
be discussed later. Also included in the following discus-
sion are a few of the uncommon entities with distinctive 
clinicopathologic features.

Figure 11–13 Origin of  lymphoid neoplasms. Stages of  B and T cell differentiation from which specific lymphoid and tumors emerge are shown. BLB, 
pre-B lymphoblast; CLP, common lymphoid progenitor; DN, CD4−/CD8−  (double-negative) pro-T cell; DP, CD4+/CD8+ (double-positive) pre-T cell; 
GC, germinal center B cell; MC, mantle zone B cell; MZ, marginal zone B cell; NBC, naive B cell; PC, plasma cell; PTC, peripheral T cell. 
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Precursor B Cell Neoplasms
Precursor  cell leu e ia ly pho a ( A )

Peripheral B Cell Neoplasms
 cell chronic ly phocytic leu e ia (C ) s all ly phocytic ly pho a (S )

B cell prolymphocytic leukemia
ymphoplasmacytic lymphoma

Mantle cell ly pho a
Follicular ly pho a
Extranodal arginal one ly pho a
Splenic and nodal marginal zone lymphoma
Hairy cell leukemia
Plas acyto a plas a cell yelo a
Diffuse large  cell ly pho a ( ultiple su types)
ur itt ly pho a

Precursor  Cell Neoplasms
Precursor T cell leu e ia ly pho a (TA )

Peripheral NK Cell Neoplasms
 cell prolymphocytic leukemia
 cell granular lymphocytic leukemia

Mycosis fungoides S ary syndro e
Peripheral T cell ly pho a unspeci ed
Angioimmunoblastic  cell lymphoma
Anaplastic large cell lymphoma
nteropathy type  cell lymphoma

Panniculitis like  cell lymphoma
Hepatosplenic γδ  cell lymphoma
Adult  cell lymphoma leukemia

tranodal NK  cell lymphoma
Aggressive NK cell leukemia

Hodgkin ymphoma
odular sclerosis

Mixed cellularity
ymphocyte rich
ymphocyte depletion
ymphocyte predominance, nodular

Table 11–  WH  Classi cation of ymphoid Neoplasms

NK, natural killer ; WHO, World Health Organization.
*Entries in italics are among the most common lymphoid tumors.

The pathogenesis, laboratory findings, and clinical fea-
tures of ALL closely resemble those of acute myeloid leu-
kemia (AML), the other major type of acute leukemia. 
Because of these similarities, the features common to the 
acute leukemias are reviewed first, followed by a discus-
sion of those specific to ALL.

PATHOGENESIS
The principal pathogenic defect in acute leukemia and lym-
phoblastic lymphoma is a block in differentiation. This “matu-
ration arrest” stems from acquired mutations in specific 
transcription factors that regulate the differentia-
tion of immature lymphoid or myeloid progenitors. 
Normal B cell, T cell, and myeloid differentiation are regu-
lated by different lineage-specific transcription factors; 
accordingly, the mutated transcription factor genes found in 
acute leukemias derived from each of  these lineages also are 
distinct. The most commonly mutated transcription factor 
genes are TEL1, AML1, E2A, PAX5, and EBF in ALLs of  B cell 
origin (B-ALLs) and TAL1 and NOTCH1 in T cell ALLs 
(T-ALLs).

Acute leukemias also are associated with complementary 
acquired mutations that allow the tumor cells to proliferate 
in a growth factor–independent fashion. In B-ALL, one of  the 
most important mutations of  this type is a BCR-ABL fusion 
gene created by a (9;22) translocation (the so-called Philadel-
phia chromosome, for the city of  its discovery). As discussed 
later on, the same translocation also is found in chronic 
myelogenous leukemia (CML). The BCR-ABL fusion gene 
encodes a BCR-ABL tyrosine kinase that constitutively acti-
vates the same pathways that are normally stimulated by 
growth factors. Some T-ALLs are associated with a different 
ABL fusion gene, NUP214-ABL, which has functional conse-
quences similar to those of  BCR-ABL.

In tumors manifesting as “leukemias,” blasts accu-
mulating in the marrow suppress the growth of 
normal hematopoietic cells by physical displacement and 
by other, poorly understood mechanisms. Eventually this sup-
pression produces bone marrow failure, which accounts for 
the major clinical manifestations. The therapeutic goal, there-
fore, is to reduce the leukemic clone sufficiently to allow 
normal hematopoiesis to resume.

Clinical Features of  Acute Leukemias
Acute leukemias have the following characteristics:
• Abrupt, stormy onset. Most patients present for medical 

attention within 3 months of the onset of symptoms.
• Clinical signs and symptoms related to suppressed marrow 

function, including fatigue (due to anemia), fever (reflect-
ing infections resulting from neutropenia), and bleeding 
(petechiae, ecchymoses, epistaxis, gum bleeding) sec-
ondary to thrombocytopenia

• Bone pain and tenderness, resulting from marrow expan-
sion and infiltration of the subperiosteum

• Generalized lymphadenopathy, splenomegaly, and hepato-
megaly due to dissemination of the leukemic cells. These are 
more pronounced in ALL than in AML.

• Central nervous system manifestations, including head-
ache, vomiting, and nerve palsies resulting from menin-
geal spread. These are more common in children than in 
adults and in ALL than in AML.

Laboratory Findings in Acute Leukemias
The diagnosis of acute leukemia rests on the identification 
of blasts. The peripheral blood sometimes contains no 
blasts (aleukemic leukemia); in such cases the diagnosis 
can be established only by marrow examination.

The white cell count is variable; it may be greater than 
100,000 cells/μL but in about half of the patients is less than 
10,000 cells/μL. Anemia is almost always present, and the 
platelet count usually is below 100,000/μL. Neutropenia is 
another common finding.

MORPHOLOGY
Because of differing responses to therapy, it is of 
great practical importance to distinguish ALL from 
AML. By definition, in ALL blasts compose more than 25% 
of  the marrow cellularity. In Wright-Giemsa–stained prepara-
tions, lymphoblasts have coarse, clumped chromatin, one or 
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Clinical ntity Fre uency Salient Morphology Immunophenotype Comments
Precursor B cell 

lymphoblastic 
leukemia
lymphoma

 of childhood 
acute leukemias

ymphoblasts ith irregular 
nuclear contours, 
condensed chromatin, 
small nucleoli, and scant, 
agranular cytoplasm

d + immature B cells 
CD +, variable 

e pression of other B 
cell markers

Usually manifests as acute 
leukemia  less common in 
adults  prognosis is 
predicted by karyotype

Precursor  cell 
leukemia  
lymphoma

 of childhood 
acute leukemias  

 of childhood 
lymphomas

Identical to precursor B cell 
lymphoblastic leukemia
lymphoma

d + immature  cells 
CD +, CD +, 

variable e pression of 
other  cell markers

Most common in adolescent 
males  often manifests as a 
mediastinal mass associated 

ith TC  mutations

Small lymphocytic 
lymphoma chronic 
lymphocytic 
leukemia

 of adult 
lymphomas   
of all leukemias

Small resting lymphocytes 
mi ed ith variable 
numbers of large 
activated cells  lymph 
nodes diffusely effaced

CD + B cell e pressing 
surface 
immunoglobulin

ccurs in older adults  usually 
involves nodes, marro ,  
and spleen  most patients 
have peripheral blood 
involvement  indolent

Follicular lymphoma  of adult 
lymphomas

Fre uent small cleaved  
cells mi ed ith large 
cells  gro th pattern 
usually is nodular 
follicular

CD +, BC + mature 
B cells that e press 
surface 
immunoglobulin

ccurs in older adults  usually 
involves nodes, marro , and 
spleen  associated ith 
t  indolent

Mantle cell 
lymphoma

 of adult 
lymphomas

Small to intermediate sized 
irregular lymphocytes 
gro ing in a diffuse 
pattern

CD + mature B cells 
that e press cyclin D  
and have surface Ig

ccurs mainly in older males  
usually involves nodes, 
marro , spleen, and I 
tract  t  is 
characteristic  moderately 
aggressive

tranodal marginal 
zone lymphoma

 of adult 
lymphomas

Malignant B cells home to 
epithelium, creating 
lymphoepithelial lesions

CD − , CD −  mature B 
cells ith surface 
immunoglobulin

Fre uently occurs at 
e tranodal sites involved by 
chronic in ammation  very 
indolent  may be cured by 
local e cision

Diffuse large B cell 
lymphoma

 of adult 
lymphomas

Variable  most resemble 
large germinal center B 
cells  diffuse gro th 
pattern

Mature B cells ith 
variable e pression of 
CD  and surface 
immunoglobulin

ccurs in all age groups but 
most common in older 
adults  often arises at 
e tranodal sites  aggressive

Burkitt lymphoma <  of lymphomas 
in the United 
States

Intermediate sized round 
lymphoid cells ith 
several nucleoli  diffuse 
gro th pattern 
associated ith apoptosis 
produces a starry sky  
appearance

Mature CD + B cells 
e pressing surface 
immunoglobulin

ndemic in Africa, sporadic 
else here  associated ith 
immunosuppression and 
BV subset of cases  

predominantly affects 
children  often manifests 

ith visceral involvement  
highly aggressive

Plasmacytoma plasma 
cell myeloma

Most common 
lymphoid 
neoplasm in older 
adults

Plasma cells in sheets, 
sometimes ith 
prominent nucleoli or 
inclusions containing 
immunoglobulins

erminally differentiated 
plasma cells containing 
cytoplasmic 
immunoglobulins

Myeloma manifests as 
disseminated bone disease, 
often ith destructive lytic 
lesions  hypercalcemia, renal 
insuf ciency, and bacterial 
infections are common

Mycosis fungoides Most common 
cutaneous 
lymphoid 
malignancy

In most cases, small 
lymphoid cells ith 
markedly convoluted 
nuclei  cells often 
in ltrate the epidermis 
Pautrier microabscesses

CD + mature  cells Manifests ith localized or 
more generalized skin 
involvement  generally 
indolent

S ary syndro e  a more 
aggressive variant 
characterized by diffuse 
skin erythema and 
peripheral blood 
involvement

Peripheral  cell 
lymphoma, not 
other ise 
speci ed N S

Most common adult 
 cell lymphoma

Variable  usually a spectrum 
of small to large 
lymphoid cells

Mature  cell phenotype 
CD +

Probably spans a diverse 
collection of rare tumors  
often disseminated, 
generally aggressive

Table 11–  Characteristics of the More Common ymphoid eukemias, Non Hodgkin ymphomas, and Plasma Cell umors

EBV, Epstein-Barr virus; GI, gastrointestinal; TdT, terminal deoxynucleotidyl transferase.
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two nucleoli, and scant agranular cytoplasm (Fig. 11–14, A), 
whereas myeloblasts have nuclei with finer chromatin and 
more cytoplasm, which often contains granules (Fig. 11–14, 
B). Lymphoblasts also often contain cytoplasmic glycogen 
granules that are periodic acid–Schiff–positive, whereas 
myeloblasts are often peroxidase-positive.

A B

Figure 11–14 Morphologic comparison of  lymphoblasts and myeloblasts. A, Lymphoblastic leukemia/lymphoma. Lymphoblasts have condensed 
nuclear chromatin, small nucleoli, and scant agranular cytoplasm. B, Acute myeloid leukemia. Myeloblasts have delicate nuclear chromatin, prominent 
nucleoli, and fine azurophilic cytoplasmic granules. 
(Courtesy of Dr. Robert W. McKenna, Department of Pathology, University of Texas Southwestern Medical School, Dallas, Texas.)

With completion of the foregoing “short course” in acute 
leukemia, our focus now returns to the ALLs; the AMLs 
are discussed later.

Genetic Features. Approximately 90% of ALLs have non-
random karyotypic abnormalities. Most common in child-
hood pre-B cell tumors are hyperdiploidy (more than 50 
chromosomes/cell) and the presence of a cryptic (12;21) 
translocation involving the TEL1 and AML1 genes, while 
about 25% of adult pre-B cell tumors harbor the (9;22) 
translocation involving the ABL and BCR genes. Pre-T cell 
tumors are associated with diverse chromosomal aberra-
tions, including frequent translocations involving the T cell 
receptor loci and transcription factor genes such as TAL1.

Immunophenotypic Features. Immunophenotyping is 
very useful in subtyping lym phoblastic tumors and distin-
guishing them from AML. Terminal deoxynucleotidyl 
transferase (TdT), an enzyme specifically expressed in 
pre-B and pre-T cells, is present in more than 95% of cases. 
Further subtyping of ALL into pre-B and pre-T cell types 
relies on stains for lineage-specific markers, such as CD19 
(B cell) and CD3 (T cell).

Prognosis
Treatment of childhood ALL is one of the great success 
stories in oncology. Children 2 to 10 years of age have the 
best prognosis; with intensive chemotherapy up to 80% are 
cured. Other groups of patients do less well. Variables cor-
related with worse outcomes include male gender; age 
younger than 2 or older than 10 years; a high leukocyte 
count at diagnosis; and molecular evidence of persistent 
disease on day 28 of treatment. Age-dependent differences 
in the frequencies of various karyotypic abnormalities 

largely explain the relationship of age to outcome. Tumors 
with “good prognosis” chromosomal aberrations (such as 
the t[12;21] and hyperdiploidy) are common in the 2- to 
10-year age group. By contrast, rearrangements of the gene 
MLL or the presence of a BCR-ABL fusion gene, both associ-
ated with poor outcomes in B cell tumors, are most common 
in children younger than 2 years of age and adults, respec-
tively. None of the chromosomal rearrangements found in 
pre-T cell tumors is predictive of outcome.

Chronic y phocytic eu e ia S all  
y phocytic y pho a

Chronic lymphocytic leukemia (CLL) and small lympho-
cytic lymphoma (SLL) are essentially identical, differing 
only in the extent of peripheral blood involvement. Some-
what arbitrarily, if the peripheral blood lymphocyte count 
exceeds 4000 cells/μL, the patient is diagnosed with CLL; 
if it does not, a diagnosis of SLL is made. Most patients 
with lymphoid neoplasms fit the diagnostic criteria for 
CLL, which is the most common leukemia of adults in the 
Western world. By contrast, SLL constitutes only 4% of 
NHLs. For unclear reasons, CLL/SLL is much less common 
in Asia.

PATHOGENESIS
CLL/SLL is an indolent, slowly growing tumor, suggesting that 
increased tumor cell survival is more important than tumor 
cell proliferation in this disease. In line with this idea,  
the tumor cells contain high levels of BCL2, a protein 
that inhibits apoptosis (Chapters 1 and 5). Unlike in follicular 
lymphoma (discussed later), the BCL2 gene is not rearranged. 
Some evidence suggests that BCL2 is upregulated in the 
tumor cells as a consequence of  the loss of  several regulatory 
micro-RNAs that are encoded on chromosome 13.

Another important pathogenic aspect of  CLL/SLL is 
immune dysregulation. Through unclear mechanisms, the 
accumulation of  CLL/SLL cells suppresses normal B cell func-
tion, often resulting in hypogammaglobulinemia. Para-
doxically, approximately 15% of  patients have autoantibodies 
against their own red cells or platelets. When present, the 
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A

B

Figure 11–15 Small lymphocytic lymphoma/chronic lymphocytic 
leukemia—lymph node. A, Low-power view shows diffuse effacement 
of  nodal architecture. B, At high power, a majority of  the tumor cells 
have the appearance of  small, round lymphocytes. A “prolymphocyte,” 
a larger cell with a centrally placed nucleolus, also is present in this field 
(arrow). 
(A, Courtesy of Dr. José Hernandez, Department of Pathology, University of  Texas Southwestern 
Medical School, Dallas, Texas.)

MORPHOLOGY
In SLL/CLL, sheets of  small lymphocytes and scattered ill-
defined foci of  larger, actively dividing cells diffusely efface 
involved lymph nodes (Fig. 11–15, A). The predominant cells 
are small, resting lymphocytes with dark, round nuclei, and 
scanty cytoplasm (Fig. 11–15, B). The foci of  mitotically active 
cells are called proliferation centers, which are pathogno-
monic for CLL/SLL. In addition to the lymph nodes, the bone 
marrow, spleen, and liver are involved in almost all cases. In 
most patients there is an absolute lymphocytosis featuring 
small, mature-looking lymphocytes. The circulating tumor 
cells are fragile and during the preparation of  smears fre-
quently are disrupted, producing characteristic smudge 
cells. Variable numbers of  larger activated lymphocytes are 
also usually present in the blood smear.

Immunophenotypic and Genetic Features. CLL/SLL is a 
neoplasm of mature B cells expressing the pan-B cell 
markers CD19, CD20, and CD23 and surface immunoglob-
ulin heavy and light chains. The tumor cells also express 
CD5. This is a helpful diagnostic clue, since among B cell 
lymphomas only CLL/SLL and mantle cell lymphoma 
(discussed later) commonly express CD5. Approximately 
50% of tumors have karyotypic abnormalities, the most 
common of which are trisomy 12 and deletions of chromo-
somes 11, 13, and 17. “Deep sequencing” of CLL/SLL cell 
genomes has identified activating mutations in the Notch1 
receptor in a subset of cases that predict a worse outcome.
Unlike in other B cell neoplasms, chromosomal transloca-
tions are rare.

Clinical Features
When first detected, CLL/SLL is often asymptomatic. The 
most common clinical signs and symptoms are nonspecific 
and include easy fatigability, weight loss, and anorexia. 
Generalized lymphadenopathy and hepatosplenomegaly are 
present in 50% to 60% of patients. The leukocyte count may 
be increased only slightly (in SLL) or may exceed 200,000 
cells/μL. Hypogammaglobulinemia develops in more than 
50% of the patients, usually late in the course, and leads to 
an increased susceptibility to bacterial infections. Less com-
monly autoimmune hemolytic anemia and thrombocytopenia 
are seen. The course and prognosis are extremely variable. 
Many patients live more than 10 years after diagnosis and 
die of unrelated causes. The median survival is 4 to 6 years, 
however, and as time passes, CLL/SLL tends to transform 
to more aggressive tumors that resemble either prolym-
phocytic leukemia or diffuse large B cell lymphoma. Once 
transformation occurs, the median survival is less than  
1 year.

Follicular y pho a
This relatively common tumor constitutes 40% of the adult 
NHLs in the United States. Like CLL/SLL, it occurs much 
less frequently in Asian populations.

PATHOGENESIS
As in CLL/SLL, the neoplastic cells characteristically express 
BCL2, a protein that is absent from normal germinal center 
B cells. Greater than 85% of tumors have a character-
istic (14;18) translocation that fuses the BCL2 gene on 
chromosome 18 to the IgH locus on chromosome 14. This 
chromosomal rearrangement explains the inappropriate 
“overexpression” of  BCL2 protein in the tumor cells and 
contributes to tumor cell survival. Whole genome sequenc-
ing of  follicular lymphomas has identified loss-of-function 
mutations in several genes encoding histone acetyl transfer-
ases in about a third of  cases, suggesting that epigenetic 
changes also contribute to the genesis of  these tumors.

MORPHOLOGY
Lymph nodes usually are effaced by a distinctly nodular 
proliferation (Fig 11–16, A). The tumor cells resemble 

autoantibodies are made by nonmalignant bystander B cells, 
indicating that the tumor cells somehow impair immune tol-
erance. As time passes the tumor cells tend to displace the 
normal marrow elements, leading to anemia, neutropenia, 
and eventual thrombocytopenia.
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Immunophenotypic Features. These tumors express pan-B 
cell markers (CD19 and CD20), CD10, and BCL6, a tran-
scription factor required for the generation of germinal 
center B cells.

Clinical Features
Follicular lymphoma mainly occurs in adults older than 50 
years of age and affects males and females equally. It 
usually manifests as painless, generalized lymphadenopathy. 
The bone marrow is almost always involved at diagnosis, 
while visceral disease is uncommon. While the natural 
history is prolonged (median survival, 7 to 9 years), follicu-
lar lymphoma is not curable, an unfortunate feature shared 
with most other relatively indolent lymphoid malignan-
cies. As a result, therapy with cytotoxic drugs and ritux-
imab (anti-CD20 antibody) is reserved for those with bulky, 
symptomatic disease. In about 40% of patients, follicular 
lymphoma progresses to diffuse large B cell lymphoma. 
This transformation is an ominous event, as tumors arising 
from such conversions are much less curable than de novo 
diffuse large B cell lymphomas, described later.

A B

Figure 11–16 Follicular lymphoma—lymph node. A, Nodular aggregates of  lymphoma cells are present throughout. B, At high magnification, small 
lymphoid cells with condensed chromatin and irregular or cleaved nuclear outlines (centrocytes) are mixed with a population of  larger cells with nucleoli 
(centroblasts). 
(A, Courtesy of Dr. Robert W. McKenna, Department of Pathology, University of Texas Southwestern Medical School, Dallas, Texas.)

MORPHOLOGY
Mantle cell lymphoma may involve lymph nodes in a diffuse 
or vaguely nodular pattern. The tumor cells usually are slightly 
larger than normal lymphocytes and have an irregular nucleus, 
inconspicuous nucleoli, and scant cytoplasm. Less commonly, 
the cells are larger and morphologically resemble lympho-
blasts. The bone marrow is involved in most cases and the 
peripheral blood in about 20% of  cases. The tumor some-
times arises in the gastrointestinal tract, often manifesting as 
multifocal submucosal nodules that grossly resemble polyps 
(lymphomatoid polyposis).

Immunophenotypic and Genetic Features. Almost all tumors 
have an (11;14) translocation that fuses the cyclin D1 gene to 
the IgH locus. This translocation dysregulates the expres-
sion of cyclin D1, a cell cycle regulator (Chapter 5), and is 
believed to be an important mediator of uncontrolled 
tumor cell growth. The tumor cells usually coexpress 
surface IgM and IgD, pan-B cell antigens (CD19 and CD20), 
and CD5. Mantle cell lymphoma is most readily distin-
guished from CLL/SLL by the absence of proliferation 
centers and the presence of cyclin D1 protein.

Clinical Features
Most patients present with fatigue and lymphadenopathy 
and are found to have generalized disease involving the 
bone marrow, spleen, liver, and (often) the gastrointestinal 
tract. These tumors are moderately aggressive and incur-
able. The median survival is 3 to 5 years.

normal germinal center B cells. Most commonly the predomi-
nant neoplastic cells are slightly larger than resting lympho-
cytes that have angular “cleaved” nuclei with prominent 
indentations and linear infoldings (Fig. 11–16, B). The nuclear 
chromatin is coarse and condensed, and nucleoli are indis-
tinct. These small, cleaved cells are mixed with variable 
numbers of  larger cells with vesicular chromatin, several 
nucleoli, and modest amounts of  cytoplasm. In most tumors, 
large cells are a minor component of  the overall cellularity, 
mitoses are infrequent, and single necrotic cells (cells under-
going apoptosis) are not seen. These features help to distin-
guish follicular lymphoma from follicular hyperplasia, in which 
mitoses and apoptosis are prominent. Uncommonly, large 
cells predominate, a histologic pattern that correlates with a 
more aggressive clinical behavior.

Mantle Cell y pho a
Mantle cell lymphoma is composed of cells resembling the 
naive B cells found in the mantle zones of normal lymphoid 
follicles. It constitutes approximately 4% of all NHLs and 
occurs mainly in men older than 50 years of age.
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Figure 11–17 Diffuse large B cell lymphoma—lymph node. The tumor 
cells have large nuclei with open chromatin and prominent nucleoli. 
(Courtesy of Dr. Robert W. McKenna, Department of Pathology, University of  Texas Southwestern 
Medical School, Dallas, Texas.)

PATHOGENESIS
About one third of tumors have rearrangements of 
the BCL6 gene, located on 3q27, and an even higher 
fraction of tumors have activating point mutations 
in the BCL6 promoter. Both aberrations result in increased 
levels of  BCL6 protein, an important transcriptional regulator 
of  gene expression in germinal center B cells. Another 30% 
of  tumors have a (14;18) translocation involving the BCL2 
gene that results in overexpression of  BCL2 protein. Some 
of  these tumors may represent “transformed” follicular lym-
phomas. Indeed, like follicular lymphoma, about a third of  
diffuse large B cell lymphomas have loss-of-function muta-
tions in genes encoding histone acetyl transferases, pointing 
to a potential role for epigenetic alterations in this tumor.

MORPHOLOGY
The neoplastic B cells are large (at least three to four times 
the size of  resting lymphocytes) and vary in appearance from 
tumor to tumor. In many tumors, cells with round or oval 
nuclear contours, dispersed chromatin, several distinct nucle-
oli, and modest amounts of  pale cytoplasm predominate (Fig. 
11–17). In other tumors, the cells have a round or multilobate 
vesicular nucleus, one or two prominent centrally placed 
nucleoli, and abundant pale or basophilic cytoplasm. Occa-
sionally, the tumor cells are highly anaplastic and include 
tumor giant cells resembling Reed-Sternberg cells, the malig-
nant cells of  Hodgkin lymphoma.

Subtypes of Diffuse Large B Cell Lymphoma. Several dis-
tinctive clinicopathologic subtypes are included in the  
category of diffuse large B cell lymphoma. EBV-associated 
diffuse large B cell lymphomas arise in the setting of the 
acquired immunodeficiency syndrome (AIDS), iatrogenic 
immunosuppression (e.g., in transplant recipients), and  
the elderly. In the post-transplantation setting, these  
tumors often begin as EBV-driven polyclonal B cell pro-
liferations that may regress if immune function is  
restored. Otherwise, transformation to clonal large B cell 
lymphoma is observed over weeks to months. Kaposi 
sarcoma herpesvirus (KSHV), also called human herpesvirus 
type 8 (HHV-8), is associated with rare primary effusion lym-
phomas, which may arise within the pleural cavity, pericar-
dium, or peritoneum. These lymphomas are latently 
infected with KSHV, which encodes proteins homologous 
to several known oncoproteins, including cyclin D1, and 
are confined to immunosuppressed hosts. Of note, KSHV 
also is associated with Kaposi sarcoma in patients with 
AIDS (Chapters 4 and 9). Mediastinal large B cell lymphoma 
occurs most often in young women and shows a predilec-
tion for spread to abdominal viscera and the central nervous 
system.

Clinical Features
Although the median age at presentation is about 60 years, 
diffuse large B cell lymphomas can occur at any age; they 
constitute about 15% of childhood lymphomas. Patients 
typically present with a rapidly enlarging, often symptom-
atic mass at one or several sites. Extranodal presentations are 
common. Although the gastrointestinal tract and the brain 
are among the more frequent extranodal sites, tumors can 
appear in virtually any organ or tissue. Unlike the more 
indolent lymphomas (e.g., follicular lymphoma), involve-
ment of the liver, spleen, and bone marrow is not common 
at diagnosis.

Without treatment, diffuse large cell B cell lymphomas are 
aggressive and rapidly fatal. With intensive combination che-
motherapy and anti-CD20 immunotherapy, complete 
remissions are achieved in 60% to 80% of the patients; of 
these, approximately 50% remain free of disease and appear 
to be cured. For those not so fortunate, other aggressive 
treatments (e.g., high-dose chemotherapy and hematopoi-
etic stem cell transplantation) offer some hope. Microarray-
based mole cular profiling of these tumors can predict 
response to current therapies and is being used to identify 
new, targeted therapy approaches.

ur itt y pho a
Burkitt lymphoma is endemic in parts of Africa and occurs 
sporadically in other geographic areas, including the 
United States. Histologically, the African and nonendemic 
diseases are identical, although there are clinical and viro-
logic differences.

PATHOGENESIS
Burkitt lymphoma is highly associated with translo-
cations involving the MYC gene on chromosome 8. 
Most translocations fuse MYC with the IgH gene on chromo-
some 14, but variant translocations involving the κ  and λ  light 

Diffuse arge  Cell y pho a
Diffuse large B cell lymphoma is the most common type of 
lymphoma in adults, accounting for approximately 50% of adult 
NHLs. It includes several subtypes that share an aggressive 
natural history.

Immunophenotypic Features. These mature B cell tumors 
express pan-B cell antigens, such as CD19 and CD20. Many 
also express surface IgM and/or IgG. Other antigens (e.g., 
CD10, BCL2) are variably expressed.
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MORPHOLOGY
The tumor cells are intermediate in size and typically have 
round or oval nuclei and two to five distinct nucleoli (Fig. 
11–18). There is a moderate amount of  basophilic or ampho-
philic cytoplasm that often contains small, lipid-filled vacuoles 
(a feature appreciated only on smears). Very high rates of 
proliferation and apoptosis are characteristic, the 
latter accounting for the presence of  numerous tissue mac-
rophages containing ingested nuclear debris. These benign 
macrophages often are surrounded by a clear space, creating 
a “starry sky” pattern.

Immunophenotypic Features
These B cell tumors express surface IgM, the pan-B cell 
markers CD19 and CD20, and the germinal center B cell 
markers CD10 and BCL6.

Clinical Features
Both the endemic and nonendemic sporadic forms affect 
mainly children and young adults. Burkitt lymphoma 
accounts for approximately 30% of childhood NHLs in the 
United States. In both settings, the disease usually arises at 
extranodal sites. Endemic tumors often manifest as maxil-
lary or mandibular masses, whereas abdominal tumors 
involving the bowel, retroperitoneum, and ovaries are 

more common in North America. Leukemic presentations 
are uncommon but do occur and must be distinguished 
from ALL, which is treated with different drug regimens. 
Burkitt lymphoma is among the fastest-growing human 
neoplasms; however, with very aggressive chemotherapy 
regimens, a majority of patients can be cured.

Multiple Myelo a and Related Plas a Cell Tu ors
In virtually all cases, multiple myelomas and related 
plasma cell tumors secrete a single complete or partial 
immunoglobulin. Because these immunoglobulins can be 
detected in the serum, these disorders are also referred to 
as monoclonal gammopathies, and the associated immuno-
globulin is often referred to as an M protein. Although M 
proteins may be indicative of overt malignancy, they also 
are found surprisingly often in otherwise normal elderly 
persons—a condition called monoclonal gammopathy of 
undetermined significance (MGUS), described later. Col-
lectively, these disorders account for approximately 15% of 
the deaths that are caused by tumors of white blood cells. 
They are most common in middle-aged and elderly persons.

The plasma cell neoplasms can be divided into six major 
variants: (1) multiple myeloma, (2) solitary plasmacytoma, 
(3) lymphoplasmacytic lymphoma, (4) heavy-chain disease, 
(5) primary amyloidosis, and (6) MGUS. The focus here is 
on the most important of these disorders, multiple myeloma 
and lymphoplasmacytic lymphoma, with a brief discussion 
of the other disorders.

Multiple Myeloma
Multiple myeloma is one of the most common lymphoid 
malignancies; approximately 20,000 new cases are diag-
nosed in the United States each year. The median age at 
diagnosis is 70 years of age, and it is more common in 
males and in people of African origin. It principally involves 
the bone marrow and usually is associated with lytic lesions 
throughout the skeletal system.

The most frequent M protein produced by myeloma 
cells is IgG (60%), followed by IgA (20% to 25%); only 
rarely are IgM, IgD, or IgE M proteins observed. In the 
remaining 15% to 20% of cases, the plasma cells produce 
only κ  or λ  light chains. Because of their low molecular 
weight, free light chains are excreted in the urine, where 
they are termed Bence Jones proteins. Even more com-
monly, malignant plasma cells secrete both complete 
immunoglobulins and free light chains and thus produce 
both M proteins and Bence Jones proteins. As described 
later on, the excess light chains have important pathogenic 
effects.

Solitary Plasmacytoma
Sometimes plasma tumors manifest as solitary plasmacyto-
mas involving the skeleton or the soft tissues. Solitary skel-
etal plasmacytomas tend to occur in the same locations as 
does multiple myeloma and usually progress to full-blown 
multiple myeloma over a period of 5 to 10 years; these 
tumors probably are best thought of as an early stage of 
multiple myeloma. Modestly elevated M proteins are 
present in some cases at diagnosis. By contrast, plasmacy-
tomas that occur in soft tissues (most often the upper respi-
ratory tract) spread infrequently and often are cured by 
local resection.

Figure 11–18 Burkitt lymphoma—lymph node. The tumor cells and 
their nuclei are fairly uniform, giving a monotonous appearance. Note the 
high level of  mitotic activity (arrowheads) and prominent nucleoli. The 
“starry sky” pattern produced by interspersed, lightly staining, normal 
macrophages is better appreciated at a lower magnification. 
(Courtesy of Dr. Robert W. McKenna, Department of Pathology, University of Texas Southwestern 
Medical School, Dallas, Texas.)

chain loci on chromosomes 2 and 22, respectively, are also 
observed. The net result of  each is the same—the dysregula-
tion and overexpression of  MYC protein. The role of  MYC 
in transformation is discussed in Chapter 5. In most endemic 
cases and about 20% of  sporadic cases, the tumor cells  
are latently infected with EBV, but the role of  EBV in the 
genesis of  this tumor remains uncertain.
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PATHOGENESIS OF MYELOMA
As with most other B cell malignancies, myelomas often have 
chromosomal translocations involving the IgH locus on chro-
mosome 14 and various other genes, including cyclin D1, 
fibroblast growth factor receptor 3, and cyclin D3 genes. Late 
in the course, translocations involving MYC are sometimes 
also observed. As might be surmised from this list of  genes, 
dysregulation of D cyclins is common in multiple 
myeloma.

The proliferation of  myeloma cells is supported by the 
cytokine interleukin 6 (IL-6), which is produced by fibroblasts 
and macrophages in the bone marrow stroma. The charac-
teristic bone resorption results from the secretion of  certain 
cytokines (e.g., IL-1β, tumor necrosis factor, IL-6) by myeloma 
cells. These cytokines stimulate production of  another cyto-
kine called RANK-ligand, which stimulates the differentiation 
and absorptive activity of  osteoclasts (Chapter 20).

Patients with myeloma are immunosuppressed. 
Through uncertain mechanisms, myeloma cells interfere 
with the function of normal plasma cells, leading to 
defects in antibody production. Thus, although the plasma 
usually contains increased immunoglobulin owing to the pres-
ence of  an M protein, the levels of  functional antibodies often 
are profoundly depressed, leaving patients at high risk for 
bacterial infections.

Renal dysfunction is a common, serious problem 
in myeloma. It stems from several pathologic effects that 
may occur alone or in combination. Most important are 
obstructive proteinaceous casts, which often form in the 
distal convoluted tubules and the collecting ducts. The casts 
consist mostly of  Bence Jones proteins along with variable 
amounts of  complete immunoglobulins, Tamm-Horsfall 
protein, and albumin. Light chain deposition in the glomeruli 
or the interstitium, either as amyloid or linear deposits,  
also may contribute to renal dysfunction. Completing the 
assault on the kidney is hypercalcemia, which may lead  
to dehydration and renal stones, and frequent bouts of   
bacterial pyelonephritis, which stem in part from the 
hypogammaglobulinemia.

Monoclonal Gammopathy of  Undetermined Significance
Monoclonal gammopathy of undetermined significance (MGUS) 
is the term applied to an asymptomatic monoclonal gam-
mopathy. M proteins are found in the serum of 1% to 3% 
of otherwise healthy persons older than age 50 years, 
making this the most common plasma cell proliferation. 
Despite its name, it is increasingly apparent that MGUS is a 
precursor lesion with a tendency to evolve to multiple myeloma. 
Among patients with MGUS, a symptomatic plasma cell 
tumor, most commonly multiple myeloma, develops at a 
rate of 1% per year. Moreover, the clonal plasma cells in 
MGUS contain the same chromosomal translocations found 
in full-blown multiple myeloma. A diagnosis of MGUS 
should be made only after careful exclusion of other mono-
clonal gammopathies, particularly multiple myeloma. In 
general, patients with MGUS have less than 3 g/dL of 
monoclonal protein in the serum and no Bence Jones 
proteinuria.

Lymphoplasmacytic Lymphoma
Lymphoplasmacytic lymphoma is included in the plasma 
cell neoplasms because the tumor cells secrete an M protein, 
most commonly IgM, but is otherwise distinct. It is com-
posed of a mixture of B cells ranging from small lympho-
cytes to plasmacytic lymphocytes to plasma cells. It behaves 
like an indolent B cell lymphoma and commonly involves the 
lymph nodes, bone marrow, and spleen at presentation. 
Often the high levels of IgM cause the blood to become 
viscous, producing a syndrome called Waldenström macro-
globulinemia, described later on. Other symptoms are 
related to the infiltration of various tissues, particularly the 
bone marrow, by tumor cells. The synthesis of immuno-
globulin heavy and light chains usually is balanced, so free 
light chains and Bence Jones proteinuria are not seen. 
Unlike myeloma, this tumor does not produce lytic bone 
lesions and is only rarely associated with amyloidosis.

Heavy-Chain Disease. Heavy-chain disease is not a spe-
cific entity but represents a group of proliferations in which 
only heavy chains are produced, most commonly IgA. IgA 
heavy-chain disease shows a predilection for lymphoid 
tissues in which IgA normally is produced, such as the 
small intestine and respiratory tract, and may represent a 
variant of extranodal marginal zone lymphoma (discussed 
later). The less common IgG heavy-chain disease often 
manifests with diffuse lymphadenopathy and hepato-
splenomegaly and histologically resembles lymphoplas-
macytic lymphoma.

Primary Amyloidosis. As noted earlier (Chapter 4), a 
monoclonal proliferation of plasma cells that secrete free 
light chains underlies primary amyloidosis. The amyloid 
deposits (of AL type) consist of partially degraded light 
chains.

MORPHOLOGY
Multiple myeloma usually manifests with multifocal 
destructive skeletal lesions, which most commonly 
involve the vertebral column, ribs, skull, pelvis, femur, 
clavicle, and scapula. The lesions generally arise in the 
medullary cavity, erode cancellous bone, and progressively 
destroy the cortical bone. This destructive process in turn 
often leads to pathologic fractures, most frequently in the 
vertebral column or femur. The bone lesions usually appear 
as punched-out defects 1 to 4 cm in diameter (Fig. 11–19, 
A), but in some cases diffuse skeletal demineralization is 
evident. Microscopic examination of  the marrow reveals 
increased numbers of  plasma cells, which usually constitute 
greater than 30% of  the cellularity. Myeloma cells may resem-
ble normal plasma cells but more often show abnormal fea-
tures such as prominent nucleoli or abnormal cytoplasmic 
inclusions containing immunoglobulin (Fig. 11–19, B). With 
disease progression, plasma cells may infiltrate the spleen, 
liver, kidneys, lungs, lymph nodes, and other soft tissue sites. 
In terminal stages, a leukemic picture may emerge.

Renal involvement (myeloma nephrosis) is associated 
with proteinaceous casts in the distal convoluted tubules and 
the collecting ducts, consisting mostly of  Bence Jones pro-
teins along with variable amounts of  complete immunoglo-
bulins, Tamm-Horsfall protein, and albumin. Multinucleate 
giant cells derived from macrophages usually surround the 
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casts. Very often the epithelial cells adjacent to the 
casts become necrotic or atrophic owing to the toxic 
effects of Bence Jones proteins. Other common patho-
logic processes involving the kidney include metastatic 
calcification, stemming from bone resorption and hyper-
calcemia; light chain (AL) amyloidosis, involving the renal 
glomeruli and vessel walls; and bacterial pyelonephritis, 
secondary to the increased susceptibility to bacterial infec-
tions. Rarely, interstitial infiltrates of  neoplastic plasma cells 
are seen.

In contrast with multiple myeloma, lymphoplas-
macytic lymphoma is not associated with lytic  
skeletal lesions. Instead the neoplastic cells diffusely infil-
trate the bone marrow, lymph nodes, spleen, and sometimes 
the liver. Infiltrations of  other organs also occur, particularly 
with disease progression. The cellular infiltrate consists of  

A

B

Figure 11–19 Multiple myeloma. A, Radiograph of  the skull, lateral 
view. The sharply punched-out bone defects are most obvious in the 
calvaria. B, Bone marrow aspirate. Normal marrow cells are largely 
replaced by plasma cells, including atypical forms with multiple  
nuclei, prominent nucleoli, and cytoplasmic droplets containing 
immunoglobulin. 

lymphocytes, plasma cells, and plasmacytic lymphocytes of  
intermediate differentiation. The remaining forms of  plasma 
cell neoplasms have either already been described (e.g., 
primary amyloidosis) (Chapter 4) or are too rare to merit 
further description.

Clinical Features
The clinical manifestations of plasma cell tumors are varied. 
They result from the destructive or otherwise damaging 
effects of tumor cells in various tissues and complications 
related to the complete or partial immunoglobulins secreted 
by the tumor cells.

The common clinicopathologic features of multiple 
myeloma can be summarized as follows:
• Bone pain, due to pathologic fractures. Pathologic frac-

tures of vertebrae may lead to spinal cord impingement, 
an oncologic emergency.

• Hypercalcemia stemming from bone resorption leads to 
neurologic manifestations such as confusion and leth-
argy and contributes to renal dysfunction.

• Anemia, due to marrow replacement by tumor cells as 
well as suppression of hematopoiesis through uncertain 
mechanisms

• Recurrent infections with bacteria such as S. aureus, S. 
pneumoniae, and E. coli, resulting from the marked sup-
pression of normal humoral immunity

• Renal insufficiency (in up to 50% of patients), resulting 
from the deleterious effect of Bence Jones proteins on 
renal tubular cells, as well as bacterial infections, hyper-
calcemia, and amyloidosis

• AL-type amyloidosis (5% to 10% of patients)
• Symptoms related to hyperviscosity may occur owing to 

excessive production and aggregation of M proteins but 
this clinical presentation is much more characteristic of 
lymphoplasmacytic lymphoma.

Multiple myeloma should be suspected when the charac-
teristic focal, punched-out skeletal defects are present—
especially when located in the vertebrae or calvaria. 
Electrophoresis of the serum and urine is an important 
diagnostic tool. In 99% of cases, either a monoclonal com-
plete immunoglobulin or a monoclonal free immunoglobu-
lin light chain is present in the serum, the urine, or both. 
In the few remaining cases, monoclonal free immunoglob-
ulins can usually be detected within the plasma cells; in 
such cases the lesion is sometimes called nonsecretory 
myeloma. Examination of the bone marrow is used to 
confirm the presence of a plasma cell proliferation.

Lymphoplasmacytic lymphoma affects older persons; the 
peak incidence is between the sixth and seventh decades. 
Most clinical signs and symptoms are caused by secretion 
of IgM (macroglobulin) from the tumor cells. Because of 
their size, macroglobulins cause the blood to become 
viscous, giving rise to a syndrome, known as Waldenström 
macroglobulinemia, which is associated with the following 
features:
• Visual impairment, related to striking tortuosity and dis-

tention of retinal veins; retinal hemorrhages and exu-
dates can also contribute to the visual problems
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Figure 11–20 Hodgkin lymphoma—lymph node. A binucleate Reed-
Sternberg cell with large, inclusion-like nucleoli and abundant cytoplasm 
is surrounded by lymphocytes, macrophages, and an eosinophil. 
(Courtesy of Dr. Robert W. McKenna, Department of Pathology, University of Texas Southwestern 
Medical School, Dallas, Texas.)

Figure 11–21 Hodgkin lymphoma, nodular sclerosis type—lymph 
node. A distinctive “lacunar cell” with a multilobed nucleus containing 
many small nucleoli is seen lying within a clear space created by retraction 
of  its cytoplasm. It is surrounded by lymphocytes. 
(Courtesy of Dr. Robert W. McKenna, Department of Pathology, University of  Texas Southwestern 
Medical School, Dallas, Texas.)

• Neurologic problems such as headaches, dizziness, tinni-
tus, deafness, and stupor, stemming from sluggish blood 
flow and sludging

• Bleeding, related to the formation of complexes between 
macroglobulins and clotting factors as well as interfer-
ence with platelet function

• Cryoglobulinemia, related to precipitation of macroglobu-
lins at low temperatures and producing symptoms such 
as Raynaud phenomenon and cold urticaria

Multiple myeloma is a progressive disease, with median 
survival of around 4 to 6 years. The picture for patients has 
brightened somewhat with the development of several 
new therapies, including proteasome inhibitors, which 
induce plasma cell apoptosis, and thalidomide analogues, 
which somehow alter the marrow microenvironment in a 
manner that inhibits myeloma cell growth and survival 
(recall that thalidomide was removed from the market 
because of its teratogenic effects in pregnant females). 
Lymphoplasmacytic lymphoma responds well for a time 
to relatively gentle chemotherapy regimens and plasma-
pheresis, which removes the macroglobulins; the median 
survival time is 4 to 5 years. At present, neither myeloma 
or lymphoplasmacytic lymphoma is curable.

odg in y pho a
Hodgkin lymphoma encompasses a distinctive group of 
neoplasms that are characterized by the presence of a 
tumor giant cell, the Reed-Sternberg cell. Unlike most NHLs, 
Hodgkin lymphomas arise in a single lymph node or chain 
of lymph nodes and typically spread in a stepwise fashion 
to anatomically contiguous nodes. Although the Hodgkin 
lymphomas are now understood to be unusual tumors of 
B cell origin, they are distinguished from the NHLs by their 
unusual pathologic and clinical features.
Classification. Five subtypes of Hodgkin lymphoma are 
recognized: (1) nodular sclerosis, (2) mixed cellularity,  
(3) lymphocyte rich, (4) lymphocyte depletion, and (5)  
lymphocyte predominance. In the first four subtypes  
the Reed-Sternberg cells share certain morphologic and 
immunophenotypic features (described later), leading 
some researchers to lump together these entities under the 
rubric “classical Hodgkin lymphoma.” The lymphocyte 
predominance type is set apart by the expression of germi-
nal center B markers by the Reed-Sternberg cells. This 
subtype and the two most common forms of classical 
Hodgkin lymphoma, the nodular sclerosis and mixed-
cellularity types, are discussed next.

MORPHOLOGY
The sine qua non of Hodgkin lymphoma is the Reed-
Sternberg (RS) cell (Fig. 11–20), a very large cell (15 to 
45 μm in diameter) with an enormous multilobate nucleus, 
exceptionally prominent nucleoli and abundant, usually 
slightly eosinophilic cytoplasm. Particularly characteris-
tic are cells with two mirror-image nuclei or nuclear 
lobes, each containing a large (inclusion-like) acido-
philic nucleolus surrounded by a clear zone, features 
that impart an owl-eye appearance. The nuclear mem-
brane is distinct. Typical RS cells and variants have a charac-
teristic immunophenotype, as they express CD15 and CD30 

and fail to express CD45 (common leukocyte antigen), B cell 
antigens, and T cell antigens. As we shall see, “classic” RS cells 
are common in the mixed-cellularity subtype, uncommon in 
the nodular sclerosis subtype, and rare in the lymphocyte-
predominance subtype; in these latter two subtypes, other 
characteristic RS cell variants predominate.

Nodular sclerosis Hodgkin lymphoma is the most 
common form. It is equally frequent in men and in women 
and has a striking propensity to involve the lower cervical, 
supraclavicular, and mediastinal lymph nodes. Most patients 
are adolescents or young adults, and the overall prognosis is 
excellent. It is characterized morphologically by
• The presence of  a particular variant of  the RS cell, the 

lacunar cell (Fig. 11–21). This large cell has a single multi-
lobate nucleus, multiple small nucleoli and abundant, pale-
staining cytoplasm. In sections of  formalin-fixed tissue, the 
cytoplasm often is torn away, leaving the nucleus lying in 
an empty space (a lacune). The immunophenotype of  
lacunar variants is identical to that of  other RS cells found 
in classical subtypes.
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• The presence of  collagen bands that divide involved lym-
phoid tissue into circumscribed nodules (Fig. 11–22). The 
fibrosis may be scant or abundant and the cellular infiltrate 
contains varying proportions of  lymphocytes, eosinophils, 
histiocytes, and lacunar cells.

Mixed-cellularity Hodgkin lymphoma is the most 
common form of  Hodgkin lymphoma in patients older than 
50 years of  age and comprises about 25% of  cases overall. 
There is a male predominance. Classic RS cells are plentiful 
within a heterogeneous inflammatory infiltrate containing 
small lymphocytes, eosinophils, plasma cells, and macro-
phages (Fig. 11–23). This subtype is more likely to be dis-
seminated and to be associated with systemic manifestations 
than the nodular sclerosis subtype.

Lymphocyte-Predominance Hodgkin lymphoma. 
This subtype, accounting for about 5% of  Hodgkin lym-
phoma, is characterized by the presence of  lymphohistiocytic 
(L&H) variant RS cells that have a delicate multilobed, puffy 
nucleus resembling popped corn (“popcorn cell”). L&H vari-
ants usually are found within large nodules containing mainly 
small resting B cells admixed with a variable number of  mac-
rophages (Fig. 11–24). Other types of  reactive cells, such as 
eosinophils, neutrophils, and plasma cells, are scanty or 
absent, and typical RS cells are rare. Unlike the Reed-
Sternberg variants in “classical” forms of  Hodgkin lymphoma, 
L&H variants express B cell markers (e.g., CD20) and usually 
fail to express CD15 and CD30. Most patients with this 
subtype present with isolated cervical or axillary lymphade-
nopathy, and the prognosis typically is excellent.

Other Considerations in Histologic Diagnosis. It is 
apparent that Hodgkin lymphoma spans a wide range of  
histologic patterns and that certain forms, with their charac-
teristic fibrosis, eosinophils, neutrophils, and plasma cells, 
come deceptively close to simulating an inflammatory reac-
tive process. The histologic diagnosis of Hodgkin lym-
phoma rests on the definitive identification of RS 
cells or variants in the appropriate background of 
reactive cells. Immunophenotyping plays an important 
adjunct role in distinguishing Hodgkin lymphoma from reac-
tive conditions and other forms of  lymphoma. In all subtypes, 

Figure 11–22 Hodgkin lymphoma, nodular sclerosis type—lymph 
node. A low-power view shows well-defined bands of  pink, acellular 
collagen that have subdivided the tumor cells into nodules. 
(Courtesy of Dr. Robert W. McKenna, Department of Pathology, University of Texas Southwestern 
Medical School, Dallas, Texas.)

Figure 11–23 Hodgkin lymphoma, mixed-cellularity type—lymph node. 
A diagnostic, binucleate Reed-Sternberg cell is surrounded by eosinophils, 
lymphocytes, and histiocytes. 
(Courtesy of Dr. Robert W. McKenna, Department of Pathology, University of Texas Southwestern 
Medical School, Dallas, Texas.)

Figure 11–24 Hodgkin lymphoma, lymphocyte-predominance type—
lymph node. Numerous mature-looking lymphocytes surround scattered, 
large, pale-staining lymphocytic and histiocytic variants (“popcorn” cells). 
(Courtesy of Dr. Robert W. McKenna, Department of Pathology, University of Texas Southwestern 
Medical School, Dallas, Texas.)

involvement of  the spleen, liver, bone marrow, and other 
organs may appear in due course and takes the form of  
irregular nodules composed of  a mixture of  RS cells and 
reactive cells, similar to what is observed in lymph nodes.

PATHOGENESIS
The origin of  RS cells remained mysterious through the 19th 
and most of  the 20th centuries but was finally solved by 
elegant molecular studies performed on single microdis-
sected RS cells. These showed that every RS cell from any 
given case possessed the same immunoglobulin gene rear-
rangements. In addition these studies revealed that the  
rearranged immunoglobulin genes had undergone somatic 
hypermutation. As a result, it is now agreed that Hodgkin 
lymphoma is a neoplasm arising from germinal 
center B cells.

The events that transform these cells and alter their 
appearance and gene expression programs are still unclear. 
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One clue stems from the involvement of  EBV. EBV is 
present in the RS cells in as many as 70% of cases of 
the mixed-cellularity subtype and a smaller fraction 
of other “classical” forms of Hodgkin lymphoma. 
More important, the integration of  the EBV genome is identi-
cal in all RS cells in a given case, indicating that infection 
precedes (and therefore may be related to) transformation 
and clonal expansion. Thus, as in Burkitt lymphoma and B cell 
lymphomas in immunodeficient patients, EBV infection prob-
ably is one of  several steps contributing to tumor develop-
ment, particularly of  the mixed-cellularity subtype.

The characteristic non-neoplastic, inflammatory cell infil-
trate is generated by a number of  cytokines, some secreted 
by RS cells, including IL-5 (which attracts and activates eosin-
ophils), transforming growth factor-β (a fibrogenic factor), 
and IL-13 (which may stimulate RS cells through an autocrine 
mechanism). Conversely, the responding inflammatory cells, 
rather than being innocent bystanders, produce additional 
factors such as CD30 ligand that aid the growth and survival 
of  RS cells and contribute further to the tissue reaction.

Staging and Clinical Features. Hodgkin lymphomas, like 
NHLs, usually manifest as painless lymphadenopathy. 
Although a definitive distinction from NHL can be made 
only by examination of a lymph node biopsy, several clini-
cal features favor the diagnosis of Hodgkin lymphoma 
(Table 11–9). Once the diagnosis is established, staging is 
used to guide therapy and determine prognosis (Table 11–10). 
Younger patients with the more favorable subtypes tend to 
present with stage I or II disease and usually are free of 
systemic manifestations. Patients with advanced disease 
(stages III and IV) are more likely to have systemic com-
plaints such as fever, weight loss, pruritus, and anemia. 
Due to the long-term complications of radiotherapy, even 
patients with stage I disease are now treated with systemic 
chemotherapy. More advanced disease generally is also 
treated with chemotherapy, sometimes with involved field 
radiotherapy at sites of bulky disease. The outlook for 
patients with Hodgkin lymphoma, even those with 
advanced disease, is very good. The 5-year survival rate for 
patients with stage I-A or II-A disease is close to 100%. 
Even with advanced disease (stage IV-A or IV-B), the 
overall 5-year disease-free survival rate is around 50%. 
Among long-term survivors treated with radiotherapy, a 
much higher risk of certain malignancies, including lung 
cancer, melanoma, and breast cancer, has been reported. 
These sobering results have spurred the development of 
new treatment regimens that minimize the use of radio-
therapy and employ less toxic chemotherapeutic agents. 
Anti-CD30 antibodies have produced excellent responses 

Hodgkin ymphoma Non Hodgkin ymphoma
More often localized to a single 
a ial group of nodes cervical, 
mediastinal, para aortic

More fre uent involvement of 
multiple peripheral nodes

rderly spread by contiguity Noncontiguous spread

Mesenteric nodes and Waldeyer 
ring rarely involved

Mesenteric nodes and Waldeyer 
ring commonly involved

tranodal involvement uncommon tranodal involvement 
common

Table 11–  Clinical Differences Bet een Hodgkin and 
Non Hodgkin ymphomas

Stage Distribution of Disease
I Involvement of a single lymph node region I  or 

involvement of a single e tralymphatic organ or tissue I

II Involvement of t o or more lymph node regions on the 
same side of the diaphragm alone II  or ith involvement 
of limited contiguous e tralymphatic organs or tissue II

III Involvement of lymph node regions on both sides of the 
diaphragm III , hich may include the spleen IIIS , limited 
contiguous e tralymphatic organ or site III , or both 
III S

IV Multiple or disseminated foci of involvement of one or 
more e tralymphatic organs or tissues ith or ithout 
lymphatic involvement

Table 11–1  Clinical Staging of Hodgkin and Non Hodgkin 
ymphomas Ann Arbor Classi cation

From Carbone PT, et al: Symposium (Ann Arbor): staging in Hodgkin disease. Cancer 
Res 31:1707, 1971.

*All stages are further divided on the basis of the absence (A) or presence (B) of the 
following systemic symptoms and signs: significant fever, night sweats, unexplained loss 
of more than 10% of normal body weight.

in patients with disease that has failed conventional thera-
pies and represent a promising “targeted” therapy.

Miscellaneous y phoid eoplas s
Among the many other forms of lymphoid neoplasia in the 
WHO classification, several with distinctive or clinically 
important features merit brief discussion.

Extranodal Marginal Zone Lymphoma
This indolent B cell tumor arises most commonly in epithe-
lial tissues such as the stomach, salivary glands, small and 
large bowel, lungs, orbit, and breast. Extranodal marginal 
zone lymphomas tend to develop in the setting of autoim-
mune disorders (such as Sjögren syndrome and Hashimoto 
thyroiditis) or chronic infection (such as H. pylori gastritis), 
suggesting that sustained antigenic stimulation contributes 
to its development. In the case of H. pylori–associated 
gastric marginal zone lymphoma, eradication of the organ-
ism with antibiotic therapy often leads to regression of the 
tumor cells, which depend on cytokines secreted by H. 
pylori–specific T cells for their growth and survival (Chapter 
5). When arising at other sites, these lymphomas are often 
cured by local excision or radiotherapy. Several recurrent 
cytogenetic abnormalities are recognized, the most common 
of which is a (11;18) translocation involving the MALT1 
and IAP2 genes. Of clinical importance, the presence of the 
t(11;18) is highly predictive of the failure of gastric tumors 
to respond to antibiotic treatment.

Hairy Cell Leukemia
Hairy cell leukemia is an uncommon, indolent B cell neo-
plasm characterized by the presence of leukemic cells with 
fine, hairlike cytoplasmic projections. The tumor cells 
express pan-B cell markers (CD19 and CD20), surface 
immunoglobulin, and CD11c and CD103; the latter two 
antigens are not present on most other B cell tumors, 
making them diagnostically useful. Virtually all cases are 
associated with activating mutations in the serine/threo-
nine kinase BRAF, which is also mutated in diverse other 
cancers (Chapter 5).

Hairy cell leukemia occurs mainly in older males and  
its manifestations result from infiltration of bone marrow 
and spleen. Splenomegaly, often massive, is the most 
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common and sometimes only physical finding. Pancytope-
nia, resulting from marrow infiltration and splenic seques-
tration, is seen in more than half of cases. Lymph node 
involvement is seen only rarely. Leukocytosis is uncommon, 
being present in 15% to 20% of patients, but scattered 
“hairy cells” can be identified in the peripheral blood smear 
in most cases. The disease is indolent but progressive if 
untreated; pancytopenia and infections cause the major 
clinical problems. Unlike most other indolent lymphoid 
neoplasms, this tumor is extremely sensitive to chemo-
therapeutic agents, particularly purine nucleosides. Com-
plete durable responses are the rule and the overall 
prognosis is excellent.

Mycosis Fungoides and Sézary Syndrome
These tumors of neoplastic CD4+ T cells home to the skin; 
as a result, they often are referred to as cutaneous T cell 
lymphoma. Mycosis fungoides usually manifests as a non-
specific erythrodermic rash that progresses over time to a 
plaque phase and then to a tumor phase. Histologically, 
neoplastic T cells, often with a cerebriform appearance pro-
duced by marked infolding of the nuclear membranes, 
infiltrate the epidermis and upper dermis. With disease 
progression, both nodal and visceral dissemination appear. 
Sézary syndrome is a clinical variant characterized by (1) 
a generalized exfoliative erythroderma and (2) tumor cells 
(Sézary cells) in the peripheral blood. Circulating tumor 
cells also are present in as many as 25% of cases of plaque- 
or tumor-phase mycosis fungoides. Patients diagnosed 
with early-phase mycosis fungoides often survive for many 
years, whereas patients with tumor-phase disease, visceral 
disease, or Sézary syndrome survive on average for 1 to  
3 years.

Adult T Cell Leukemia/Lymphoma
This is a neoplasm of CD4+ T cells that is caused by a retrovirus, 
human T cell leukemia virus type 1 (HTLV-1). HTLV-1 infec-
tion is endemic in southern Japan, the Caribbean basin, and 
West Africa, and occurs sporadically elsewhere, including 
in the southeastern United States. The pathogenesis of this 
tumor is discussed in Chapter 5. In addition to lymphoid 
malignancies, HTLV-1 infection also can cause transverse 
myelitis, a progressive demyelinating disease affecting the 
central nervous system and the spinal cord.

Adult T cell leukemia/lymphoma commonly is associ-
ated with skin lesions, lymphadenopathy, hepatospleno-
megaly, hypercalcemia, and variable numbers of malignant 
lymphocytes in the peripheral blood. In addition to CD4, 
the leukemic cells express high levels of CD25, the IL-2 
receptor α chain. In most cases the tumor is very aggressive 
and responds poorly to treatment. The median survival 
time is about 8 months. In 15% to 20% of patients the 
disease follows a chronic course resembling that of mycosis 
fungoides.

Peripheral T Cell Lymphomas
This heterogeneous group of tumors makes up 10% to 15% 
of adult NHLs. Although several rare distinctive subtypes 
fall under this heading, most tumors in this group are 
unclassifiable. In general, these are aggressive tumors that 
respond poorly to therapy. Moreover, because these are 
tumors of functional T cells, patients often suffer from 
symptoms related to tumor-derived inflammatory prod-
ucts, even when the tumor burden is relatively low.

SUMMARY
Lymphoid Neoplasms
• Classification is based on cell of origin and stage of 

differentiation.
• Most common types in children are acute lymphoblastic 

leukemias/lymphoblastic lymphomas derived from precur-
sor B and T cells.
! These highly aggressive tumors manifest with signs and 

symptoms of bone marrow failure, or as rapidly growing 
masses.

! Tumor cells contain genetic lesions that block differen-
tiation, leading to the accumulation of immature, non-
functional blasts.

• Most common types in adults are non-Hodgkin lympho-
mas derived from germinal center B cells.

Small Lymphocytic Lymphoma/Chronic 
Lymphocytic Leukemia
• This tumor of mature B cells usually manifests with bone 

marrow and lymph node involvement.
• An indolent course, commonly associated with immune 

abnormalities, including an increased susceptibility to 
infection and autoimmune disorders, is typical.

Follicular Lymphoma
• Tumor cells recapitulate the growth pattern of normal 

germinal center B cells; most cases are associated with a 
(14;18) translocation that results in the overexpression of 
BCL2.

Mantle Cell Lymphoma
• This tumor of mature B cells usually manifests with 

advanced disease involving lymph nodes, bone marrow, 
and extranodal sites such as the gut.

• An association with an (11;14) translocation that results 
in overexpression of cyclin D1, a regulator of cell cycle 
progression, is recognized.

Diffuse Large B Cell Lymphoma
• This heterogeneous group of mature B cell tumors shares 

a large cell morphology and aggressive clinical behavior 
and represents the most common type of lymphoma.

• Rearrangements or mutations of BCL6 gene are recog-
nized associations; one third arise from follicular lympho-
mas and carry a (14;18) translocation involving BCL2.

Burkitt Lymphoma
• This very aggressive tumor of mature B cells usually arises 

at extranodal sites.
• A uniform association with translocations involving the 

MYC proto-oncogene has been established.
• Tumor cells often are latently infected by Epstein-Barr 

virus (EBV).

Multiple Myeloma
• This plasma cell tumor often manifests with multiple lytic 

bone lesions associated with pathologic fractures and 
hypercalcemia.

• Neoplastic plasma cells suppress normal humoral  
immunity and secrete partial immunoglobulins that are 
nephrotoxic.
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MORPHOLOGY
By definition, in AML myeloid blasts or promyelocytes  
make up more than 20% of  the bone marrow cellular com-
ponent. Myeloblasts (precursors of  granulocytes) have 
delicate nuclear chromatin, three to five nucleoli, and fine 
azurophilic cytoplasmic granules (Fig. 11–14, B). Auer rods, 
dis tinctive red-staining rodlike structures, may be present in 
myeloblasts or more differentiated cells; they are particularly 
numerous in acute promyelocytic leukemia (Fig. 11–25). 
Auer rods are specific for neoplastic myeloblasts and thus  
a helpful diagnostic clue when present. In other subtypes  
of  AML, monoblasts, erythroblasts, or megakaryoblasts 
predominate.

PATHOGENESIS
Most AMLs harbor mutations in genes encoding 
transcription factors that are required for normal 
myeloid cell differentiation. These mutations interfere 
with the differentiation of  early myeloid cells, leading to the 
accumulation of  myeloid precursors (blasts) in the marrow. 

Hodgkin Lymphoma
• This unusual tumor consists mostly of reactive lympho-

cytes, macrophages, and stromal cells.
• Malignant Reed-Sternberg cells make up a minor part of 

the tumor mass.
Table 11–8 lists features of  specific entities.

Myeloid Neoplasms

Myeloid neoplasms arise from hematopoietic progenitors and 
typically give rise to clonal proliferations that replace normal 
bone marrow cells. There are three broad categories of 
myeloid neoplasia. In the acute myeloid leukemias (AMLs), 
the neoplastic cells are blocked at an early stage of myeloid 
cell development. Immature myeloid cells (blasts) accumu-
late in the marrow and replace normal elements, and  
frequently circulate in the peripheral blood. In the myelo-
proliferative disorders, the neoplastic clone continues to 
undergo terminal differentiation but exhibits increased or 
dysregulated growth. Commonly, these are associated 
with an increase in one or more of the formed elements 
(red cells, platelets, and/or granulocytes) in the peripheral 
blood. In the myelodysplastic syndromes, terminal differen-
tiation occurs but in a disordered and ineffective fashion, 
leading to the appearance of dysplastic marrow precursors 
and peripheral blood cytopenias.

Although these three categories provide a useful start-
ing point, the divisions between the myeloid neoplasms 
sometimes blur. Both myelodysplastic syndromes and 
myeloproliferative disorders often transform to AML, and 
some neoplasms have features of both myelodysplasia  
and myeloproliferative disorders. Because all myeloid neo-
plasms arise from early multipotent progenitors, the close 
relationship among these disorders is not surprising.

Acute Myeloid eu e ia
AML primarily affects older adults; the median age is 50 
years. It is very heterogeneous, as discussed later on. The 
clinical signs and symptoms closely resemble those pro-
duced by ALL and usually are related to the replacement 
of normal marrow elements by leukemic blasts. Fatigue, 
pallor, abnormal bleeding, and infections are common in 
newly diagnosed patients, who typically present within a 
few weeks of the onset of symptoms. Splenomegaly and 
lymphadenopathy generally are less prominent than in 
ALL, but on rare occasions AML mimics a lymphoma by 
manifesting as a discrete tissue mass (a so-called granulo-
cytic sarcoma). The diagnosis and classification of AML are 
based on morphologic, histochemical, immunophenotypic, 
and karyotypic findings. Of these, the karyotype is most 
predictive of outcome.

Of particular interest is the (15;17) translocation in acute 
promyelocytic leukemia, which results in the fusion of  the 
retinoic acid receptor α (RARA) gene on chromosome 17 and 
the PML gene on chromosome 15. The chimeric gene pro-
duces a PML/RARα fusion protein that blocks myeloid dif-
ferentiation at the promyelocytic stage, probably in part by 
inhibiting the function of  normal retinoic acid receptors. 
Remarkably, pharmacologic doses of  all-trans retinoic acid 
(ATRA), an analogue of  vitamin A (Chapter 7), overcome 
this block and induce the neoplastic promyelocytes to rapidly 
differentiate into neutrophils. Because neutrophils die after an 
average lifespan of  6 hours, ATRA treatment rapidly clears 
the tumor. The effect is very specific; AMLs without translo-
cations involving RARA do not respond to ATRA. More 
recently, it has been noted that the combination of 
ATRA and arsenic trioxide, a salt that induces the 
degradation of the PML/RARA fusion protein, is 
even more effective than ATRA alone, producing 
cures in more than 80% of patients. This is an important 
example of  a highly effective therapy targeted at a tumor-
specific molecular defect.

Other work using transgenic or “knock-in” mice has shown 
that the mutations in transcription factors found in AML are 
not sufficient to cause the disease. Some of  the other muta-
tions implicated in AML have no effect on differentiation but 
instead enhance cellular proliferation and survival. One 
example involves FLT3, a receptor tyrosine kinase that is 
activated by mutations in a number of  AML subtypes, includ-
ing acute promyelocytic leukemia. Putative collaborating 
mutations in several other tyrosine kinase genes and in RAS, 
an oncogene that is mutated in diverse forms of  cancer, also 
have been detected.

Classification. AMLs are diverse in terms of genetics, cellular 
lineage, and degree of maturation. The WHO classification 
relies on all of these features to divide AML into four cat-
egories (Table 11–11): (1) AMLs associated with specific 
genetic aberrations, which are important because they 
predict outcome and guide therapy; (2) AMLs with dyspla-
sia, many of which arise from myelodysplastic syndromes; 
(3) AMLs occurring after genotoxic chemotherapy; and (4) 
AMLs lacking any of the foregoing features. AMLs in the 
last category are subclassified on the basis of the predomi-
nant line of differentiation that the tumor exhibits.
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and arsenic salts. An increasing number of patients  
with AML are being treated with more aggressive 
approaches, such as allogeneic hematopoietic stem cell 
transplantation.

Myelodysplastic Syndro es
In myelodysplastic syndromes (MDSs), the bone marrow 
is partly or wholly replaced by the clonal progeny of a 
transformed multipotent stem cell that retains the capacity 
to differentiate into red cells, granulocytes, and platelets, 
but in a manner that is both ineffective and disordered. As 
a result, the marrow usually is hypercellular or normocel-
lular, but the peripheral blood shows one or more cytope-
nias. The abnormal stem cell clone in the bone marrow is 
genetically unstable and prone to the acquisition of addi-
tional mutations and the eventual transformation to AML. 
Most cases are idiopathic, but some develop after chemo-
therapy with alkylating agents or exposure to ionizing 
radiation therapy.

Immunophenotype. The expression of immunologic 
markers is heterogeneous in AML. Most tumors express 
some combination of myeloid-associated antigens, such as 
CD13, CD14, CD15, CD64, or CD117 (cKIT). CD33 is 
expressed on pluripotent stem cells but is retained on 
myeloid progenitor cells. Such markers are helpful in dis-
tinguishing AML from ALL (as shown in Fig. 11–14) and 
in identifying AMLs with only minimal differentiation.
Prognosis. AML is a devastating disease. Tumors with 
“good-risk” karyotypic abnormalities (t[8;21], inv[16]) are 
associated with a 50% chance of long-term disease-free sur-
vival, but the overall survival in all patients is only 15% to 
30% with conventional chemotherapy. A bright spot is  
the improvement in outcomes in acute promyelocytic leu-
kemia brought about by targeted treatment with ATRA 

Figure 11–25 Acute promyelocytic leukemia—bone marrow aspirate. 
The neoplastic promyelocytes have abnormally coarse and numerous 
azurophilic granules. Other characteristic findings include the presence of  
several cells with bilobed nuclei and a cell in the center of  the field that 
contains multiple needle-like Auer rods. 
(Courtesy of Dr. Robert W. McKenna, Department of Pathology, University of Texas Southwestern 
Medical School, Dallas, Texas.)

PATHOGENESIS
The pathogenesis of  MDS is poorly understood. Cytogenetic 
studies reveal clonal abnormalities in up to 70% of  cases. 
Translocations generally are lacking, whereas losses or gains 
of  whole chromosomes or parts thereof  are frequent. Some 
common karyotypic abnormalities include mono-
somy 5 or 7; deletions of 5q, 7q, and 20q; and trisomy 
8. Recent work suggests that the critical region deleted on 
5q contains genes encoding a ribosomal protein and several 
microRNAs. Loss of  all of  these genes appears to contribute 
to a subtype of  MDS called the 5q−  syndrome. This syn-
drome occurs more often in women, is associated with 
severe anemia and preserved or elevated platelet counts, and 
often responds to treatment with analogs of  thalidomide, 
which are believed to influence the interaction of  hemato-
poietic progenitors and marrow stromal cells.

MORPHOLOGY
In MDSs, the marrow is populated by abnormal-appearing 
hematopoietic precursors. Some of  the more common 
abnormalities include megaloblastoid erythroid precur-
sors resembling those seen in the megaloblastic anemias, 
erythroid forms with iron deposits within their mitochondria 
(ringed sideroblasts), granulocyte precursors with abnor-
mal granules or nuclear maturation, and small megakaryo-
cytes with single small nuclei or multiple separate nuclei.

Class Prognosis

I. AM  ith Recurrent Chromosomal ranslocations
AM  ith t  C FA ET  fusion gene Favorable

AM  ith inv p  C F M  fusion gene Favorable

AM  ith t .  PM RARA fusion gene Favorable

AM  ith t variant  M  fusion genes Poor

AM  ith mutated PM Variable

II. AM  ith Multilineage Dysplasia
With previous myelodysplastic syndrome Very poor

Without previous myelodysplastic syndrome Poor

III. AM , herapy Related
Alkylating agent related Very poor

pipodophylloto in related Very poor

IV. AM , Not ther ise Classi ed
Subclasses de ned by e tent and type of 
differentiation e.g., myelocytic, monocytic

Intermediate

Table 11–11 WH  Classi cation of Acute Myeloid 
eukemia AM

NPM1, nucleophosmin 1; WHO, World Health Organization.

Although these syndromes often are described as rare, it is 
now appreciated that MDS is about as common as AML, affect-
ing up to 15,000 patients per year in the United States. Most 
persons with MDS are between 50 and 70 years of age. As 
a result of cytopenias, many suffer from infections, symp-
toms related to anemia, and hemorrhages. The response to 
conventional chemotherapy usually is poor, perhaps 
because MDS arises in a background of stem cell damage. 
Transformation to AML occurs in 10% to 40%. The prog-
nosis is variable; the median survival time ranges from 9 
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to 29 months and is worse in patients with increased 
marrow blasts or cytogenetic abnormalities at the time of 
diagnosis.

Chronic Myeloproliferative Disorders
Chronic myeloproliferative disorders are marked by the 
hyperproliferation of neoplastic myeloid progenitors that 
retain the capacity for terminal differentiation; as a result, 
there is an increase in one or more formed elements of the 
peripheral blood. The neoplastic progenitors tend to seed 
secondary hematopoietic organs (the spleen, liver, and 
lymph nodes), resulting in hepatosplenomegaly (caused by 
neoplastic extramedullary hematopoiesis). A common theme 
is the association of these disorders with activating mutations in 
tyrosine kinases, which generate constitutive signals mimicking 
those that are normally produced in response to hematopoietic 
growth factors. This insight provides a satisfying explana-
tion for the observed overproduction of myeloid cells and 
is important therapeutically because of the availability of 
tyrosine kinase inhibitors.

Four major diagnostic entities are recognized: chronic 
myelogenous leukemia (CML), polycythemia vera, primary 
myelofibrosis, and essential thrombocythemia. CML is 
separated from the others by its association with a charac-
teristic abnormality, the BCR-ABL fusion gene, which pro-
duces a constitutively active BCR-ABL tyrosine kinase. The 
remaining BCR-ABL–negative myeloproliferative disor-
ders show considerable clinical and genetic overlap. The 
most common genetic abnormalities in the “BCR-ABL–
negative” myeloproliferative disorders are activating 
mutations in the tyrosine kinase JAK2, which occur in vir-
tually all cases of polycythemia vera and about 50% of 
cases of primary myelofibrosis and essential thrombocy-
themia. Some rare myeloproliferative disorders are associ-
ated with activating mutations in other tyrosine kinases, 
such as platelet-derived growth factor receptor-α and 
platelet-derived growth factor receptor-β. In addition, all 
myeloproliferative disorders have variable propensities to 
transform to a “spent phase” resembling primary myelofi-
brosis or to a “blast crisis” identical to acute leukemia, both 
presumably triggered by the acquisition of other somatic 
mutations. Only CML, polycythemia vera, and primary 
myelofibrosis are presented here, as essential thrombocy-
themia and other myeloproliferative disorders are too 
infrequent to merit discussion.

Chronic Myelogenous Leukemia
CML principally affects adults between 25 and 60 years of 
age. The peak incidence is in the fourth and fifth decades 
of life. About 4500 new cases are diagnosed per year in the 
United States.

MORPHOLOGY
The peripheral blood findings are highly characteristic. The 
leukocyte count is elevated, often exceeding 100,000 cells/μL. 
The circulating cells are predominantly neutrophils, 
metamyelocytes, and myelocytes (Fig. 11–26), but 
basophils and eosinophils are also prominent and platelets 
are usually increased. A small proportion of  myeloblasts, 
usually less than 5%, are often seen in the peripheral blood. 
The bone marrow is hypercellular owing to increased 
numbers of  granulocytic and megakaryocytic precursors. 
Myeloblasts usually are only slightly increased. The red pulp 
of  the enlarged spleen resembles bone marrow because of  
the presence of  extensive extramedullary hematopoiesis. 
This burgeoning proliferation often compromises the local 
blood supply, leading to splenic infarcts.

PATHOGENESIS
CML is always associated with the presence of a 
BCR-ABL fusion gene. In about 95% of  cases, the BCR-
ABL gene is the product of  a balanced (9;22) translocation 
that moves ABL from chromosome 9 to a position on chro-
mosome 22 adjacent to BCR. In the remaining 5% of  cases, 
a BCR-ABL fusion gene is created by cytogenetically cryptic 
or complex rearrangements involving more than two  

Figure 11–26 Chronic myelogenous leukemia—peripheral blood 
smear. Granulocytic forms at various stages of  differentiation are present. 
(Courtesy of Dr. Robert W. McKenna, Department of Pathology, University of Texas Southwestern 
Medical School, Dallas, Texas.)

chromosomes. The BCR-ABL fusion gene is present in granu-
locytic, erythroid, megakaryocytic, and B cell precursors, and 
in some cases T cell precursors as well, indicating that the 
tumor arises from a transformed hematopoietic stem cell. 
Although the Ph chromosome is highly characteristic of  CML, 
it also is present in 25% of  adult B cell–ALLs and a small 
subset of  AMLs.

As described in Chapter 5, the BCR-ABL gene encodes a 
fusion protein consisting of  portions of  BCR and the tyrosine 
kinase domain of  ABL. Normal myeloid progenitors depend 
on signals generated by growth factors and their receptors 
for growth and survival. The growth factor dependence 
of CML progenitors is greatly decreased by constitu-
tive signals generated by BCR-ABL that mimic the 
effects of growth factor receptor activation. Impor-
tantly, because BCR-ABL does not inhibit differentiation, the 
early disease course is marked by excessive hematopoiesis. 
Although the BCR-ABL fusion gene is present in multiple lin-
eages, for unclear reasons the pro-growth effects of  BCR-ABL 
are confined mainly to the granulocyte and megakaryocyte 
lineages.
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receptor and other growth factor receptors. The most 
common JAK2 mutation, a valine-to-phenylalanine substi-
tution at residue 617, sharply lowers the dependence of 
hematopoietic cells on growth factors for growth and sur-
vival, suggesting that it is an important part of the patho-
genesis of the disorder.

Clinical Features 
The onset of CML often is insidious, as the initial symp-
toms usually are nonspecific (e.g., easy fatigability, weak-
ness, weight loss). Sometimes the first symptom is a 
dragging sensation in the abdomen caused by splenomegaly. 
On occasion it may be necessary to distinguish CML from 
a “leukemoid reaction,” a dramatic elevation of the granu-
locyte count in response to infection, stress, chronic inflam-
mation, and certain neoplasms. This distinction can be 
achieved definitively by testing for the presence of the 
BCR-ABL fusion gene, which can be done by karyotyping, 
fluorescence in situ hybridization, or PCR assay.

The natural history of CML initially is one of slow  
progression. Even without treatment, the median survival 
is 3 years. After a variable (and unpredictable) period, 
approximately half of CML cases enter an accelerated 
phase marked by increasing anemia and new thrombo-
cytopenia, the appearance of additional cytogenetic  
abnormalities, and finally transformation into a picture 
resembling acute leukemia (blast crisis). In the remaining 
50% of cases, blast crisis occurs abruptly, without an accel-
erated phase. Of note, in 30% of cases the blast crisis resem-
bles precursor-B cell ALL, further attesting to the origin of 
CML from hematopoietic stem cells. In the remaining 70% 
of cases, the blast crisis resembles AML. Less commonly, 
CML progresses to a phase of extensive bone marrow fibro-
sis resembling primary myelofibrosis.

Fortunately for those affected, the natural history of 
CML has been altered dramatically by the emergence of 
targeted therapy. Inhibitors of the BCR-ABL tyrosine 
kinase, such as imatinib and nilotinib, induce complete 
remission in a high fraction of patients with little associated 
toxicity. Treatment with tyrosine kinase inhibitors, particu-
larly in patients with early disease, induces sustained 
remissions and may prevent the appearance of blast crisis 
by suppressing the proliferative drive that leads to the 
acquisition of additional mutations. When patients on tyro-
sine kinase inhibitors relapse, their tumors frequently are 
found to have acquired mutations in the kinase domain of 
BCR-ABL that prevent the drugs from binding. In retro-
spective studies, these mutations have been shown to be 
present in small numbers of cells at the time of diagnosis. 
The selective outgrowth of these cells is explained by the 
powerful antitumor effects of BCR-ABL inhibitors, and 
indicates that many resistant tumors are still “addicted” to 
the pro-growth signals created by BCR-ABL. For those 
with resistant disease, hematopoietic stem cell transplanta-
tion is curative in 70% of patients, but carries with it sub-
stantial risks, particularly in the aged.

Polycythemia Vera
Polycythemia vera is characterized by an excessive prolif-
eration of erythroid, granulocytic, and megakaryocytic ele-
ments (panmyelosis), but most clinical signs and symptoms 
are related to an absolute increase in red cell mass. Polycythe-
mia vera must be distinguished from relative polycythe-
mia, which results from hemoconcentration. Unlike reactive 
forms of absolute polycythemia, polycythemia vera is asso-
ciated with low levels of serum erythropoietin, which is a 
reflection of the growth factor–independent growth of the 
neoplastic clone. This behavior stems from the presence of 
activating mutations in JAK2, a tyrosine kinase that acts in 
the signaling pathways downstream of the erythropoietin 

MORPHOLOGY
The major anatomic changes in polycythemia vera stem from 
increases in blood volume and viscosity brought about by the 
polycythemia. Plethoric congestion of  many tissues is char-
acteristic. The liver is enlarged and often contains small foci 
of  extramedullary hematopoiesis. The spleen usually is slightly 
enlarged (250 to 300 g) due to vascular congestion. As a 
result of the increased viscosity and vascular stasis, 
thromboses and infarctions are common, particu-
larly in the heart, spleen, and kidneys. Hemorrhages 
also occur in about a third of  the patients, probably as a result 
of  excessive distention of  blood vessels and abnormal plate-
let function. These most often affect the gastrointestinal tract, 
oropharynx, or brain. Hemorrhage may occur spontaneously 
but more often follows some minor trauma or surgical pro-
cedure. Platelets produced from the neoplastic clone often 
are dysfunctional, a derangement that contributes to the 
elevated risk of  thrombosis and bleeding. As in CML, the 
peripheral blood often shows basophilia.

The bone marrow is hypercellular owing to increased 
numbers of  erythroid, myeloid, and megakaryocytic forms. 
In addition, some degree of  marrow fibrosis is present in 10% 
of  patients at the time of  diagnosis. In a subset of  patients, 
this progresses to a spent phase where the marrow is largely 
replaced by fibroblasts and collagen.

Clinical Course 
Polycythemia vera appears insidiously, usually in late 
middle age. Patients are plethoric and often somewhat cya-
notic. Histamine released from the neoplastic basophils 
may contribute to pruritus and also may account for the 
increased incidence of peptic ulceration. Other complaints 
are referable to the thrombotic and hemorrhagic tendencies 
and to hypertension. Headache, dizziness, gastrointestinal 
symptoms, hematemesis, and melena are common. Because of 
the high rate of cell turnover, symptomatic gout is seen in 
5% to 10% of cases, and many more patients have asymp-
tomatic hyperuricemia.

The diagnosis usually is made in the laboratory. Red cell 
counts range from 6 to 10 million/µl and the hematocrit is often 
60% or greater. The granulocyte count can be as high as 
50,000 cells/μL, and the platelet count is often over 
400,000/μL. Basophilia is common. The platelets are func-
tionally abnormal in most cases, and giant platelets and 
megakaryocyte fragments are often seen in the blood. 
About 30% of patients develop thrombotic complications, 
usually affecting the brain or heart. Hepatic vein thrombo-
sis giving rise to the Budd-Chiari syndrome (Chapter 15) 
is an uncommon but grave complication. Minor hemor-
rhages (e.g., epistaxis and bleeding from gums) are common 
and life-threatening hemorrhages occur in 5% to 10% of 
patients. In those receiving no treatment, death occurs from 
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vascular complications within months; however, the 
median survival is increased to about 10 years by lowering 
the red cell count to near normal through repeated 
phlebotomy.

Unfortunately, prolonged survival has revealed a pro-
pensity for polycythemia vera to evolve to a “spent phase” 
resembling primary myelofibrosis. After an average inter-
val of 10 years, 15% to 20% of cases undergo such a trans-
formation. Owing to the extensive marrow fibrosis, 
hematopoiesis shifts to the spleen, which enlarges mark-
edly. Transformation to a “blast crisis” identical to AML 
also occurs but much less frequently than in CML. Inhibi-
tors that target JAK2 are in clinical trials at present.

Primary Myelofibrosis
In the myeloproliferative disorder known as primary 
myelofibrosis, a “spent phase” of marrow fibrosis super-
venes early in the disease course, often after a brief period 
of granulocytosis and thrombocytosis. As hematopoiesis 
shifts from the fibrotic marrow to the spleen, liver, and 
lymph nodes, extreme splenomegaly and hepatomegaly 
develop. The extramedullary hematopoiesis at these sites 
is disordered and inefficient, resulting in anemia and 
thrombocytopenia. Neutropenia also may occur but tends 
to be mild.

MORPHOLOGY
The peripheral blood smear is markedly abnormal (Fig. 11–
27). Red cells often exhibit bizarre shapes (poikilo-
cytes, teardrop cells), and nucleated erythroid precursors 
are commonly present along with immature white cells 
(myelocytes and metamyelocytes), a combination of  findings 
referred to as “leukoerythroblastosis.” Abnormally large 
platelets often are present as well. The spleen usually is 
markedly enlarged, sometimes weighing as much as 4000 g, 
from the extensive extramedullary hematopoiesis. Sub-
capsular splenic infarcts, often multiple, are commonly 

PATHOGENESIS
The fibroblasts that lay down the collagen in the marrow are 
not neoplastic. Instead, the marrow fibrosis is secondary to 
derangements in the hematopoietic cells. It is believed that 
the fibroblast proliferation is stimulated by platelet-
derived growth factor and transforming growth 
factor β released from neoplastic megakaryocytes. 
By the time patients come to clinical attention, marrow fibro-
sis and marked extramedullary hematopoiesis usually are 
evident. Less commonly, marrow fibrosis is mild at diagnosis 
and the clinical picture resembles that of  other myeloprolif-
erative disorders.

Of  pathogenic and possible therapeutic importance, the 
same JAK2 mutation that is found in polycythemia vera (a 
valine-to-phenylalanine mutation at amino acid residue 617) 
is present in around half  of  cases of  primary myelofibrosis 
(as well as a similar proportion of  essential thrombocythemia 
cases)—a commonality that emphasizes the overlap between 
these entities. It is not yet known why tumors with the same 
mutation have such varied clinical pictures.

Figure 11–27 Primary myelofibrosis—peripheral blood smear. Two 
nucleated erythroid precursors and several teardrop-shaped red cells 
(dacryocytes) are evident. Immature myeloid cells were present in other 
fields. An identical histologic picture can be seen in other diseases produc-
ing marrow distortion and fibrosis. 

present. Within areas of  extramedullary hematopoiesis, 
megakaryocytes usually are numerous and often display 
bizarre morphologic features. Moderate hepatomegaly 
due to extramedullary hematopoiesis is commonplace. The 
lymph nodes also are involved by extramedullary hemato-
poiesis, but not to a degree sufficient to cause appreciable 
enlargement. The bone marrow in advanced cases is hypo-
cellular and diffusely fibrotic, while early in the course it may 
be hypercellular and have only focal areas of  fibrosis. 
Throughout the course, marrow megakaryocytes usually are 
increased in number and dysplastic.

Clinical Course 
By the time most patients come to clinical attention, the 
disease has progressed to the phase of marrow fibrosis. 
Early stage disease may have features suggestive of CML, 
but the Ph chromosome is absent. Most patients have moder-
ate to severe anemia at the time of diagnosis. The white 
blood cell count may be normal, reduced, or markedly 
elevated. Early in the course the platelet count is normal or 
elevated, but eventually patients develop thrombocytope-
nia. Because of a high rate of cell turnover, hyperuricemia 
and gout may complicate the picture.

The outcome of this disease is variable, but the median 
survival time is 4 to 5 years. There is a constant threat of 
thrombotic and hemorrhagic episodes stemming from 
platelet abnormalities. Splenic infarctions are common. 
From 5% to 15% of affected persons develop a blast crisis 
resembling AML.

SUMMARY
Myeloid Neoplasms
Myeloid tumors occur mainly in adults and fall into three major 
groups:
• Acute myeloid leukemias (AMLs)

! Aggressive tumors comprised of immature myeloid 
lineage blasts, which replace the marrow and suppress 
normal hematopoiesis
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and vesicular nuclei, an appearance more akin to that of 
tissue macrophages (called histiocytes by morphologists)—
hence the term Langerhans cell histiocytosis.

Langerhans cell histiocytoses manifest as three relatively 
distinctive clinicopathologic entities. Multisystem Langer-
hans cell histiocytosis (Letterer-Siwe disease) usually occurs in 
children younger than 2 years of age. It typically manifests 
with multifocal cutaneous lesions that grossly resemble 
seborrheic skin eruptions and are composed of Langerhans 
cells. Most affected patients have hepatosplenomegaly, 
lymphadenopathy, pulmonary lesions, and (later in the 
course) destructive osteolytic bone lesions. Extensive infil-
tration of the marrow often leads to pancytopenia and pre-
disposes the patient to recurrent infections such as otitis 
media and mastoiditis. The disease is rapidly fatal if 
untreated. With intensive chemotherapy, 50% of patients 
survive 5 years.

Unisystem Langerhans cell histiocytosis (eosinophilic granu-
loma) may be unifocal or multifocal. It is characterized by 
expanding, erosive accumulations of Langerhans cells, 
usually within the medullary cavities of bones or less  
commonly in the skin, lungs, or stomach. The Langerhans 
cells are admixed with variable numbers of lymphocytes, 
plasma cells, neutrophils, and eosinophils, which are 
usually, but not always, prominent. Virtually any bone in 
the skeletal system may be involved; the calvaria, ribs, and 
femur are most commonly affected. Unifocal disease most 
often involves the skeletal system. It may be asymptomatic 
or cause pain, tenderness and pathologic fractures. It is an 
indolent disorder that may heal spontaneously or be cured 
by local excision or irradiation. Multifocal unisystem 
disease usually affects children and typically manifests 
with multiple erosive bony masses that sometimes extend 
into soft tissues. In about 50% of cases, involvement of the 
posterior pituitary stalk of the hypothalamus leads to dia-
betes insipidus. The combination of calvarial bone defects, 
diabetes insipidus, and exophthalmos is referred to as the 
Hand-Schüller-Christian triad. Many patients experience 
spontaneous regressions; others are treated effectively with 
chemotherapy.

A clue to the pathogenesis of Langerhans cell tumors lies in 
the discovery that the different clinical forms are frequently asso-
ciated with an acquired mutation in the serine/threonine kinase 
BRAF, a valine to glutamate substitution in residue 600 that 
leads to hyperactivity of the kinase. This same mutation is 
found in a variety of other tumors, including hairy cell 
leukemia, benign nevi, malignant melanoma, papillary 
thyroid carcinoma, and some colon cancers (Chapter 5). 
BRAF is a component of the Ras signaling pathway that 
drives cellular proliferation and survival, effects that likely 
contribute to the growth of the neoplastic Langerhans cells.

Histiocytic Neoplasms

angerhans Cell istiocytoses
The term histiocytosis is an “umbrella” designation for a 
variety of proliferative disorders of dendritic cells or mac-
rophages. Some, such as very rare histiocytic lymphomas, 
are highly malignant neoplasms. Others, such as most his-
tiocytic proliferations in lymph nodes, are completely 
benign and reactive. Between these two extremes lie a 
group of relatively rare tumors comprised of Langerhans 
cells, the Langerhans cell histiocytoses. As described in 
Chapter 4, Langerhans cells are immature dendritic cells 
found in the epidermis; similar cells are found in many 
other organs, and function to capture antigens and display 
them to T cells.

Langerhans cell proliferations take on different clinical 
forms, but all are believed to be variations of the same basic 
disorder. The proliferating Langerhans cells express MHC 
class II antigens, CD1a, and langerin. Langerin is a trans-
membrane protein found in Birbeck granules, cytoplasmic 
pentalaminar rodlike tubular structures that in electron 
micrographs have a characteristic periodicity and some-
times a dilated terminal end (“tennis racket” appearance). 
Under the light microscope, the proliferating Langerhans 
cells do not resemble their normal dendritic counterparts. 
Instead, they have abundant, often vacuolated cytoplasm 

platelets, and the clotting factors. It follows that abnormali-
ties in any of these components can lead to clinically sig-
nificant bleeding. A review of the laboratory tests used  
in the evaluation of patients with a suspected bleeding 

BLEEDING DISORDERS
Bleeding disorders are characterized clinically by abnormal 
bleeding, which can appear spontaneously or follow some 
inciting event (e.g., trauma or surgery). As described in 
Chapter 3, normal clotting involves the vessel wall, the 

! Associated with diverse acquired mutations that lead to 
expression of abnormal transcription factors, which 
interfere with myeloid differentiation

• Myeloproliferative disorders
! Myeloid tumors in which production of formed myeloid 

elements is initially increased, leading to high blood 
counts and extramedullary hematopoiesis

! Commonly associated with acquired mutations that 
lead to constitutive activation of tyrosine kinases, which 
mimic signals from normal growth factors. The most 
common pathogenic kinases are BCR-ABL (associated 
with CML) and mutated JAK2 (associated with polycy-
themia vera and primary myelofibrosis).

! All can transform to acute leukemia and to a spent 
phase of marrow fibrosis associated with anemia, 
thrombocytopenia, and splenomegaly.

• Myelodysplastic syndromes
! Poorly understood myeloid tumors characterized by 

disordered and ineffective hematopoiesis
! Manifest with one or more cytopenias and progress in 

10% to 40% of cases to AML
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PATHOGENESIS
Before discussing the specific disorders associated with DIC, 
we will consider in a general way the pathogenic mechanisms 

disorder, along with the principles involved, is presented 
next, followed by consideration of specific disorders of 
coagulation.

The most important tests for investigation of suspected 
coagulopathies include

• Prothrombin time (PT). This test assesses the extrinsic and 
common coagulation pathways. It measures the time (in 
seconds) needed for plasma to clot after addition of 
tissue thromboplastin (e.g., brain extract) and Ca2+ ions. 
A prolonged PT can result from a deficiency of factor V, 
VII, or X or prothrombin or fibrinogen, or by an acquired 
inhibitor (typically an antibody) that interferes with the 
extrinsic pathway.

• Partial thromboplastin time (PTT). This test assesses the 
intrinsic and common coagulation pathways. It mea-
sures the time (in seconds) needed for the plasma to clot 
after the addition of kaolin, cephalin, and Ca2+. Kaolin 
activates the contact-dependent factor XII and cephalin 
substitutes for platelet phospholipids. Prolongation of 
PTT can be caused by a deficiency of factor V, VIII, IX, 
X, XI, or XII or prothrombin or fibrinogen, or by an 
acquired inhibitor that interferes with the intrinsic 
pathway.

• Platelet count. This is obtained on anticoagulated blood 
using an electronic particle counter. The reference range 
is 150,000 to 450,000/μL. Counts outside this range must 
be confirmed by a visual inspection of a peripheral 
blood smear.

• Tests of platelet function. At present no single test pro-
vides an adequate assessment of the complex functions 
of platelets. Platelet aggregation tests that measure the 
response of platelets to certain agonists and qualitative 
and quantitative tests of von Willebrand factor (which 
you will recall is required for platelet adherence to sub-
vascular collagen) are both commonly used in clinical 
practice. An older test, the bleeding time, has some value 
but is time-consuming and difficult to standardize and 
is therefore performed only rarely. Newer instrument-
based assays that provide quantitative measures of 
platelet function show promise but are not yet available 
for routine use in the clinic.

Additional, more specialized tests are available that 
measure the levels of specific clotting factors and fibrin 
split products, or assess the presence of circulating 
anticoagulants.

Bleeding disorders may stem from abnormalities of 
vessels, platelets, or coagulation factors, alone or in combi-
nation. Bleeding due to vascular fragility is seen with vitamin 
C deficiency (scurvy) (Chapter 7), systemic amyloidosis 
(Chapter 4), chronic glucocorticoid use, rare inherited con-
ditions affecting the connective tissues, and a large number 
of infectious and hypersensitivity vasculitides. These vas-
culitides include meningococcemia, infective endocarditis, 
the rickettsial diseases, typhoid, and Henoch-Schönlein 
purpura. Some of these conditions are discussed in other 
chapters; others are beyond the scope of this book. Bleed-
ing that results purely from vascular fragility is character-
ized by the “spontaneous” appearance of petechiae and 
ecchymoses in the skin and mucous membranes (probably 
resulting from minor trauma). In most instances laboratory 
tests of coagulation are normal. Bleeding also can be triggered 

by systemic conditions that inflame or damage endothelial cells. 
If severe enough, such insults convert the vascular lining 
to a prothrombotic surface that activates coagulation 
throughout the circulatory system, a condition known as 
disseminated intravascular coagulation (DIC) (discussed in 
the next section). Paradoxically, in DIC, platelets and coag-
ulation factors often are used up faster than they can  
be replaced, resulting in deficiencies that may lead to 
severe bleeding (a condition referred to as consumptive 
coagulopathy).

Deficiencies of platelets (thrombocytopenia) are an impor-
tant cause of bleeding. These occur in a variety of clinical 
settings that are discussed later. Other bleeding disorders 
stem from qualitative defects in platelet function. Such defects 
may be acquired, as in uremia and certain myeloprolifera-
tive disorders and after aspirin ingestion; or inherited, as in 
von Willebrand disease and other rare congenital disor-
ders. The clinical signs of inadequate platelet function 
include easy bruising, nosebleeds, excessive bleeding from 
minor trauma, and menorrhagia.

In bleeding disorders stemming from defects in one or more 
coagulation factors, the PT, PTT, or both are prolonged. Unlike 
platelet defects, petechiae and mucosal bleeding are usually 
absent. Instead, hemorrhages tend to occur in parts of the 
body that are subject to trauma, such as the joints of the 
lower extremities. Massive hemorrhage may occur after 
surgery, dental procedures, or severe trauma. This cate-
gory includes the hemophilias, an important group of 
inherited coagulation disorders.

It is not uncommon for bleeding to occur as a consequence of 
a mixture of defects. This is the case in DIC, in which both 
thrombocytopenia and coagulation factor deficiencies con-
tribute to bleeding, and in von Willebrand disease, a fairly 
common inherited disorder in which both platelet function 
and (to a lesser degree) coagulation factor function are 
abnormal.

With the foregoing overview as background, we now 
turn to specific bleeding disorders.

DISSEMINATED INTRAVASCULAR 
COAGULATION

Disseminated intravascular coagulation (DIC) occurs as a 
complication of a wide variety of disorders. DIC is caused 
by the systemic activation of coagulation and results in the for-
mation of thrombi throughout the microcirculation. As a conse-
quence, platelets and coagulation factors are consumed and, 
secondarily, fibrinolysis is activated. Thus, DIC can give rise 
to either tissue hypoxia and microinfarcts caused by myriad 
microthrombi or to a bleeding disorder related to patho-
logic activation of fibrinolysis and the depletion of the ele-
ments required for hemostasis (hence the term consumptive 
coagulopathy). This entity probably causes bleeding more 
commonly than all of the congenital coagulation disorders 
combined.
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Figure 11–28 Pathophysiology of  disseminated intravascular coagulation. 
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by which intravascular clotting occurs. Reference to earlier 
comments on normal blood coagulation (Chapter 3) may be 
helpful at this point. It suffices here to recall that clotting can 
be initiated by either the extrinsic pathway, which is triggered 
by the release of  tissue factor (tissue thromboplastin); or the 
intrinsic pathway, which involves the activation of  factor XII 
by surface contact, collagen, or other negatively charged 
substances. Both pathways lead to the generation of  throm-
bin. Clotting normally is limited by the rapid clearance of  
activated clotting factors by the macrophages and the liver, 
endogenous anticoagulants (e.g., protein C), and the con-
comitant activation of  fibrinolysis.

DIC usually is triggered by either (1) the release of  tissue 
factor or thromboplastic substances into the circulation or 
(2) widespread endothelial cell damage (Fig. 11–28). Throm-
boplastic substances can be released into the circulation from 
a variety of  sources—for example, the placenta in obstetric 
complications or certain types of  cancer cells, particularly 
those of  acute promyelocytic leukemia and adenocarcino-
mas. Cancer cells can also provoke coagulation in other ways, 
such as by releasing proteolytic enzymes and by expressing 
tissue factor. In gram-negative and gram-positive sepsis 
(important causes of  DIC), endotoxins or exotoxins stimu-
late the release of  tissue factor from monocytes. Activated 
monocytes also release IL-1 and tumor necrosis factor, both 
of  which stimulate the expression of  tissue factor on endo-
thelial cells and simultaneously decrease the expression of  
thrombomodulin. The latter, you may recall, activates protein 
C, an anticoagulant (Chapter 3). The net result of  these 
alterations is the enhanced generation of  thrombin and the 
blunting of  inhibitory pathways that limit coagulation.

Severe endothelial cell injury can initiate DIC by causing the 
release of  tissue factor and by exposing subendothelial col-
lagen and von Willebrand factor (vWF). However, even 
subtle forms of  endothelial damage can unleash procoagulant 

activity by stimulating the increased expression of  tissue 
factor on endothelial cell surfaces. Widespread endothelial 
injury can be produced by the deposition of  antigen-antibody 
complexes (e.g., in systemic lupus erythematosus), by tem-
perature extremes (e.g., after heat stroke or burn injury), or 
by infections (e.g., due to meningococci or rickettsiae). As 
discussed in Chapter 3, endothelial injury is an important 
consequence of  endotoxemia, and, not surprisingly, DIC is a 
frequent complication of  gram-negative sepsis.

Disorders associated with DIC are listed in Table 11–12. 
Of  these, DIC is most often associated with sepsis, obstetric 
complications, malignancy, and major trauma (especially 
trauma to the brain). The initiating events in these conditions 
are multiple and often interrelated. For example, in obstetric 
conditions, tissue factor derived from the placenta, retained 
dead fetus, or amniotic fluid enters the circulation; however, 
shock, hypoxia, and acidosis often coexist and can lead to 
widespread endothelial injury. Trauma to the brain releases 
fat and phospholipids, which act as contact factors and 
thereby activate the intrinsic arm of  the coagulation cascade.

Whatever the pathogenetic mechanism, DIC has two con-
sequences. First, there is widespread fibrin deposition 
within the microcirculation. The associated obstruction 
leads to ischemia in the more severely affected or vulnerable 
organs and hemolysis as red cells are traumatized while 
passing through vessels narrowed by fibrin thrombi (micro-
angiopathic hemolytic anemia). Second, a bleeding 
diathesis results from the depletion of  platelets and clotting 
factors and the secondary release of  plasminogen activators. 
Plasmin cleaves not only fibrin (fibrinolysis) but also factors 
V and VIII, thereby reducing their concentration further. In 
addition, fibrinolysis creates fibrin degradation products. 
These inhibit platelet aggregation, have antithrombin activity, 
and impair fibrin polymerization, all of  which contribute to 
the hemostatic failure (Fig. 11–28).
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related to thrombosis. The abnormal clotting usually is con-
fined to the microcirculation, but large vessels are involved 
on occasion. The manifestations may be minimal, or there 
may be shock, with acute renal failure, dyspnea, cyanosis, 
convulsions, and coma. Most often, attention is called to 
the presence of DIC by prolonged and copious postpartum 
bleeding or by the presence of petechiae and ecchymoses 
on the skin. These may be the only manifestations, or there 
may be severe hemorrhage into the gut or urinary tract. 
Laboratory evaluation reveals thrombocytopenia and prolon-
gation of the PT and the PTT (from depletion of platelets, 
clotting factors, and fibrinogen). Fibrin split products are 
increased in the plasma.

The prognosis varies widely depending on the nature  
of the underlying disorder and the severity of the intra-
vascular clotting and fibrinolysis. Acute DIC can be  
life-threatening and must be treated aggressively with anti-
coagulants such as heparin or the coagulants contained in 
fresh frozen plasma. Conversely, chronic DIC is sometimes 
identified unexpectedly by laboratory testing. In either cir-
cumstance, definitive treatment must be directed at the 
underlying cause.

THROMBOCYTOPENIA
Isolated thrombocytopenia is associated with a bleeding tendency 
and normal coagulation tests. A count less than 150,000 
platelets/μL generally is considered to constitute thrombo-
cytopenia. However, only when platelet counts fall to 
20,000 to 50,000 platelets/μL is there an increased risk 
of post-traumatic bleeding, and spontaneous bleeding 
becomes evident when counts fall below 20,000 platelets/μL. 
Most bleeding occurs from small, superficial blood vessels 
and produces petechiae or large ecchymoses in the skin, 
the mucous membranes of the gastrointestinal and urinary 
tracts, and other sites. Larger hemorrhages into the central 
nervous system are a major hazard in those with markedly 
depressed platelet counts.

The major causes of thrombocytopenia are listed in 
Table 11–13. Clinically important thrombocytopenia is con-
fined to disorders with reduced production or increased 
destruction of platelets. When the cause is accelerated 
destruction of platelets, the bone marrow usually reveals a 
compensatory increase in the number of megakaryocytes. 
Hence, bone marrow examination can help to distinguish 
between the two major categories of thrombocytopenia. 
Also of note, thrombocytopenia is one of the most common 
hematologic manifestations of AIDS. It can occur early in the 
course of HIV infection and has a multifactorial basis, 
including immune complex–mediated platelet destruction, 
antiplatelet autoantibodies, and HIV-mediated suppres-
sion of megakaryocyte development and survival.

Immune Thrombocytopenic Purpura

Immune thrombocytopenic purpura (ITP) has two clinical 
subtypes. Chronic ITP is a relatively common disorder that 
tends to affect women between the ages of 20 and 40 years. 
Acute ITP is a self-limited form seen mostly in children after 
viral infections.

Antibodies directed against platelet membrane glycoproteins 
IIb/IIIa or Ib/IX complexes can be detected in roughly 80% of 

MORPHOLOGY
In DIC microthrombi are most often found in the arteri-
oles and capillaries of  the kidneys, adrenals, brain, and heart, 
but no organ is spared. The glomeruli contain small fibrin 
thrombi. These may be associated with only a subtle, reactive 
swelling of  the endothelial cells or varying degrees of  focal 
glomerulitis. The microvascular occlusions give rise to small 
infarcts in the renal cortex. In severe cases the ischemia can 
destroy the entire cortex and cause bilateral renal cortical 
necrosis. Involvement of  the adrenal glands can produce the 
Waterhouse-Friderichsen syndrome (Chapter 19). 
Microinfarcts also are commonly encountered in the brain 
and are often surrounded by microscopic or gross foci of  
hemorrhage. These can give rise to bizarre neurologic signs. 
Similar changes are seen in the heart and often in the anterior 
pituitary. DIC may contribute to the development of  
Sheehan postpartum pituitary necrosis (Chapter 19). 
Eclampsia (toxemia of  pregnancy) is a hypercoagulable state 
that may be associated with throm boses in the placenta, liver, 
kidneys, brain, and pituitary (Chapter 18). The bleeding ten-
dency associated with DIC is manifested not only by larger-
than-expected hemorrhages near foci of  infarction but also 
by diffuse petechiae and ecchymoses on the skin, serosal 
linings of  the body cavities, epicardium, endocardium, lungs, 
and mucosal lining of  the urinary tract.

bstetric Complications
Abruptio placentae
Retained dead fetus
Septic abortion
Amniotic uid embolism
o emia

Infections
Sepsis gram negative and gram positive
Meningococcemia
Rocky Mountain spotted fever
Histoplasmosis
Aspergillosis
Malaria

Neoplasms
Carcinomas of pancreas, prostate, lung, and stomach
Acute promyelocytic leukemia

Massive issue In ury
rauma

Burns
tensive surgery

Miscellaneous
Acute intravascular hemolysis, snakebite, giant hemangioma, shock, heat 

stroke, vasculitis, aortic aneurysm, liver disease

Table 11–12 Ma or Disorders Associated ith Disseminated 
Intravascular Coagulation

Clinical Course
As might be imagined, depending on the balance between 
clotting and bleeding tendencies, the range of possible 
clinical manifestations is enormous. In general, acute DIC 
(e.g., that associated with obstetric complications) is dominated 
by a bleeding diathesis, whereas chronic DIC (e.g., as occurs in 
those with cancer) tends to manifest with signs and symptoms 
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disorder is caused by IgG antibodies that bind to platelet 
factor 4 on platelet membranes in a heparin-dependent 
fashion. Resultant activation of the platelets induces their 
aggregation, thereby exacerbating the condition that 
heparin is used to treat—thrombosis. Both venous and 
arterial thromboses occur, even in the setting of marked 
thrombocytopenia, and can cause severe morbidity (e.g., 
loss of limbs) and death. Cessation of heparin therapy 
breaks the cycle of platelet activation and consumption. 
The risk of this complication is lowered (but not prevented 
entirely) by use of low-molecular-weight heparin 
preparations.

Thrombotic Microangiopathies: Thrombotic 
Thrombocytopenic Purpura and Hemolytic 
Uremic Syndrome

The term thrombotic microangiopathies encompasses a spec-
trum of clinical syndromes that include thrombotic throm-
bocytopenic purpura (TTP) and hemolytic uremic syndrome 
(HUS). As originally defined, TTP is associated with the 
pentad of fever, thrombocytopenia, microangiopathic 
hemolytic anemia, transient neurologic deficits, and renal 
failure. HUS also is associated with microangiopathic 
hemolytic anemia and thrombocytopenia but is distin-
guished from TTP by the absence of neurologic symptoms, 
the dominance of acute renal failure, and frequent occur-
rence in children (Chapter 13). Clinical experience has 
blurred these distinctions, as many adults with TTP lack 
one or more of the five criteria, and some patients with 
HUS have fever and neurologic dysfunction. Fundamental 
to both conditions is the widespread formation of platelet-rich 
thrombi in the microcirculation. The consumption of platelets 
leads to thrombocytopenia, and the narrowing of blood 
vessels by the platelet-rich thrombi results in a microangio-
pathic hemolytic anemia.

cases of chronic ITP. The spleen is an important site of anti-
platelet antibody production and the major site of destruc-
tion of the IgG-coated platelets. Although splenomegaly is 
not a feature of uncomplicated chronic ITP, the importance 
of the spleen in the premature destruction of platelets is 
proved by the benefits of splenectomy, which normalizes 
the platelet count and induces a complete remission in 
more than two thirds of patients. The bone marrow usually 
contains increased numbers of megakaryocytes, a finding 
common to all forms of thrombocytopenia caused by accel-
erated platelet destruction.

The onset of chronic ITP is insidious. Common findings 
include petechiae, easy bruising, epistaxis, gum bleeding, 
and hemorrhages after minor trauma. Fortunately, more 
serious intracerebral or subarachnoid hemorrhages are 
uncommon. The diagnosis rests on the clinical features, the 
presence of thrombocytopenia, examination of the marrow, 
and the exclusion of secondary ITP. Reliable clinical tests 
for antiplatelet antibodies are not available.

Heparin-Induced Thrombocytopenia

This special type of drug-induced thrombocytopenia  
(discussed in more detail in Chapter 3) merits brief mention 
because of its clinical importance. Moderate to severe 
thrombocytopenia develops in 3% to 5% of patients after 1 
to 2 weeks of treatment with unfractionated heparin. The 

Decreased Production of Platelets

Generalized Bone Marrow Dysfunction

Aplastic anemia  congenital and ac uired
Marro  in ltration  leukemia, disseminated cancer

Selective Impairment of Platelet Production

Drug induced  alcohol, thiazides, cytoto ic drugs
Infections  measles, HIV infection

Ineffective Megakaryopoiesis

Megaloblastic anemia
Paro ysmal nocturnal hemoglobinuria

Decreased Platelet Survival

Immunologic Destruction

Autoimmune  immune thrombocytopenic purpura, systemic lupus 
erythematosus

Isoimmune  post transfusion and neonatal
Drug associated  uinidine, heparin, sulfa compounds
Infections  infectious mononucleosis, HIV infection, cytomegalovirus 

infection

Nonimmunologic Destruction

Disseminated intravascular coagulation
hrombotic thrombocytopenic purpura
iant hemangiomas

Microangiopathic hemolytic anemias

Se uestration
Hypersplenism

Dilutional
Multiple transfusions e.g., for massive blood loss

Table 11–1  Causes of hrombocytopenia

HIV, human immunodeficiency virus.

PATHOGENESIS
For many years the pathogenesis of  TTP was enigmatic, 
although treatment with plasma exchange (initiated in the 
early 1970s) converted a disease that was almost uniformly 
fatal to one that is now successfully treated in more than  
80% of  affected persons. The underlying cause of  most  
cases of  TTP has now been elucidated. In brief, symptom-
atic patients are deficient in the metalloprotease 
ADAMTS 13. This enzyme degrades very-high-molecular-
weight multimers of  von Willebrand factor (vWF); hence, a 
deficiency of  ADAMTS 13 allows abnormally large vWF mul-
timers to accumulate in plasma. Under some circumstances, 
these colossal vWF multimers promote the formation of  
platelet microaggregates throughout the circulation. The 
superimposition of  an endothelial cell injury (caused by some 
other condition) can further promote microaggregate forma-
tion, thus initiating or exacerbating clinically evident TTP.

ADAMTS 13 deficiency can be inherited or acquired, the 
latter by way of  autoantibodies that bind and inhibit the 
metalloprotease. TTP must be considered in any patient with 
unexplained thrombocytopenia and microangiopathic hemo-
lytic anemia, as any delay in diagnosis can be fatal.
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Figure 11–29 Structure and function of  factor VIII–von Willebrand factor (vWF) complex. Factor VIII and vWF circulate as a complex. vWF also is 
present in the subendothelial matrix of  normal blood vessels. Factor VIII takes part in the coagulation cascade by activating factor X by means of  factor 
IX (not shown). vWF causes adhesion of  platelets to subendothelial collagen, primarily through the glycoprotein Ib (GpIb) platelet receptor. 
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Although clinically similar to TTP, HUS has a different 
pathogenesis. Most cases in children and elderly persons are 
triggered by infectious gastroenteritis caused by E. coli strain 
O157:H7. This organism elaborates a Shiga-like toxin that 
damages endothelial cells, which initiates platelet activation 
and aggregation. Affected persons often present with bloody 
diarrhea, followed a few days later by acute renal failure and 
microangiopathic anemia. Recovery is possible with support-
ive care and plasma exchange, but irreversible renal damage 
and death can occur in more severe cases. About 10% of  
cases of  HUS are caused by inherited mutations or autoan-
tibodies that lead to deficiency of  factor H, factor I, or CD46, 
each of  which is a negative regulator of  the alternative com-
plement cascade. The absence of  these factors leads to 
uncontrolled complement activation after minor endothelial 
injury, resulting in thrombosis. HUS also can be seen after 
other exposures (e.g., to certain drugs or radiation) that 
damage endothelial cells. Here the prognosis is more guarded, 
as the underlying conditions that trigger these forms of  HUS 
are often chronic or life-threatening.

Although DIC and the thrombotic microangiopathies 
share features such as microvascular occlusion and micro-
angiopathic hemolytic anemia, they are pathogenically dis-
tinct. Unlike in DIC, in TTP and HUS activation of the 
coagulation cascade is not of primary importance, so results 
of laboratory tests of coagulation (such as the PT and the 
PTT) usually are normal.

COAGULATION DISORDERS
Coagulation disorders result from either congenital or 
acquired deficiencies of clotting factors. Acquired deficiencies 
are most common and often involve several factors simulta-
neously. As discussed in Chapter 7, vitamin K is required 
for the synthesis of prothrombin and clotting factors VII, 
IX, and X, and its deficiency causes a severe coagulation 
defect. The liver synthesizes several coagulation factors 

and also removes many activated coagulation factors from 
the circulation; thus, hepatic parenchymal diseases are common 
causes of complex hemorrhagic diatheses. As already dis-
cussed, DIC also may lead to multiple concomitant factor 
deficiencies. Rarely, autoantibodies may cause acquired 
deficiencies limited to a single factor.

Hereditary deficiencies of each of the coagulation factors 
have been identified. Hemophilia A (a deficiency of factor 
VIII) and hemophilia B (Christmas disease, a deficiency of 
factor IX) are X-linked traits, whereas most deficiencies are 
autosomal recessive disorders. Of the inherited deficien-
cies, only von Willebrand disease, hemophilia A, and 
hemophilia B are sufficiently common to warrant further 
consideration.

Deficiencies of Factor VIII–von Willebrand  
Factor Complex

Hemophilia A and von Willebrand disease are caused by 
qualitative or quantitative defects involving the factor 
VIII–von Willebrand factor (vWF) complex. As background 
for subsequent discussion of these disorders, it is useful to 
review the structure and function of these two proteins 
(Fig. 11–29).

As described earlier, factor VIII is an essential cofactor 
for factor IX, which activates factor X in the intrinsic coagu-
lation pathway. Circulating factor VIII binds noncovalently to 
vWF, which exists as multimers of up to 20 MDa in weight. 
These two proteins are encoded by separate genes and are 
synthesized by different cells. Endothelial cells are the 
major source of plasma vWF, whereas most factor VIII is 
synthesized in the liver. vWF is found in the plasma (in 
association with factor VIII), in platelet granules, in endo-
thelial cells within cytoplasmic vesicles called Weibel-
Palade bodies, and in the subendothelium, where it binds 
to collagen.

When endothelial cells are stripped away by trauma  
or injury, subendothelial vWF is exposed and binds to 
platelets, mainly through glycoprotein Ib and to a lesser 
degree through glycoprotein IIb/IIIa (Fig. 11–29). The most 
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e ophilia A Factor III De ciency
Hemophilia A is the most common hereditary cause of serious 
bleeding. It is an X-linked recessive disorder caused by 
reduced factor VIII activity. It primarily affects males. 
Much less commonly excessive bleeding occurs in hetero-
zygous females, presumably due to preferential inactiva-
tion of the X chromosome carrying the normal factor VIII 
gene (unfavorable lyonization). Approximately 30% of cases 
are caused by new mutations; in the remainder, there is a 
positive family history. Severe hemophilia A is observed in 
people with marked deficiencies of factor VIII (activity 
levels less than 1% of normal). Milder deficiencies may 
only become apparent when other predisposing condi-
tions, such as trauma, are also present. The varying degrees 
of factor VIII deficiency are explained by the existence of 
many different causative mutations. As in the thalasse-
mias, several types of genetic lesions (e.g., deletions, inver-
sions, splice junction mutations) have been identified. In 
about 10% of patients, the factor VIII concentration is 
normal by immunoassay, but the coagulant activity is low 
because of a mutation in factor VIII that causes a loss of 
function.

In symptomatic cases there is a tendency toward easy 
bruising and massive hemorrhage after trauma or operative  
procedures. In addition, “spontaneous” hemorrhages fre-
quently are encountered in tissues that normally are subject 
to mechanical stress, particularly the joints, where recur-
rent bleeds (hemarthroses) lead to progressive deformities 
that can be crippling. Petechiae are characteristically absent. 
Specific assays for factor VIII are used to confirm the diag-
nosis of hemophilia A. Typically, patients with hemophilia 
A have a prolonged PTT that is corrected by mixing the 
patient’s plasma with normal plasma. Specific factor assays 
are then used to confirm the deficiency of factor VIII. In 
approximately 15% of those with severe hemophilia A 
replacement therapy is complicated by the development of 
neutralizing antibodies against factor VIII, probably 
because factor VIII is seen by the immune system as a 
“foreign” antigen. In these persons, the PTT fails to correct 
in mixing studies.

Hemophilia A is treated with factor VIII infusions. His-
torically, factor VIII was prepared from human plasma, 
carrying with it the risk of transmission of viral diseases. 
As mentioned in Chapter 4, before 1985 thousands of 
hemophiliacs received factor VIII preparations contami-
nated with HIV. Subsequently, many became seropositive 
and developed AIDS. The availability and widespread use 
of recombinant factor VIII and more highly purified factor 
VIII concentrates have now eliminated the infectious risk 
of factor VIII replacement therapy.

e ophilia Factor I  De ciency
Severe factor IX deficiency is an X-linked disorder that is 
indistinguishable clinically from hemophilia A but much 
less common. The PTT is prolonged. The diagnosis is made 
using specific assays of factor IX. It is treated by infusion 
of recombinant factor IX.

important function of vWF is to facilitate the adhesion of platelets 
to damaged blood vessel walls, a crucial early event in the 
formation of a hemostatic plug. Inadequate platelet adhe-
sion is believed to underlie the bleeding tendency in von 
Willebrand disease. In addition to its role in platelet adhe-
sion, vWF also stabilizes factor VIII; thus, vWF deficiency 
leads to a secondary deficiency of factor VIII.

The various forms of von Willebrand disease are diag-
nosed by measuring the quantity, size, and function of 
vWF. vWF function is assessed using the ristocetin platelet 
agglutination test. Ristocetin somehow “activates” the 
bivalent binding of vWF and platelet membrane glycopro-
tein Ib, creating interplatelet “bridges” that cause platelets 
to clump (agglutination), an event that can be measured 
easily. Thus, ristocetin-dependent platelet agglutination 
serves as a useful bioassay for vWF.

With this background we now turn to the discussion of 
diseases resulting from deficiencies of factor VIII–vWF 
complex.

von ille rand Disease
von Willebrand disease is transmitted as an autosomal 
dominant disorder. It usually presents as spontaneous bleed-
ing from mucous membranes, excessive bleeding from wounds, 
and menorrhagia. It is underrecognized, as the diagnosis 
requires sophisticated tests and the clinical manifestations 
often are quite mild. Actually, this disease is surprisingly 
prevalent, particularly in persons of European descent. It 
is estimated that approximately 1% of people in the United States 
have von Willebrand disease, making it the most common inher-
ited bleeding disorder.

People with von Willebrand disease have compound 
defects in platelet function and coagulation, but in most 
cases only the platelet defect produces clinical findings. 
The exceptions are rare patients with homozygous von 
Willebrand disease, in whom there is a concomitant defi-
ciency of factor VIII severe enough to produce features 
resembling those of hemophilia (described later on).

The classic and most common variant of von Willebrand 
disease (type I) is an autosomal dominant disorder in which the 
quantity of circulating vWF is reduced. There is also a measur-
able but clinically insignificant decrease in factor VIII 
levels. The other, less common varieties of von Willebrand 
disease are caused by mutations that produce both qualita-
tive and quantitative defects in vWF. Type II is divided 
into several subtypes characterized by the selective loss of high-
molecular-weight multimers of vWF. Because these large mul-
timers are the most active form, there is a functional 
deficiency of vWF. In type IIA, the high-molecular-weight 
multimers are not synthesized, leading to a true deficiency. 
In type IIB, abnormal “hyperfunctional” high-molecular-
weight multimers are synthesized that are rapidly removed 
from the circulation. These high-molecular-weight multi-
mers cause spontaneous platelet aggregation (a situation 
reminiscent of the very-high-molecular-weight multimer 
aggregates seen in TTP); indeed, some people with type IIB 
von Willebrand disease have mild chronic thrombocytope-
nia, presumably due to platelet consumption.
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DISORDERS THAT AFFECT THE SPLEEN AND THYMUS

 SUMMARY
Bleeding Disorders
Disseminated Intravascular Coagulation
• Syndrome in which systemic activation of  the coagula -

tion leads to consumption of coagulation factors and 
platelets

• Can be dominated by bleeding, vascular occlusion and 
tissue hypoxemia, or both

• Common triggers: sepsis, major trauma, certain cancers, 
obstetric complications

Immune Thrombocytopenic Purpura
• Caused by autoantibodies against platelet antigens
• May be triggered by drugs, infections, or lymphomas, or 

may be idiopathic

Thrombotic Thrombocytopenic Purpura and 
Hemolytic Uremic Syndrome
• Both manifest with thrombocytopenia, microangiopathic 

hemolytic anemia, and renal failure; fever and CNS involve-
ment are more typical of TTP.

• TTP: Caused by acquired or inherited deficiencies of 
ADAMTS 13, a plasma metalloprotease that cleaves 

very-high-molecular-weight multimers of von Willebrand 
factor (vWF). Deficiency of ADAMTS 13 results in abnor-
mally large vWF multimers that activate platelets.

• Hemolytic uremic syndrome: caused by deficiencies of 
complement regulatory proteins or agents that damage 
endothelial cells, such as a Shiga-like toxin elaborated by 
E. coli strain O157:H7. The endothelial injury initiates 
platelet activation, platelet aggregation, and microvascular 
thrombosis.

von Willebrand Disease
• Autosomal dominant disorder caused by mutations in 

vWF, a large protein that promotes the adhesion of plate-
lets to subendothelial collagen

• Typically causes a mild to moderate bleeding disorder 
resembling that associated with thrombocytopenia

Hemophilia
• Hemophilia A: X-linked disorder caused by mutations in 

factor VIII. Affected males typically present with severe 
bleeding into soft tissues and joints and have a PTT.

• Hemophilia B: X-linked disorder caused by mutations 
in coagulation factor IX. It is clinically identical to  
hemophilia A.

SPLENOMEGALY
The spleen is frequently involved in a wide variety of  
systemic diseases. In virtually all instances, the spleen 
responds by enlarging (splenomegaly), an alteration that 
produces a set of stereotypical signs and symptoms. Evalu-
ation of splenic enlargement is aided by recognition of the 
usual limits of splenomegaly produced by specific disor-
ders. It would be erroneous to attribute an enlarged spleen 
pushing into the pelvis to vitamin B12 deficiency, or to 
entertain a diagnosis of CML in the absence of spleno-
megaly. In the following list, disorders are grouped accord-
ing to the degree of splenomegaly that they characteristically 
produce:
A. Massive splenomegaly (weight more than 1000 g)

• Myeloproliferative disorders (chronic myelogenous 
leukemia, primary myelofibrosis)

• Chronic lymphocytic leukemia and hairy cell 
leukemia

• Lymphomas
• Malaria
• Gaucher disease
• Primary tumors of the spleen (rare)

B. Moderate splenomegaly (weight 500 to 1000 g)
• Chronic congestive splenomegaly (portal hyperten-

sion or splenic vein obstruction)
• Acute leukemias (variable)
• Hereditary spherocytosis
• Thalassemia major
• Autoimmune hemolytic anemia
• Amyloidosis

• Niemann-Pick disease
• Chronic splenitis (especially with infective endo-

carditis)
• Tuberculosis, sarcoidosis, typhoid
• Metastatic carcinoma or sarcoma

C. Mild splenomegaly (weight less than 500 g)
• Acute splenitis
• Acute splenic congestion
• Infectious mononucleosis
• Miscellaneous disorders, including septicemia, sys-

temic lupus erythematosus, and intra-abdominal 
infections

The microscopic changes associated with these diseases  
are discussed in the relevant sections of this and other 
chapters.

A chronically enlarged spleen often removes excessive 
numbers of one or more of the formed elements of blood, 
resulting in anemia, leukopenia, or thrombocytopenia. This 
is referred to as hypersplenism, a state that can be associated 
with many of the diseases listed previously. In addition, 
platelets are particularly susceptible to sequestration in the 
interstices of the red pulp; as a result, thrombocytopenia is 
more prevalent and severe in persons with splenomegaly 
than is anemia or neutropenia.

DISORDERS OF THE THYMUS
As is well known, the thymus has a crucial role in T cell 
differentiation. It is not surprising, therefore, that the 
thymus can be involved by lymphomas, particularly those 
of T cell lineage (discussed earlier in this chapter). The 
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Clinical Features
Thymomas are rare. They may arise at any age, but most 
occur in middle-aged adults. In a large series about 30% 
were asymptomatic; 30% to 40% produced local manifesta-
tions such as cough, dyspnea, and superior vena cava syn-
drome; and the remainder were associated with a systemic 
disease, most commonly myasthenia gravis, in which a 
concomitant thymoma was discovered in 15% to 20% of 
patients. Removal of the tumor often leads to improvement 
of the neuromuscular disorder. Additional associations 
with thymoma include hypogammaglobulinemia, systemic 
lupus erythematosus, pure red cell aplasia, and nonthymic 
cancers.
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focus here is on the two most frequent (albeit still uncom-
mon) disorders of the thymus: thymic hyperplasia and 
thymoma.

Thymic Hyperplasia

Thymic enlargement often is associated with the presence 
of lymphoid follicles, or germinal centers, within the 
medulla. These germinal centers contain reactive B cells, 
which are only present in small numbers in normal thy-
muses. Thymic follicular hyperplasia is found in most 
patients with myasthenia gravis and sometimes also occurs 
in other autoimmune diseases, such as systemic lupus ery-
thematosus and rheumatoid arthritis. The relationship 
between the thymus and myasthenia gravis is discussed in 
Chapter 21. Of significance, removal of the hyperplastic 
thymus is often beneficial early in the disease.

Thymoma

Thymomas are tumors of thymic epithelial cells. Several 
classification systems for thymoma based on cytologic and 
biologic criteria have been proposed. One simple and clini-
cally useful classification is as follows:
• Benign or encapsulated thymoma: cytologically and bio-

logically benign
• Malignant thymoma

! Type I: cytologically benign but infiltrative and locally 
aggressive

! Type II (thymic carcinoma): cytologically and biologi-
cally malignant

MORPHOLOGY
Macroscopically, thymomas are lobulated, firm, gray-white 
masses up to 15 to 20 cm in dimension. Most appear encap-
sulated, but in 20% to 25%, penetration of  the capsule and 
infiltration of  perithymic tissues and structures are seen. 
Microscopically, virtually all thymomas are made up of  a 
mixture of  epithelial tumor cells and non-neoplastic thymo-
cytes (immature T cells). In benign thymomas, the epithe-
lial cells are spindled or elongated and resemble those that 
normally populate the medulla. As a result, these are some-
times referred to as medullary thymomas. In other 
tumors, there is an admixture of  the plumper, rounder, 
cortical-type epithelial cells; this pattern is sometimes referred 
to as a mixed thymoma. The medullary and mixed patterns 
account for 60% to 70% of  all thymomas.

Malignant thymoma type I is cytologically bland but 
locally invasive; it accounts for 20% to 25% of  all thymomas. 
These tumors also occasionally (and unpredictably) metasta-
size. They are composed of  varying proportions of  epithelial 
cells and reactive thymocytes. The epithelial cells usually have 
abundant cytoplasm and rounded vesicular nuclei, an appear-
ance similar to normal thymic cortical epithelial cells; spindled 
epithelial cells are sometimes present as well. The epithelial 
cells often palisade around blood vessels. The critical dis-
tinguishing feature is the penetration of the capsule 
with the invasion of surrounding structures.

Malignant thymoma type II is perhaps better thought of  as 
a form of  thymic carcinoma. These tumors account for 
about 5% of  thymomas. Macroscopically, they usually are 
fleshy, obviously invasive masses that often metastasize to 
such sites as the lungs. Microscopically, most resemble squa-
mous cell carcinoma. The next most common type is 
lymphoepithelioma-like carcinoma, a tumor composed 
of  anaplastic cortical-type epithelial cells mixed with large 
numbers of  thymocytes. Tumors of  this type are more 
common in Asian populations and sometimes contain the 
EBV genome.
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The major function of the lung is to replenish oxygen and 
excrete carbon dioxide from blood. Developmentally, the 
respiratory system is an outgrowth from the ventral wall 
of the foregut. The midline trachea develops two lateral 
outpocketings, the lung buds. The right lung bud eventu-
ally divides into three main bronchi, and the left into two 
main bronchi, thus giving rise to three lobes on the right 
and two on the left. The main bronchi branch dichoto-
mously, giving rise to progressively smaller airways, 
termed bronchioles, which are distinguished from bronchi 
by the lack of cartilage and submucosal glands within their 
walls. Additional branching of bronchioles leads to terminal 
bronchioles; the part of the lung distal to the terminal bron-
chiole is called an acinus. Pulmonary acini are composed 
of respiratory bronchioles (emanating from the terminal 
bronchiole) that proceed into alveolar ducts, which immedi-
ately branch into alveolar sacs, the blind ends of the respira-
tory passages, whose walls are formed entirely of alveoli, 
the ultimate site of gas exchange. The microscopic structure 
of the alveolar walls (or alveolar septa) consists of the  
following components, proceeding from blood to air  
(Fig. 12–1):

• The capillary endothelium and basement membrane.
• The pulmonary interstitium is composed of fine elastic 

fibers, small bundles of collagen, a few fibroblast-like 
cells, smooth muscle cells, mast cells, and rare mono-
nuclear cells. It is most prominent in thicker portions of 
the alveolar septum.

• Alveolar epithelium contains a continuous layer of  
two principal cell types: flattened, platelike type I  
pneumocytes covering 95% of the alveolar surface and 
rounded type II pneumocytes. The latter synthesize pul-
monary surfactant and are the main cell type involved 
in repair of alveolar epithelium after damage to type I 
pneumocytes. The alveolar walls are not solid but are 
perforated by numerous pores of Kohn, which permit 
passage of air, bacteria, and exudates between adjacent 
alveoli.

• A few alveolar macrophages usually lie free within the 
alveolar space. In the adult, these macrophages often 
contain phagocytosed carbon particles.

There are multiple primary lung diseases that can broadly 
be divided into those primarily affecting (1) the airways, 
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Figure 12–1 Microscopic structure of  the alveolar wall. Note that the 
basement membrane (yellow) is thin on one side and widened where it is 
continuous with the interstitial space. Portions of  interstitial cells are 
shown. 
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Figure 12–2 Various forms of  acquired atelectasis. 
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(2) the interstitium, and (3) the pulmonary vascular system. 
This division into discrete compartments is, of course, 
deceptively neat. In reality, disease in one compartment 
often causes secondary alterations of morphology and 
function in other areas.

ATELECTASIS (COLLAPSE)
Atelectasis, also known as collapse, is loss of lung volume 
caused by inadequate expansion of air spaces. It results in 
shunting of inadequately oxygenated blood from pulmo-
nary arteries into veins, thus giving rise to a ventilation-
perfusion imbalance and hypoxia. On the basis of the 
underlying mechanism or the distribution of alveolar col-
lapse, atelectasis is classified into three forms (Fig. 12–2).
• Resorption atelectasis. Resorption atelectasis occurs when 

an obstruction prevents air from reaching distal airways. 
The air already present gradually becomes absorbed, 
and alveolar collapse follows. Depending on the level of 
airway obstruction, an entire lung, a complete lobe, or 
one or more segments may be involved. The most 
common cause of resorption collapse is obstruction of a 
bronchus by a mucous or mucopurulent plug. This fre-
quently occurs postoperatively but also may complicate 
bronchial asthma, bronchiectasis, chronic bronchitis, 
tumor, or foreign body aspiration, particularly in 
children.

• Compression atelectasis. Compression atelectasis (some-
times called passive or relaxation atelectasis) is usually 
associated with accumulation of fluid, blood, or air 
within the pleural cavity, which mechanically collapses 
the adjacent lung. This is a frequent occurrence with 
pleural effusion, caused most commonly by congestive 
heart failure (CHF). Leakage of air into the pleural cavity 
(pneumothorax) also leads to compression atelectasis. 

Basal atelectasis resulting from the elevated position of 
the diaphragm commonly occurs in bedridden patients, 
in patients with ascites, and during and after surgery.

• Contraction atelectasis. Contraction (or cicatrization) ate-
lectasis occurs when either local or generalized fibrotic 
changes in the lung or pleura hamper expansion and 
increase elastic recoil during expiration.

Atelectasis (except when caused by contraction) is poten-
tially reversible and should be treated promptly to prevent 
hypoxemia and superimposed infection of the collapsed 
lung.

ACUTE LUNG INJURY
The term acute lung injury encompasses a spectrum of bilat-
eral pulmonary damage (endothelial and epithelial), which 
can be initiated by numerous conditions. Clinically, acute 
lung injury manifests as (1) acute onset of dyspnea, (2) 
decreased arterial oxygen pressure (hypoxemia), and (3) 
development of bilateral pulmonary infiltrates on the chest 
radiograph, all in the absence of clinical evidence of primary 
left-sided heart failure. Since the pulmonary infiltrates in 
acute lung injury are usually caused by damage to the 
alveolar capillary membrane, rather than by left-sided 
heart failure (Chapter 10), such accumulations constitute 
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Direct ung In ury Indirect ung In ury

Common Causes
Pneumonia Sepsis

Aspiration of gastric contents Severe trauma ith shock

Uncommon Causes
Pulmonary contusion Cardiopulmonary bypass

Fat embolism Acute pancreatitis

Near dro ning Drug overdose

Inhalational in ury ransfusion of blood products

Reperfusion in ury after lung 
transplantation

Uremia

Table 12–1 Clinical Disorders Associated ith the Development of 
Acute ung In ury Acute Respiratory Distress Syndrome

Modified from Ware LB, Matthay MA:  The acute respiratory distress syndrome. N 
Engl J Med 342:1334, 2000.

an example of noncardiogenic pulmonary edema. Acute lung 
injury can progress to the more severe acute respiratory 
distress syndrome, described next.

Acute Respiratory Distress Syndrome

Acute respiratory distress syndrome (ARDS) is a clinical 
syndrome caused by diffuse alveolar capillary and epithe-
lial damage. The usual course is characterized by rapid 
onset of life-threatening respiratory insufficiency, cyanosis, 
and severe arterial hypoxemia that is refractory to oxygen 
therapy and may progress to multisystem organ failure. 
The histologic manifestation of ARDS in the lungs is known 
as diffuse alveolar damage (DAD). ARDS can occur in a 
multitude of clinical settings and is associated with either 
direct injury to the lung or indirect injury in the setting of 
a systemic process (Table 12–1). It should be recalled that 
respiratory distress syndrome of the newborn is pathoge-
netically distinct; it is caused by a primary deficiency of 
surfactant.

PATHOGENESIS
The alveolar-capillary membrane is formed by two separate 
barriers: the microvascular endothelium and the alveolar epi-
thelium. In ARDS, the integrity of this barrier is com-
promised by either endothelial or epithelial injury, 
or, more commonly, both. The acute consequences of  
damage to the alveolar capillary membrane include increased 
vascular permeability and alveolar flooding, loss of  diffusion 
capacity, and widespread surfactant abnormalities caused by 
damage to type II pneumocytes (Fig. 12–3). Although the 
cellular and molecular basis of  acute lung injury and ARDS 
remains an area of  active investigation, recent work suggests 
that in ARDS, lung injury is caused by an imbalance of 
pro-inflammatory and anti-inflammatory media-
tors. As early as 30 minutes after an acute insult, there is 
increased synthesis of  interleukin 8 (IL-8), a potent neutrophil 

chemotactic and activating agent, by pulmonary macro-
phages. Release of  this and similar mediators, such as IL-1 
and tumor necrosis factor (TNF), leads to endothelial activa-
tion as well as sequestration and activation of  neutrophils in 
pulmonary capillaries. Neutrophils are thought to have 
an important role in the pathogenesis of ARDS. His-
tologic examination of  lungs early in the disease process 
shows increased numbers of  neutrophils within the vascular 
space, the interstitium, and the alveoli. Activated neutrophils 
release a variety of  products (e.g., oxidants, proteases, 
platelet-activating factor, leukotrienes) that cause damage to 
the alveolar epithelium and endothelium. Combined assault 
on the endothelium and epithelium perpetuates vascular 
leakiness and loss of  surfactant that render the alveolar unit 
unable to expand. Of  note, the destructive forces unleashed 
by neutrophils can be counteracted by an array of  endoge-
nous antiproteases, antioxidants, and anti-inflammatory cyto-
kines (e.g., IL-10) that are upregulated by pro-inflammatory 
cytokines. In the end, it is the balance between the destruc-
tive and protective factors that determines the degree of  
tissue injury and clinical severity of  ARDS.

MORPHOLOGY
In the acute phase of ARDS, the lungs are dark red, firm, 
airless, and heavy. Microscopic examination reveals capillary 
congestion, necrosis of  alveolar epithelial cells, interstitial and 
intra-alveolar edema and hemorrhage, and (particularly with 
sepsis) collections of  neutrophils in capillaries. The most 
characteristic finding is the presence of  hyaline mem-
branes, particularly lining the distended alveolar ducts (Fig. 
12–4). Such membranes consist of  fibrin-rich edema fluid 
admixed with remnants of  necrotic epithelial cells. Overall, 
the picture is remarkably similar to that seen in respiratory 
distress syndrome in the newborn (Chapter 6). In the orga-
nizing stage, vigorous proliferation of  type II pneumocytes 
occurs in an attempt to regenerate the alveolar lining. Resolu-
tion is unusual; more commonly, there is organization of  the 
fibrin exudates, with resultant intra-alveolar fibrosis. Marked 
thickening of  the alveolar septa ensues, caused by prolifera-
tion of  interstitial cells and deposition of  collagen.

Clinical Features
Approximately 85% of patients develop the clinical syn-
drome of acute lung injury or ARDS within 72 hours of  
the initiating insult. With improvements in supportive 
therapy, the mortality rate for the 190,000 ARDS cases 
occurring yearly has decreased from 60% to 40% in the last 
decade. Predictors of poor prognosis include advanced 
age, underlying bacteremia (sepsis), and the development 
of multisystem (especially cardiac, renal, or hepatic) failure. 
Should the patient survive the acute stage, diffuse inter-
stitial fibrosis may occur, with continued compromise of 
respiratory function. However, in most patients who 
survive the acute insult and are spared the chronic  
sequelae, normal respiratory function returns within 6 to 
12 months.
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Figure 12–3 The normal alveolus (left), compared with the injured alveolus in the early phase of  acute lung injury and the acute respiratory distress 
syndrome. Under the influence of  proinflammatory cytokines such as interleukins IL-8 and IL-1 and tumor necrosis factor (TNF) (released by macro-
phages), neutrophils initially undergo sequestration in the pulmonary microvasculature, followed by margination and egress into the alveolar space, 
where they undergo activation. Activated neutrophils release a variety of  factors such as leukotrienes, oxidants, proteases, and platelet-activating factor 
(PAF), which contribute to local tissue damage, accumulation of  edema fluid in the air spaces, surfactant inactivation, and hyaline membrane formation. 
Subsequently, the release of  macrophage-derived fibrogenic cytokines such as transforming growth factor-β (TGF-β) and platelet-derived growth factor 
(PGDF) stimulate fibroblast growth and collagen deposition associated with the healing phase of  injury. 
(Modified from Ware LB: Pathophysiology of acute lung injury and the acute respiratory distress syndrome. Semin Respir Crit Care Med 27:337, 2006.)

SUMMARY
Acute Respiratory Distress Syndrome
• ARDS is a clinical syndrome of progressive respiratory 

insufficiency caused by diffuse alveolar damage in the 
setting of sepsis, severe trauma, or diffuse pulmonary 
infection.

• Neutrophils and their products have a crucial role in the 
pathogenesis of ARDS by causing endothelial and epithelial 
injury.

• The characteristic histologic picture is that of alveolar 
edema, epithelial necrosis, accumulation of neutrophils, 
and presence of hyaline membranes lining the alveolar 
ducts.

resistance caused by partial or complete obstruction at any 
level, and (2) restrictive disease, characterized by reduced 
expansion of lung parenchyma accompanied by decreased 
total lung capacity.

The major diffuse obstructive disorders are emphysema, 
chronic bronchitis, bronchiectasis, and asthma. In patients with 
these diseases, forced vital capacity (FVC) is either normal 
or slightly decreased, while the expiratory flow rate, 
usually measured as the forced expiratory volume at 1 
second (FEV1), is significantly decreased. Thus, the ratio of 
FEV to FVC is characteristically decreased. Expiratory obstruc-
tion may result either from anatomic airway narrowing, 
classically observed in asthma, or from loss of elastic recoil, 
characteristic of emphysema.

By contrast, in diffuse restrictive diseases, FVC is reduced 
and the expiratory flow rate is normal or reduced propor-
tionately. Hence, the ratio of FEV to FVC is near normal. The 
restrictive defect occurs in two general conditions: (1) chest 
wall disorders in the presence of normal lungs (e.g., with severe 
obesity, diseases of the pleura, and neuromuscular disor-
ders, such as the Guillain-Barré syndrome [Chapter 21], 
that affect the respiratory muscles) and (2) acute or chronic 
interstitial lung diseases. The classic acute restrictive disease 
is ARDS, discussed earlier. Chronic restrictive diseases 

OBSTRUCTIVE VERSUS RESTRICTIVE 
PULMONARY DISEASES

Diffuse pulmonary diseases can be classified into two cat-
egories: (1) obstructive (airway) disease, characterized by 
limitation of airflow, usually resulting from an increase in 
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B

A

Figure 12–4 A, Diffuse alveolar damage in acute lung injury and acute 
respiratory distress syndrome. Some alveoli are collapsed; others are 
distended. Many are lined by bright pink hyaline membranes (arrow). 
B, The healing stage is marked by resorption of  hyaline membranes with 
thickening of  alveolar septa containing inflammatory cells, fibroblasts, and 
collagen. Numerous reactive type II pneumocytes also are seen at this 
stage (arrows), associated with regeneration and repair. 

(discussed later) include the pneumoconioses, interstitial 
fibrosis of unknown etiology, and most of the infiltrative 
conditions (e.g., sarcoidosis).

OBSTRUCTIVE LUNG (AIRWAY) 
DISEASES

In their prototypical forms, the four disorders in this  
group—emphysema, chronic bronchitis, asthma, and 
bronchiectasis—have distinct clinical and anatomic charac-
teristics (Table 12–2), but overlaps between emphysema, 
bronchitis, and asthma are common. 

At the outset, it should be recognized that the definition 
of emphysema is morphologic, whereas chronic bronchitis is 
defined on the basis of clinical features such as the presence of 
chronic and recurrent cough with excessive mucus secre-
tion. Second, the anatomic distribution is partially differ-
ent; chronic bronchitis initially involves the large airways, 
whereas emphysema affects the acinus. In severe or 
advanced cases of both, small airway disease (chronic 
bronchiolitis) is characteristic. Although chronic bronchitis 
may exist without demonstrable emphysema, and almost 
pure emphysema may occur (particularly in patients with 
inherited α1-antitrypsin deficiency) (discussed later), the 
two diseases usually coexist. This is almost certainly 
because the major cause—cigarette smoking, especially 
long-term, heavy tobacco exposure—is common to both 
disorders. In view of their propensity to coexist, emphy-
sema and chronic bronchitis often are clinically grouped 
together under the rubric of chronic obstructive pulmonary 
disease (COPD). COPD affects more than 10% of the U.S. 
adult population and is the fourth leading cause of death 
in this country. The primarily irreversible airflow obstruc-
tion of COPD distinguishes it from asthma, which, as 
described later, is characterized largely by reversible airflow 
obstruction; however, patients with COPD commonly have 
some degree of reversible obstruction as well (Fig. 12–5).

Emphysema

Emphysema is characterized by abnormal permanent enlarge-
ment of the air spaces distal to the terminal bronchioles, 
accompanied by destruction of their walls without significant 
fibrosis.

Clinical ntity
Anatomic 
Site Ma or Pathologic Changes tiology Signs Symptoms

Chronic bronchitis Bronchus Mucous gland hypertrophy 
and hyperplasia, 
hypersecretion

obacco smoke, air pollutants Cough, sputum production

Bronchiectasis Bronchus Air ay dilation and scarring Persistent or severe infections Cough, purulent sputum, fever

Asthma Bronchus Smooth muscle hypertrophy 
and hyperplasia, e cessive 
mucus, in ammation

Immunologic or unde ned causes pisodic heezing, cough, 
dyspnea

mphysema Acinus Air space enlargement, all 
destruction

obacco smoke Dyspnea

Small air ay disease, 
bronchiolitis

Bronchiole In ammatory scarring, partial 
obliteration of bronchioles

obacco smoke, air pollutants Cough, dyspnea

Table 12–2 Disorders Associated ith Air o  bstruction  he Spectrum of Chronic bstructive Pulmonary Disease

*Can be present in all forms of obstructive lung disease or by itself.
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of the lobules. It occurs adjacent to areas of fibrosis, scar-
ring, or atelectasis and is usually more severe in the upper 
half of the lungs. The characteristic finding is the presence 
of multiple, contiguous, enlarged air spaces ranging in 
diameter from less than 0.5 mm to more than 2.0 cm, some-
times forming cystic structures that, with progressive 
enlargement, are referred to as bullae. The cause of this type 
of emphysema is unknown; it is seen most often in cases 
of spontaneous pneumothorax in young adults.

Irregular Emphysema
Irregular emphysema, so named because the acinus is irregularly 
involved, is almost invariably associated with scarring, such as 
that resulting from healed inflammatory diseases. Although 
clinically asymptomatic, this may be the most common 
form of emphysema.

Figure 12–5 Schematic representation of  overlap between chronic 
obstructive lung diseases. 
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Figure 12–6 Major patterns of  emphysema. A, Diagram of  normal 
structure of  the acinus, the fundamental unit of  the lung. B, Centriacinar 
emphysema with dilation that initially affects the respiratory bronchioles. 
C, Panacinar emphysema with initial distention of  all the peripheral struc-
tures (i.e., the alveolus and alveolar duct); the disease later extends to 
affect the respiratory bronchioles. 
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Types of E physe a
Emphysema is classified according to its anatomic distribu-
tion within the lobule; as described earlier, the acinus is the 
structure distal to terminal bronchioles, and a cluster of 
three to five acini is called a lobule (Fig. 12–6, A). There are 
four major types of emphysema: (1) centriacinar, (2) pan-
acinar, (3) distal acinar, and (4) irregular. Only the first two 
types cause clinically significant airway obstruction, with 
centriacinar emphysema being about 20 times more 
common than panacinar disease.

Centriacinar (Centrilobular) Emphysema
The distinctive feature of centriacinar (centrilobular) 
emphysema is the pattern of involvement of the lobules: 
The central or proximal parts of the acini, formed by respiratory 
bronchioles, are affected, while distal alveoli are spared. Thus, 
both emphysematous and normal air spaces exist within 
the same acinus and lobule (Fig. 12–6, B). The lesions are 
more common and severe in the upper lobes, particularly 
in the apical segments. In severe centriacinar emphysema 
the distal acinus also becomes involved, and thus, the dif-
ferentiation from panacinar emphysema becomes difficult. 
This type of emphysema is most commonly seen as a con-
sequence of cigarette smoking in people who do not have 
congenital deficiency of α1-antitrypsin.

Panacinar (Panlobular) Emphysema
In panacinar (panlobular) emphysema, the acini are uniformly 
enlarged, from the level of the respiratory bronchiole to 
the terminal blind alveoli (Fig. 12–6, C). In contrast with 
centriacinar emphysema, panacinar emphysema tends  
to occur more commonly in the lower lung zones and is 
the type of emphysema that occurs in α1-antitrypsin 
deficiency.

Distal Acinar (Paraseptal) Emphysema
In distal acinar (paraseptal) emphysema, the proximal portion of 
the acinus is normal but the distal part is primarily involved. 
The emphysema is more striking adjacent to the pleura, 
along the lobular connective tissue septa, and at the margins 

PATHOGENESIS
Exposure to toxic substances such as tobacco smoke and 
inhaled pollutants induces ongoing inflammation with accu-
mulation of  neutrophils, macrophages and lymphocytes in the 
lung. Elastases, cytokines (including IL-8) and oxidants are 
released causing epithelial injury and proteolysis of  the extra-
cellular matrix (ECM). Elastin degradation products further 
increase the inflammation. Unless checked by antielastases 



465Obstructive Lung (Airway) Diseases

(e.g., α1-antitrypsin) and antioxidants, the cycle of  inflamma-
tion and ECM proteolysis continues. Indeed, more than 80% 
of  patients with congenital α1-antitrypsin deficiency develop 
symptomatic panacinar emphysema, which occurs at an 
earlier age and with greater severity if  the affected person 
smokes.

There is marked individual variation in susceptibility to the 
development of  emphysema/COPD. Multiple genetic factors 
control the response to injury after smoking. For example, 
the TGFB gene exhibits polymorphisms that influence suscep-
tibility to the development of  COPD by regulating the 
response of  mesenchymal cells to injury. For example, with 
certain polymorphisms, mesenchymal cell response to TGF-β 
signaling is reduced, which in turn results in inadequate repair 
of  elastin injury caused by inhaled toxins. Matrix metallopro-
teinases (MMPs), especially MMP-9 and MMP-12, have also 
been shown to have a pathogenic role in emphysema. MMP-9 
gene polymorphisms and higher levels of  both MMP-9 and 
MMP-12 have been found in some emphysema patients. 
Moreover, MMP-12–deficient mice are protected from ciga-
rette smoke–induced emphysema. Although much remains 
to be studied, the current understanding of  emphysema 
pathogenesis is summarized in Figure 12–7.

Complex interactions between inflammatory mediators, 
cell signaling and inappropriate activation of  repair mecha-
nisms may result in very different diseases: tissue destruction 
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Figure 12–7 Loss of  cellular homeostasis in emphysema pathogenesis. 
Exposure to inhaled toxins (such as cigarette smoke) leads to epithelial 
cell death, inflammation, and extracellular matrix proteolysis. In suscep-
tible persons, mesenchymal cell survival and reparative functions are 
impaired by direct effects of  inhaled toxic substances and inflammatory 
mediators and by the loss of  the peri- and extracellular matrix. The result 
is loss of  structural cells of  the alveolar wall and the associated matrix 
components. 
(Reproduced with permission from Horowitz JC, Martinez FJ, Thannickal VJ: Mesenchymal cell 
fate and phenotypes in the pathogenesis of emphysema. COPD 6:201, 2009.)

without fibrosis (emphysema) or interstitial fibrosis (dis-
cussed later). Recent data indicate that mesenchymal cell 
response may be a key factor in determining which of  these 
two processes ensues. In emphysema there is loss of  not only 
epithelial and endothelial cells but also mesenchymal cells, 
leading to lack of  extracellular matrix, the scaffolding upon 
which epithelial cells would have grown. Thus, emphysema 
can be thought of as resulting from insufficient 
wound repair. By contrast, patients with fibrosing lung dis-
eases have excessive myofibroblastic or fibroblastic response 
to injury, leading to unchecked scarring.

MORPHOLOGY
The diagnosis and classification of  emphysema depend largely 
on the macroscopic appearance of  the lung. Panacinar 
emphysema, when the pathologic process is well devel-
oped, produces pale, voluminous lungs that often obscure the 
heart when the anterior chest wall is removed at autopsy. 
The macroscopic features of  centriacinar emphysema 
are less impressive. The lungs are a deeper pink than in pan-
acinar emphysema and less voluminous, unless the disease is 
well advanced. Generally, in centriacinar emphysema the 
upper two thirds of  the lungs are more severely affected than 
the lower lungs. Histologic examination reveals destruction 
of alveolar walls without fibrosis, leading to enlarged 
air spaces (Fig. 12–8). In addition to alveolar loss, the 
number of  alveolar capillaries is diminished. Terminal and 
respiratory bronchioles may be deformed because of  the loss 
of  septa that help tether these structures in the parenchyma. 
With the loss of elastic tissue in the surrounding alveolar 
septa, radial traction on the small airways is reduced. As a 
result, they tend to collapse during expiration—an important 
cause of  chronic airflow obstruction in severe emphysema. 
Bronchiolar inflammation and submucosal fibrosis are consis-
tently present in advanced disease.

Figure 12–8 Pulmonary emphysema. There is marked enlargement of  
air spaces, with destruction of  alveolar septa but without fibrosis. Note 
presence of  black anthracotic pigment. 
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Conditions Related to E physe a
Several conditions resemble emphysema only superfi-
cially but nevertheless are (inappropriately) referred to  
as such:

• Compensatory emphysema is a term used to designate the 
compensatory dilation of alveoli in response to loss of 
lung substance elsewhere, such as occurs in residual 
lung parenchyma after surgical removal of a diseased 
lung or lobe.

• Obstructive overinflation refers to the condition in 
which the lung expands because air is trapped within  
it. A common cause is subtotal obstruction by a tumor 
or foreign object. Obstructive overinflation can be a  
life-threatening emergency if the affected portion 
extends sufficiently to compress the remaining normal 
lung.

• Bullous emphysema refers merely to any form of emphy-
sema that produces large subpleural blebs or bullae 
(spaces greater than 1 cm in diameter in the distended 
state) (Fig. 12–9). Such blebs represent localized accen-
tuations of one of the four forms of emphysema; most 
often the blebs are subpleural, and on occasion they may 
rupture, leading to pneumothorax.

• Mediastinal (interstitial) emphysema is the condition result-
ing when air enters the connective tissue stroma of the 
lung, mediastinum, and subcutaneous tissue. This may 
occur spontaneously with a sudden increase in intra-
alveolar pressure (as with vomiting or violent coughing) 
resulting in a tear, with dissection of air into the inter-
stitium. Sometimes it develops in children with whoop-
ing cough. It is particularly likely to occur in patients on 
respirators who have partial bronchiolar obstruction or 
in persons who suffer a perforating injury (e.g., a frac-
tured rib). When the interstitial air enters the subcutane-
ous tissue, the patient may literally blow up like a 
balloon, with marked swelling of the head and neck and 
crackling crepitation all over the chest. In most instances, 
the air is resorbed spontaneously after the site of entry 
is sealed.

Clinical Features
Dyspnea usually is the first symptom; it begins insidiously 
but is steadily progressive. In patients with underlying 
chronic bronchitis or chronic asthmatic bronchitis, cough 
and wheezing may be the initial complaints. Weight loss is 
common and may be so severe as to suggest a hidden 
malignant tumor. Pulmonary function tests reveal reduced 
FEV1 with normal or near-normal FVC. Hence, the ratio of 
FEV1 to FVC is reduced.

The classic presentation in emphysema with no “bron-
chitic” component is one in which the patient is barrel-
chested and dyspneic, with obviously prolonged expiration, 
sitting forward in a hunched-over position, attempting to 
squeeze the air out of the lungs with each expiratory effort. 
In these patients, air space enlargement is severe and dif-
fusing capacity is low. Dyspnea and hyperventilation are 
prominent, so that until very late in the disease, gas 
exchange is adequate and blood gas values are relatively 
normal. Because of prominent dyspnea and adequate oxy-
genation of hemoglobin, these patients sometimes are 
called “pink puffers.”

At the other extreme of the clinical presentation in 
emphysema is a patient who also has pronounced chronic 
bronchitis and a history of recurrent infections with puru-
lent sputum. Dyspnea usually is less prominent, with 
diminished respiratory drive, so the patient retains carbon 
dioxide, becomes hypoxic, and often is cyanotic. For 
reasons not entirely clear, such patients tend to be obese—
hence the designation “blue bloaters.” Often they seek 
medical help after the onset of CHF (cor pulmonale) 
(Chapter 10) and associated edema.

Most patients with emphysema and COPD, however,  
fall somewhere between these two classic extremes. In  
all cases, secondary pulmonary hypertension develops gradu-
ally, arising from both hypoxia-induced pulmonary vascu-
lar spasm and loss of pulmonary capillary surface area 
from alveolar destruction. Death from emphysema is 
related to either pulmonary failure, with respiratory acido-
sis, hypoxia, and coma, or right-sided heart failure (cor 
pulmonale).

SUMMARY
Emphysema
• Emphysema is a chronic obstructive airway disease char-

acterized by permanent enlargement of air spaces distal 
to terminal bronchioles.

• Subtypes include centriacinar (most common; smoking-
related), panacinar (seen in α1-antitrypsin deficiency), 
distal acinar, and irregular.

• Smoking and inhaled pollutants cause ongoing accumula-
tion of inflammatory cells, releasing elastases and oxidants, 
which destroy the alveolar walls without adequate mes-
enchymal repair response.

• Most patients with emphysema demonstrate elements of 
chronic bronchitis concurrently, since cigarette smoking is 
an underlying risk factor for both; patients with pure 
emphysema are characterized as “pink puffers.”

Figure 12–9 Bullous emphysema with large apical and subpleural bullae. 
(From the Teaching Collection of the Department of Pathology, University of Texas Southwestern 
Medical School, Dallas, Texas.)
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Clinical Features
In patients with chronic bronchitis, a prominent cough and 
the production of sputum may persist indefinitely without 
ventilatory dysfunction. As alluded to earlier, however, 
some patients develop significant COPD with outflow 
obstruction. This clinical syndrome is accompanied by 
hypercapnia, hypoxemia, and (in severe cases) cyanosis 
(hence the term “blue bloaters”). Differentiation of this 
form of COPD from that caused by emphysema can be 
made in the classic case, but many such patients have both 
conditions. With progression, chronic bronchitis is compli-
cated by pulmonary hypertension and cardiac failure 
(Chapter 10). Recurrent infections and respiratory failure 
are constant threats.

Chronic Bronchitis

Chronic bronchitis is common among cigarette smokers 
and urban dwellers in smog-ridden cities; some studies 
indicate that 20% to 25% of men in the 40- to 65-year-old 
age group have the disease. The diagnosis of chronic bron-
chitis is made on clinical grounds: it is defined by the pres-
ence of a persistent productive cough for at least 3 consecutive 
months in at least 2 consecutive years. In early stages of the 
disease, the productive cough raises mucoid sputum, but 
airflow is not obstructed. Some patients with chronic  
bronchitis may demonstrate hyperresponsive airways with 
intermittent bronchospasm and wheezing. A subset of 
bronchitic patients, especially heavy smokers, develop 
chronic outflow obstruction, usually with associated 
emphysema.

PATHOGENESIS
The distinctive feature of  chronic bronchitis is hypersecre-
tion of mucus, beginning in the large airways. Although the 
single most important cause is cigarette smoking, other air 
pollutants, such as sulfur dioxide and nitrogen dioxide, may 
contribute. These environmental irritants induce hypertro-
phy of  mucous glands in the trachea and main bronchi, 
leading to a marked increase in mucin-secreting goblet cells 
in the surface epithelium of  smaller bronchi and bronchioles. 
In addition, these irritants cause inflammation with infiltration 
of  CD8+ lymphocytes, macrophages, and neutrophils. In 
contrast with asthma, there are no eosinophils in chronic 
bronchitis. Whereas the defining feature of  chronic bronchitis 
(mucus hypersecretion) is primarily a reflection of  large bron-
chial involvement, the morphologic basis of airflow 
obstruction in chronic bronchitis is more peripheral 
and results from (1) small airway disease, induced by 
goblet cell metaplasia with mucous plugging of  the bronchio-
lar lumen, inflammation, and bronchiolar wall fibrosis, and (2) 
coexistent emphysema. In general, while small airway 
disease (also known as chronic bronchiolitis) is an important 
component of  early and relatively mild airflow obstruction, 
chronic bronchitis with significant airflow obstruction is 
almost always complicated by emphysema. 

It is postulated that many of  the respiratory epithelial 
effects of  environmental irritants (e.g., mucus hypersecre-
tion) are mediated by local release of  T cell cytokines such 
as IL-13. The transcription of  the mucin gene MUC5AC in 
bronchial epithelium and the production of  neutrophil elas-
tase are increased as a consequence of  exposure to tobacco 
smoke. Microbial infection often is present but has a sec-
ondary role, chiefly by maintaining the inflammation and exac-
erbating symptoms.

MORPHOLOGY
As seen in gross specimens, the mucosal lining of  the larger 
airways usually is hyperemic and swollen by edema fluid. 
It often is covered by a layer of  mucinous or mucopurulent 
secretions. The smaller bronchi and bronchioles also may 
be filled with similar secretions. On histologic examination, 
the diagnostic feature of  chronic bronchitis in the trachea and 
larger bronchi is enlargement of the mucus-secreting 

glands (Fig. 12–10). The magnitude of  the increase in size is 
assessed by the ratio of  the thickness of  the submucosal 
gland layer to that of  the bronchial wall (the Reid index— 
normally 0.4). Inflammatory cells, largely mononuclear but 
sometimes admixed with neutrophils, are frequently present 
in variable density in the bronchial mucosa. Chronic bron-
chiolitis (small airway disease), characterized by goblet cell 
metaplasia, mucous plugging, inflammation, and fibrosis, is 
also present. In the most severe cases, there may be com-
plete obliteration of  the lumen as a consequence of  fibrosis  
(bronchiolitis obliterans). It is the submucosal fibrosis that 
leads to luminal narrowing and airway obstruction. Changes 
of  emphysema often co-exist.

Figure 12–10 Chronic bronchitis. The lumen of  the bronchus is above. 
Note the marked thickening of  the mucous gland layer (approximately 
twice-normal) and squamous metaplasia of  lung epithelium. 
(From the Teaching Collection of the Department of Pathology, University of Texas, Southwestern 
Medical School, Dallas, Texas.)

SUMMARY
Chronic Bronchitis
• Chronic bronchitis is defined as persistent productive 

cough for at least 3 consecutive months in at least 2 
consecutive years.

• Cigarette smoking is the most important underlying risk 
factor; air pollutants also contribute.
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Types of Asth a
Atopic Asthma
This is the most common type of asthma, usually beginning 
in childhood, and is a classic example of type I IgE–mediated 
hypersensitivity reaction (Chapter 4). A positive family 
history of atopy and/or asthma is common, and asthmatic 
attacks are often preceded by allergic rhinitis, urticaria, or 
eczema. The disease is triggered by environmental anti-
gens, such as dusts, pollen, animal dander, and foods. 
Infections can also trigger atopic asthma. A skin test with 
the offending antigen results in an immediate wheal-and-
flare reaction. Atopic asthma also can be diagnosed based 
on serum radioallergosorbent tests (RASTs) that identify 
the presence of IgE specific for a panel of allergens.

Non-Atopic Asthma
Patients with nonatopic forms of asthma do not have evi-
dence of allergen sensitization, and skin test results usually 
are negative. A positive family history of asthma is less 
common. Respiratory infections due to viruses (e.g., rhino-
virus, parainfluenza virus) and inhaled air pollutants (e.g., 
sulfur dioxide, ozone, nitrogen dioxide) are common trig-
gers. It is thought that virus-induced inflammation of the 

Asthma

Asthma is a chronic inflammatory disorder of the airways 
that causes recurrent episodes of wheezing, breathlessness, 
chest tightness, and cough, particularly at night and/or 
early in the morning. The hallmarks of the disease are 
intermittent and reversible airway obstruction, chronic bronchial 
inflammation with eosinophils, bronchial smooth muscle cell 
hypertrophy and hyperreactivity, and increased mucus secretion. 
Some of the stimuli that trigger attacks in patients would 
have little or no effect in persons with normal airways. 
Many cells play a role in the inflammatory response, in 
particular eosinophils, mast cells, macrophages, lympho-
cytes, neutrophils, and epithelial cells. Of note, there has 
been a significant increase in the incidence of asthma in the 
Western world over the past four decades. This epidemio-
logic observation has led to the “hygiene hypothesis,” 
according to which the eradication of infections may alter 
immune homeostasis and promote allergic and other 
harmful immune responses.

Asthma may be categorized into atopic (evidence of 
allergen sensitization, often in a patient with a history of 
allergic rhinitis, eczema) and nonatopic. In either type, epi-
sodes of bronchospasm can be triggered by diverse mecha-
nisms, such as respiratory infections (especially viral), 
environmental exposure to irritants (e.g., smoke, fumes), 
cold air, stress, and exercise. There is emerging evidence 
for differing patterns of inflammation: eosinophilic, neu-
trophilic, mixed inflammatory, and pauci-granulocytic. 
These subgroups may differ in etiology, immunopathol-
ogy, and response to treatment. Asthma also may be  
classified according to the agents or events that trigger 
bronchoconstriction.

PATHOGENESIS
The major etiologic factors of  asthma are genetic predisposi-
tion to type I hypersensitivity (atopy), acute and chronic 
airway inflammation, and bronchial hyperresponsiveness to a 
variety of  stimuli. The inflammation involves many cell 
types and numerous inflammatory mediators, but 
the role of type 2 helper T (TH2) cells may be critical 
to the pathogenesis of asthma. The classic atopic form 
of  asthma is associated with an excessive TH2 reaction against 
environmental antigens. Cytokines produced by TH2 cells 
account for most of  the features of  asthma—IL-4 stimulates 
IgE production, IL-5 activates eosinophils, and IL-13 stimu-
lates mucus production and also promotes IgE production by 
B cells. IgE coats submucosal mast cells, which, on exposure 
to allergen, release granule contents. This induces two waves 
of  reaction: an early (immediate) phase and a late phase (Fig. 
12-11). The early reaction is dominated by bronchoconstric-
tion, increased mucus production and variable vasodilation. 

• Chronic obstructive component largely results from  
small airway disease (chronic bronchiolitis) and coexistent 
emphysema.

• Histologic examination demonstrates enlargement of 
mucus-secreting glands, goblet cell metaplasia, and bron-
chiolar wall fibrosis.

Bronchoconstriction is triggered by direct stimulation of  sub-
epithelial vagal receptors. The late-phase reaction consists of  
inflammation, with activation of  eosinophils, neutrophils, and 
T cells. In addition, epithelial cells are activated to produce 
chemokines that promote recruitment of  more TH2 cells and 
eosinophils (including eotaxin, a potent chemoattractant and 
activator of  eosinophils), as well as other leukocytes, thus 
amplifying the inflammatory reaction. Repeated bouts of  
inflammation lead to structural changes in the bronchial wall, 
collectively referred to as airway remodeling. These 
changes include hypertrophy of  bronchial smooth muscle and 
mucus glands, and increased vascularity and deposition of  
subepithelial collagen, which may occur as early as several 
years before initiation of  symptoms.

Asthma is a complex genetic disorder in which multiple 
susceptibility genes interact with environmental factors to 
initiate the pathologic reaction. There is significant variation 
in the expression of  these genes and in the combinations of  
polymorphisms that effect the immune response or tissue 
remodeling. One of  the susceptibility loci is on the long arm 
of  chromosome 5 (5q), where several genes involved in regu-
lation of  IgE synthesis and mast cell and eosinophil growth 
and differentiation map. The genes at this locus include IL13 
(genetic polymorphisms linked with susceptibility to the 
development of  atopic asthma), CD14 (single-nucleotide 
polymorphisms associated with occupational asthma), class II 
HLA alleles (tendency to produce IgE antibodies), β2-
adrenergic receptor gene, and IL-4 receptor gene (atopy, 
total serum IgE level, and asthma). Another important locus 
is on 20q where ADAM-33 that regulates proliferation of  
bronchial smooth muscle and fibroblasts is located; this con-
trols airway remodeling. Upregulation of  various chitinase 
enzymes has been shown to be important in TH2 inflamma-
tion and severity of  asthma; high serum YKL-40 levels (a 
chitinase family member with no enzymatic activity) correlate 
with the severity of  asthma.
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Figure 12–11 A and B, Comparison of  a normal bronchus with that in a patient with asthma. Note the accumulation of  mucus in the bronchial 
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is intense chronic inflammation due to recruitment of  eosinophils, macrophages, and other inflammatory cells. Basement membrane underlying the 
mucosal epithelium is thickened, and smooth muscle cells exhibit hypertrophy and hyperplasia. C, Inhaled allergens (antigens) elicit a TH2-dominated 
response favoring IgE production and eosinophil recruitment (priming or sensitization). D, On reexposure to antigen (Ag), the immediate reaction is 
triggered by antigen-induced cross-linking of  IgE bound to IgE receptors on mast cells in the airways. These cells release preformed mediators. Col-
lectively, either directly or through neuronal reflexes, the mediators induce bronchospasm, increase vascular permeability and mucus production, and 
recruit additional mediator-releasing cells from the blood. E, The arrival of  recruited leukocytes (neutrophils, eosinophils, basophils, lymphocytes, and 
monocytes) signals the initiation of  the late phase of  asthma and a fresh round of  mediator release from leukocytes, endothelium, and epithelial  
cells. Factors, particularly from eosinophils (e.g., major basic protein, eosinophil cationic protein), also cause damage to the epithelium. IgE, immuno-
globulin E. 



C H A P T E R  12470 Lung

and corticosteroids. Intervals between attacks are charac-
teristically free from overt respiratory difficulties, but  
persistent, subtle deficits can be detected by spirometry. 
Occasionally a severe paroxysm occurs that does not 
respond to therapy and persists for days and even weeks 
(status asthmaticus). The associated hypercapnia, acidosis, 
and severe hypoxia may be fatal, although in most cases 
the condition is more disabling than lethal.

respiratory mucosa lowers the threshold of the subepithelial vagal 
receptors to irritants. Although the connections are not well 
understood, the ultimate humoral and cellular mediators 
of airway obstruction (e.g., eosinophils) are common to 
both atopic and nonatopic variants of asthma, so they are 
treated in a similar way.

Drug-Induced Asthma
Several pharmacologic agents provoke asthma, aspirin 
being the most striking example. Patients with aspirin  
sensitivity present with recurrent rhinitis and nasal  
polyps, urticaria, and bronchospasm. The precise mecha-
nism remains unknown, but it is presumed that aspirin 
inhibits the cyclooxygenase pathway of arachidonic acid 
metabolism without affecting the lipoxygenase route, 
thereby shifting the balance of production toward leuko-
trienes that cause bronchial spasm.

Occupational Asthma
This form of asthma is stimulated by fumes (epoxy resins, 
plastics), organic and chemical dusts (wood, cotton, plati-
num), gases (toluene), and other chemicals. Asthma attacks 
usually develop after repeated exposure to the inciting 
antigen(s).

SUMMARY
Asthma
• Asthma is characterized by reversible bronchoconstric-

tion caused by airway hyperresponsiveness to a variety of 
stimuli.

• Atopic asthma is caused by a TH2 and IgE-mediated 
immunologic reaction to environmental allergens and is 
characterized by acute-phase (immediate) and late-phase 
reactions. The TH2 cytokines IL-4, IL-5, and IL-13 are 
important mediators.

• Triggers for nonatopic asthma are less clear but include 
viral infections and inhaled air pollutants, which can also 
trigger atopic asthma.

• Eosinophils are key inflammatory cells found in almost all 
subtypes of asthma; eosinophil products such as major 
basic protein are responsible for airway damage.

• Airway remodeling (sub-basement membrane thickening 
and hypertrophy of bronchial glands and smooth muscle) 
adds an irreversible component to the obstructive  
disease.

MORPHOLOGY
The morphologic changes in asthma have been described in 
persons who die of  prolonged severe attacks (status asth-
maticus) and in mucosal biopsy specimens of  persons chal-
lenged with allergens. In gross specimens obtained in fatal 
cases, the lungs are overdistended because of  overinflation, 
and there may be small areas of  atelectasis. The most striking 
macroscopic finding is occlusion of  bronchi and bronchioles 
by thick, tenacious mucous plugs. Histologically, the 
mucous plugs contain whorls of  shed epithelium (Cursch-
mann spirals). Numerous eosinophils and Charcot-
Leyden crystals (collections of  crystalloids made up of  
eosinophil proteins) also are present. Other characteristic 
morphologic changes in asthma, collectively called “airway 
remodeling,” include (Fig. 12–11, B):
• Thickening of  airway wall
• Sub-basement membrane fibrosis (Fig. 12–12)
• Increased vascularity in submucosa
• An increase in size of  the submucosal glands and goblet 

cell metaplasia of  the airway epithelium
• Hypertrophy and/or hyperplasia of  the bronchial muscle 

(this is the basis for the novel therapy of  bronchial  
thermoplasty, which involves controlled delivery of  
thermal energy during bronchoscopy; this reduces the 
mass of  smooth muscles which in turn reduces airway 
hyperresponsiveness)

Figure 12–12 Bronchial biopsy specimen from an asthmatic patient 
showing sub-basement membrane fibrosis, eosinophilic inflammation, and 
smooth muscle hyperplasia. 

Clinical Features
An attack of asthma is characterized by severe dyspnea 
with wheezing; the chief difficulty lies in expiration. The 
victim labors to get air into the lungs and then cannot get 
it out, so that there is progressive hyperinflation of the 
lungs with air trapped distal to the bronchi, which are 
constricted and filled with mucus and debris. In the usual 
case, attacks last from 1 to several hours and subside either 
spontaneously or with therapy, usually bronchodilators 

Bronchiectasis

Bronchiectasis is the permanent dilation of bronchi and 
bronchioles caused by destruction of the muscle and the 
supporting elastic tissue, resulting from or associated with 
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chronic necrotizing infections. It is not a primary disease 
but rather secondary to persisting infection or obstruction 
caused by a variety of conditions. Once developed, it gives 
rise to a characteristic symptom complex dominated by 
cough and expectoration of copious amounts of purulent 
sputum. Diagnosis depends on an appropriate history 
along with radiographic demonstration of bronchial dila-
tion. The conditions that most commonly predispose to 
bronchiectasis include:
• Bronchial obstruction. Common causes are tumors, foreign 

bodies, and occasionally impaction of mucus. With  
these conditions, the bronchiectasis is localized to the 
obstructed lung segment. Bronchiectasis can also com-
plicate atopic asthma and chronic bronchitis.

• Congenital or hereditary conditions—for example:
! In cystic fibrosis, widespread severe bronchiectasis 

results from obstruction caused by the secretion of 
abnormally viscid mucus thus predisposing to infec-
tions of the bronchial tree. This is an important and 
serious complication (Chapter 6).

! In immunodeficiency states, particularly immunoglobu-
lin deficiencies, localized or diffuse bronchiectasis is 
likely to develop because of an increased susceptibil-
ity to repeated bacterial infections.

! Kartagener syndrome is a rare autosomal recessive 
disorder that is frequently associated with bron-
chiectasis and with sterility in males. In this condi-
tion, structural abnormalities of the cilia impair 
mucociliary clearance in the airways, leading to per-
sistent infections, and reduce the mobility of 
spermatozoa.

• Necrotizing, or suppurative, pneumonia, particularly with 
virulent organisms such as Staphylococcus aureus or 
Klebsiella spp., may predispose affected patients to 
development of bronchiectasis. Posttuberculosis bron-
chiectasis continues to be a significant cause of morbid-
ity in endemic areas.

MORPHOLOGY
Bronchiectasis usually affects the lower lobes bilaterally, 
particularly those air passages that are most vertical. When 
caused by tumors or aspiration of  foreign bodies the involve-
ment may be sharply localized to a single segment of  the 
lungs. Usually, the most severe involvement is found in the 
more distal bronchi and bronchioles. The airways may be 
dilated to as much as four times their usual diameter and 
on gross examination of  the lung can be followed almost to 
the pleural surfaces (Fig. 12–13). By contrast, in normal lungs, 
the bronchioles cannot be followed by ordinary gross exami-
nation beyond a point 2 to 3 cm from the pleural surfaces. 
The histologic findings vary with the activity and chronicity of  
the disease. In the full-blown active case, an intense acute 
and chronic inflammatory exudate within the walls 
of the bronchi and bronchioles and the desquamation 
of  lining epithelium cause extensive areas of  ulceration. In the 
usual case, a mixed flora can be cultured from the involved 
bronchi, including staphylococci, streptococci, pneumococci, 
enteric organisms, anaerobic and microaerophilic bacteria, 
and (particularly in children) Haemophilus influenzae and Pseu-
domonas aeruginosa. When healing occurs, the lining epithe-
lium may regenerate completely; however, usually so much 
injury has occurred that abnormal dilation and scarring 
persist. Fibrosis of  the bronchial and bronchiolar walls and 
peribronchiolar fibrosis develop in more chronic cases. 
In some instances, the necrosis destroys the bronchial or 
bronchiolar walls resulting in the formation of  an abscess 
cavity within which a fungus ball may develop.

PATHOGENESIS
Two processes are crucial and intertwined in the pathogen-
esis of  bronchiectasis: obstruction and chronic persis-
tent infection. Either of  these may come first. Normal 
clearance mechanisms are hampered by obstruction, so sec-
ondary infection soon follows; conversely, chronic infection 
over time causes damage to bronchial walls, leading to weak-
ening and dilation. For example, obstruction caused by a 
primary lung cancer or a foreign body impairs clearance  
of  secretions, providing a favorable substrate for superim-
posed infection. The resultant inflammatory damage to the 
bronchial wall and the accumulating exudate further distend 
the airways, leading to irreversible dilation. Conversely, a 
persistent necrotizing inflammation in the bronchi or bron-
chioles may cause obstructive secretions, inflammation 
throughout the wall (with peribronchial fibrosis and traction 
on the walls), and eventually the train of  events already 
described.

Figure 12–13 Bronchiectasis in a patient with cystic fibrosis who under-
went lung resection for transplantation. Cut surface of  lung shows mark-
edly dilated bronchi, filled with purulent mucus, which are seen extending 
to subpleural regions. 
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Clinical Features
The clinical manifestations consist of severe, persistent 
cough with expectoration of mucopurulent, sometimes 
fetid, sputum. The sputum may contain flecks of blood; 
frank hemoptysis can occur. Symptoms often are episodic 
and are precipitated by upper respiratory tract infections 
or the introduction of new pathogenic agents. Clubbing of 
the fingers may develop. In cases of severe, widespread 
bronchiectasis, significant obstructive ventilatory defects 
are usual, with hypoxemia, hypercapnia, pulmonary 
hypertension, and (rarely) cor pulmonale. Metastatic brain 
abscesses and reactive amyloidosis (Chapter 4) are other, 
less frequent complications of bronchiectasis.

CHRONIC INTERSTITIAL 
(RESTRICTIVE, INFILTRATIVE)  
LUNG DISEASES

Chronic interstitial diseases are a heterogeneous group of 
disorders characterized predominantly by bilateral, often 
patchy, and usually chronic involvement of the pulmonary 
connective tissue, principally the most peripheral and deli-
cate interstitium in the alveolar walls. The pulmonary 
interstitium is composed of the basement membrane of the 
endothelial and epithelial cells (fused in the thinnest por-
tions), collagen fibers, elastic tissue, fibroblasts, a few mast 
cells, and occasional mononuclear cells (Fig. 12–1). Many 
of the entities in this group are of unknown cause and 
pathogenesis; some have an intra-alveolar as well as an 
interstitial component, and there is frequent overlap in his-
tologic features among the different conditions. Neverthe-
less, the similarity in clinical signs, symptoms, radiographic 
alterations, and pathophysiologic changes justifies their 
consideration as a group. The hallmark feature of these disor-
ders is reduced compliance (i.e., more pressure is required to 
expand the lungs because they are stiff), which in turn necessi-
tates increased effort of breathing (dyspnea). Furthermore, 
damage to the alveolar epithelium and interstitial vascula-
ture produces abnormalities in the ventilation–perfusion 
ratio, leading to hypoxia. Chest radiographs show diffuse 
infiltration by small nodules, irregular lines, or “ground-
glass shadows.” With progression, patients can develop 
respiratory failure, often in association with pulmonary 
hypertension and cor pulmonale (Chapter 10). Advanced 
forms of these diseases may be difficult to differentiate 
because they result in scarring and gross destruction of  
the lung, referred to as end-stage or “honeycomb” lung. 
Chronic interstitial lung diseases are categorized based on 
clinicopathologic features and characteristic histology 
(Table 12–3).

Fibrosing Diseases

Idiopathic Pul onary Fi rosis
Idiopathic pulmonary fibrosis (IPF), also known as crypto-
genic fibrosing alveolitis, refers to a pulmonary disorder of 
unknown etiology. It is characterized by patchy but pro-
gressive bilateral interstitial fibrosis, which in advanced 
cases results in severe hypoxemia and cyanosis. Males are 
affected more often than females, and approximately two 

Fibrosing
Usual interstitial pneumonia idiopathic pulmonary brosis
Nonspeci c interstitial pneumonia
Cryptogenic organizing pneumonia
Associated ith collagen vascular disease
Pneumoconiosis
Associated ith therapies drugs, radiation

ranulomatous
Sarcoidosis
Hypersensitivity pneumonia

osinophilic
oef er syndrome

Drug allergy related
Idiopathic chronic eosinophilic pneumonia

Smoking Related
Des uamative interstitial pneumonia
Respiratory bronchiolitis

Table 12–  Ma or Categories of Chronic Interstitial ung Disease

thirds of patients are older than 60 years of age at presenta-
tion. The radiologic and histologic pattern of fibrosis is 
referred to as usual interstitial pneumonia (UIP), which is 
required for the diagnosis of IPF. Of note, however, similar 
pathologic changes in the lung may be present in well-
defined entities such as asbestosis, the collagen vascular 
diseases, and a number of other conditions. Therefore, 
known causes must be ruled out before the appellation of 
idiopathic is used.

PATHOGENESIS
The current concept is that IPF is caused by “repeated cycles” 
of  epithelial activation/injury by some unidentified agent (Fig. 
12–14). Histopathologic features include inflammation and 
induction of  TH2 type T cell response with eosinophils, mast 
cells, IL-4, and IL-13 in the lesions. There has been consider-
able interest in the idea that “alternatively activated macro-
phages” are dominant in patients with lung fibrosis and may 
be important in its pathogenesis (Chapter 2). Abnormal epi-
thelial repair at the sites of  damage and inflammation gives 
rise to exuberant fibroblastic or myofibroblastic proliferation, 
leading to the characteristic fibroblastic foci. Although the 
mechanisms of  abnormal repair are incompletely under-
stood, recent data point to TGF-β1, which is released 
from injured type I pneumocytes and induces transformation 
of  fibroblasts into myofibroblasts leading to excessive and 
continuing deposition of  collagen and ECM. Some patients 
with familial IPF have mutations that shorten telomeres 
(Chapter 1) leading to rapid senescence and apoptosis 
of  pneumocytes. TGF-β1 also downregulates fibroblast 
caveolin-1, which acts as an endogenous inhibitor of  pulmo-
nary fibrosis.

MORPHOLOGY
Grossly, the pleural surfaces of  the lung have the appearance 
of  cobblestones because of  the retraction of  scars along the 
interlobular septa. The cut surface shows fibrosis (firm, 
rubbery white areas), with lower lobe predominance and a 



473Chronic Interstitial (Restrictive, Infiltrative) Lung Diseases 

Pulmonary fibrosis

Fibroblasts and myofibroblasts

Deposition of collagen
and extracellular matrix

Epithelial
activation/injury

TGF-β1
Caveolin in
fibroblastsReduced telomerase

Telomere shortening

Senescence
and apoptosis

Rare familial cases

Inhibits

Inhibits

Figure 12–14 Schematic representation of  current understanding of  
the pathogenesis of  idiopathic pulmonary fibrosis. 

Figure 12–15 Usual interstitial pneumonia. The fibrosis, which varies in 
intensity, is more pronounced in the subpleural region. 

distinctive distribution in the subpleural regions and along the 
interlobular septa. The pattern of  fibrosis in IPF is referred 
to as usual interstitial pneumonia (UIP). The histologic 
hallmark of  UIP is patchy interstitial fibrosis, which varies 
in intensity (Fig. 12–15) and worsens with time. The earliest 
lesions demonstrate exuberant fibroblastic proliferation and 
appear as fibroblastic foci (Fig. 12–16). Over time these 
areas become more collagenous and less cellular. Quite 
typical is the existence of  both early and late lesions (tem-
poral heterogeneity). The dense fibrosis causes collapse 
of  alveolar walls and formation of  cystic spaces lined by 
hyperplastic type II pneumocytes or bronchiolar epithelium 
(honeycomb fibrosis). The interstitial inflammation usually 
is patchy and consists of  an alveolar septal infiltrate of  mostly 
lymphocytes and occasional plasma cells, mast cells, and 
eosinophils. Secondary pulmonary hypertensive changes 
(intimal fibrosis and medial thickening of  pulmonary arteries) 
are often present.

Figure 12–16 Usual interstitial pneumonia. Fibroblastic focus with fibers 
running parallel to surface and bluish myxoid extracellular matrix. Honey-
combing is present to the left. 

Clinical Features
IPF usually manifests insidiously, with the gradual onset 
of a nonproductive cough and progressive dyspnea. On 
physical examination, most patients with IPF have charac-
teristic “dry” or “Velcro”-like crackles during inspiration. 
Cyanosis, cor pulmonale, and peripheral edema may 
develop in later stages of the disease. The clinical and 
radiologic findings often are diagnostic; surgical lung 
biopsy is needed for diagnosis in selected cases. Unfortu-
nately, progression of IPF is relentless despite medical 
therapy, and the mean survival is 3 years or less. Lung 
transplantation is the only definitive therapy available.

onspeci c Interstitial Pneu onia
Nonspecific interstitial pneumonia (NSIP) is a chronic 
bilateral interstitial lung disease of unknown etiology, 
which despite its nonspecific name, has distinct clinical, 
radiologic, and histologic features. It is important to recog-
nize this disease, since it carries a much better prognosis 
than that for IPF. On the basis of the histologic appearance, 
NSIP is divided into cellular and fibrosing patterns. The 
cellular pattern features mild-to-moderate chronic intersti-
tial inflammation (lymphocytes and a few plasma cells) in 
a uniform or patchy distribution. The fibrosing pattern con-
sists of diffuse or patchy interstitial fibrosis, without the 
temporal heterogeneity characteristic of UIP. Fibroblastic foci 
and honeycombing are typically absent in both variants. 
Patients present with dyspnea and cough of several months’ 
duration. Patients with the cellular pattern have a better 
outcome than those with the fibrosing pattern and UIP.

Cryptogenic rgani ing Pneu onia
Cryptogenic organizing pneumonia is synonymous with 
the previously popular designation bronchiolitis obliterans 
organizing pneumonia (“BOOP”); the former term is now 
preferred, however, because it emphasizes the unknown 
etiology of this clinicopathologic entity. Patients present 
with cough and dyspnea, and chest radiographs demon-
strate subpleural or peribronchial patchy areas of air space 
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Pneu oconioses
Pneumoconiosis is a term originally coined to describe the 
non-neoplastic lung reaction to inhalation of mineral dusts. 
The term has been broadened to include diseases induced 
by organic as well as inorganic particulates, and some 
experts also regard chemical fume- and vapor-induced 
non-neoplastic lung diseases as pneumoconioses. The 
mineral dust pneumoconioses—the three most common of 
which result from exposure to coal dust, silica, and 
asbestos—nearly always result from exposure in the work-
place. However, the increased risk of cancer as a result of 
asbestos exposure extends to family members of asbestos 
workers and to other persons exposed to asbestos outside 
of the workplace. Table 12–4 indicates the pathologic con-
ditions associated with each mineral dust and the major 
industries in which the dust exposure is sufficient to 
produce disease.

consolidation. On histologic examination, cryptogenic 
organizing pneumonia is characterized by the presence of 
polypoid plugs of loose organizing connective tissue within 
alveolar ducts, alveoli, and often bronchioles (Fig. 12–17). 
The connective tissue is all of the same age, and the under-
lying lung architecture is normal. Some patients recover 
spontaneously, but most require treatment with oral ste-
roids for 6 months or longer. Of note, organizing pneumo-
nia with intra-alveolar fibrosis also can be seen as a response 
to infection (e.g., pneumonia) or inflammatory injury (e.g., 
collagen vascular disease, transplantation injury) to the 
lung; in such cases, the etiology obviously is not “crypto-
genic,” and the outcome is determined by the underlying 
disease.

Pul onary Involve ent in Collagen ascular Diseases
Many collagen vascular diseases (e.g., systemic lupus  
erythematosus, rheumatoid arthritis, systemic sclerosis, 
dermatomyositis-polymyositis) are associated with pulmo-
nary manifestations. Several histologic variants can be 
seen, depending on the underlying disorder, with NSIP, 
UIP pattern (similar to that seen in IPF), vascular sclerosis, 
organizing pneumonia, and bronchiolitis (small airway 
disease, with or without fibrosis) being the most common. 
Pleural involvement (pleuritis, pleural nodules, and pleural 
effusion) may also be present. Pulmonary involvement in 
these diseases is usually associated with a poor prognosis, 
although it is still better than that with IPF.

Figure 12–17 Cryptogenic organizing pneumonia. Some alveolar spaces 
are filled with balls of  fibroblasts (Masson bodies). Although compressed, 
adjacent alveoli are relatively normal. 

SUMMARY
Chronic Interstitial Lung Diseases
• Diffuse interstitial fibrosis of the lung gives rise to restric-

tive lung diseases characterized by reduced lung compli-
ance and reduced forced vital capacity (FVC). The ratio of 
FEV to FVC is normal.

• The diseases that cause diffuse interstitial fibrosis are 
heterogeneous. The unifying pathogenetic factor is injury 
to the alveoli with activation of macrophages and release 
of fibrogenic cytokines such as TGF-β.

• Idiopathic pulmonary fibrosis is prototypic of restrictive 
lung diseases. It is characterized by patchy interstitial 
fibrosis, fibroblastic foci, and formation of cystic spaces 
(honeycomb lung). This histologic pattern is known as 
usual interstitial pneumonia (UIP).

Agent Disease posure
Coal dust Simple coal orker’s pneumoconiosis  macules and nodules Coal mining

Complicated coal orker’s pneumoconiosis  PMF

Silica Silicosis Sandblasting, uarrying, mining, stone cutting, foundry 
ork, ceramics

Asbestos Asbestosis, pleural effusions, pleural pla ues, or diffuse 
brosis  mesothelioma  carcinoma of the lung and laryn

Mining, milling, and fabrication of ores and materials  
installation and removal of insulation

Table 12–  Mineral Dust Induced ung Disease

PMF, progressive massive fibrosis.

PATHOGENESIS
The reaction of  the lung to mineral dusts depends on many 
variables, including size, shape, solubility, and reactivity of  the 
particles. For example, particles greater than 5 to 10 μm are 
unlikely to reach distal airways, whereas particles smaller than 
0.5 μm move into and out of  alveoli, often without substan-
tial deposition and injury. Particles that are 1 to 5 µm in 
diameter are the most dangerous, because they get 
lodged at the bifurcation of the distal airways. Coal 
dust is relatively inert, and large amounts must be deposited 
in the lungs before lung disease is clinically detectable. Silica, 
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Clinical Features
CWP is usually a benign disease that produces little decre-
ment in lung function. In those in whom PMF develops, 
there is increasing pulmonary dysfunction, pulmonary 
hypertension, and cor pulmonale. Progression from CWP 
to PMF has been linked to a variety of conditions including 
coal dust exposure level and total dust burden. Unfortu-
nately, PMF has a tendency to progress even in the absence 
of further exposure. Once smoking-related risk has been 
taken into account, there is no increased frequency of lung 
carcinoma in coal miners, a feature that distinguishes CWP 
from both silica and asbestos exposures (discussed next).

Coal Worker’s Pneumoconiosis
Worldwide dust reduction in coal mines has greatly 
reduced the incidence of coal dust–induced disease. The 
spectrum of lung findings in coal workers is wide, ranging 
from asymptomatic anthracosis, in which pigment accumu-
lates without a perceptible cellular reaction, to simple coal 
worker’s pneumoconiosis (CWP), in which accumulations of 
macrophages occur with little to no pulmonary dysfunc-
tion, to complicated CWP or progressive massive fibrosis (PMF), 
in which fibrosis is extensive and lung function is compro-
mised (Table 12–4). Although statistics vary, it seems that 
less than 10% of cases of simple CWP progress to PMF. Of 
note PMF is a generic term that applies to a confluent 
fibrosing reaction in the lung; this can be a complication  
of any one of the pneumoconioses discussed here.

Although coal is mainly carbon, coal mine dust contains 
a variety of trace metals, inorganic minerals, and crystalline 
silica. The ratio of carbon to contaminating chemicals and 
minerals (“coal rank”) increases from bituminous to anthra-
cite coal; in general, anthracite mining has been associated 
with a higher risk of CWP.

asbestos, and beryllium are more reactive than coal dust, 
resulting in fibrotic reactions at lower concentrations. Most 
inhaled dust is entrapped in the mucus blanket and rapidly 
removed from the lung by ciliary movement. However, some 
of  the particles become impacted at alveolar duct bifurca-
tions, where macrophages accumulate and engulf  the trapped 
particulates. The pulmonary alveolar macrophage is a 
key cellular element in the initiation and perpetua-
tion of lung injury and fibrosis. Many particles activate 
the inflammasome and induce IL-1 production. The more 
reactive particles trigger the macrophages to release a 
number of  products that mediate an inflammatory response 
and initiate fibroblast proliferation and collagen deposition. 
Some of  the inhaled particles may reach the lymphatics either 
by direct drainage or within migrating macrophages and 
thereby initiate an immune response to components of  the 
particulates and/or to self-proteins that are modified by the 
particles. This then leads to an amplification and extension  
of  the local reaction. Tobacco smoking worsens the 
effects of all inhaled mineral dusts, more so with asbes-
tos than with any other particle.

MORPHOLOGY
Pulmonary anthracosis is the most innocuous coal-
induced pulmonary lesion in coal miners and also is com-
monly seen in all urban dwellers and tobacco smokers. 
Inhaled carbon pigment is engulfed by alveolar or interstitial 
macrophages, which then accumulate in the connective tissue 
along the lymphatics, including the pleural lymphatics, or in 
lymph nodes.

Simple CWP is characterized by coal macules and the 
somewhat larger coal nodule. The coal macule consists of  
dust-laden macrophages; in addition, the nodule contains 
small amounts of  collagen fibers arrayed in a delicate network. 
Although these lesions are scattered throughout the lung, the 
upper lobes and upper zones of  the lower lobes are more 

Figure 12–18 Progressive massive fibrosis in a coal worker. Large 
amount of  black pigment is associated with fibrosis. 
(From Klatt EC: Robbins and Cotran atlas of pathology, ed 2, Elsevier, p. 121.)

heavily involved. In due course, centrilobular emphy-
sema can occur. Functionally significant emphysema is more 
common in the United Kingdom and Europe, probably 
because the coal rank is higher than in the United States.

Complicated CWP (PMF) occurs on a background of  
simple CWP by coalescence of  coal nodules and generally 
requires many years to develop. It is characterized by usually 
multiple, intensely blackened scars larger than 2 cm, some-
times up to 10 cm in greatest diameter. On microscopic 
examination the lesions are seen to consist of  dense collagen 
and pigment (Fig. 12–18).
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postulated that silicosis results in a depression of cell-
mediated immunity, and crystalline silica may inhibit the 
ability of pulmonary macrophages to kill phagocytosed 
mycobacteria. Nodules of silicotuberculosis often contain a 
central zone of caseation. The relationship between silica 
and lung cancer has been a contentious issue. In 1997, based 
on evidence from several epidemiologic studies, the Inter-
national Agency for Research on Cancer concluded that 
crystalline silica from occupational sources is carcinogenic 
in humans. However, this subject continues to be 
controversial.

Silicosis
Silicosis is currently the most prevalent chronic occupational 
disease in the world. It is caused by inhalation of crystalline 
silica, mostly in occupational settings. Workers in several 
occupations but especially those involved in sandblasting 
and hard-rock mining are at particular risk. Silica occurs  
in both crystalline and amorphous forms, but crystalline 
forms (including quartz, cristobalite, and tridymite) are by 
far the most toxic and fibrogenic. Of these, quartz is most 
commonly implicated in silicosis. After inhalation the  
particles interact with epithelial cells and macrophages. 
Ingested silica particles cause activation and release of mediators 
by pulmonary macrophages, including IL-1, TNF, fibronectin, 
lipid mediators, oxygen-derived free radicals, and fibro-
genic cytokines. Especially compelling is the evidence 
incriminating TNF, since anti-TNF monoclonal antibodies 
can block lung fibrosis in mice that are given silica intra-
tracheally. When mixed with other minerals, quartz has been 
observed to have a reduced fibrogenic effect. This phenomenon 
is of practical importance, because quartz in the workplace 
is rarely pure. Thus, miners of the iron-containing ore 
hematite may have more quartz in their lungs than some 
quartz-exposed workers and yet have relatively mild lung 
disease, because the hematite provides a protective effect.

MORPHOLOGY
Silicotic nodules are characterized grossly in their early 
stages by tiny, barely palpable, discrete, pale-to-blackened  
(if  coal dust is also present) nodules in the upper zones of  
the lungs (Fig. 12–19). Microscopically, the silicotic nodule 
demonstrates concentrically arranged hyalinized col-
lagen fibers surrounding an amorphous center. The 
“whorled” appearance of  the collagen fibers is quite distinc-
tive for silicosis (Fig. 12–20). Examination of  the nodules by 
polarized microscopy reveals weakly birefringent 
silica particles, primarily in the center of  the nodules. As the 
disease progresses, the individual nodules may coalesce into 
hard, collagenous scars, with eventual progression to PMF. 
The intervening lung parenchyma may be compressed or 
overexpanded, and a honeycomb pattern may develop. 
Fibrotic lesions may also occur in the hilar lymph nodes and 
pleura. Sometimes, thin sheets of  calcification occur in the 
lymph nodes and are appreciated radiographically as “egg-
shell” calcification (e.g., calcium surrounding a zone lacking 
calcification).

Figure 12–19 Advanced silicosis seen on transection of  lung. Scarring 
has contracted the upper lobe into a small dark mass (arrow). Note the 
dense pleural thickening. 
(Courtesy of Dr. John Godleski, Brigham and Women’s Hospital, Boston, Massachusetts.)

Clinical Features
Silicosis usually is detected on routine chest radiographs 
obtained in asymptomatic workers. The radiographs typi-
cally show a fine nodularity in the upper zones of the lung, 
but pulmonary function is either normal or only moder-
ately affected. Most patients do not develop shortness of 
breath until late in the course, after PMF is present. At this 
time, the disease may be progressive, even if the person is 
no longer exposed. Many patients with PMF develop pul-
monary hypertension and cor pulmonale, as a result of 
chronic hypoxia-induced vasoconstriction and parenchy-
mal destruction. The disease is slow to kill, but impaired 
pulmonary function may severely limit activity. Silicosis is 
associated with an increased susceptibility to tuberculosis. It is 

Figure 12–20 Several coalescent collagenous silicotic nodules. 
(Courtesy of Dr. John Godleski, Brigham and Women’s Hospital, Boston, Massachusetts.)
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Clinical Features
The clinical findings in asbestosis are indistinguishable 
from those of any other chronic interstitial lung disease. 
Typically, progressively worsening dyspnea appears 10 to 
20 years after exposure. The dyspnea is usually accompa-
nied by a cough associated with production of sputum. The 
disease may remain static or progress to congestive heart 
failure, cor pulmonale, and death. Pleural plaques are 
usually asymptomatic and are detected on radiographs as 
circumscribed densities. Both lung carcinoma and malignant 
mesothelioma develop in workers exposed to asbestos. The risk 
of lung carcinoma is increased about five-fold for asbestos 
workers; the relative risk for mesothelioma, normally a 
very rare tumor (2 to 17 cases per 1 million persons), is 
more than 1000 times greater. Concomitant cigarette 

Asbestosis and Asbestos-Related Diseases
Asbestos is a family of crystalline hydrated silicates with a 
fibrous geometry. On the basis of epidemiologic studies, 
occupational exposure to asbestos is linked to (1) paren-
chymal interstitial fibrosis (asbestosis); (2) localized fibrous 
plaques or, rarely, diffuse fibrosis in the pleura; (3) pleural 
effusions; (4) lung carcinomas; (5) malignant pleural  
and peritoneal mesotheliomas; and (6) laryngeal carci-
noma. An increased incidence of asbestos-related cancers 
in family members of asbestos workers has alerted the 
general public to the potential hazards of asbestos in the 
environment.

PATHOGENESIS
Concentration, size, shape, and solubility of  the different 
forms of  asbestos dictate whether inhalation of  the material 
will cause disease. There are two distinct forms of  asbestos: 
serpentine, in which the fiber is curly and flexible, and 
amphibole, in which the fiber is straight, stiff, and brittle. 
Several subtypes of  curly and straight asbestos fibers are 
recognized. The serpentine chrysotile accounts for most of  
the asbestos used in industry. Amphiboles, even though less 
prevalent, are more pathogenic than the serpentine chryso-
tile, but both types can produce asbestosis, lung cancer, and 
mesothelioma. The greater pathogenicity of  straight and stiff  
amphiboles is apparently related to their structure. The ser-
pentine chrysotiles, with their more flexible, curled structure, 
are likely to become impacted in the upper respiratory pas-
sages and removed by the mucociliary elevator. Those that 
are trapped in the lungs are gradually leached from the 
tissues, because they are more soluble than amphiboles. The 
straight, stiff  amphiboles, in contrast, align themselves in the 
airstream and are hence delivered deeper into the lungs, 
where they may penetrate epithelial cells to reach the inter-
stitium. Despite these differences, both asbestos forms are 
fibrogenic, and increasing exposure to either is associated 
with a higher incidence of  all asbestos-related diseases. 
Asbestosis, like other pneumoconioses, causes fibrosis by a 
process involving interaction of  particulates with lung 
macrophages.

In addition to cellular and fibrotic lung reactions, asbestos 
probably also functions as both a tumor initiator and a pro-
moter. Some of  the oncogenic effects of  asbestos on the 
mesothelium are mediated by reactive free radicals generated 
by asbestos fibers, which preferentially localize in the distal 
lung close to the mesothelial layer. However, potentially toxic 
chemicals adsorbed onto the asbestos fibers undoubtedly 
contribute to the pathogenicity of  the fibers. For example, 
the adsorption of carcinogens in tobacco smoke 
onto asbestos fibers may well be important to the 
remarkable synergy between tobacco smoking and 
the development of lung carcinoma in asbestos 
workers.

MORPHOLOGY
Asbestosis is marked by diffuse pulmonary interstitial fibro-
sis. These changes are indistinguishable from UIP, except for 
the presence of  asbestos bodies, which are seen as golden 
brown, fusiform or beaded rods with a translucent center. 

Figure 12–21 High-power detail of  an asbestos body, revealing the 
typical beading and knobbed ends (arrow). 

They consist of  asbestos fibers coated with an iron-containing 
proteinaceous material (Fig. 12–21). Asbestos bodies appar-
ently are formed when macrophages attempt to phagocytose 
asbestos fibers; the iron is derived from phagocyte ferritin. 
Asbestos bodies sometimes can be found in the lungs of  
normal persons, but usually in much lower concentrations 
and without an accompanying interstitial fibrosis.

In contrast with CWP and silicosis, asbestosis begins in the 
lower lobes and subpleurally, but the middle and upper lobes 
of  the lungs become affected as fibrosis progresses. Contrac-
tion of  the fibrous tissue distorts the normal architecture, 
creating enlarged air spaces enclosed within thick fibrous 
walls. In this way the affected regions become honeycombed. 
Simultaneously, fibrosis develops in the visceral pleura, 
causing adhesions between the lungs and the chest wall. The 
scarring may trap and narrow pulmonary arteries and arteri-
oles, causing pulmonary hypertension and cor pulmonale.

Pleural plaques are the most common manifestation of  
asbestos exposure and are well-circumscribed plaques of  
dense collagen (Fig. 12–22), often containing calcium. They 
develop most frequently on the anterior and posterolateral 
aspects of  the parietal pleura and over the domes of  the 
diaphragm. They do not contain asbestos bodies, and only 
rarely do they occur in persons with no history or evidence 
of  asbestos exposure. Uncommonly, asbestos exposure 
induces pleural effusion or diffuse pleural fibrosis.
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Drug  and Radiation Induced Pul onary Diseases
Drugs can cause a variety of both acute and chronic altera-
tions in respiratory structure and function. For example, 
bleomycin, an anticancer agent, causes pneumonitis and 
interstitial fibrosis, as a result of direct toxicity of the drug 
and by stimulating the influx of inflammatory cells into the 
alveoli. Similarly, amiodarone, an antiarrhythmic agent, also 
is associated with risk for pneumonitis and fibrosis. Radia-
tion pneumonitis is a well-known complication of therapeu-
tic irradiation of pulmonary and other thoracic tumors. 
Acute radiation pneumonitis, which typically occurs 1 to 6 
months after therapy in as many as 20% of the patients, is 
manifested by fever, dyspnea out of proportion to the 
volume of irradiated lung, pleural effusion, and develop-
ment of pulmonary infiltrates corresponding to the area of 
radiation. These signs and symptoms may resolve with 
corticosteroid therapy or progress to chronic radiation pneu-
monitis, associated with pulmonary fibrosis.

Granulomatous Diseases

Sarcoidosis
Although sarcoidosis is considered here as an example of 
a restrictive lung disease, it is important to note that sar-
coidosis is a multisystem disease of unknown etiology character-
ized by noncaseating granulomas in many tissues and organs. 
Other diseases, including mycobacterial or fungal infec-
tions and berylliosis, sometimes also produce noncaseating 
granulomas; therefore, the histologic diagnosis of sarcoidosis 
is one of exclusion. Although the multisystem involvement 
of sarcoidosis can manifest in many clinical guises, bilateral 
hilar lymphadenopathy or lung involvement (or both), 
visible on chest radiographs, is the major presenting mani-
festation in most cases. Eye and skin involvement each 
occurs in about 25% of cases, and either may occasionally 
be the presenting feature of the disease.

Epidemiology
Sarcoidosis occurs throughout the world, affecting both 
genders and all races and age groups. There are, however, 
certain interesting epidemiologic trends, including:
• There is a consistent predilection for adults younger 

than 40 years of age.
• A high incidence has been noted in Danish and Swedish 

populations, and in the United States among African 

smoking greatly increases the risk of lung carcinoma but 
not that of mesothelioma. Lung or pleural cancer associ-
ated with asbestos exposure carries a particularly grim 
prognosis.

SUMMARY
Pneumoconioses
• Pneumoconioses encompass a group of chronic fibrosing 

diseases of the lung resulting from exposure to organic 
and inorganic particulates, most commonly mineral dust.

• Pulmonary alveolar macrophages play a central role in the 
pathogenesis of lung injury by promoting inflammation 
and producing reactive oxygen species and fibrogenic 
cytokines.

• Coal dust–induced disease varies from asymptomatic 
anthracosis, to simple coal worker’s pneumoconiosis (coal 
macules or nodules, and centrilobular emphysema), to 
progressive massive fibrosis (PMF), manifested by increas-
ing pulmonary dysfunction, pulmonary hypertension, and 
cor pulmonale.

• Silicosis is the most common pneumoconiosis in the 
world, and crystalline silica (e.g., quartz) is the usual 
culprit.

• The manifestations of silicosis can range from asymptom-
atic silicotic nodules to PMF; persons with silicosis also 
have an increased susceptibility to tuberculosis. The rela-
tionship between silica exposure and subsequent lung 
cancer is controversial.

Figure 12–22 Asbestosis. Markedly thickened visceral pleura covers the 
lateral and diaphragmatic surface of  lung. Note also severe interstitial 
fibrosis diffusely affecting the lower lobe of  the lung. 

• Asbestos fibers come in two forms; the stiff amphiboles 
have a greater fibrogenic and carcinogenic potential than 
the serpentine chrysotiles.

• Asbestos exposure is linked with six disease processes: 
(1) parenchymal interstitial fibrosis (asbestosis); (2) local-
ized fibrous plaques or, rarely, diffuse pleural fibrosis; (3) 
pleural effusions; (4) lung cancer; (5) malignant pleural and 
peritoneal mesotheliomas; and (6) laryngeal cancer.

• Cigarette smoking increases the risk of lung cancer in the 
setting of asbestos exposure; moreover, even family 
members of workers exposed to asbestos are at increased 
risk for cancer.
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Americans (in whom the frequency of involvement is 10 
times greater than in whites).

• Sarcoidosis is one of the few pulmonary diseases with a 
higher prevalence among nonsmokers.

ETIOLOGY AND PATHOGENESIS
Although the etiology of  sarcoidosis remains unknown, 
several lines of  evidence suggest that it is a disease of  disor-
dered immune regulation in genetically predisposed persons 
exposed to certain environmental agents. The role of  each 
of  these contributory influences is summarized in the follow-
ing discussion.

Several immunologic abnormalities in sarcoidosis 
suggest the development of  a cell-mediated response to an 
unidentified antigen. The process is driven by CD4+ helper 
T cells. These abnormalities include:
• Intra-alveolar and interstitial accumulation of  CD4+ TH1 

cells
• Oligoclonal expansion of  T cell subsets as determined by 

analysis of  T cell receptor rearrangement
• Increases in T cell–derived TH1 cytokines such as IL-2 and 

IFN-γ, resulting in T cell expansion and macrophage activa-
tion, respectively

• Increases in several cytokines in the local environment 
(IL-8, TNF, macrophage inflammatory protein-1α) that 
favor recruitment of  additional T cells and monocytes and 
contribute to the formation of  granulomas

• Anergy to common skin test antigens such as Candida or 
purified protein derivative (PPD), that may result from 
pulmonary recruitment of  CD4+ T cells and consequent 
peripheral depletion

• Polyclonal hypergammaglobulinemia, another manifesta-
tion of  TH cell dysregulation

• The role of  genetic factors is suggested by familial and 
racial clustering of  cases and association with certain 
human leukocyte antigen (HLA) genotypes (e.g., class I 
HLA-A1 and HLA-B8)

After lung transplantation, sarcoidosis recurs in the new 
lungs in 75% of  patients. Finally, several putative “antigens” 
have been proposed as the inciting agent for sarcoidosis (e.g., 
viruses, mycobacteria, Borrelia, pollen), but thus far there is 
no unequivocal evidence to suggest that sarcoidosis 
is caused by an infectious agent.

MORPHOLOGY
The diagnostic histopathologic feature of  sarcoidosis is the 
noncaseating epithelioid granuloma, irrespective of  
the organ involved (Fig. 12–23). This is a discrete, compact 
collection of  epithelioid cells rimmed by an outer zone of  
largely CD4+ T cells. The epithelioid cells are derived from 
macrophages and are characterized by abundant eosinophilic 
cytoplasm and vesicular nuclei. It is not uncommon to see 
intermixed multinucleate giant cells formed by fusion of  mac-
rophages. A thin layer of  laminated fibroblasts is present 
peripheral to the granuloma; over time, these proliferate and 
lay down collagen that replaces the entire granuloma with a 
hyalinized scar. Two other microscopic features are some-
times seen in the granulomas: (1) Schaumann bodies, 

Figure 12–23 Sarcoid. Characteristic peribronchial noncaseating granu-
lomas with many giant cells. 

laminated concretions composed of  calcium and proteins; 
and (2) asteroid bodies, stellate inclusions enclosed within 
giant cells. Their presence is not required for diagnosis of  
sarcoidosis—they also may occur in granulomas of  other 
origins. Rarely, foci of  central necrosis may be present in 
sarcoid granulomas, suggesting an infectious process. Case-
ation necrosis typical of  tuberculosis is absent.

The lungs are involved at some stage of  the disease in 90% 
of  patients. The granulomas predominantly involve the inter-
stitium rather than air spaces, with some tendency to localize 
in the connective tissue around bronchioles and pulmonary 
venules and in the pleura (“lymphangitic” distribution). The 
bronchoalveolar lavage fluid contains abundant CD4+ T cells. 
In 5% to 15% of  patients, the granulomas eventually are 
replaced by diffuse interstitial fibrosis, resulting in a 
so-called honeycomb lung.

Intrathoracic hilar and paratracheal lymph nodes are 
enlarged in 75% to 90% of  patients, while a third present with 
peripheral lymphadenopathy. The nodes are characteristically 
painless and have a firm, rubbery texture. Unlike in tubercu-
losis, lymph nodes in sarcoidosis are “nonmatted” (nonadher-
ent) and do not ulcerate.

Skin lesions are encountered in approximately 25% of  
patients. Erythema nodosum, the hallmark of  acute sar-
coidosis, consists of  raised, red, tender nodules on the ante-
rior aspects of  the legs. Sarcoidal granulomas are uncommon 
in these lesions. By contrast, discrete painless subcutaneous 
nodules can also occur in sarcoidosis, and these usually reveal 
abundant noncaseating granulomas.

Involvement of the eye and lacrimal glands occurs 
in about one fifth to one half of patients. The ocular 
involvement takes the form of  iritis or iridocyclitis and may 
be unilateral or bilateral. As a consequence, corneal opacities, 
glaucoma, and (less commonly) total loss of  vision may 
develop. The posterior uveal tract also is affected, with resul-
tant choroiditis, retinitis, and optic nerve involve-
ment. These ocular lesions are frequently accompanied by 
inflammation in the lacrimal glands, with suppression of  lac-
rimation (sicca syndrome). Unilateral or bilateral par-
otitis with painful enlargement of the parotid glands 
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ypersensitivity Pneu onitis
Hypersensitivity pneumonitis is an immunologically medi-
ated inflammatory lung disease that primarily affects the 
alveoli and is therefore often called allergic alveolitis. Most 
often it is an occupational disease that results from height-
ened sensitivity to inhaled antigens such as in moldy hay 
(Table 12–5). Unlike bronchial asthma, in which bronchi are 
the focus of immunologically mediated injury, the damage in 
hypersensitivity pneumonitis occurs at the level of alveoli. 
Hence, it manifests as a predominantly restrictive lung 
disease with decreased diffusion capacity, lung compli-
ance, and total lung volume. The occupational exposures 
are diverse, but the syndromes share common clinical and 
pathologic findings and probably have a very similar 
pathophysiologic basis.

Several lines of evidence suggest that hypersensitivity 
pneumonitis is an immunologically mediated disease:
• Bronchoalveolar lavage specimens consistently demon-

strate increased numbers of T lymphocytes of both CD4+ 
and CD8+ phenotype.

Clinical Features
In many affected persons the disease is entirely asymptom-
atic, discovered on routine chest films as bilateral hilar 
adenopathy or as an incidental finding at autopsy. In 
others, peripheral lymphadenopathy, cutaneous lesions, 
eye involvement, splenomegaly, or hepatomegaly may be 
presenting manifestations. In about two thirds of symp-
tomatic cases, there is gradual appearance of respiratory 
symptoms (shortness of breath, dry cough, or vague sub-
sternal discomfort) or constitutional signs and symptoms 
(fever, fatigue, weight loss, anorexia, night sweats). Because 
of the variable and nondiagnostic clinical features, resort is 
frequently made to lung or lymph node biopsies. The pres-
ence of noncaseating granulomas is suggestive of sarcoidosis, but 
other identifiable causes of granulomatous inflammation must be 
excluded.

Sarcoidosis follows an unpredictable course character-
ized by either progressive chronicity or periods of activity 
interspersed with remissions. The remissions may be spon-
taneous or initiated by steroid therapy and often are per-
manent. Overall, 65% to 70% of affected persons recover 
with minimal or no residual manifestations. Another  
20% develop permanent lung dysfunction or visual  

SUMMARY
Sarcoidosis
• Sarcoidosis is a multisystem disease of unknown etiology; 

the diagnostic histopathologic feature is the presence of 
noncaseating granulomas in various tissues.

• Immunologic abnormalities include high levels of CD4+ T 
cells in the lung that secrete TH1-dependent cytokines 
such as IFN-γ and IL-2 locally.

• Clinical manifestations include lymph node enlargement, 
eye involvement (sicca syndrome [dry eyes], iritis, or iri-
docyclitis), skin lesions (erythema nodosum, painless sub-
cutaneous nodules), and visceral (liver, skin, marrow) 
involvement. Lung involvement occurs in 90% of cases, 
with formation of granulomas and interstitial fibrosis.

occurs in less than 10% of  patients with sarcoidosis; some go 
on to develop xerostomia (dry mouth). Combined uveopa-
rotid involvement is designated Mikulicz syndrome.

The spleen may appear unaffected grossly, but in about 
three fourths of  cases, it contains granulomas. In approxi-
mately 10%, it becomes clinically enlarged. The liver dem-
onstrates microscopic granulomatous lesions, usually in the 
portal triads, about as often as the spleen, but only about one 
third of  the patients demonstrate hepatomegaly or abnormal 
liver function. Sarcoid involvement of  bone marrow is 
reported in as many as 40% of  patients, although it rarely 
causes severe manifestations. Other findings may include 
hypercalcemia and hypercalciuria. These changes are not 
related to bone destruction but rather are caused by increased 
calcium absorption secondary to production of  active vitamin 
D by the mononuclear phagocytes in the granulomas.

Syndrome posure Antigens

Fungal and Bacterial Antigens
Farmer’s lung Moldy hay Micropolyspora faeni

Bagassosis Moldy pressed sugar cane bagasse hermophilic actinomycetes

Maple bark disease Moldy maple bark Cryptostro a corticale

Humidi er lung Cool mist humidi er hermophilic actinomycetes, Aureo asidiu  pullulans

Malt orker’s lung Moldy barley Aspergillus clavatus

Cheese asher’s lung Moldy cheese Penicilliu  casei

Insect Products
Miller’s lung Dust contaminated grain Sitophilus granarius heat eevil

Animal Products
Pigeon breeder’s lung Pigeon droppings Pigeon serum proteins in droppings

Chemicals
Chemical orker’s lung Chemical industry rimellitic anhydride, isocyanates

Table 12–  Selected Causes of Hypersensitivity Pneumonitis

impairment. Of the remaining 10% to 15%, most succumb 
to progressive pulmonary fibrosis and cor pulmonale.
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eventually results in an irreversible chronic interstitial pul-
monary disease.

Pulmonary Eosinophilia

A number of clinical and pathologic pulmonary entities are 
characterized by an infiltration and activation of eosino-
phils, the latter by elevated levels of alveolar IL-5. These 
diverse diseases generally are of immunologic origin, but 
the etiology is not understood. Pulmonary eosinophilia is 
divided into the following categories:
• Acute eosinophilic pneumonia with respiratory failure, char-

acterized by rapid onset of fever, dyspnea, hypoxia, and 
diffuse pulmonary infiltrates on chest radiographs. The 
bronchoalveolar lavage fluid typically contains more 
than 25% eosinophils. There is prompt response to 
corticosteroids.

• Simple pulmonary eosinophilia (Loeffler syndrome), char-
acterized by transient pulmonary lesions, eosinophilia 
in the blood, and a benign clinical course. The alveolar 
septa are thickened by an infiltrate containing eosino-
phils and occasional giant cells.

• Tropical eosinophilia, caused by infection with microfi-
lariae and helminthic parasites

• Secondary eosinophilia, seen, for example, in association 
with asthma, drug allergies, and certain forms of 
vasculitis

• Idiopathic chronic eosinophilic pneumonia, characterized by 
aggregates of lymphocytes and eosinophils within the 
septal walls and the alveolar spaces, typically in the 
periphery of the lung fields, and accompanied by high 
fever, night sweats, and dyspnea. This is a disease of 
exclusion, once other causes of pulmonary eosinophilia 
have been ruled out.

Smoking-Related Interstitial Diseases

The role of cigarette smoking in causing obstructive pul-
monary disease (emphysema and chronic bronchitis) has 
been discussed. Smoking also is associated with restrictive 
or interstitial lung diseases. Desquamative interstitial pneu-
monia (DIP) and respiratory bronchiolitis are the two related 
examples of smoking-associated interstitial lung disease. 
The most striking histologic feature of DIP is the accumula-
tion of large numbers of macrophages with abundant  
cytoplasm containing dusty-brown pigment (smoker’s mac-
rophages) in the air spaces (Fig. 12–25). The alveolar septa 
are thickened by a sparse inflammatory infiltrate (usually 
lymphocytes), and interstitial fibrosis, when present, is 
mild. Pulmonary functions usually show a mild restrictive 
abnormality, and patients with DIP typically have a good 
prognosis with excellent response to steroid therapy and 
smoking cessation. Respiratory bronchiolitis is a common 
histologic lesion found in smokers, characterized by the 
presence of pigmented intraluminal macrophages akin to 
those in DIP, but in a “bronchiolocentric” distribution 
(first- and second-order respiratory bronchioles). Mild 
peribronchiolar fibrosis also is seen. As with DIP, affected 
patients present with gradual onset of dyspnea and  
dry cough, and the symptoms recede with cessation of 
smoking.

MORPHOLOGY
The histopathologic picture in both acute and chronic forms 
of  hypersensitivity pneumonitis includes patchy mononuclear 
cell infiltrates in the pulmonary interstitium, with a character-
istic peribronchiolar accentuation. Lymphocytes predomi-
nate, but plasma cells and epithelioid cells also are present. 
In acute forms of  the disease, variable numbers of  neutro-
phils may also be seen. Interstitial noncaseating granu-
lomas are present in more than two thirds of  cases, usually 
in a peribronchiolar location (Fig. 12–24). In advanced chronic 
cases, diffuse interstitial fibrosis occurs.

Figure 12–24 Hypersensitivity pneumonitis, histologic appearance. 
Loosely formed interstitial granulomas and chronic inflammation are 
characteristic. 

• Most patients with hypersensitivity pneumonitis have 
specific precipitating antibodies in their serum, and 
complement and immunoglobulins have been demon-
strated within vessel walls by immunofluorescence, 
indicating type III hypersensitivity. The presence of non-
caseating granulomas in two thirds of patients with this 
disorder suggests a role for type IV hypersensitivity as 
well.

In summary, hypersensitivity pneumonitis is an immuno-
logically mediated response to an extrinsic antigen that 
involves both immune complex and delayed-type hyper-
sensitivity reactions.

Clinical Features
Hypersensitivity pneumonitis may manifest either as an 
acute reaction, with fever, cough, dyspnea, and constitu-
tional signs and symptoms arising 4 to 8 hours after expo-
sure, or as a chronic disease characterized by insidious onset 
of cough, dyspnea, malaise, and weight loss. With the acute 
form of this disease, the diagnosis is usually obvious 
because of the temporal relationship of symptom onset to 
exposure to the incriminating antigen. If antigenic exposure 
is terminated after acute attacks of the disease, complete resolu-
tion of pulmonary symptoms occurs within days. Failure 
to remove the inciting agent from the environment 
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the downstream pulmonary parenchyma. Thus, occlusion 
of a major vessel results in a sudden increase in pulmonary 
artery pressure, diminished cardiac output, right-sided 
heart failure (acute cor pulmonale), or even death. Usually 
hypoxemia also develops, as a result of multiple 
mechanisms:
• Perfusion of lung zones that have become atelectatic. The 

alveolar collapse occurs in the ischemic areas because of 
a reduction in surfactant production and because pain 
associated with embolism leads to reduced movement 
of the chest wall; in addition, some of the pulmonary 
blood flow is redirected through areas of the lung that 
normally are hypoventilated.

• The decrease in cardiac output causes a widening of the 
difference in arterial-venous oxygen saturation.

• Right-to-left shunting of blood may occur through a 
patent foramen ovale, present in 30% of normal persons.

• If smaller vessels are occluded, the result is less cata-
strophic, and the event may even be clinically silent.

Recall that the lungs are oxygenated not only by the pul-
monary arteries but also by bronchial arteries and directly 
from air in the alveoli. Thus, ischemic necrosis (infarction) 
is the exception rather than the rule, occurring in as few as 
10% of patients with thromboemboli. It occurs only if there 
is compromise in cardiac function or bronchial circulation, 
or if the region of the lung at risk is underventilated as a 
result of underlying pulmonary disease.

PULMONARY DISEASES OF  
VASCULAR ORIGIN

Pulmonary Embolism, Hemorrhage, and Infarction

Blood clots that occlude the large pulmonary arteries are 
almost always embolic in origin. More than 95% of all 
pulmonary emboli arise from thrombi within the large 
deep veins of the lower legs, typically originating in the 
popliteal vein and larger veins above it. Thromboembolism 
causes approximately 50,000 deaths per year in the United 
States. Even when not directly fatal, it can complicate the 
course of other diseases. The true incidence of nonfatal 
pulmonary embolism is not known. Some cases of embo-
lism undoubtedly occur outside the hospital in ambulatory 
patients, in whom the emboli are small and clinically silent. 
Even among hospitalized patients, no more than one third 
are diagnosed before death. Autopsy data on the incidence 
of pulmonary embolism vary widely, ranging from 1% in 
the general hospitalized population, to 30% in persons 
dying after severe burns, trauma, or fractures.

The influences that predispose the patient to venous 
thrombosis in the legs are discussed in Chapter 3, but the 
following risk factors are paramount: (1) prolonged bedrest 
(particularly with immobilization of the legs); (2) surgery, 
especially orthopedic surgery, of knee and hip; (3) severe 
trauma (including burns or multiple fractures); (4) conges-
tive heart failure; (5) in women, the period around parturi-
tion or oral contraception using birth control pills with 
high estrogen content; (6) disseminated cancer; and (7) 
primary disorders of hypercoagulability (e.g., factor V 
Leiden) (Chapter 3).

The pathophysiologic consequences of thromboembo-
lism in the lung depend largely on the size of the embolus, 
which in turn dictates the size of the occluded pulmonary 
artery, and on the cardiopulmonary status of the patient. 
There are two important consequences of embolic pulmo-
nary arterial occlusion: (1) an increase in pulmonary artery 
pressure from blockage of flow and, possibly, vasospasm 
caused by neurogenic mechanisms and/or release of medi-
ators (e.g., thromboxane A2, serotonin); and (2) ischemia of 

Figure 12–25 Desquamative interstitial pneumonia. There is accumula-
tion of  large numbers of  macrophages within the alveolar spaces with 
only slight fibrous thickening of  the alveolar walls. 

MORPHOLOGY
The morphologic consequences of  pulmonary embolism, as 
noted, depend on the size of  the embolic mass and the 
general state of  the circulation. A large embolus may embed 
in the main pulmonary artery or its major branches or lodge 
astride the bifurcation as a saddle embolus (Fig. 12–26). 
Death usually follows so suddenly from hypoxia or acute 
failure of  the right side of  the heart (acute cor pulmonale) 
that there is no time for morphologic alterations in the lung. 
Smaller emboli become impacted in medium-sized and small 
pulmonary arteries. With adequate circulation and bronchial 
arterial flow, the vitality of  the lung parenchyma is maintained, 
but alveolar hemorrhage may occur as a result of  ischemic 
damage to the endothelial cells.

With compromised cardiovascular status, as may occur 
with congestive heart failure, infarction results. The more 
peripheral the embolic occlusion, the higher the risk of  infarc-
tion. About three fourths of  all infarcts affect the lower lobes, 
and more than half  are multiple. Characteristically, they are 
wedge-shaped, with their base at the pleural surface and the 
apex pointing toward the hilus of  the lung. Pulmonary infarcts 
typically are hemorrhagic and appear as raised, red-blue areas 
in the early stages (Fig. 12–27). The adjacent pleural surface 
often is covered by a fibrinous exudate. If  the occluded vessel 
can be identified, it usually is found near the apex of  the 
infarcted area. The red cells begin to lyse within 48 hours, 
and the infarct pales, eventually becoming red-brown as 
hemosiderin is produced. In time, fibrous replacement begins 
at the margins as a gray-white peripheral zone and eventually 
converts the infarct into a scar. On histologic examination, 
the hallmark of  fresh infarcts is coagulative necrosis of  the 
lung parenchyma and hemorrhage.
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Figure 12–26 Large saddle embolus from the femoral vein lying astride 
the main left and right pulmonary arteries. 
(Courtesy of Dr. Linda Margraf, Department of Pathology, University of Texas Southwestern 
Medical School, Dallas, Texas.)

Figure 12–27 A small, roughly wedge-shaped hemorrhagic pulmonary 
infarct of  recent occurrence. 

Clinical Features
The clinical consequences of pulmonary thromboembolism 
are summarized as follows:
• Most pulmonary emboli (60% to 80%) are clinically 

silent because they are small; the embolic mass is rapidly 
removed by fibrinolytic activity, and the bronchial cir-
culation sustains the viability of the affected lung paren-
chyma until this is accomplished.

• In 5% of cases, sudden death, acute right-sided heart 
failure (acute cor pulmonale), or cardiovascular collapse 
(shock) may occur typically when more than 60% of the 
total pulmonary vasculature is obstructed by a large 
embolus or multiple simultaneous small emboli. Massive 

pulmonary embolism is one of the few causes of literally 
instantaneous death, even before the person experiences 
chest pain or dyspnea.

• Obstruction of relatively small to medium pulmonary 
branches (10% to 15% of cases) that behave as end arter-
ies causes pulmonary infarction when some element of 
circulatory insufficiency is present. Typically, persons 
who sustain such infarction manifest dyspnea.

• In a small but significant subset of patients (accounting 
for less than 3% of cases), recurrent multiple emboli lead 
to pulmonary hypertension, chronic right-sided heart 
strain (chronic cor pulmonale), and, in time, pulmonary 
vascular sclerosis with progressively worsening 
dyspnea.

Emboli usually resolve after the initial acute event. They 
contract, and endogenous fibrinolytic activity may cause 
total lysis of the thrombus. However, in the presence of an 
underlying predisposing factor, a small, innocuous embolus 
may presage a larger one, and patients who have experienced 
one pulmonary embolism have a 30% chance of developing a 
second. Prophylactic therapy may include anticoagulation, 
early ambulation for postoperative and postparturient 
patients, application of elastic stockings, intermittent pneu-
matic calf compression, and isometric leg exercises for  
bedridden patients. Patients with pulmonary embolism are 
given anticoagulation therapy. Patients with massive pul-
monary embolism are candidates for thrombolytic therapy.

Nonthrombotic forms of pulmonary embolism include 
several uncommon but potentially lethal forms, such as air, 
fat, and amniotic fluid embolism (Chapter 3). Intravenous 
drug abuse often is associated with foreign body embolism 
in the pulmonary microvasculature; the presence of mag-
nesium trisilicate (talc) in the intravenous mixture elicits a 
granulomatous response within the interstitium or pulmo-
nary arteries. Involvement of the interstitium may lead to 
fibrosis, while the latter leads to pulmonary hypertension. 
Residual talc crystals can be demonstrated within the gran-
ulomas using polarized light. Bone marrow embolism 
(presence of hematopoietic and fat elements within pulmo-
nary circulation) can occur after massive trauma and in 
patients with bone infarction secondary to sickle cell 
anemia.

SUMMARY
Pulmonary Embolism
• Almost all large pulmonary artery thrombi are embolic in 

origin, usually arising from the deep veins of the lower leg.
• Risk factors include prolonged bedrest, leg surgery, severe 

trauma, CHF, use of oral contraceptives (especially those 
with high estrogen content), disseminated cancer, and 
genetic causes of hypercoagulability.

• The vast majority (60% to 80%) of emboli are clinically 
silent, a minority (5%) cause acute cor pulmonale, shock, 
or death (typically from large “saddle emboli”), and the 
remaining cause pulmonary infarction.

• Risk of recurrence is high.
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Pulmonary Hypertension

The pulmonary circulation normally is one of low resis-
tance; pulmonary blood pressures are only about one 
eighth of systemic pressures. Pulmonary hypertension 
(when mean pulmonary pressures reach one fourth or 
more of systemic levels) is most often secondary to a decrease 
in the cross-sectional area of the pulmonary vascular bed, 
or to increased pulmonary vascular blood flow. The causes 
of secondary pulmonary hypertension include:
• Chronic obstructive or interstitial lung disease, which is 

accompanied by destruction of lung parenchyma and 
consequent reduction in alveolar capillaries. This causes 
increased pulmonary arterial resistance and secondarily, 
elevated arterial pressure.

• Recurrent pulmonary emboli. Presence of these emboli 
leads to a reduction in the functional cross-sectional area 
of the pulmonary vascular bed, leading in turn to 
increased vascular resistance.

• Antecedent heart disease, for example, mitral stenosis, 
which increases left atrial pressure, leading to higher 
pulmonary venous pressures, and ultimately pulmo-
nary arterial hypertension. Congenital left-to-right 
shunts are another cause of secondary pulmonary 
hypertension.

Uncommonly, pulmonary hypertension exists even though 
all known causes of increased pulmonary pressure have 
been excluded; this is referred to as primary, or idiopathic, 
pulmonary arterial hypertension. Of these, the vast majority 
of cases are sporadic, and only 6% are familial with an 
autosomal dominant mode of inheritance.

PATHOGENESIS
According to current thinking, pulmonary endothelial 
cell and/or vascular smooth muscle dysfunction is the 
probable underlying basis for most forms of  pulmonary 
hypertension.
• In states of  secondary pulmonary hypertension, 

endothelial cell dysfunction arises as a consequence of  the 
underlying disorder (e.g., shear and mechanical injury due 
to increased blood flow in left-to-right shunts, or bio-
chemical injury produced by fibrin in recurrent thrombo-
embolism). Endothelial cell dysfunction reduces production 
of  vasodilatory agents (e.g., nitric oxide, prostacyclin) 
while increasing synthesis of  vasoconstrictive mediators 
like endothelin. In addition, there is production of  growth 
factors and cytokines that induce the migration and repli-
cation of  vascular smooth muscle and elaboration of  
extracellular matrix.

• In primary pulmonary hypertension, especially in the 
uncommon familial form, the TGF-β signaling pathway 
has emerged as a key mediator of  endothelial and smooth 
muscle dysfunction. Specifically, germline mutations of  
bone morphogenetic protein receptor type 2 
(BMPR-2), a cell surface molecule that binds to a variety 
of  TGF-β pathway ligands, have been demonstrated in 
50% of  familial cases. The BMPR2 gene product is 

inhibitory in its effects on proliferation; hence, loss-of-
function mutations of  this gene result in abnormal vascular 
endothelial and pulmonary smooth muscle proliferation. 
The endothelial proliferations in these instances usually are 
monoclonal, reiterating the genetic basis of  their origin. 
However, not all persons with germline mutations of  
BMPR2 develop primary pulmonary hypertension, sug-
gesting the existence of  modifier genes that probably 
affect penetrance of  this particular phenotype.

• Studies on sporadic forms of  primary pulmonary hyper-
tension point to a possible role for the serotonin trans-
porter gene (5HTT). Specifically, pulmonary smooth 
muscle cells from some patients with primary pulmonary 
hypertension demonstrate increased proliferation on 
exposure to serotonin or serum. Genetic polymorphisms 
of  5HTT that lead to enhanced expression of  the trans-
porter protein on vascular smooth muscle are postulated 
to cause their proliferation.

MORPHOLOGY
Vascular alterations in all forms of  pulmonary hypertension 
(primary and secondary) involve the entire arterial tree (Fig. 
12–28) and include (1) in the main elastic arteries, ath-
eromas similar to those in systemic atherosclerosis; (2) in 
medium-sized muscular arteries, proliferation of  myo-
intimal cells and smooth muscle cells, causing thickening of  
the intima and media with narrowing of  the lumina; and (3) 
in smaller arteries and arterioles, thickening, medial 
hypertrophy, and reduplication of  the internal and external 
elastic membranes. In these vessels, the wall thickness may 
exceed the diameter of  the lumen, which is sometimes nar-
rowed to the point of  near-obliteration. Persons with idio-
pathic pulmonary arterial hypertension have characteristic 
plexiform lesions, in which endothelial proliferation forms 
multiple lumina within small arteries where they branch from 
a medium-sized artery.

Clinical Features
Secondary pulmonary hypertension may develop at any 
age. The clinical features reflect the underlying disease, 
usually pulmonary or cardiac, with accentuation of respi-
ratory insufficiency and right-sided heart strain. Primary 
pulmonary hypertension, on the other hand, is almost 
always encountered in young adults, more commonly 
women, and is marked by fatigue, syncope (particularly on 
exercise), dyspnea on exertion, and sometimes chest pain. 
Eventually severe respiratory insufficiency and cyanosis 
develop, and death usually results from right-sided heart 
failure (decompensated cor pulmonale) within 2 to 5 years 
of diagnosis. Some amelioration of the respiratory distress 
can be achieved by vasodilators and antithrombotic agents, 
and continuous prostacyclin infusions may prolong life 
(months to years), but without lung transplantation the 
prognosis is still grim.
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oodpasture Syndro e
Goodpasture syndrome, the prototype disorder of this 
group, is an uncommon but intriguing condition character-
ized by a proliferative, usually rapidly progressive, glomerulo-
nephritis (Chapter 13) and hemorrhagic interstitial pneumonitis. 
Both the renal and the pulmonary lesions are caused by 
antibodies targeted against the noncollagenous domain of 
the α3 chain of collagen IV. These antibodies can be detected 
in the serum of more than 90% of persons with Goodpas-
ture syndrome.

Diffuse Alveolar Hemorrhage Syndromes

While there may be several “secondary” causes of pulmo-
nary hemorrhage (necrotizing bacterial pneumonia, passive 
venous congestion, bleeding diathesis), the diffuse alveolar 
hemorrhage syndromes constitute a group of “primary” 
immune-mediated diseases that manifest as the triad of 
hemoptysis, anemia, and diffuse pulmonary infiltrates.

A

B

C

Figure 12–28 Vascular changes in pulmonary hypertension. A, Gross 
photograph of  atheroma, a finding usually limited to large vessels.  
B, Marked medial hypertrophy. C, Plexiform lesion characteristic of  
advanced pulmonary hypertension seen in small arteries. 

MORPHOLOGY
The lungs are heavy, with areas of  red-brown consolidation, 
due to diffuse alveolar hemorrhage. Microscopic exami-
nation demonstrates focal necrosis of  alveolar walls associ-
ated with intra-alveolar hemorrhages, fibrous thickening of  
the septa, and hypertrophic type II pneumocytes. Presence 
of  hemosiderin, both within macrophages and extracellu-
larly, is characteristic, indicating earlier episode(s) of  hemor-
rhage (Fig. 12–29). The characteristic linear pattern of 
immunoglobulin deposition (usually IgG, sometimes IgA 
or IgM) that is the hallmark diagnostic finding in renal biopsy 
specimens (Chapter 13) also may be seen along the alveolar 
septa.

Plasmapheresis and immunosuppressive therapy have 
markedly improved the once-dismal prognosis for this 
disease. Plasma exchange removes offending antibodies, 
and immunosuppressive drugs inhibit antibody produc-
tion. With severe renal disease, renal transplantation is 
eventually required.

Idiopathic Pul onary e osiderosis
Idiopathic pulmonary hemosiderosis is a rare disease of 
uncertain etiology that has pulmonary manifestations and 
histologic features similar to those of Goodpasture syn-
drome, but there is no associated renal disease or circulat-
ing anti-basement membrane antibody. Most cases occur 
in children, although the disease is reported in adults as 
well, who have a better prognosis. With steroid and immu-
nosuppressive therapy, survival has markedly improved 
from the historical 2.5 years; thus, an immune-mediated 
etiology is postulated.

Pul onary Angiitis and ranulo atosis  
( egener ranulo atosis)
More than 80% of patients with Wegener granulomatosis 
(WG) develop upper respiratory or pulmonary manifesta-
tions at some time in the course of their disease. It is 
described in Chapter 9. Here we list the salient pulmonary 
features. The lung lesions are characterized by a combina-
tion of necrotizing vasculitis (“angiitis”) and parenchymal 
necrotizing granulomatous inflammation. The manifesta-
tions of WG can include both upper respiratory symptoms 
(chronic sinusitis, epistaxis, nasal perforation) and pulmo-
nary signs and symptoms (cough, hemoptysis, chest  
pain). PR3-ANCAs are present in close to 95% of cases 
(Chapter 9).
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protracted course. The histologic spectrum of pneumonia 
may range from a fibrinopurulent alveolar exudate seen in 
acute bacterial pneumonias, to mononuclear interstitial 
infiltrates in viral and other atypical pneumonias, to granu-
lomas and cavitation seen in many of the chronic pneumo-
nias. Acute bacterial pneumonias can manifest as one of 
two anatomic and radiographic patterns, referred to as 
bronchopneumonia and lobar pneumonia. Bronchopneumonia 
implies a patchy distribution of inflammation that gener-
ally involves more than one lobe (Fig. 12–31). This pattern 
results from an initial infection of the bronchi and bronchi-
oles with extension into the adjacent alveoli. By contrast, 
in lobar pneumonia the contiguous air spaces of part or all 
of a lobe are homogeneously filled with an exudate that 
can be visualized on radiographs as a lobar or segmental 
consolidation (Fig. 12–31). Streptococcus pneumoniae is 
responsible for more than 90% of lobar pneumonias. The 
anatomic distinction between lobar pneumonia and bron-
chopneumonia can often become blurry, because (1) many 
organisms cause infections that can manifest with either of 
the two patterns of distribution, and (2) confluent broncho-
pneumonia can be hard to distinguish radiologically from 
lobar pneumonia. Therefore, it is best to classify pneumonias 
either by the specific etiologic agent or, if no pathogen can be 
isolated, by the clinical setting in which infection occurs. The 
latter approach considerably narrows the list of suspected 
pathogens for administering empirical antimicrobial 
therapy. Pneumonia can arise in seven distinct clinical set-
tings, and the implicated pathogens are reasonably specific 
to each category, as summarized in Table 12–6.

Community-Acquired Acute Pneumonias

Most community-acquired acute pneumonias are bacterial 
in origin. Not uncommonly, the infection follows a viral 
upper respiratory tract infection. The onset usually is 
abrupt, with high fever, shaking chills, pleuritic chest pain, 

PULMONARY INFECTIONS
Pulmonary infections in the form of pneumonia are respon-
sible for one sixth of all deaths in the United States. This is 
not surprising because (1) the epithelial surfaces of the lung 
are constantly exposed to many liters of air containing 
various levels of microbial contaminants; (2) nasopharyn-
geal flora are regularly aspirated during sleep, even by 
healthy persons; and (3) other common lung diseases 
render the lung parenchyma vulnerable to virulent organ-
isms. The normal lung parenchyma remains sterile because 
of the efficiency of a number of immune and nonimmune 
defense mechanisms in the respiratory system, extending 
from the nasopharynx all the way into the alveolar air 
spaces (Fig. 12–30).

Despite the multitude of defense mechanisms, “chinks 
in the armor” do exist, predisposing even healthy persons 
to infections. Defects in innate immunity (including neu-
trophil and complement defects) and humoral immunode-
ficiency typically lead to an increased incidence of infections 
with pyogenic bacteria. For example, it has been shown 
that patients with mutations in MyD88, the adaptor protein 
downstream of many Toll-like receptors (microbial sensors 
in innate immunity), are extremely susceptible to severe 
necrotizing pneumococcal infections (and not most other 
infections). On the other hand, defects in TH1 cell–mediated 
immunity lead mainly to increased infections with intracel-
lular microbes such as atypical mycobacteria. In addition 
to inherited anomalies, several aspects of lifestyle interfere 
with host immune defense mechanisms and facilitate infec-
tions. For example, cigarette smoke compromises mucocili-
ary clearance and pulmonary macrophage activity, and 
alcohol not only impairs cough and epiglottic reflexes, 
thereby increasing the risk of aspiration, but also interferes 
with neutrophil mobilization and chemotaxis.

Pneumonia can be very broadly defined as any infection in the 
lung. The clinical presentation may be as an acute, fulmi-
nant clinical disease or as a chronic disease with a more 
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Figure 12–29 A, Lung biopsy specimen from a person with a diffuse alveolar hemorrhage syndrome demonstrates large numbers of  intra-alveolar 
hemosiderin-laden macrophages on a background of  thickened fibrous septa. B, The tissue has been stained with Prussian blue, an iron stain that 
highlights the abundant intracellular hemosiderin. 
(From the Teaching Collection of the Department of Pathology, Children’s Medical Center, Dallas, Texas.)


