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A remarkable evolution in concepts concerning the patho-
genesis of atherosclerosis occurred in the 20th century.
This disease has a venerable history, having left traces in
the arteries of Egyptian mummies.1 Apparently uncommon
in antiquity, atherosclerosis became epidemic as popula-
tions increasingly survived early mortality caused by infec-
tious diseases and as many societies adopted dietary habits
that may promote atherosclerosis.

At the end of the 19th century, the first edition of Os-
ler’s Textbook of Medicine articulated a rather fatalistic
view of atheroma as an inevitable degenerative process that
affected arteries, which were structures viewed by many of
his contemporaries as mere conduits: “In the make-up of
the machine bad material was used in the tubing.”2 Indeed,
until very recently internists and cardiologists generally
viewed arteries as inanimate tubes rather than living, dy-
namic tissue. Over 100 years ago, Virchow recognized the
participation of cells in atherogenesis. A controversy raged
between Virchow, who viewed atheroma as a proliferative
disease,3 and Rokitansky, who believed that atheroma de-
rived from healing and resorption of thrombi.4 In the early
part of the 20th century, Anitschkow and Chalatow used
dietary modulation to produce fatty lesions in the arteries
of rabbits and ultimately identified cholesterol as the cul-
prit.5 These observations, followed by the characterization
of human lipoprotein particles at mid century, promoted
the concept of insudation of lipids as a cause for athero-
sclerosis. At the beginning of the new millennium, we have
learned enough about atherosclerosis to recognize that ele-
ments of all of these pathogenic theories participate in ath-
erogenesis. This chapter summarizes evidence from human
studies, animal experimentation, and in vitro work, and
highlights a synoptic view of atherogenesis, taking into ac-
count advances in vascular biology that have enabled us to
achieve a deeper understanding of the process.

Acquaintance with the vascular biology of atherosclero-
sis should prove useful to the practitioner. Our daily con-
tact with this common disease lulls us into a complacent
belief that we understand it better than we actually do. For
example, we are just beginning to learn why atherosclerosis
affects certain regions of the arterial tree preferentially and
why its clinical manifestations occur only at certain times.
Atherosclerosis can involve both large and medium-sized
arteries diffusely. Postmortem and intravascular ultrasound
studies have revealed widespread intimal thickening in pa-
tients with atherosclerosis and, indeed, in many asympto-
matic human adults.6 At the same time, atherosclerosis is a

focal disease that constricts some areas of affected vessels
much more than others. Understanding of the biological
basis of the predilection of certain sites to develop ather-
oma is just beginning to emerge.7

Atherosclerosis also displays heterogeneity in time, be-
ing a disease with both chronic and acute manifestations.
Few human diseases have a longer “incubation” period
than atherosclerosis, which begins to affect arteries of many
North Americans in the second and third decades of life
(Fig. 30–1).7a, 7b Yet typically, symptoms of atherosclerosis
do not occur until several decades later, characteristically
occurring even later in women. Despite this indolent time
course and prolonged period of clinical inactivity, the
dreaded complications of atheroma such as myocardial in-
farction, unstable angina, or stroke typically occur sud-
denly.

Another poorly understood aspect of atherogenesis is its
role in causing narrowing, or stenosis, of some vessels and
ectasia of others. Typically, we fear stenoses in coronary
atherosclerosis. However, aneurysm is a common manifes-
tation of this disease in other vessels, including the aorta.
Even in the life history of a single atherosclerotic lesion, a
phase of ectasia known as positive remodeling, or compen-
satory enlargement, precedes the formation of stenotic le-
sions.8, 9 Contemporary vascular biology is beginning to
shed light on some of these apparent contradictions, or
paradoxes, in understanding atherosclerosis.

STRUCTURE OF THE NORMAL ARTERY

The Intima
Understanding the pathogenesis of atherosclerosis first re-
quires knowledge of the structure and biology of the nor-
mal artery and its indigenous cell types. Normal arteries
have a well-developed trilaminar structure (Fig. 30–2). The
innermost layer, the tunica intima, is thin at birth in hu-
mans and many nonhuman species. Although often de-
picted as a monolayer of endothelial cells abutting directly
on a basal lamina, the structure of the adult human intima
is actually much more complex and heterogeneous. The
endothelial cell of the arterial intima constitutes the crucial
contact surface with blood. Arterial endothelial cells pos-
sess many highly regulated mechanisms of capital impor-
tance in vascular homeostasis that often go awry during the
pathogenesis of arterial diseases.
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FIGURE 30–1. A schematic life history of an atherosclerotic lesion. In westernized societies, and increas-
ingly in developing countries, atherogenesis begins in early life. Lesion evolution usually occurs slowly
over decades, often progressing in a asymptomatic manner or eventually causing stable symptoms related
to embarrassment of flow, such as angina pectoris or intermittent claudication. For the first part of the life
history of the lesion, growth proceeds abluminally, in an outward direction preserving the lumen (compen-
satory enlargement or “positive remodeling”). A minority of lesions will produce thrombotic complications,
leading to clinical manifestations such as the unstable coronary syndromes, thrombotic stroke, or critical
limb ischemia.

FIGURE 30–2. See color plate 17.

FIGURE 30–3. See color plate 18.

For example, the endothelial cell provides one of the
only surfaces, either natural or synthetic, that can main-
tain blood in a liquid state during protracted contact (Fig.
30–3). This remarkable blood compatibility derives in part
from the expression of heparan sulfate proteoglycan mole-
cules on the surface of the endothelial cell. These mole-
cules, like heparin, serve as a cofactor for antithrombin III,
causing a conformational change that allows this inhibitor
to bind to and inactivate thrombin. The surface of the
endothelial cell also contains thrombomodulin, which
binds thrombin molecules and can exert antithrombotic
properties by activating proteins S and C. Should a throm-
bus begin to form, the normal endothelial cell possesses
potent fibrinolytic mechanisms associated with its surface.
In this regard, the endothelial cell can produce both tissue
and urokinase type plasminogen activators. These en-
zymes catalyze the activation of plasminogen to form plas-
min, a fibrinolytic enzyme. (For a complete discussion of
the role of endothelium in hemostasis and fibrinolysis, see
Chap. 62.)

The endothelial monolayer rests upon a basement mem-
brane containing nonfibrillar collagen types, such as type
IV collagen, laminin, fibronectin, and other extracellular
matrix molecules.10 With aging, human arteries develop a
more complex intima containing arterial smooth muscle
cells and fibrillar forms of interstitial collagen (types I and
III). The smooth muscle cell produces these extracellular
matrix constituents of the arterial intima. The presence of a
more complex intima, known by pathologists as diffuse in-
timal thickening, characterizes most adult human arteries.
Some locales in the arterial tree tend to develop thicker
intimas than other regions, even in the absence of athero-
sclerosis.11 For example, the proximal left anterior descend-
ing coronary artery often contains an intimal cushion of
smooth muscle cells more fully developed than that in typi-
cal arteries. (See also Chap. 41.) The diffuse intimal thick-
ening process does not necessarily go hand in hand with
lipid accumulation and may occur in individuals without
substantial burdens of atheroma. The internal elastic mem-
brane bounds the tunica intima abluminally and serves as
the border between the intimal layer and the underlying
tunica media.
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The Tunica Media
The tunica media lies under the media and internal elastic
lamina. The media of elastic arteries such as the aorta have
well-developed concentric layers of smooth muscle cells,
interleaved with layers of elastin-rich extracellular matrix
(see Fig. 30–2A). This structure appears well adapted to the
storage of the kinetic energy of left ventricular systole by
the walls of great arteries. The lamellar structure also
doubtless contributes to the structural integrity of the arte-
rial trunks. The media of smaller muscular arteries usually
have a less-stereotyped organization (see Fig. 30–2B).
Smooth muscle cells in these smaller arteries generally re-
side within the surrounding matrix in a more continuous
than lamellar array. The smooth muscle cells in normal
arteries are generally quiescent from the standpoint of
growth control. That is, rates of cell division and cell death
are quite low.12 In the normal artery, a state of homeostasis
of extracellular matrix also typically prevails. Because ex-
tracellular matrix neither accumulates nor atrophies, rates
of matrix synthesis and dissolution must balance each other
under normal conditions. The external elastic lamina
bounds the tunica media abluminally, forming the border
with the adventitial layer.

The Adventitia
The adventitia of arteries has typically received little atten-
tion, although appreciation of its potential roles in arterial
homeostasis and pathology has recently increased. The ad-
ventitia contains collagen fibrils in a looser array than usu-
ally encountered in the intima. Vasa vasorum and nerve
endings localize in this outermost layer of the arterial wall.
The cellular population in the adventitia is more sparse
than in other arterial layers. Cells encountered in this layer
include fibroblasts and mast cells (see Fig. 30–2).

INITIATION OF ATHEROSCLEROSIS

Extracellular Lipid Accumulation
The first steps in atherogenesis in humans remain largely
conjectural. However, integration of observations of tissues
obtained from young humans with the results of experi-
mental studies of atherogenesis in animals provides hints
in this regard. On initiation of an atherogenic diet rich in
cholesterol and saturated fat, one of the first ultrastructural
alterations is an accumulation of small lipoprotein particles
in the intima (Fig. 30–4,1).13 These lipoprotein particles
appear to decorate the proteoglycan of the arterial intima
and tend to coalesce into aggregates (Fig. 30–5).14, 15 De-
tailed kinetic studies of labeled lipoprotein particles indi-



FIGURE 30–4. See color plate 18.

cate that a prolonged residence time characterizes sites of
early lesion formation in rabbits. 16, 17 The binding of lipo-
proteins to proteoglycan in the intima captures and retains
these particles, accounting for their prolonged residence
time.15, 18 Lipoprotein particles bound to proteoglycan ap-
pear to exhibit increased susceptibility to oxidative or other
chemical modifications, considered by many to be an im-
portant component of the pathogenesis of early atheroscle-
rosis (see Fig. 30–4,2).15, 19–21 Other studies suggest that
permeability of the endothelial monolayer increases at sites
of lesion predilection to low-density lipoprotein (LDL).22
Contributors to oxidative stress in the nascent atheroma
could include the nicotinamide adenine dinucleotide and
nicotinamide adenine dinucleotide phosphate-dependent
oxidases expressed by vascular cells23 and lipoxygenases
expressed by infiltrating leukocytes.24 In addition to oxida-
tion, aggregation, enzymatic processing due to sphingomyeli-
nase, and glycation (see Chap. 63) can modify LDL in the
intima.

Leukocyte Recruitment
The second morphologically definable event in the initia-
tion of atheroma is leukocyte recruitment and accumulation
(see Fig. 30–4,3). The normal endothelial cell generally re-
sists adhesive interactions with leukocytes. Even in in-
flamed tissues, most recruitment and trafficking of leuko-
cytes occurs in postcapillary venules, not in arteries.
However, very early after initiation of hypercholesterol-
emia, leukocytes adhere to the endothelium and diapedese
between endothelial cell junctions to enter the intima,
where they begin to accumulate lipids and transform into
foam cells (Fig. 30–6).25 In addition to the monocyte, T
lymphocytes also tend to accumulate in early human and
animal atherosclerotic lesions.26, 27

FIGURE 30–5. Scanning electron micrograph of a freeze etch preparation of rabbit aorta that received an
intravenous injection of human low-density lipoprotein (LDL). Round LDL particles decorate the strands of
proteoglycan found in the subendothelial region of the intima. By binding LDL particles, proteoglycan
molecules can retard their traversal of the intima and promote their accumulation. Proteoglycan-associated
LDL appears particularly susceptible to oxidative modification. Accumulation of extracellular lipoprotein
particles is one of the first morphological changes noted after initiation of an atherogenic diet in experi-
mental animals. (From Nievelstein PF, Fogelman AM, Mottino G, et al: Lipid accumulation in rabbit aortic
intima 2 hours after bolus infusion of low density lipoprotein: A deep-etch and immunolocalization study
of ultrarapidly frozen tissue. Arterioscler Thromb Vasc Biol 11:1795–1805, 1991.)
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The expression of certain leukocyte adhesion molecules
on the surface of the endothelial cell regulates the adher-
ence of monocytes and T cells to the endothelium. Two
broad categories of leukocyte adhesion molecules exist (Ta-
ble 30–1).28 Members of the immunoglobulin superfamily
include structures such as vascular cell adhesion molecule-
1 (VCAM-1).29–32 This adhesion molecule has particular in-
terest in the context of early atherogenesis because it inter-
acts with an integrin (very late antigen-4 [VLA-4])
characteristically expressed by only those classes of leuko-
cytes that accumulate in nascent atheroma, monocytes,
and T cells. Moreover, studies in rabbits and mice have
shown expression of VCAM-1 on endothelial cells overly-
ing very early atheromatous lesions.30 Another member of
the immunoglobulin superfamily of leukocyte adhesion
molecules is intercellular adhesion molecule-1.33, 34 This
molecule is more promiscuous, both in the types of leuko-
cytes it binds and because of its wide and constitutive
expression at low levels by endothelial cells in many parts
of the circulation.

Selectins constitute the other broad category of leukocyte
adhesion molecules. The prototypical selectin, E-selectin (E
for “endothelial,” the cell type that selectively expresses
this particular family member), probably has little to do
with early atherogenesis. E-selectin preferentially recruits
polymorphonuclear leukocytes, a cell type seldom found in
early atheroma (but an essential protagonist in acute inflam-
mation and host defenses against bacterial pathogens).
Moreover, endothelial cells overlying atheroma do not ex-
press high levels of this adhesion molecule. Other members
of this family, including P-selectin (P for “platelet,” the
original source of this adhesion molecule), may play a
greater role in leukocyte recruitment in atheroma, because
endothelial cells overlying human atheroma do express this
adhesion molecule.34–36 Selectins tend to promote saltatory
or rolling locomotion of leukocytes over the endothelium.
Adhesion molecules belonging to the immunoglobulin su-
perfamily tend to promote tighter adhesive interactions and
immobilization of leukocytes.28



FIGURE 30–6. Electron microscopy of leukocyte interactions with the artery wall in hypercholesterolemic
nonhuman primates. A and B, Scanning electron micrographs that demonstrate the adhesion of mononu-
clear phagocytes to the intact endothelium 12 days after initiating a hypercholesterolemic diet in rabbits. C
and D, Transmission electron micrographs. Note the abundant interdigitations and intimate association of
the monocyte with the endothelium in C. In D, a monocyte appears to diapedese between two endothelial
cells to enter the intima. (From Faggiotto A, Ross R, Harker L: Studies of hypercholesterolemia in the
nonhuman primate: I. Changes that lead to fatty streak formation. Arteriosclerosis 4:323–340, 1984.)
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▼ TABLE 30–1. EXAMPLES OF ENDOTHELIAL-LEUKOCYTE ADHESION MOLECULES

NAME ABBREVIATION COGNATE LIGAND LEUKOCYTES BOUND

Vascular cell adhesion molecule-1 VCAM-1 VLA-4 integrin Monocytes
Lymphocytes

Intercellular adhesion molecule-1 ICAM-1 CD11a integrin (LFA-1)
CD11b integrin (Mac-1)

Many classes

E-selectin Formerly
ELAM-1

Sialyl-Lewis x Granulocytes �
Tmonocytes � memory

cells
P-selectin Formerly

GMP-140
PSGL-1 Monocytes; lymphocytes;

granulocytes
L-selectin PSGL-1; mucosal vascular

addressin (MAdCAM-1)
Expressed on the leukocytes

Once adherent to the endothelium, leukocytes must re-
ceive a signal to penetrate the endothelial and enter the
arterial wall (see Figs. 30–4,4 and 30–6C). The current
concept of directed migration of leukocytes involves the

action of protein molecules known as chemoattractant cyto-
kines, or chemokines.37 Two groups of chemokines have
particular interest in recruiting the mononuclear cells char-
acteristic of the early atheroma. One such molecule, known



as monocyte chemoattractant protein-1 (MCP-1), is pro-
duced by the endothelium in response to oxidized lipopro-
tein and other stimuli. Cells intrinsic to the normal artery,
including endothelium and smooth muscle, can produce
this chemokine when stimulated by inflammatory media-
tors, as do many other cell types.38, 39 MCP-1 selectively
promotes the directed migration, or chemotaxis, of mono-
cytes. Studies conducted with genetically modified mice
lacking MCP-1 or its receptor CCR-2 have delayed and at-
tenuated atheroma formation when placed on an atheroscle-
rosis-prone, hyperlipidemic genetic background.40, 41 Human
atherosclerotic lesions express increased levels of MCP-1
compared with uninvolved vessels.42 Thus, MCP-1 appears
causally related to monocyte recruitment during atherogen-
esis in vivo. Another group of chemoattractant cytokines
may heighten lymphocyte accumulation in plaques. Athero-
mas express a trio of lymphocyte-selective chemokines (in-
terferon-inducible protein 10 [IP-10], interferon-inducible T-
cell alpha chemoattractant [I-TAC], monokine induced by
interferon-� [MIG]).43 Interferon gamma, a cytokine known
to be present in atheromatous plaques, induces the genes
encoding this family of T cell chemoattractants.

The Focality of Lesion Formation
The spatial heterogeneity of atherosclerosis has proven
challenging to explain in mechanistic terms. Equal concen-
trations of blood-borne risk factors such as lipoproteins
bathe the endothelium throughout the vasculature. It is dif-
ficult to envisage how injury due to inhaling cigarette
smoke could produce any local rather than global effect on
arteries. Yet, atheroma typically form focally, as revealed
by studies of morphology, lipid accumulation, and adhe-
sion molecule expression. Some have invoked a multicen-
tric origin hypothesis of atherogenesis, positing that athero-
mas arise as benign leiomyomas of the artery wall.44 The
monotypia of various molecular markers such as glucose-6-
phosphate dehydrogenase isoforms in individual atheroma
supports this “monoclonal hypothesis” of atherogenesis.45
However, the location of sites of lesion predilection at
proximal portions of arteries after branch points or bifurca-
tions at flow dividers suggests a hydrodynamic basis for
early lesion development. Arteries without many branches
(e.g., the internal mammary or radial arteries) tend not to
develop atherosclerosis. (See also Chap. 41.)

Two concepts that can help understand how local flow
disturbances might render certain foci sites of lesion predi-
lection. Locally disturbed flow could induce alterations that
promote the steps of early atherogenesis. Alternatively, the
laminar flow that usually prevails at sites that do not tend
to develop early lesions may elicit antiatherogenic homeo-
static mechanisms (atheroprotective functions).7 The endo-
thelial cell experiences the laminar shear stress of normal
flow and the disturbed flow (usually yielding decreased
shear stress) at predilected sites. In vitro data suggest that
laminar shear stress can augment the expression of genes
that may protect against atherosclerosis, including forms of
the enzymes superoxide dismutase or nitric oxide syn-
thase.46 Superoxide dismutase can reduce oxidative stress
by catabolizing the reactive and injurious superoxide anion.
Endothelial nitric oxide synthase produces the well-known
endogenous vasodilator nitric oxide (•NO). However, be-
yond its vasodilating actions, •NO can resist inflammatory
activation of endothelial functions such as expression of
the adhesion molecule VCAM-1.47 Nitric oxide appears to
exert this antiinflammatory action at the level of gene ex-
pression by interfering with the transcriptional regulator
nuclear factor kappa B (NF�B). Nitric oxide actually in-
creases the production of an intracellular inhibitor (I�B�) of
this important transcription factor.48 The NF�B system reg-
ulates numerous genes involved in inflammatory responses
in general, and in atherogenesis in particular.49 These ex-

amples show how basic vascular biology is beginning to
yield insight into previously obscure yet important aspects
of atherogenesis. Future study of the molecular regulation
of vascular cell function by mechanical stimuli promises to
clarify further the mechanisms of lesion formation at partic-
ular sites in the circulation.

Likewise, study of vascular developmental biology may
aid understanding of the tendency of certain arteries to
develop atherosclerosis at different rates and in different
ways. Smooth muscle cells vary in embryological origin in
different regions.50 For example, upper body arteries can
recruit smooth muscle from neurectoderm, whereas in the
lower body smooth muscle cells derive principally from
mesoderm. Coronary artery smooth muscle cells arise from
an Anlage known as the proepicardial organ.51 How this
heterogeneity in the origin of smooth muscle cells might
impact human atherosclerosis and may help explain some
of the poorly understood issues regarding dispersion of ath-
eroma in time and space remains intriguing yet speculative.
(See also Chap. 41.)

Intracellular Lipid Accumulation: Foam Cell
Formation
The monocyte, once recruited to the arterial intima, can
there imbibe lipid and become a foam cell, or lipid-laden
macrophage (see Fig. 30–4,5). Whereas most cells can ex-
press the classical cell surface receptor for LDL, that recep-
tor does not mediate foam cell formation. This is evident
clinically, because patients lacking functional LDL recep-
tors (familial hypercholesterolemia homozygotes) still de-
velop tendinous xanthomas filled with foamy macrophages.
The LDL receptor does not mediate foam cell formation
because of its exquisite regulation by cholesterol. As soon
as a cell collects enough cholesterol from LDL capture for
its metabolic needs, an elegant transcriptional control
mechanism quenches expression of the receptor (see also
Chap. 31).

Instead of the classical LDL receptor, various molecules
known as “scavenger” receptors appear to mediate the exces-
sive lipid uptake characteristic of foam cell formation.52, 53

The longest studied of these receptors belong to the scaven-
ger receptor-A family. These surface molecules bind modi-
fied rather than native lipoproteins and apparently partici-
pate in their internalization. Atherosclerosis-prone mice
with mutations that delete functional scavenger receptor-A
have less exuberant fatty lesion formation than those with
functional scavenger receptor-A molecules.54 Other recep-
tors that bind modified lipoprotein and that may participate
in foam cell formation include CD36 and macrosialin, the
latter exhibiting preferential binding specificity for oxidized
forms of LDL (see Table 31–3).

Once macrophages have taken up residence in the in-
tima and become foam cells, they not infrequently repli-
cate. The factors that trigger macrophage cell division in
the atherosclerotic plaque likely include macrophage col-
ony-stimulating factor (M-CSF). This co-mitogen and sur-
vival factor for mononuclear phagocytes exists in human
and experimental atheromatous lesions. Atherosclerosis-
prone mice lacking functional M-CSF have retarded fatty
lesion development.55, 56 Other candidates for macrophage
mitogens or co-mitogens include interleukin-3 and granulo-
cyte-macrophage colony-stimulating factor.
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Thus far, the scenario of the evolving atheroma has in-
voked only leukocytes, principally the macrophage. The
precursor lesion, known as the fatty streak, consists mainly
of accumulations of such lipid-engorged leukocytes. Fatty
streaks may occur in children and in societies less affected
by the atherosclerosis pandemic than the developed West-
ern nations. Moreover, in experimental animals, withdrawal
of the atherogenic diet or treatment with drugs that lower
lipoprotein levels in plasma can reduce the extent of estab-



lished lesions. Thus, fatty streaks composed primarily of
macrophages are likely reversible, at least to some extent.

THE EVOLUTION OF ATHEROMA

Smooth Muscle Cell Migration and Proliferation
Whereas the early events in atheroma initiation involve pri-
marily altered endothelial function and recruitment and ac-
cumulation of leukocytes, the subsequent evolution of ath-
eroma into more complex plaques involves smooth muscle
cells as well (see Fig. 30–4,6 and 7).57 Smooth muscle cells
in the normal arterial tunica media differ considerably from
those in the intima of an evolving atheroma. Although
some smooth muscle cells likely arrive in the arterial in-
tima early in life, others that accumulate in advancing ath-
eroma likely arise from cells that have migrated from the
underlying media into the intima.11, 57 The chemoattractants
for smooth muscle cells likely include molecules such as
platelet-derived growth factor (PDGF), a potent smooth
muscle cell chemoattractant secreted by activated macro-
phages and overexpressed in human atherosclerosis.58
These smooth muscle cells in the atherosclerotic intima can
also multiply by cell division. Estimated rates of division of
smooth muscle cells in the human atherosclerotic lesion are
on the order of less than 1 percent.59 However, considerable
smooth muscle cell accumulation may occur over the dec-
ades of lesion evolution.

Smooth muscle cells in the atherosclerotic intima appear
to exhibit a less mature phenotype than the quiescent
smooth muscle cells in the normal arterial medial layer.
Instead of expressing primarily isoforms of smooth muscle
myosin characteristic of adult smooth muscle cells, those in
the intima have higher levels of the embryonic isoform of
smooth muscle myosin.60 Thus, smooth muscle cells in the
intima seem to recapitulate an embryonic phenotype. These
intimal smooth muscle cells in atheroma appear morpho-

logically distinct as well. They contain more rough endo-
plasmic reticulum and fewer contractile fibers than do nor-
mal medial smooth muscle cells.

Although replication of smooth muscle cells in the
steady state appears indolent in mature human atheroma,
bursts of smooth muscle cell replication may occur during
the life history of a given atheromatous lesion. For exam-
ple, and as will be discussed in considerable detail later,
episodes of plaque disruption with thrombosis may expose
smooth muscle cells to potent mitogens, including the coag-
ulation factor thrombin itself. Thus, accumulation of
smooth muscle cells during atherosclerosis and growth of
the intima may not occur in a continuous and linear fash-
ion. Rather, “crises” may punctuate the history of an ather-
oma, during which bursts of smooth muscle replication
and/or migration may occur (Fig. 30–7).

Smooth Muscle Cell Death During Atherogenesis
In addition to smooth muscle cell replication, death of
these cells may also participate in complication of the
atherosclerotic plaque (see Fig. 30–4,8). At least some
smooth muscle cells in advanced human atheroma exhibit
fragmentation of their nuclear DNA characteristic of pro-
grammed cell death, or apoptosis.61–63 Apoptosis may occur
in response to inflammatory cytokines known to be present
in the evolving atheroma.64 In addition to soluble cytokines
that may trigger programmed cell death, the T cells in ath-
eroma may participate in eliminating some smooth muscle
cells. In particular, certain T cell populations known to
accumulate in plaques can express fas ligand on their sur-
face. Fas ligand can engage fas on the surface of smooth
muscle cells and, in conjunction with soluble proinflamma-
tory cytokines, lead to death of the smooth muscle cell.65

Thus, smooth muscle cell accumulation in the growing
atherosclerotic plaque probably results from a tug-of-war
between cell replication and cell death. Contemporary cell
and molecular biological research has identified candidates
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FIGURE 30–7. The time course of atherosclerosis. Traditional teaching held that atheroma formation
followed an inexorably progressive course with age, depicted in the curve in the left panel. Current
thinking suggests an alternative model, a step function rather than a monotonically upward course of
lesion evolution in time (curve in right panel). According to this latter model, “crises” can punctuate
periods of relative quiescence during the life history of a lesion. Such crises might follow an episode of
plaque disruption, with mural thrombosis, and healing, yielding a spurt in smooth muscle proliferation
and matrix deposition. Intraplaque hemorrhage due to rupture of a friable microvessel might produce a
similar scenario. Such episodes might usually be clinically inapparent. Extravascular events such as an
intercurrent infection with systemic cytokinemia or endotoxemia could elicit an “echo” at the level of the
artery wall, evoking a round of local cytokine gene expression by “professional” inflammatory leukocytes
resident in the lesion. The episodic model of plaque progression shown on the right fits human angio-
graphic data better than the continuous function depicted on the left.



for mediating both the replication and attrition of smooth
muscle cells, a concept that originated from the careful
morphological observations of Virchow almost a century
and a half ago.3 Referring to the smooth muscle cells in the
intima, Virchow noted that early atherogenesis involves a
“multiplication of their nuclei.” However, he recognized
that cells in lesions can “hurry on to their own destruction”
because of death of smooth muscle cells.

The Arterial Extracellular Matrix
Extracellular matrix rather than cells themselves makes up
much of the volume of an advanced atherosclerotic plaque.
Thus, extracellular constituents of plaque also require con-
sideration. The major extracellular matrix macromolecules
that accumulate in atheromas include interstitial collagens
(types I and III) and proteoglycans such as versican, bigly-
can, aggrecan, and decorin.10 Elastin fibers may also accu-
mulate in atherosclerotic plaques. The vascular smooth
muscle cell produces these matrix molecules in disease,
just as it does during development and maintenance of the
normal artery (see Fig. 30–4,7). Stimuli for excessive colla-
gen production by smooth muscle cells include PDGF and
transforming growth factor-beta (TGF-�), both constituents
of platelet granules and products of many cell types found
in lesions.66

Much like the accumulation of smooth muscle cells, ex-
tracellular matrix secretion also depends on a balance. In
this case, the biosynthesis of the extracellular matrix mole-
cules counters breakdown catalyzed in part by catabolic
enzymes known as matrix metalloproteinases (MMPs).67, 68
Dissolution of extracellular matrix macromolecules un-
doubtedly plays a role in migration of smooth muscle cells
as they penetrate into the intima from the media through a
dense extracellular matrix, traversing the elastin-rich inter-
nal elastic lamina. In injured arteries, overexpression of
inhibitors of such proteinases (known as tissue inhibitors of
metalloproteinases [TIMPs]) can delay smooth muscle accu-
mulation in the intima.69

Extracellular matrix dissolution also likely plays a role
in arterial remodeling that accompanies lesion growth. Dur-
ing the first part of the life history of an atheromatous
lesion, growth of the plaque is outward, in an abluminal
direction, rather than inward in a way that would lead to
luminal stenosis8, 9 (see Fig. 30–1). This outward growth of
the intima leads to an increase in caliber of the entire
artery. This so-called positive remodeling or compensatory
enlargement must involve turnover of extracellular matrix
molecules to accommodate the circumferential growth of
the artery. Luminal stenosis tends to occur only after the
plaque burden exceeds some 40 percent of the cross-sec-
tional area of the artery.8

Angiogenesis in Plaques
The smooth muscle cell is not alone in its proliferation and
migration within the evolving atherosclerotic plaque. Endo-
thelial migration and replication also occur as plaques de-
velop in microcirculation, characterized by plexuses of
newly formed vessels.70 Such plaque neovessels usually re-
quire special stains for visualization. However, histological
examination with appropriate markers for endothelial cells
reveals a rich neovascularization in evolving plaques. These
microvessels likely form in response to angiogenic peptides
overexpressed in atheroma. These angiogenesis factors in-
clude acidic and basic fibroblast growth factors (human
BGFs I and II),71 vascular endothelial growth factor
(VEGF),72, 73 and oncostatin M.74

These microvessels within plaques probably have con-
siderable functional significance. For example, the abun-
dant microvessels in plaques provide a relatively large sur-
face area for the trafficking of leukocytes, which could
include both entry and exit of leukocytes. Indeed, in the

advanced human atherosclerotic plaque, microvascular en-
dothelium displays the mononuclear-selective adhesion
molecules such as VCAM-1 much more prominently than
does the macrovascular endothelium overlying the plaque.75
The microvascularization of plaques may also allow growth
of the plaque overcoming diffusion limitations on oxygen
and nutrient supply, in analogy with the concept of tumor
angiogenic factors and growth of malignant lesions. Consist-
ent with this view, administration of inhibitors of angioge-
nesis to mice with experimentally induced atheromas limits
lesion expansion.76 Finally, the plaque microvessels may be
friable and prone to rupture like the neovessels in the dia-
betic retina. Hemorrhage and thrombosis in situ could pro-
mote a local round of smooth muscle cell proliferation and
matrix accumulation in the area immediately adjacent to
the microvascular disruption. This scenario illustrates a
special case of one of the “crises” described earlier in the
evolution of the atheromatous plaque (see Fig. 30–7). At-
tempts to augment myocardial perfusion by enhancing new
vessel growth by transfer of angiogenic proteins or their
genes might have adverse effects on lesion growth or clini-
cal complications of atheroma by these mechanisms.

Plaque Mineralization
Plaques often develop areas of calcification as they evolve.
Indeed, both Virchow and Rokitansky recognized morpho-
logical features of bone formation in atherosclerotic plaques
in early microscopic descriptions of atherosclerosis.3, 4 In
recent years, understanding of the mechanism of minerali-
zation during evolution of atherosclerotic plaques has ad-
vanced.77 Some subpopulations of smooth muscle cells may
foster calcification by enhanced secretion of cytokines such
as bone morphogenetic proteins, homologues of TGF-�.
Atheromatous plaques may also contain proteins with
gamma carboxylated glutamic acid residues specialized in
sequestering calcium and thus promoting mineralization.

COMPLICATIONS OF ATHEROSCLEROSIS

Arterial Stenoses and Their Clinical Implications
The process of initiation and evolution of the athero-
sclerotic plaque generally takes place over many years, dur-
ing which the affected person often has no symptoms. After
the plaque burden exceeds the capacity of the artery to
remodel outward, encroachment on the arterial lumen be-
gins. Eventually the stenoses may progress to a degree that
impedes blood flow through the artery. Lesions that pro-
duce stenoses of greater than some 60 percent can cause
flow limitations under conditions of increased demand. In
the coronary tree such obstructive lesions may cause symp-
toms such as angina pectoris. Thus, the symptomatic phase
of atherosclerosis usually occurs many decades after lesion
initiation (see Fig. 30–1). The development of chronic sta-
ble angina pectoris or intermittent claudication on in-
creased demand is a common presentation of this type of
atherosclerotic disease. During this chronic asymptomatic
or stable phase of lesion evolution, growth probably occurs
discontinuously, with periods of relative quiescence punc-
tuated by episodes of rapid progression (see Fig. 30–7).
Human angiographic studies support this discontinuous
growth of coronary artery stenoses.78, 79

However, in many cases of myocardial infarction no his-
tory of prior stable angina heralds the acute event. In some
cases, this mode of transition from the chronic stable or
asymptomatic phase of coronary atherosclerosis may result
from progressive intimal growth and critical narrowing of
the vessel due to a high-grade stenosis. Several kinds of
clinical observation over the last several years, however,
suggest that most myocardial infarctions result not from
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critical blockages but from lesions that produce stenoses
that do not limit flow. For example, in individuals who
have undergone coronary arteriography in the months pre-
ceding myocardial infarction, the culprit lesion most often
shows less than 50 percent stenosis. In a compilation of
four such serial angiographic studies, only approximately
15 percent of acute myocardial infarctions arose from le-
sions with degrees of stenosis greater than 60 percent on an
antecedent angiogram.80, 81

Instead of progressive growth of the intimal lesion to a
critical stenosis, we now recognize that thrombosis, compli-
cating a not necessarily occlusive plaque, most often causes
episodes of unstable angina or acute myocardial infarction.
Angiographic studies performed in individuals undergoing
thrombolysis support this view. In one such study, almost
half of patients undergoing thrombolysis for a first myocar-
dial infarction had an underlying stenosis of less than 50
percent once the acute thrombus was lysed.82

It is a misconception, however, that small atheromas
cause most myocardial infarction. Indeed, culprit lesions of
acute myocardial infarction actually may be sizable. How-
ever, they may not produce a critical luminal narrowing
because of the phenomenon of compensatory enlargement.
Studies using intravascular ultrasonography, a cross-sec-
tional imaging modality, to examine culprit lesions of acute
myocardial infarction support this concept83 (see also Chap.
12). Of course, critical stenoses do cause myocardial infarc-
tions. In fact, the high-grade stenoses are more likely to
cause acute myocardial infarction than nonocclusive le-
sions.80 However, because the noncritical stenoses by far
outnumber the tight focal lesions in a given coronary tree,
the lesser stenoses cause more infarctions even though their
individual probability of causing a myocardial infarction is
less than that of the high-grade stenoses.

Thrombosis and Atheroma Complication
This evolution in our view of the pathogenesis of the acute
coronary syndromes places new emphasis on thrombosis as
the critical mechanism of transition from chronic to acute
atherosclerosis. In the past decade we have seen consider-
able progress in our understanding of the mechanisms of
coronary thrombosis. We now appreciate that a physical
disruption of the atherosclerotic plaque commonly causes
acute thrombosis.68, 80, 84 Two major modes of plaque dis-
ruption provoke most coronary thrombi. The first mecha-
nism, accounting for some two thirds of acute myocardial
infarctions, involves a fracture of the plaque’s fibrous cap
(Fig. 30–8A).80 The second mode involves a superficial ero-
sion of the intima (see Fig. 30–8B), accounting for up to a
fourth of acute myocardial infarctions in highly selected
referral cases from medical examiners who have studied
individuals who succumbed to sudden cardiac death.85 Su-
perficial erosion appears more frequently in women than in
men as a mechanism of coronary sudden death.86, 87

Plaque Rupture and Thrombosis
The rupture of the plaque’s fibrous cap probably reflects an
imbalance between the forces that impinge on the plaque’s
cap and the mechanical strength of the fibrous cap.88 Inter-
stitial forms of collagen provide most of the biomechanical
resistance to disruption to the fibrous cap. Hence, the me-
tabolism of collagen probably participates in regulating the
propensity of a plaque to rupture. Factors that decrease
collagen synthesis by smooth muscle cells can impair their
ability to repair and maintain the plaque’s fibrous cap. For
example, the T cell–derived cytokine interferon gamma po-

FIGURE 30–8. See color plate 19.

FIGURE 30–9. See color plate 19.

tently inhibits smooth muscle cell collagen synthesis (Fig.
30–9).66 On the other hand, as already noted, certain medi-
ators released from degranulating platelets can increase
smooth muscle cell collagen synthesis, tending to reinforce
the plaque’s fibrous structure. Such mediators include TGF-
� and PDGF contained in platelet granules.66

In addition to reduced de novo collagen synthesis by
smooth muscle cells, increased catabolism of the extracellu-
lar matrix macromolecules that comprise the fibrous cap
can also contribute to weakening this structure and render-
ing it susceptible to rupture, and hence thrombosis. The
same matrix-degrading enzymes thought to contribute to
smooth muscle migration and arterial remodeling may con-
tribute to weakening of the fibrous cap as well (see Fig.
30–9).67, 68 Macrophages in advanced human atheromas
overexpress matrix metalloproteinases and elastolytic ca-
thepsins that can break down the collagen and elastin of
the arterial extracellular matrix.89–91 Thus, the strength of
the plaque’s fibrous cap is under dynamic regulation, link-
ing the inflammatory response in the intima with the mo-
lecular determinants of plaque stability and, hence, the
thrombotic complications of atheroma. The thinning of the
plaque’s fibrous cap, a result of reduced collagen synthesis
and increased degradation, probably explains why patho-
logical studies have shown that a thin fibrous cap charac-
terizes atherosclerotic plaques that have ruptured and
caused fatal myocardial infarction.92, 93

Another feature of the so-called vulnerable athero-
sclerotic plaque defined by pathological analysis is a rela-
tive lack of smooth muscle cells.94 As explained earlier,
inflammatory mediators both soluble and associated with
the surface of T lymphocytes can provoke programmed cell
death of smooth muscle cells. “Dropout” of smooth muscle
cells from regions of local inflammation within plaques
probably contributes to the relative lack of smooth muscle
cells at places where plaques rupture.63 Because these cells
are the source of the newly synthesized collagen needed to
repair and maintain the matrix of the fibrous cap, the lack
of smooth muscle cells may contribute to weakening of the
fibrous cap and, hence, the propensity of that plaque to
rupture.68

A prominent accumulation of macrophages and a large
lipid pool is a third microanatomical feature of the so-
called vulnerable atherosclerotic plaque.94 From a strictly
biomechanical viewpoint, a large lipid pool can serve to
concentrate biomechanical forces on the shoulder regions of
plaques, which are common sites of rupture of the fibrous
cap.95, 96 From a metabolic standpoint, the activated macro-
phage characteristic of the plaque’s core region produces
the proinflammatory cytokines and the matrix-degrading
enzymes thought to regulate aspects of matrix catabolism
and smooth muscle cell apoptosis in turn.97 The success of
lipid-lowering therapy in reducing the incidence of acute
myocardial infarction or unstable angina in patients at risk
may result from a reduced accumulation of lipid and de-
crease in inflammation. Recent animal studies and monitor-
ing of peripheral markers of inflammation in humans sup-
port this concept.98–101 (See also Chap. 31.)

Thrombosis Due to Superficial Erosion of
Plaques
The foregoing section discusses the pathophysiology of rup-
ture of the plaque’s fibrous cap. The pathobiology of super-
ficial erosion is much less well understood. In experimental
atherosclerosis in the nonhuman primate areas of endothe-
lial loss and platelet deposition occur in the more advanced
plaques (Fig. 30–10). In humans, superficial erosion ap-
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pears more likely to cause fatal acute myocardial infarction
in women and in individuals with hypertriglyceridemia
and diabetes mellitus.85–87 However, the underlying molec-
ular mechanisms remain obscure. Apoptosis of endothelial
cells could contribute to desquamation of endothelial cells
in areas of superficial erosion. Likewise, matrix metallopro-
teinases such as certain gelatinases specialized in degrading
the nonfibrillar collagen found in the basement membrane
(e.g., collagen type IV) might also sever the tetherings of the
endothelial cell to the subjacent basal lamina and promote
their desquamation.

Most plaque disruptions do not give rise to clinically
apparent coronary events. Careful pathoanatomical exami-
nation of hearts obtained from individuals who have suc-
cumbed to noncardiac death have shown a surprisingly
high incidence of focal plaque disruptions with limited mu-
ral thrombi. Moreover, hearts fixed immediately after ex-
plantation from individuals with severe but chronic stable
coronary atherosclerosis and who had undergone transplan-
tation for ischemic cardiomyopathy show similarly evi-
dence for ongoing but asymptomatic plaque disruption.84
Experimentally, in atherosclerotic nonhuman primates, mu-
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FIGURE 30–10. Superficial erosion of experimental atherosclerotic lesions shown by scanning electron
microscopy. A, In the low-power view, the rent in endothelium is evident. Leukocytes have adhered to the
subendothelium, which is beginning to be covered with a carpet of platelets. B, The high-power view
shows a field selected from the center of A that shows the leukocytes and platelets adherent to the
subendothelium. (From Faggiotto A, Ross R: Studies of hypercholesterolemia in the nonhuman primate: II.
Fatty streak conversion to fibrous plaque. Arteriosclerosis 4:341–356, 1984.)



ral platelet thrombi can complicate plaque erosions without
causing arterial occlusion (Fig. 30–11).102 Therefore, repeti-
tive cycles of plaque disruption, thrombosis in situ, and
healing probably contribute to lesion evolution and plaque
growth. Such episodes of thrombosis and healing constitute
one type of “crisis” in the history of a plaque that may
cause a burst of smooth muscle cell proliferation, migra-
tion, and matrix synthesis. The TGF-� and PDGF released
from platelet granules stimulate collagen synthesis by
smooth muscle cells.66 Thrombin, generated at sites of mu-
ral thrombosis, potently stimulates smooth muscle cell pro-
liferation.103 The late stage or “burned out” fibrous and cal-
cific atheroma may represent a late stage of a plaque
previously rich in lipid and vulnerable but now rendered
fibrous and hypocellular owing to a wound-healing re-
sponse mediated by the products of thrombosis.

FIGURE 30–11. Platelet thrombus complicat-
ing a plaque disruption in experimental ather-
osclerosis. This transmission electron micro-
graph shows a cross section of macrophage
studded with platelets that have clumped to
form a microscopic thrombus. (From Faggiotto
A, Ross R, Harker L: Studies of hypercholes-
terolemia in the nonhuman primate: I.
Changes that lead to fatty streak formation.
Arteriosclerosis 4:323-340, 1984.)
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SPECIAL CASES OF ARTERIOSCLEROSIS

Restenosis after Arterial Intervention
(See also Chap. 38)
The problem of restenosis after percutaneous arterial inter-
vention represents a special case of arteriosclerosis. After
balloon angioplasty, luminal narrowing recurs in approxi-
mately one third of cases within 6 months (see also Chap.
38). Initially, work on the pathophysiology of restenosis
after angioplasty focused on smooth muscle proliferation.104
A good deal of the thinking regarding the pathobiology of
restenosis depended on extension to the human situation of
the results of withdrawal of an overinflated balloon in a
previously normal rat carotid artery. Study of this very well
standardized preparation promoted precise understanding
of the kinetics of intimal thickening after this type of in-
jury. Furthermore, these studies identified a role for PDGF
in stimulating smooth muscle cell migration and basic fi-
broblast growth factor in triggering smooth muscle cell pro-
liferation in the rat carotid artery after injury.105–107 How-
ever, the attempts to transfer this information to human
restenosis met with considerable frustration. This disparity
between the balloon withdrawal injury of animals arteries
and human restenosis is not surprising. The substrate of the
animal studies was usually a normal rather than athero-
sclerotic artery, with all the attendant cellular and molecu-

lar differences highlighted earlier. Moreover, a high-pres-
sure inflation of an angioplasty balloon only vaguely
resembles the overinflated balloon withdrawal injury com-
monly practiced in rats.

Although smooth muscle cell proliferation appears
prominent in the simple experimental models of intimal
thickening, observations on human specimens showed rela-
tively low rates of smooth muscle cell proliferation and
called into question therapeutic targeting of this process.
Moreover, intravascular ultrasound studies in humans, and
considerable evidence from animal experimentation, sug-
gested that a substantial proportion of the loss of luminal
caliber after balloon angioplasty resulted from a constric-
tion of the vessel from the adventitial side (“negative re-
modeling”).108 These observations renewed interest in ad-
ventitial inflammation with scar formation and wound
contraction as a mechanism of arterial constriction after
balloon angioplasty.109, 110

The widespread introduction of stents has changed the
face of the restenosis problem. The process of in-stent ste-
nosis, in contrast to restenosis after balloon angioplasty,
depends uniquely on intimal thickening, as opposed to
“negative remodeling.” The stent provides a firm scaffold
that prevents constriction from the adventitia. Histological
analyses reveal that a great deal of the volume of the in-
stent restenotic lesion is made up of “myxomatous” tis-
sue, comprising occasional stellate smooth muscle cells
embedded in a loose and highly hydrated extracellular
matrix.

The introduction of stents has reduced the clinical im-
pact of restenosis because of the very effective increase in
luminal diameter achieved by this technique. Even if a con-
siderable degree of lumen loss occurs due to intimal thick-
ening, the luminal caliber remains sufficient to alleviate the
patient’s symptoms because of the excellent dilatation
achieved. Currently, radiation treatment, presumably target-
ing smooth muscle proliferation and matrix synthesis, is
under evaluation as a therapeutic approach to limiting in-
stent stenosis (see Chap. 38).

Accelerated Arteriosclerosis after
Transplantation (See also Chap. 20)
Since the advent of effective immunosuppressive therapy
such as cyclosporine, the major limitation to long-term sur-



vival of cardiac allografts is the development of an acceler-
ated form of arterial hyperplastic disease (see also Chap.

FIGURE 30–12. See color plate 20.

20). I favor the term arteriosclerosis (hardening of the ar-
teries) rather than atherosclerosis (gruel-hardening) to de-
scribe this process because of the inconstant association with
lipids (the “gruel” in atherosclerosis).111 This form of arterial
disease often presents a diagnostic challenge. The patient
may not experience typical anginal symptoms due to the
interruption of cardiac denervation after transplantation. In
addition, graft coronary disease is concentric and diffuse, not
only affecting the proximal epicardial coronary vessels but
also penetrating smaller intramyocardial branches (Fig. 30–
12).112 For this reason, the angiogram, well suited to visual-
ize focal and eccentric stenoses, consistently underestimates
the degree of transplantation arteriosclerosis.113

In most centers, a majority of patients undergoing trans-
plantation have atherosclerotic disease and ischemic car-
diomyopathy. However, a sizable minority undergo heart
transplantation for idiopathic dilated cardiomyopathy and
may have few risk factors for atherosclerosis. Even in the
absence of traditional risk factors, this latter group of indi-
viduals shares the risk of developing accelerated arterio-
sclerosis. This observation suggests that the pathophysiol-
ogy of this form of accelerated arteriosclerosis differs from
that of usual atherosclerosis.

The selective involvement of the engrafted vessels with
sparing of the host’s native arteries suggests that accelerated
arteriopathy does not merely result from the immunosup-
pressive therapy or other systemic factors in the transplan-
tation recipient. Rather, these observations suggest that the
immunological differences between the host and the recipi-
ent vessels might contribute to the pathogenesis of this
disease. Considerable evidence from both human and ex-
perimental studies currently supports this viewpoint.
Endothelial cells in the transplanted coronary arteries ex-
press histocompatibility antigens that can engender an allo-
geneic immune response from host T cells.114 The activated
T cells can secrete cytokines (e.g., interferon gamma) that
can augment histocompatibility gene expression, recruit
leukocytes by induction of adhesion molecules, and acti-
vate macrophages to produce smooth muscle cell chemoat-
tractants and growth factors. Interruption of interferon
gamma signaling can prevent experimental graft coronary
disease in mice.115 This disease appears to occur despite
cyclosporine therapy, because this immunosuppressant is
relatively ineffective as a suppressor of the endothelial allo-
geneic response. These observations hold out the hope that
combinations of cyclosporine with other immunosuppres-
sive agents that more effectively suppress the endothelial
allogeneic response may prove an effective therapy to re-
tard or prevent graft arteriosclerosis.

The data just summarized suggest that graft arteriosclero-
sis represents an extreme case of immunologically driven
arterial hyperplasia (Fig. 30–13) that can happen in the
absence of other risk factors.111 On the other extreme, pa-
tients with homozygous familial hypercholesterolemia can
develop fatal atherosclerosis in the first decade of life due
solely to an elevation in LDL. The vast majority of patients
with atherosclerosis fall somewhere between these two ex-
tremes. Analysis of usual atherosclerotic lesions shows evi-
dence for a chronic immune response and lipid accumula-
tion. Therefore, by studying the extreme cases, such as
transplantation arteriopathy and familial hypercholesterol-
emia, one can gain insight into elements of the pathophysi-
ology that contribute to the multifactorial form of athero-
sclerosis that affects the majority of patients.

100%

0%

100%

0%

Transplantation-
associated

arteriosclerosis

Usual
atherosclerosis

Familial
hypercholesterolemia

Lipoprotein mediation

Immunologic mechanisms

FIGURE 30–13. A multifactorial view of the pathogenesis of
atherosclerosis. This diagram depicts two extreme cases of athero-
sclerosis. One (far left side) represents accelerated arteriosclerosis
that can occur in the transplanted heart in the absence of tradi-
tional coronary risk factors. This disease likely represents primarily
immune-mediated arterial intimal disease. The other extreme (far
right side) depicts the case of a child who may succumb to ram-
pant atherosclerosis in the first decade of life due solely to an
elevated low density lipoprotein (LDL) caused by a mutation in the
LDL receptor (homozygous familial hypercholesterolemia). Between
these two extremes lie the vast majority of patients with athero-
sclerosis, probably involving various mixtures of immune and in-
flammatory and/or lipoprotein-mediated disease. One can further
consider that this diagram extends to a third dimension that would
involve other candidate risk factors such as homocysteine, lipopro-
tein(a), infection, tobacco abuse, and so on.
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Aneurysmal Disease (See also Chap. 40)
Atherosclerosis produces not only stenoses but also aneu-
rysmal disease. Why does a single disease process manifest
itself in directionally opposite manner, for example, most
commonly producing stenoses in the coronary arteries but
causing ectasia of the abdominal aorta? In particular, aneu-
rysmal disease characteristically affects the infrarenal ab-
dominal aorta. This region is highly prone to the develop-
ment of atherosclerosis. Data from the Pathobiological
Determinants of Atherosclerosis In Youth Study (PDAY)
show that the dorsal surface of the infrarenal abdominal
aorta has a particular predilection for development of fatty
streaks and raised lesions in Americans younger than age
35 who succumbed for noncardiac reasons.116–118 Because
of the absence of vasa vasorum the relative lack of blood
supply to the tunica media in this portion of the abdominal
aorta might explain the regional susceptibility of this por-
tion of the arterial tree to aneurysm formation. In addition,
the lumbar lordosis of the biped human may alter the hy-
drodynamics of blood flow in the distal aorta, yielding flow
disturbances that may promote lesion formation.

Histological examination shows considerable distinction
between occlusive atherosclerotic disease and aneurysmal
disease. In typical coronary artery atherosclerosis, expan-
sion of the intimal lesion produces stenotic lesions. The
tunica media underlying the expanded intima is often
thinned, but its general structure remains relatively well
preserved. In contrast, transmural destruction of the arterial
architecture occurs in aneurysmal disease. In particular, the
usually well-defined laminar structure of the normal tunica
media disappears with loss of the elastic laminae. The me-
dial smooth muscle cells, usually well preserved in typical
stenotic lesions, are notable for their paucity in the media
of advanced aortic aneurysms.

Study of the pathophysiology that underlies these ana-
tomical pathological findings has proven frustrating. In-
formative animal models are not available. The human
specimens obtainable for analysis generally represent the
late stages of this disease. Nonetheless, recent work has



identified several mechanisms that may underlie the pecu-
liar pathology of aneurysmal disease. Widespread destruc-
tion of the elastic laminae suggests a role for degradation of
elastin, collagen, and other constituents of the arterial ex-
tracellular matrix. Many studies have documented overex-
pression of matrix-degrading proteinases including matrix
metalloproteinases in human aortic aneurysm speci-
mens.119–121

Thus, heightened elastolysis may explain the breakdown
of the usually ordered structure of the tunica media in this
disease. In addition, aortic aneurysms show evidence for
considerable inflammation, particularly in the adventitia.122
The lymphocytes that characteristically abound on the ad-
ventitial side of aneurysmal tissue suggest that apoptosis of
smooth muscle cells triggered by inflammatory mediators
including soluble cytokines and fas ligand, elaborated by
these inflammatory cells, may contribute to smooth muscle
cell destruction, and promote aneurysm formation.123 Al-
though extracellular matrix degradation and smooth muscle
cell death also occur in sites where atherosclerosis causes
stenosis, they appear to predominate in regions of aneu-
rysm formation and to affect the tunica media much more
extensively, for reasons that remain obscure.

Infection and Atherosclerosis
Recently, interest has increased in the possibility that infec-
tions may cause atherosclerosis. A considerable body of
seroepidemiological evidence supports a role for certain
bacteria, notably Chlamydia pneumoniae, and certain vi-
ruses, notably cytomegalovirus (CMV), in the etiology of
atherosclerosis.124, 125 The seroepidemiological studies have
spurred a number of in vivo and in vitro experiments that
lend varying degrees of support to this concept. In evalua-
tion of the seroepidemiological evidence, several caveats
apply. First, confounding factors should be carefully con-
sidered.126 For example, smokers may have a higher inci-
dence of bronchitis due to C. pneumoniae. Therefore, evi-
dence for infection with C. pneumoniae may merely serve
as a marker for tobacco use, a known risk factor for athero-
sclerotic events. Additionally, a strong bias favors publica-
tion of positive studies as opposed to negative studies.
Thus, meta-analyses of seroepidemiological studies may be
slanted toward the positive merely because of underreport-
ing of negative studies. Finally, atherosclerosis is a com-
mon and virtually ubiquitous disease in developed coun-
tries. In most societies, many adults have serological
evidence of prior infections with Herpesviridae, such as
CMV, and respiratory pathogens, such as C. pneumoniae. It
is difficult to sort out coincidence from causality when the
majority of the population studied has evidence of both
infection and atherosclerosis. (See also Chap. 31.)

Although proof that bacteria or viruses can cause athero-
sclerosis remains elusive, it is quite plausible that infec-
tions may potentiate the action of traditional risk factors,
such as hypercholesterolemia. Based on the vascular biol-
ogy of atherosclerosis discussed in this chapter, a number
of scenarios might apply. First, cells within the atheroma
itself may be a site for infection. For example, macrophages
existing in an established atherosclerotic lesion might be-
come infected with C. pneumoniae, which could spur their
activation and accelerate the inflammatory pathways that
are currently believed to operate within the atherosclerotic
intima. Specific microbial products such as lipopolysac-
charides, heat-shock proteins, or other virulence factors
might act locally at the level of the artery wall to potentiate
atherosclerosis in infected lesions.127–133

Extravascular infection might also influence the develop-
ment of atheromatous lesions and provoke their complica-
tion. For example, circulating endotoxin or cytokines pro-
duced in response to a remote infection can act locally at
the level of the artery wall to promote the activation of
vascular cells and of leukocytes in preexisting lesions,

producing an “echo” at the level of the artery wall of a
remote infection.134 Also, the acute phase response to an
infection in a nonvascular site might affect the incidence of
thrombotic complications of atherosclerosis by increasing
fibrinogen or plasminogen activator inhibitor-1 (PAI-1) or
otherwise altering the balance between coagulation and fi-
brinolysis. Such disturbance in the prevailing prothrom-
botic, fibrinolytic balance may critically influence whether
a given plaque disruption will produce a clinically inappar-
ent transient or nonocclusive thrombus or sustained and
occlusive thrombi that could cause an acute coronary
event.

Acute infections might also produce hemodynamic alter-
ations that could trigger coronary events. For example, the
tachycardia and increased metabolic demands of fever
could augment the oxygen requirements of the heart, pre-
cipitating ischemia in an otherwise compensated individ-
ual. These various scenarios illustrate how infectious pro-
cesses, either local in the atheroma or extravascular, might
aggravate atherogenesis, particularly in preexisting lesions
or in concert with traditional risk factors. Currently, a num-
ber of well-designed trials are critically testing the hypothe-
sis that treatment with antibiotics can reduce recurrent cor-
onary events in survivors of myocardial infarction. The
results of such studies will be forthcoming in the next sev-
eral years. However, even if these studies were positive,
they would not establish a role for a particular infectious
agent, nor could they prove that the antibiotic effect of the
agents tested, rather than some other action not related to
their antimicrobial effect, could produce benefit.
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