
Atherogenesis: The Early Stages

Progression and Classification of 
Atherosclerotic Lesions

PATHOLOGICAL STUDIES have provided insights
into the early changes within the artery wall
that may be associated with atherosclerosis.
The earliest findings noted were of eccentric in-
timal thickening in arterial regions opposite the
flow divider of arterial bifurcations.  The earli-
est signs of lipid retention were isolated foam

cells (macrophages) found within the intima of
45% of infants (1).  By puberty, such foam cell
accumulations were accompanied by lipid
droplets both extracellularly and within smooth
muscle cells.  These early lesions are the so-
called fatty streaks, noted in 65% of children
between 12 and 14 years of age.  By the third
decade of life, these lesions had developed a
cap of smooth muscle cells and collagen, thus
forming a fibroatheroma.  The formation of
these fibrous caps is generally slow.  However,
they may thicken rapidly with the deposition of
platelets and fibrin on their surfaces because of
thrombus-dependent fibrotic organization.

Based on the above pathological data, ath-
erosclerotic plaque progression was subdivided
into five phases and lesion types (Fig. 1) by the
American Heart Association Committee on Vas-
cular Lesions (1).  Although not severely
stenotic by coronary angiography, type IV and
type Va lesions are particularly important be-
cause they are more susceptible or “vulnerable”
to disruption and subsequent thrombosis.  Type
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Atherosclerotic diseases and their thrombotic complications remain the leading causes of mortality and morbidity in Western soci-
ety.  In the United States, cardiovascular disease is responsible for one in every 2.4 (41.4%) deaths and is the leading single cause of
mortality.  Furthermore, the presence of atherosclerotic disease (defined as thickening of the arterial wall through the accumulation
of lipids, macrophages, T-lymphocytes, smooth muscle cells, extracellular matrix, calcium and necrotic debris) is more prevalent,
but by itself rarely fatal.  The crucial, final common process for the conversion of a nonocclusive, often clinically silent atheroscle-
rotic lesion to a potentially fatal condition is often plaque disruption.  The mortality associated with atherosclerotic disease relates to
the acute coronary syndromes, including acute myocardial infarction, unstable angina pectoris and sudden cardiac death.  Substan-
tial clinical, experimental and postmortem evidence demonstrates the central role that a superimposed acute thrombosis on a dis-
rupted atherosclerotic plaque plays in the onset of acute coronary syndromes.  Therefore, therapeutic approaches to date have
focused on reducing such thrombotic complications of atherosclerotic plaques (i.e., antiplatelet, anticoagulant and thrombolytic
therapies) to reduce the resulting morbidity and mortality.

In this review, we will focus on the current theories of atherogenesis and how they impact on our understanding of acute coro-
nary syndromes.
Key Words:  Atherogenesis, atherosclerosis, platelets, platelet aggregation, thrombogenicity, thrombosis, acute coronary syndrome,
plaque formation, plaque disruption, hemodynamics, Q-wave myocardial infarction, rheology, collateral circulation, risk factors.
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IV lesions have a high extracellular lipid con-
tent intermixed with fibrous tissue beneath a fi-
brous cap. In contrast, type Va lesions contain a
larger lipid-rich core with a thin fibrous cap.
Upon disruption, these minimally stenotic coro-
nary lesions may lead to acute occlusive throm-
bosis associated with the acute coronary syn-
dromes or a small nonocclusive thrombus.  The
latter event may lead to a severe stenotic lesion
after fibrous organization within the underlying
atherosclerotic plaque.  This abrupt episodic
progression of disrupted “vulnerable” plaques
leads to the frequent complicated type VI lesion
that accounts for about 75% of the patients with
acute coronary syndromes.

Importance of Rheology, Endothelial 
Dysfunction and Inflammation in Early 
Atherosclerosis

The arterial vessel wall and the endothelial
cells are subject to mechanical and hydrostatic
forces exerted by blood within the vessel, cir-
cumferential stress from motion of the vessel
during the cardiac cycle and shear stress result-
ing from blood flow within the vessel. The bio-
logical implication of these mechanical forces is
clearly demonstrated by the preferential local-
ization of atherosclerotic lesions at certain sites
within the arterial tree despite the presence of
the same systemic, genetic and environmental
factors.  It is the last of these forces, shear
stress, which appears to have the greatest impact
upon events occurring at the interface of the
blood and vessel wall.  Shear stress stimulates
the release of vasoactive substances, and

changes such cellular processes as gene expres-
sion (i.e., via shear-stress-responsive elements),
cell metabolism and cell morphology (2, 3).  At
areas of abrupt curvature in the vessel (such as
at the carotid bulb), laminar blood flow is dis-
rupted, which results in recirculation vortices
and low mean shear stress and flow reversal.
The correlation is strong between endothelial
dysfunction and areas of low mean shear stress
and oscillatory flow with flow reversal (4).  The
predilection of the endothelial cell surface at
these sites for cellular adhesion molecules, in-
creased uptake of lipoproteins, inflammatory
cell transmigration, and the secretion of
chemokines and cytokines leads to the prolifer-
ation of smooth muscle cells and macrophages
within the vessel wall.  Thus, high mean shear
stress inhibits leukocyte binding and chemokine
and cytokine expression, while low mean shear
stress promotes inflammatory cell binding.

The endothelium plays a central role in arte-
rial hemostasis through the regulation of plasma
lipoprotein permeability and leukocyte adhe-
sion, and the production of prothrombotic and
antithrombotic factors, growth factors and va-
soactive substances (Fig. 2).  There is substan-
tial data demonstrating that shear stress is an im-
portant stimulus for the secretion of prostacyclin
(5, 6) and nitric oxide (NO) (7 – 9), both of
which are potent inhibitors of platelet aggrega-
tion. Furthermore, shear stress has been shown

Fig. 1. Schematic representation of atherosclerotic lesion
progression.  The solid dark circles indicate those phases
where plaque disruption and subsequent thrombosis play a
critical role.  (taken from ref. #105)

Fig. 2. Endothelium-derived substances.  Note the list of
pro- and anti-atherogenic factors that could be produced by
the endothelium (see text). PDGF. -Platelet Derived
Growth Factor;  bFGF. -basic Fibroblast Growth Factor;
VCAM. -Vascular Adhesion molecules;  ICAM. - Intercel-
lular Adhesion Molecules;  ELAM . -Endothelial Leukocyte
Adhesion Molecule; TGF-β. - Transforming Growth Factor
Beta; TFPI. -Tissue Factor Pathway Inhibitor; tPA. -tissue-
type Plasminogen Activator; PAI-1. -Plasminogen Activa-
tor Inhibitor-1; vWF. -von Willebrand factor.
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to regulate the production of thrombomodulin
(10), which (through interaction with proteins C
and S) inactivates specific clotting factors, stim-
ulates the expression of tissue plasminogen acti-
vator (10 – 12) and reduces the secretion of plas-
minogen activator inhibitor type 1 (12), thus
promoting fibrinolysis as well.  The genes for
the production of tissue factor, one of the most
potent stimuli for thrombin generation via the
extrinsic pathway of the coagulation cascade,
are upregulated in conditions of low mean shear
stress (13), and promote the existence of a pro-
thrombotic endothelial surface.  Thus, in condi-
tions of low mean shear stress, anticoagulant
mechanisms are inhibited, in contrast to the ac-
tivation of procoagulant pathways.

Recruitment of monocytes into the vessel
wall is an early step in the formation of an ath-
erosclerotic lesion.  The fatty streak, the pre-
cursor for atherosclerotic lesions, contains
macrophages and T lymphocytes exclusively
(1), although the deposition of lipids precedes
this inflammatory cellular influx in patients
with hypercholesterolemia (14, 15).  The subse-
quent migration of leukocytes across the en-
dothelium depends on chemotactic factors such
as monocyte chemoattractant protein 1 (MCP-
1) and oxidized low density lipoproteins (LDL)
(16) as well as platelet-endothelial cell adhe-
sion molecules (17).  Substances such as mono-
cyte colony stimulating factor seem important
for the survival and multiplication of
macrophages within the growing atheroscle-
rotic lesions (18, 19).  T-cells are similarly de-
pendent on interleukin-2 (20).   Macrophages
produce many growth factors (including
platelet derived growth factor (PDGF), basic fi-
broblast growth factor (bFGF), and epidermal
growth factor (EGF), in addition to the inflam-
matory agents described above (21).  However,
it is the production of matrix-degrading sub-
stances (matrix metalloproteinases (MMP) and
heparanases) which are crucial to the perpetua-
tion and growth of the early lesion (22).  Gelati-
nase A (MMP-2) degrades the collagen found in
the basement membranes, and appears to be
critical in facilitating smooth muscle migration
through the basement membrane (23).  The
major control of MMP activity, once activated
from the inactive zymogen, lies with the pro-
duction of tissue inhibitors of MMPs (TIMPs)
(22), of which three have been identified to
date.  It appears that the ratio of MMPs to
TIMPs is crucial in determining connective tis-
sue and basement membrane breakdown.  Lym-
phocytes, including CD4 and CD8 positive T-

cells, have been identified in significant num-
bers within atherosclerotic lesions, and invari-
ably play a role in the inflammatory processes
in plaque genesis and progression (24, 25).
These T-cells are activated when they bind anti-
gens processed and presented by both
macrophages and smooth muscle cells.  One
such antigen may be oxidized LDL (26).
Smooth muscle cell proliferation, an important
feature of atherosclerotic lesions, is stimulated
and regulated by endothelial factors, of which
shear stress is one (27).  Low mean shear stress
(which is pro-atherogenic) has been shown to
be associated with increased production of en-
dothelial PDGF (27).  High mean shear stress
(which is anti-atherogenic or atheroprotective)
has been associated with reduced production of
endothelin-1 (28) and angiotensin II (29), both
of which are smooth muscle mitogens, and in-
creased production of NO (30, 31) and trans-
forming growth factor β (TGF-β).  These latter
two substances are inhibitors of smooth muscle
cell growth.  Thus, substantial evidence exists
for shear stress mediated modulation of vascu-
lar smooth muscle cell proliferation.

Platelets and Thrombosis in Early 
Atherosclerosis and Acute Coronary 
Syndromes

Platelet deposition and thrombosis atop an
atherosclerotic lesion lead to one of two broad
events (Fig. 3).  First, nonocclusive luminal
thrombosis leads to silent, rapid plaque growth.

Fig. 3. Diagram showing the various outcomes that result
from the thrombotic complications of atherosclerotic dis-
ease.  Plaque disruption and subsequent  thrombosis are as-
sociated with 70% of the acute coronary syndromes, while
the remaining 30% seem to be caused by the existence of a
severe stenosis triggering thrombosis.  ACS. -Acute Coro-
nary syndromes. The ? marks refer to the potential effect of
a newly reported systemic pool of tissue factor (TF).
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During serial angiographic studies, the presence
of a mild or moderately stenotic plaque (<50%)
was the most frequent cause of acute ischemic
events (32 – 35).  These studies also noted that
even without clinical symptoms, some minor le-
sions had progressed rapidly in size over a short
period.  Postmortem studies of patients dying
from ischemic events have revealed the cause of
both the acute events and lesion progression to
be intimately related to plaque-associated throm-
bosis (36 – 41).  The atherosclerotic lesions that
appeared susceptible or prone to such thrombotic
phenomena were noted to have common histo-
logical characteristics.  These so-called “vulner-
able” plaques are more prone to plaque disrup-
tion and subsequent thrombus formation.

Second, occlusive (transiently or perma-
nently) luminal thrombosis is associated with un-
stable angina pectoris, acute myocardial infarc-
tion or sudden cardiac death.  Plaques containing
a large atheromatous core are more prone to dis-
ruption, since 75% of such plaques are responsi-
ble for the atherothrombotic complications lead-
ing to the acute coronary syndromes (42-45).
Most of the other cases are associated with
plaque thrombosis atop a macrophage-rich inti-
mal erosion in a more fibrotic plaque, often in as-
sociation with a severe arterial stenosis (42-44).

Plaque Disruption

Plaque disruption is a central feature of
atherothrombotic syndromes, and the risk that
this will occur relates to the existence of several
factors that can be divided into intrinsic (related
to plaque composition) and extrinsic (mostly
related to the geographical location of the le-
sion) (Table 1).

Intrinsic Factors

Atherosclerotic plaque disruption generally
occurs at sites where the fibrous cap is thinnest
and most heavily infiltrated with macrophage-
derived foam cells (i.e., its weakest point).  This
usually is seen at the shoulder region of eccen-
tric lesions (43) (the interface between the nor-
mal vessel wall and the atherosclerotic plaque).
Factors associated with fibrous cap rupture in-
clude size of the atheromatous core (i.e., ratio
of lipid to fibrotic components), thickness and
composition of the fibrous cap (i.e., ratio of
smooth muscle cells to macrophages), inflam-
mation within the fibrous cap and cap fatigue.

While the composition of most atheroscle-
rotic lesions is mainly fibrotic, a significant

atheromatous core does exist in most so-called
culprit lesions for acute coronary syndromes
(46).  Several studies confirm the association
between size of the atheromatous core and risk
for subsequent plaque rupture.  One study
found that in aortic plaque an atheromatous
core of > 40% of the plaque content was at a
particularly high risk of disruption and subse-
quent thrombosis (47).  Based on numerous an-
imal studies, lipid-lowering approaches are be-
lieved to decrease the lipid content of the
plaque (i.e., decrease the size of the lipid-rich
core), resulting in a more fibrotic and stable
plaque (48 – 50).

Fibrous caps vary widely in their thickness
and composition.  However, fibrous caps are
thinnest at the shoulder regions of the vulnera-
ble plaques (43).  Collagen (in particular, type 1
collagen) is a critical determinant of fibrous cap
strength.  In disrupted aortic plaques, smooth
muscle cells (the source of collagen in the cap)
and the collagen content itself are decreased
(47, 51).  One mechanism postulated for the re-
duced number of smooth muscle cells in the fi-
brous cap is apoptosis (51).  It is uncertain
whether this is the only mechanism responsible.

Pathological studies (with immunohisto-
chemistry) have revealed evidence of ongoing
inflammation within the fibrous cap at sites of
disruption, and other studies have shown
macrophage infiltration at the disrupted shoul-
der regions of fibrous caps (42, 52, 53).  An im-
portant mechanism appears to be the production
of matrix-degrading enzymes, including MMPs,
which played an important role in atherogenesis
also.  Activated macrophages within the fibrous
cap produce a variety of MMPs, and in-vitro
studies have confirmed the ability of these en-
zymes to degrade fibrous caps (54).  Although
many of these enzymes have been implicated,
including the interstitial collagenases MMP-1
and -3 (55), only gelatinase B (MMP-9) has
been associated with rupture-prone areas in



Vol. 68 No. 3 CORONARY ARTERY DISEASE—WORTHLEY 171

human coronary artery specimens obtained at
atherectomy (56).  T-cells are present in in-
creased numbers at these rupture-prone sites
also, and can stimulate macrophages to produce
MMP-9 (57).

Extrinsic Factors

Atherosclerotic lesions within the coronary
arterial system are subject to mechanical and
hemodynamic forces that may trigger disrup-
tion of atherosclerotic plaques (58, 59).  Cap
tension refers to the circumferential wall ten-
sion exerted on the vessel due to the blood pres-
sure.  This force is governed by Laplace’s law;
the higher the blood pressure and the larger the
luminal diameter, the more tension will develop
in the wall (58).  The soft atheromatous core is
unable to bear these forces well, and the tension
is redistributed to adjacent structures such as
the fibrous cap (43).  Thus, we can appreciate
that mildly-to-moderately stenotic lesions will
be subject to greater circumferential stresses, in
accord with Laplace’s law, than severely
stenotic lesions.  Other forces to which the
coronary artery wall and atherosclerotic lesions
are subject include longitudinal flexion and cir-
cumferential bending associated with the mo-
tion of the heart and the propagating pulse
wave.  It appears that part of the mechanism by
which β-blockers exert their favorable effect on
reducing reinfarction is by attenuating these
forces.  Finally, vasospasm and plaque hemor-
rhage could potentially enhance plaque rupture
by compressing the atheromatous core, and
cause the plaque to “blow out” into the vessel
lumen (53, 60).  However, there are little data to
confirm the significance of this mechanism in
plaque rupture.

Acute Thrombosis

Substrate and Tissue Factor Dependent
Thrombosis

Studies of the relative thrombogenicity of
the various components of atherosclerotic
plaques have demonstrated that lipid-rich
plaques are up to six times more thrombogenic
than all other components (61).  The exact
mechanisms for the thrombogenicity of the
lipid core are uncertain.  However, it has been
shown that lipid cores have a high tissue factor
content (62), and this may account for some or
most of the thrombogenicity (Fig. 4).  This tis-
sue factor may originate in macrophage-derived

foam cells (63, 64).  Studies with directional
atherectomy specimens from patients with un-
stable coronary syndromes showed a higher
population of macrophage-rich areas than spec-
imens from stable angina patients.  Moreover,
there was a significant correlation between
these macrophage-rich areas and positive tissue
factor staining in  atherectomy samples from
those patients with unstable coronary syn-
dromes (65 – 67).  Based upon immunohisto-
chemical evidence, it is likely that macrophages
are responsible for the bulk of the tissue factor
found in the core.  This tissue factor may derive
from cell debris or microparticles released dur-
ing apoptosis (68).  Plaque disruption may thus
expose active tissue factor to circulating blood,
leading to acute thrombosis.  Furthermore, in
models of thrombosis induced by a damaged ar-
terial wall, tissue factor pathway inhibitor
(TFPI) has a potent antithrombotic effect (Fig.
5).  Despite this evidence, tissue factor in the
lipid core may potentially be derived from other
sources.

Preliminary evidence is emerging that iden-
tifies a plasma source of tissue factor.  A mod-
est increase in plasma tissue factor levels (mea-
sured by enzyme-linked immunosorbent assay,
ELISA) was reported in a study of 31 patients
experiencing acute and chronic phases of my-
ocardial infarction versus those with stable
angina or controls (69).  Tissue factor activity
was not measured.  In a follow-up study (70),
this research group also reported that plasma TF

Fig. 4. Platelet deposition and Tissue Factor (TF) activity
score in human tissues.  Mean values for platelet deposi-
tion are illustrated on the ordinate.  The intensity of tissue
staining is expressed as the average of the scores deter-
mined by two independent observers.  Note the positive
correlation between platelet deposition and TF score on the
exposed human substrates.  INT - normal intima;  Coll -
collagen-rich matrix; Foam - foam cell–rich matrix; TM -
normal tunica media; ADV - adventitia; LRC - lipid-rich
core.  Atherosclerotic lesions characterized by the presence
of a lipid-rich core (LRC) are most thrombogenic and have
the highest content of TF.  (taken from ref. #62)
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and TFPI levels were increased in the acute and
subacute phase of patients with unstable angina
and correlated with increases in free TFPI and
TF (Fig. 6).  Most important, patients with un-
stable angina and heightened tissue factor were
at increased risk for unfavorable outcomes.
However, in this study too, tissue factor activity
was not measured, nor was the source of the
plasma tissue factor addressed.

The source of this circulating tissue factor
remains to be determined.  Although endothelial
cells, macrophages, smooth muscle cells and
myocardial cells may be the source of circulat-
ing tissue factor, the possibility that this circu-
lating moiety derives, in part, from blood mono-
cytes and/or neutrophils is being actively inves-
tigated.  Preliminary data by immunoelectron
microscopy indicates that tissue factor antigen is
most abundant in membrane vesicles that cluster
near the surface of platelets (71).  More recent

research has demonstrated tissue factor in
monocytes and neutrophils in peripheral blood.

Systemic Thrombogenicity

There is substantial experimental and clini-
cal evidence that a primary hypercoagulable or
thrombogenic state that promotes focal throm-
bus formation may exist in the circulation
(Table 2).  This is important when considering
the risk of complicating thrombosis after plaque
rupture and confirms that factors beyond the
atherosclerotic plaque are also important in pre-
dicting thrombotic risk.  Systemic factors, in-
cluding alterations in lipid and hormonal me-
tabolism, hemostasis, fibrinolysis, and platelet
and leukocyte function, are associated with in-
creased blood reactivity and thrombogenicity.

Fig. 5. Effect of the inhibition of TF activity by rTFPI on
the thrombogenicity of human atherosclerotic lesions. A.
Representative immunophotographs of control. B. TFPI-
treated human lipid-rich atherosclerotic lesions.
Fibrin(ogen) deposition is shown as green, platelet deposi-
tion as red, and their co-localization as orange.  Note sig-
nificant reduction in both platelet and fibrin(ogen) induced
by specific inhibition of TF in atherosclerotic lesions.
(taken from ref. #106)

Fig. 6. Evidence of increased tissue factor (TF) and tissue
factor pathway inhibitor (TFPI) antigen plasma levels in
patients with acute coronary syndromes.  Unstable angina
patients show higher levels of both TF and TFPI than sta-
ble angina or chest pain syndrome patients.  (taken from
ref. #70)
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Increased plasma levels of catecholamines
may favor platelet reactivity.  Platelet aggrega-
tion and the generation of thrombin by circulat-
ing catecholamines have been documented ex-
perimentally (72 – 74).  It seems probable that
this association helps to explain the link be-
tween emotional stress (75) and circadian varia-
tion (i.e., early morning clustering of events)
(76 – 78) with myocardial infarction.  There has
been increasing evidence of enhanced platelet
reactivity in cigarette smokers (Fig. 7) (79 – 81);
this reactivity may or may not be related to cat-
echolamine levels (82).  The enhanced thrombo-
genicity of smoking is further confirmed by the
finding that there is a sharp decline in acute vas-
cular events most often associated with throm-
bosis when smoking ceases (83, 84).

Hypercholesterolemia has been linked with
hypercoagulability (85 – 87) and enhanced
platelet reactivity (88 – 90) in many studies.
Young patients with a strong family history of
coronary artery disease seem to have increased
platelet reactivity.  The hypercoagulable state,
associated with hypercholesterolemia, can be
reversed with the normalization of lipid levels
with lipid-lowering therapy (87, 91).

Homocysteine has been shown to be associ-
ated with arterial thrombosis and atherosclero-

sis.  Homocysteine increases tissue factor activ-
ity of the endothelial cells, possibly with
lipoprotein (a).  Homocysteine also inhibits the
expression of endothelial cell surface thrombo-
modulin (the substance central to the activation
of protein C), and the binding activity of an-
tithrombin III to the endothelial heparan sul-
fate.  Thus, homocysteine reduces the natural
anticoagulant properties of the normal endothe-
lium (92 – 95).

It seems clear that defects within the fibri-
nolytic pathways lead to an increased thrombo-
genic risk in patients with coronary artery dis-
ease (96 – 98).  A correlation between high lev-
els of plasminogen activator inhibitor-1 (PAI-
1), tissue-type plasminogen activator (tPA) and
crosslinked fibrin with the progression of athero-
sclerotic disease has been documented (99).
Furthermore, it has been shown that in patients
with angina pectoris, plasma levels of fibrino-
gen, von Willebrand factor (vWF) and tPA are
independent predictors of subsequent myocar-
dial infarction or sudden death (86).  In patients
with some types of dyslipidemia, high levels of
PAI-1 correlate with the cholesterol levels.
While this suggests a potential mechanism by
which hypercholesterolemia is associated with
increased thrombogenicity, the association be-
tween PAI-1 and coronary artery disease and
acute myocardial infarction is unclear, with
conflicting reports in the literature (86, 100).

Other hemostatic proteins have also been in-
vestigated with regard to their role as thrombo-
genic risk factors.  Several prospective studies
have indicated that high plasma fibrinogen con-
centrations are independent risk factors for
coronary artery disease and myocardial infarc-
tion (101).  The mechanism by which fibrinogen
contributes to atherogenesis is not well under-
stood.  Hypotheses include increased fibrin for-
mation, increased viscosity, platelet aggregation
and stimulation of smooth muscle cell prolifera-
tion.  It is, however, also important to note that
high plasma fibrinogen levels correlate with
age, degree of obesity, hyperlipidemia, diabetes,
smoking, and emotional stress.  All of these con-
ditions are associated with atherosclerosis.

Coronary Vasoconstriction

Coronary vasospasm may play an important
role in the pathogenesis of acute coronary syn-
dromes, as documented through electrocardio-
graphic and angiographic studies (102).  In the
setting of a minor plaque disruption with a
small thrombotic response, there can still be the

Fig. 7.  Effect of smoking and other risk factors on platelet
survival.  Distribution of platelet survival half-life in three
groups of subjects.  The absence or presence of cigarette
smoking or family history in each subject is indicated.  The
dashed line (at 92 hours) separates those subjects with a
normal platelet half-life (≥92 hours) from those with a
shorter platelet half-life.  The solid short horizontal line
shown for each group denotes the average platelet survival
half-life for that group.  The percentage of individuals in
each group whose platelet half-life survival was less than
normal is indicated.  The number of individuals in each of
the three groups was 50, 25 and 28 respectively. (taken
from ref. #80)
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release of vasoactive substances by both the
platelet and the arterial wall, leading to further
compromise of coronary blood flow (103).
Coronary artery vasospasm was found to be an
important contributor to the phenomenon of in-
termittent coronary artery occlusion in patients
with acute myocardial infarction (104).

Clinical Manifestations of Atherothrombosis

The clinical manifestations of atheroscle-
rotic plaques depend on several factors, includ-
ing the degree and abruptness of blood flow ob-
struction, duration of decreased myocardial per-
fusion, myocardial oxygen demand at the time
of the blood flow obstruction, and extent of the
thrombotic response to plaque disruption.

Plaque disruption (whether erosion or rup-
ture) may be accompanied by hemorrhage into
the plaque and with a variable amount of luminal
thrombosis.  If the thrombus is small, the plaque
disruption probably proceeds unnoticed.  If the
thrombus is large enough to compromise blood
flow through the coronary artery, the individual
may experience an acute ischemic syndrome.

Disruption of an atherosclerotic plaque in
the coronary arteries, whether ruptured or fis-
sured, plays a fundamental role in the develop-
ment of the acute coronary syndromes, includ-
ing unstable angina pectoris, acute myocardial
infarction or sudden cardiac death (20, 36, 105,
106).  Coronary thrombosis almost exclusively
occurs in the setting of underlying atherosclero-
sis, with disruption of the underlying plaque
triggering thrombosis (107).  Angioscopic stud-
ies have documented the presence of intralumi-
nal thrombi both in unstable angina (108 – 112)
and in acute myocardial infarction (111, 113).
The incidence of thrombi in unstable angina
varied significantly among different studies.
These variations were related to the time be-
tween anginal symptoms and the angiographic
study (110, 114 – 116).  The shorter the interval
between the two, generally the higher the like-
lihood of finding occlusive thrombi.

When injury to the vessel wall is minimal, the
thrombogenic stimulus is relatively mild.  Any re-
sulting thrombotic occlusion is probably transient,
as may occur in unstable angina (105, 106).  On
the other hand, deep vessel injury, as is seen with
plaque rupture, results in the exposure of colla-
gen, lipids and other intravascular components,
which leads to a more persistent thrombotic oc-
clusion and acute myocardial infarction (107).

Plaque fissuring or rupture with subsequent
thrombosis accounts for many episodes of un-

stable angina or acute myocardial infarction.
However, other mechanisms may be important
in the etiology of acute coronary syndromes;
one such mechanism involves alterations in the
balance between myocardial oxygen supply and
demand.  In patients with stable coronary artery
disease, symptoms often result from increases
in myocardial oxygen demand. Unstable
angina, non-Q-wave and Q-wave myocardial
infarction represent a continuum of the same
disease process and, in contrast to the setting of
stable angina, are usually characterized by an
abrupt reduction in coronary artery blood flow
(107).  In unstable angina, the thrombotic ves-
sel occlusion tends to be transient and episodic,
leading to anginal symptoms at rest.  In addition
to plaque disruption, other mechanisms may
contribute to the reduction in coronary flow.  As
mentioned earlier, platelets that have attached
to the disrupted plaque release vasoactive sub-
stances including thromboxane A2 and sero-
tonin, promoting the aggregation of further
platelets to the area and inducing vasoconstric-
tion (103).  Alterations in perfusion probably
account for 60 – 70% of cases of unstable
angina.  The remainder appears to be mainly
due to transient increases in myocardial oxygen
demand (117).

In non-Q-wave myocardial infarction, the
angiographic morphology of the responsible le-
sion is similar to that seen in unstable angina,
confirming that plaque disruption is common to
both syndromes.  However, about 25% of pa-
tients with non-Q-wave myocardial infarction
have a totally occluded, infarct-related artery at
early angiography, with the distal myocardium
supplied by collateral vessels (107).  The pres-
ence of ST-segment elevation in the electrocar-
diogram, the early peak in the plasma creatine
kinase and the high angiographic patency rate
of the infarct-related artery all suggest that
complete coronary occlusion followed by early
reperfusion (< two hours) due to resolution
(partial or total) of the thrombus and/or of the
vasospasm is important in the pathogenesis of
most non-Q-wave myocardial infarctions.
Thus, limiting the duration of myocardial is-
chemia by enhancing spontaneous thromboly-
sis, inhibiting or resolving vasospasm, and pro-
moting a well-developed collateral circulation
can prevent the formation of Q-wave myocar-
dial infarction (107).

Deep arterial injury or ulceration results in
the formation of a fixed and persistent throm-
bus leading to the abrupt cessation of myocar-
dial perfusion, and necrosis associated with 
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Q-wave myocardial infarction (105, 106).  The
coronary artery lesion responsible for the in-
farction is frequently only mild to moderately
stenotic, suggesting that plaque rupture with
subsequent thrombosis is the primary source of
the occlusion, rather than the severity of the un-
derlying lesion (Fig. 8) (36).  Although an indi-
vidual severe stenosis has been shown to oc-
clude more frequently than a milder  stenosis,
the latter accounts for more coronary artery oc-
clusions, due to its much greater frequency
(118).  Moreover, the milder stenoses are much
less likely to be associated with a  collateral cir-
culation that might protect against an acute
clinical event (119) if an occlusion does occur.
In approximately 25% of patients with Q-wave
infarction, coronary thrombosis results from su-
perficial intimal injury in association with a
high-grade stenosis (105, 106).

The acute onset of malignant ventricular
dysrhythmias (ventricular tachycardia and ven-
tricular fibrillation) appears to account for the
syndrome of sudden cardiac death in patients
with extensive myocardial infarction or car-
diomyopathy (120).  A malignant ventricular
dysrhythmia and sudden cardiac death may also
occur with a rapidly progressive coronary
artery lesion following plaque rupture and
thrombosis in the face of little or no collateral

flow and acute myocardial hypoperfusion
(120).

Vascular Biology of Risk Factors

Lipoproteins

Elevated low-density lipoprotein (LDL) is
associated with endothelial injury and inflam-
matory responses in the vessel wall (121 – 123).
These effects of LDL are especially potent
when modified by oxidization or glycation, or
associated with immune complexes (121,
124 – 126).  Oxidized LDL is avidly taken up by
tissue macrophages within the vessel wall, ei-
ther via LDL receptors (which are subject to
down-regulation) or scavenger receptors (which
are not subject to feedback mechanisms), lead-
ing to the accumulation of cholesterol esters
and eventually foam cell formation (127).
These foam cells may undergo necrosis due to
the direct cytotoxic effects of  modified LDL or
a process of programmed cell death called
apoptosis, induced by certain inflammatory cy-
tokines (20, 128).  These two processes lead to
the accumulation of extracellular lipid that may
coalesce, forming a lipidic, necrotic core.

The density, not just the quantity, of the sys-
temic LDL particles has been shown to corre-
late with risk of atherosclerotic disease (129).
Small, dense LDL particles are more suscepti-
ble to peroxidation (130, 131) and thus promote
atherogenesis by the mechanisms described
above.

Antioxidants have been shown to reduce the
size of atherosclerotic lesions (123, 132 – 135)
and fatty streaks (135) in animal models.  An-
tioxidants have also been shown to increase the
resistance of human LDL to oxidation ex vivo,
commensurate with the plasma vitamin E levels
(136).  Although the incidence of myocardial
infarction has been reduced by vitamin E sup-
plementation in some preliminary clinical tri-
als, a clear mortality benefit from this therapy
has not been shown (137 – 140).  Other antioxi-
dants (e.g., β-carotene) appear to have no inde-
pendent cardiovascular benefits (136, 141,
142).

Triglyceride-rich lipoproteins appear to be
important contributors to coronary atheroscle-
rosis.  Mechanisms include increased thrombo-
genicity; small, dense LDLs; postprandial lipi-
demia with increased chylomicrons and very
low density lipoproteins (VLDLs); decreased
high-density lipoprotein (HDL) levels; and in-
sulin resistance.
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HDL fractions appear to counter the athero-
genic effects of  LDL, although it is unclear
which mechanism(s) is responsible.  There may
be lipid dependent and independent effects
(143).  Clearly, the role of HDL in reverse cho-
lesterol transport (the removal of cholesterol
from peripheral, extrahepatic sites including the
vessel wall and returning it to the liver for me-
tabolism or excretion) can explain some of its
atheroprotective effect (143).  However, HDL
(of which there are discrete subfractions with
variable effects) has also been shown to have
antioxidant (144) and anti-inflammatory effects
(145, 146).  In a recent, large-scale clinical
trial, therapy specifically directed at elevating
the HDL in patients with coronary artery dis-
ease and low HDL level was shown to reduce
significantly the risk of a major cardiovascular
event (147).

Lipoprotein (a) is an independent risk factor
for coronary artery disease (148 – 151).  Apoli-
poprotein (a), the major apoprotein found in li-
poprotein (a), has close structural homology
with plasminogen (152).  There is evidence that
high levels of lipoprotein (a) result in competi-
tive inhibition of the fibrinolytic activity of
plasminogen (153).  However, this metabolic
condition appears more important in atherogen-
esis than thrombogenesis (154).

Diabetes

Diabetes is associated with a severely dys-
functional endothelium.  Impaired endothelium-
dependent relaxation, the best characterized of
these abnormalities, can be induced by short ex-
posure to high glucose concentrations.  Diabetes
may impair endothelium-dependent relaxation
by an increased generation of advanced glyco-
sylation end products and increased oxygen free
radicals in the arterial wall (155).  High glucose
levels have also been shown to impair endothe-
lial regeneration (156, 157).

Platelet aggregation and coagulation are in-
creased in diabetes mellitus.  Platelets from di-
abetic patients have shown enhanced adhesive-
ness and hyperaggregability in response to a
wide range of agonists (156, 157).  Elevated
thromboxane A2 synthesis occurs in diabetic
patients, facilitating platelet aggregation and
thrombus formation (158).  The primary reason
for altered platelet behavior in diabetes is not
well understood, but there is evidence that the
derangement may start with the megakaryocyte.
Other abnormalities in the coagulation system
of diabetic patients include increased fibrino-

gen and vWF levels and decreased antithrombin
III activity in response to hyperglycemia.  In
addition, a typical feature of insulin resistance
and hyperinsulinemia is an increased PAI-1 ac-
tivity, resulting in reduced plasma fibrinolytic
activity (159).

Hypertension

One of the mechanisms by which hyperten-
sion promotes atherogenesis is through the in-
duction of endothelial dysfunction.  Further-
more, hypertension appears to attenuate re-
sponses of the vessel wall to endothelium-depen-
dent vasodilators, to increase vascular perme-
ability to macromolecules such as lipoproteins,
and to increase endothelin production and in-
flammatory cell adherence.  Hypertension is also
associated with phenotypic changes in vascular
smooth muscle cells, increasing their prolifera-
tive potential and response to growth factors.

Smoking

Smoking is clearly linked to many events
known to induce atherosclerosis, including in-
creased fibrinogen levels, enhanced platelet re-
activity and increased whole blood viscosity as-
sociated with secondary polycythemia.  Smok-
ing is a potent stimulus for the induction of en-
dothelial dysfunction.  Smoking is known to in-
duce changes in the lipid profile, including
lower HDL and increased oxidation of LDL, the
latter of which is presumed to be associated
with exposure of LDL to free radicals present in
cigarette smoke.

Obesity and Physical Inactivity

Obesity, in the absence of other risk factors
for atherosclerosis, may be associated with only
a small increased risk of coronary artery dis-
ease.  However, it is clearly associated with the
development of dyslipidemia, hypertension and
diabetes.  Physical activity positively alters the
lipid profile, blood pressure, and glucose toler-
ance, and improves cardiovascular and pul-
monary functional capacity.  Physical fitness,
which can be more objectively quantified than
physical activity, independently reduces the
risk of coronary heart disease.

Genetic Factors (Family History)

Single gene mutations that alter lipid me-
tabolism and thus are associated with acceler-
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ated atherogenesis have been identified.
However, no other single gene mutations en-
hance the currently known atherogenic risk
factors.  Some patients with dyslipidemias,
hypertension, diabetes mellitus and homo-
cystinemia have complex polygenic disor-
ders.  Currently identifiable genetic abnor-
malities, however, account for only a small
number of patients with premature coronary
artery disease.

Miscellaneous

Many other markers for risk of acute coro-
nary events have emerged, and research contin-
ues into the role they play in the pathogenesis
of atherosclerosis and its complications (Fig.
9).  When considered together, they can provide
important information regarding risk stratifica-
tion of patients (160, 161).

Conclusions

Many recent advances in our understanding
of the molecular biology of atherogenesis and
the mechanisms involved in the acute coronary
syndromes have provided insights into potential
future therapies.  Risk factor modification is the
cornerstone of prevention and should be pur-
sued aggressively.  However, we may in the fu-
ture be actively treating at-risk patients with
therapies that act at a cellular or molecular level
(such as inhibitors of specific macrophage
functions or direct MMP inhibitors) to impede
atherosclerosis,  rather than just modifying risk
factors.
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