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In the United States alone, �400 000 Americans die annu-
ally of coronary artery disease, and �1 000 000 suffer

acute coronary events, ie, myocardial infarction and sudden
cardiac death.1 Considering the aging of our population and
increasing incidence of diabetes mellitus and obesity, the
morbidity from coronary artery disease and its associated
costs will place an increasing, substantial burden on our
society.2 Between 2010 and 2030, total direct medical costs
spent in the United States for cardiovascular diseases are
projected to triple from $273 billion to $818 billion.2 Although
effective treatments are available and considerable efforts are
ongoing to identify new strategies for the prevention of coronary
events, predicting such events in an individual has been chal-
lenging.3 In hopes of improving our ability to determine the risk
of coronary events, it is prudent to review our knowledge of
factors that lead to acute coronary events.

Coronary Atherosclerotic Disease as a
Prerequisite for Coronary Events

Coronary atherosclerosis is the underlying condition for
coronary events with few exceptions. Events are rarely
caused by coronary dissection, arteritis, myocardial bridging,
thromboembolism, or coronary vasospasm without obvious
coronary artery disease.4 In some of these instances, more
sensitive tools for the detection of coronary artery disease
revealed its presence after all.5 Coronary atherosclerosis is
known to develop in childhood and adolescence, as evident
from fatty streaks seen in pathology studies of individuals
who died of trauma or other noncardiac causes.6 Depending
on the constellation of genetic and environmental factors,
coronary artery disease progresses throughout adulthood and
is found in most middle-aged individuals in developed
nations. Autopsy series in US communities among young
adults (mean age, 36�14 years) who died of nonnatural
causes revealed coronary atherosclerosis in �80% of the
autopsy sample, with �8% having obstructive disease.7 Thus,
most individuals �40 years of age in our society have
evidence of coronary atherosclerosis. However, the annual
incidence of acute coronary events in the United States for
individuals �40 years of age is 0.2% to 1%,1 which is a
relatively small number, considering the widespread preva-
lence of coronary artery disease. All of the above observa-

tions strongly suggest that factors other than the mere
presence of coronary atherosclerosis need to be involved for
an acute coronary event to occur.

Plaque Morphology Associated With Acute
Coronary Events

Typically, 2 atherosclerotic plaque morphologies are associ-
ated with acute coronary events: plaque rupture and plaque
erosion. A few cases (2% to 7%) are attributable to a third
plaque morphology called calcified nodule.8 In an autopsy
series of 241 cases of sudden coronary death, plaque rupture
accounted overall for 31% of culprit plaque morphology.9

When cases with acute thrombus are considered, plaque
rupture is found at the culprit lesion site in 59% to 75% of
patients.9,10 Denudation of the coronary arterial endothelium,
also called erosion, is found in 19% of plaques in all patients
with sudden coronary death and in 36% to 44% of plaques
with acute thrombus (Figure 1).9 Fresher thrombi are more
frequently associated with plaque rupture than erosion, sug-
gesting that the former is more frequently associated with
acute presentation.11

The Vulnerable Atherosclerotic Plaque
Plaque rupture is most commonly associated with acute
coronary events, and identification of coronary atheroscle-
rotic plaques that are prone to rupture, called vulnerable
plaques, is currently being investigated intensely. Pathology
and clinical studies revealed that the atherosclerotic plaque
type at the greatest risk of rupture is a thin-cap fibroatheroma,
characterized by a large necrotic core covered by a thin layer
of fibrous cap (Figure 2).8,12–14 Early in the atherosclerotic
process, only minimal fatty infiltration is evident in the
arterial wall. The necrotic core increases in volume secondary
to several mechanisms, particularly macrophage infiltration,
the demise of macrophages, and intraplaque hemorrhage with
free cholesterol derived from erythrocyte membranes.15,16

The necrotic core is separated from the flowing blood by an
ultrathin (mean thickness, 23 �m) layer of fibrous tissue that
is depleted of smooth muscle cells, and is infiltrated by
macrophages and T lymphocytes. Plaque growth, ongoing
inflammation within the fibrous cap, external sheer stress,
and other factors may particularly affect the thinnest region of
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the fibroatheroma, which may tear, exposing the highly
thrombogenic material to the bloodstream (Figure 2).8,12

Pathology and clinical studies using coronary angioscopy
consistently documented thrombus formation at sites of
plaque rupture and frequently at sites of plaque
erosions.8,11,17,18

It is important to note that contrary to common perception,
there is compelling evidence that plaque rupture and throm-
bus formation most often do not lead to coronary events.19,20

Rather, both plaque rupture and thrombus formation are fairly
frequent events that are instrumental in plaque progression
and the development of lumen stenoses.19,21 Postmortem
studies in nonselected patients without a history of heart
disease who died of noncardiac causes revealed evidence of
coronary arterial plaque rupture in 8% to 11%.22–24 In patients
who died of noncardiac causes but had risk factors for
coronary artery disease, 16% revealed coronary plaque rup-
tures,19 and 31% of a similar patient population showed
plaque ruptures in a study that used extensive coronary
arterial sectioning.25 Pathology and clinical studies showed
that plaque rupture and thrombus formation are frequently
present in the absence of associated symptoms.17–19,24 In
another autopsy study, investigators found evidence of prior
plaque rupture and thrombus formation in the vast majority of
coronary arterial stenoses, �50%, despite the absence of
symptoms in many.26 A different group of investigators
confirmed these findings and revealed that multiple healed
plaque ruptures are typically necessary for high-grade coro-

nary arterial stenosis to develop (Figure 2).27,28 Indeed, only
11% of plaque ruptures are virgin in nature; ie, they were not
preceded by prior ruptures of the same plaque in these
studies.28 Finally, clinical studies using angioscopy or intra-
vascular ultrasound (IVUS) found evidence of thrombus and
plaque rupture remote from culprit sites in patients with
unstable and stable symptoms, further confirming its frequent
presence despite the lack of events originating from their
sites.18,29

All of the above observations strongly suggest that an acute
coronary event is not a necessary consequence of coronary
plaque rupture but rather is an unusual correspondence of a
plaque rupture or erosion (Figure 3). Most commonly, plaque
ruptures or erosions occur without symptoms and lead to
progression of plaque volume. These observations suggest
that identifying plaques that are prone to rupture, ie, vulner-
able plaques, may not be as significant as commonly per-
ceived. This concept was recently confirmed in the Providing
Regional Observations to Study Predictors of Events in the
Coronary Tree (PROSPECT) study, which followed up 697
patients after Virtual Histology IVUS for 3 years for the
occurrence of adverse cardiac events.14 Although 595 thin-
cap fibroatheromas were identified by IVUS in 313 of 623
patients, only 26 of these plaques were sites of subsequent
events at 3 years, and almost all (if not exclusively) events
were related to rehospitalization for unstable or progressive
angina. Indeed, of �3000 nonculprit lesions identified by
IVUS at baseline in 673 patients with acute coronary syn-

Figure 1. Histopathological images of partial and
complete coronary arterial lumen occlusion caused
by thrombosis. A, An example of plaque erosion
with nonocclusive thrombus (Thr) in a 73-year-old
man without a history of coronary artery disease
who died suddenly. The plaque shown, located in
the proximal left anterior descending artery (LAD),
is the potential culprit lesion. The thrombus is
adhering to a proteoglycan-rich intima, as demon-
strated in the magnified section. Early organization
of the thrombus is evident near the intima. B,
Plaque erosion with occlusive thrombus in a
37-year-old man who suffered an unwitnessed
sudden cardiac death. The plaque shown, located
in the proximal LAD, is the likely culprit lesion.
Although early necrotic core (NC) is present (black
arrows), there is no connection between NC and
thrombus. C, A ruptured plaque with occlusive
thrombus in a 47-year-old man with no history of
coronary artery disease who died suddenly. The
plaque shown, located in the proximal LAD, is the
likely culprit lesion. The fibrous cap is disrupted
(yellow arrow), allowing exposure of the necrotic
core to the bloodstream. All specimens were
stained with Movat pentachrome.
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drome, only 6 were subsequently related to myocardial
infarction and death after 3 years.14 The PROSPECT study
confirmed smaller clinical investigations using optical coher-
ence tomography30 that suggested that the identification of a
potentially vulnerable plaque may confer some increase in
coronary event risk but that it is far less than generally
assumed. Importantly, because PROSPECT used IVUS to
predict events based on plaque characteristics confined to a
lesion- but not patient-level analysis, it remains unclear
whether individual plaque characteristics confer incremental
predictive value over established risk factors, eg, total plaque
burden assessment, for subsequent acute events in patients.

In addition to the aforementioned observations, there is
intriguing evidence of the temporal instability of plaque

morphology, which may further reduce the significance of
identifying plaque characteristics at a given point in time. In
a clinical study using IVUS, the majority of thin-cap fibroath-
eromas changed into thick-cap fibroatheromas after only 1
year of follow-up.31 Conversely, some thick-cap fibroathero-
mas and some mild plaques described as intimal thickening at
baseline changed into thin-cap fibroatheromas over 12
months. If confirmed, these data suggest that a plaque that
appears vulnerable at a given time may be less vulnerable just
months later, whereas another plaque, initially not vulnerable,
may have developed vulnerable characteristics within the
same time frame. More serial imaging data are needed to
conclusively establish the temporal stability of plaque mor-
phology, but the preliminary data available corroborate ob-

Figure 2. Histopathological images of thin-cap
fibroatheromas at various stages. A, An example
of an intact thin-cap fibroatheroma with large
necrotic core (NC) in a 47-year-old man who died
suddenly. The plaque shown, located in the proxi-
mal right coronary artery, resulted in 70% cross-
sectional lumen narrowing. B, A plaque rupture
with nonocclusive thrombus (Thr) in the left cir-
cumflex artery (LCx) of a 44-year-old woman with-
out history of coronary artery disease who died
suddenly. The yellow arrow marks the site of the
disrupted fibrous cap. C, A coronary arterial cross
section with evidence of several healed plaque
ruptures in a 55-year-old man who died suddenly
before scheduled cardiac catheterization. Autopsy
revealed severe 3-vessel coronary artery disease.
Shown is a plaque in the proximal LCx causing
80% lumen narrowing. The magnified section and
black arrows highlight multiple necrotic cores
(NCs), which ruptured at different points in time,
leading to the multilayered appearance. All speci-
mens were stained with Movat pentachrome.

Figure 3. The progression of coronary artery disease.
A, A cross section of a normal artery. B, Atherosclerotic
plaque has accumulated, leading to external vascular
remodeling to minimize lumen encroachment. C,
Plaque rupture and plaque hemorrhage leading to intra-
mural thrombus. In the vast majority of cases, plaque
rupture will lead to plaque healing and growth (D). In
some cases, thrombus material is embolized distally,
which may cause symptoms of coronary arterial insuffi-
ciency or asymptomatic microinfarctions (E). If plaque
rupture coincides with a thrombosis-conducive state at
the site of plaque rupture or erosion, arterial thrombosis
and occlusion may occur, which may trigger a coronary
event (F).
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servations from pathology studies that coronary artery disease
is an active process that likely is constantly changing.

The Significance of Vascular Thrombosis
Pathology studies of sudden coronary death reveal the pres-
ence of an acute thrombus in 52% of cases that acutely or
subacutely leads to partial or complete arterial occlusion
(Figure 1).9 However, this incidence increases to 74% if we
include chronic total occlusions. Similarly, angiographic
studies in patients suffering from acute coronary events show
evidence of coronary artery disease and arterial thrombosis in
most cases.32,33 In the absence of an arrhythmia resulting
from acute ischemia, the degree and location of coronary
arterial thrombosis and the resulting lumen obstruction deter-
mine the severity of the event, ie, the development and extent
of myocardial infarction. A pathology series found coronary
intraluminal thrombus in 76% of patients who died suddenly
of myocardial ischemia.34 Healed myocardial infarctions
were found in approximately half of those patients without
obvious vascular thrombosis, suggesting that a coronary
event in the past eventually led to myocardial scar formation
and lethal arrhythmia. Thus, the vast majority (�80% to
90%) of sudden coronary deaths are either the immediate
result or a sequela of acute coronary arterial thrombosis.

Factors and Conditions Associated With
Increased Acute Coronary Event Risk

Because most plaque ruptures and erosions do not lead to
symptomatic arterial thrombosis, other factors must be pres-
ent for acute coronary events to occur. Numerous conditions
are associated with an increased risk of acute coronary events
(Table).35 For many, it remains unclear whether they are
associated with the development/progression of coronary
atherosclerosis, with the frequency of plaque alterations, with
conditions conducive to thrombotic vascular occlusion, or
with a combination of these. Factors and conditions associ-
ated with increased acute coronary event risk may be further
categorized into being related to coronary atherosclerotic
plaque characteristics, coronary flow dynamics, intrinsic
hemostatic/fibrinolytic dysfunction, neurohormonal dysregu-
lation, and environmental factors and triggers (Table). Some
of the most intriguing concepts are discussed here. Studies

using both IVUS and computed tomography suggest that
plaques with large volume (and presumably large lipid core)
are of greater risk for triggering acute coronary events
compared with plaques with smaller volumes, possibly be-
cause of the larger mass of thrombogenic material exposed to
the bloodstream.14,36 Furthermore, the location of such
plaques is important. Autopsy and clinical studies revealed
that culprit lesions occur predominantly in proximal coronary
arteries near branch points where there is turbulent flow.8,37

Certain shear stress and blood flow characteristics may
promote “high-risk” plaques and thrombosis-favorable blood
flow dynamics.38,39 There has been particular interest in the
intuitive notion that the larger the baseline lumen obstruction
is, the greater the risk of an occlusive thrombus is in the
setting of plaque rupture or erosion. This concept, however,
has remained unproven. Although patients enrolled in the
Coronary Artery Surgery Study (CASS) registry with �50%
left anterior descending artery stenosis were at greater risk of
subsequent anterior wall myocardial infarction compared
with those with less severe lesions, the possibility that other
lesions within the same vessel caused the event could not be
excluded.40 Both the PROSPECT and VH-IVUS in Vulner-
able Atherosclerosis (VIVA) studies suggested that smaller
luminal area at the plaque site is associated with increased
event rates, but because rehospitalization or revascularization
accounted for almost all end points, an association with acute
myocardial infarctions or sudden death was not evident.13,14

Angiographic studies established that patients with �50%
stenosis have a much higher event rate compared with
patients with nonobstructive disease.41,42 However, at least 2
confounders may explain this phenomenon. First, patients
with �50% stenosis are likely to have a greater total
atherosclerotic plaque burden than patients with nonobstruc-
tive disease, which may explain the higher event rate rather
than the actual 50% stenosis itself. Second, patients with
�50% stenosis may be distinct from patients with mild
disease by having more active, progressive coronary artery
disease; ie, they have a higher frequency of plaque ruptures/
erosions and hence have formed more advanced stenoses, so
their likelihood of coinciding with an unfortunate constella-
tion of thrombosis-promoting factors increases. On the other
hand, several angiographic studies suggested that the majority

Table. Factors and Conditions Associated With Increased Risk for Acute Coronary Events

Coronary Plaque
Characteristics

Coronary Blood Flow
Dynamics

Intrinsic Hemostasis
Factors

Metabolic and
Inflammatory Conditions

Neurohormonal
Imbalance

Environmental
Factors and Drugs

Plaque burden Blood viscosity Platelet function/volume Diabetes mellitus Stress Smoking

Lumen encroachment Shear stress Circadian variation Obesity Catecholamine surges Pollution

Lesion location Reduced blood flow/low
cardiac output

Factor V Leiden deficiency Dyslipidemia Depression Climate

Plaque composition Vascular tone and reactivity Von Willebrand factor
deficiency

Connective tissue diseases Exertion Legal drugs

Plaque biology Arterial hypertension Antiphospholipid syndrome Infections Autonomic dysfunction Illegal drugs

Plaque configuration
and remodeling

Renal disease Endocrine imbalance Diet

Endothelial dysfunction Sedentary lifestyle

This table lists some of the established factors and conditions associated with increased acute coronary event risk. Note that there may be other, less
well-established factors and unknown conditions that are not included.
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of myocardial infarctions arise from plaques with only mild
to moderate lumen narrowing.43–45 Pathology studies reported
variable results for diameter stenosis (values were trans-
formed from the original reported area stenoses) at the site of
acute thrombus. Some studies found most such lesions to be
�50% stenotic,46 but others reported the majority to have
�50% lumen narrowing.24 Pathology studies are known to
overestimate coronary artery stenoses by 25% to 30% com-
pared with angiographic techniques because no lumen refer-
ence is used.47 At present, therefore, we do not have good
evidence supporting the notion that greater baseline lumen
stenosis is an important factor for occlusive thrombus after
plaque alteration. On the other hand, the above-referenced
studies are in agreement that most acute events arise from
plaques that are at least 25% to 50% lumen obstructive,
suggesting that a certain plaque volume is necessary to trigger
clinically significant thrombosis.

Of potentially pivotal importance are internal hemostasis
function, platelet aggregation, and fibrinolysis at the time of
plaque rupture/erosion. Patients with systemic alterations of
their coagulation system, eg, antiphospholipid syndrome, von
Willebrand factor, or factor V Leiden deficiency, are at
increased risk for acute coronary events compared with
normal control subjects.48–51 Importantly, this association
remains intact even after adjustment for inflammatory mark-
ers and other established risk factors.50 Elevated platelet
volume and high platelet reactivity also were found to be
associated with increased acute coronary event risk.52,53 For
other disorders such as protein C and S deficiency, the data
are less conclusive at present.48 Several hemostatic proteins
have been associated with increased risk of acute coronary
events. Fibrinogen levels are independently predictive of
myocardial infarction, even when accounting for inflamma-
tory markers, eg, C-reactive protein.54 Other factors such as
D-dimer and tissue plasminogen activator also have been
shown to be predictive of acute events.55 Even in patients
without obvious hemostatic deficiency, hemostasis functions,
platelet reactivity, and fibrinolysis are influenced by numer-
ous factors that may reduce or enhance their function
throughout a given day. There is strong evidence for circadian
variation of hemostasis and platelet function leading to
relative hypercoagulability in the morning.56 Several large
clinical studies found a peak of myocardial infarction and
sudden cardiac death in the early morning hours, suggesting
a possible association with a thrombosis-conducive state
during that time.57 However, a causal relationship, although
intuitive, is not proven, and other factors such as rising
catecholamine and cortisol levels must also be considered. In
addition to circadian variation, the ability of the coagulation
system to prevent thrombosis in response to a stimulus varies
throughout the day on the basis of diet, stress, comorbidity,
exposure to toxins (eg, smoking, pollution), drug intake (legal
and illegal), and local metabolic conditions.58–64 Thus, be-
cause of the almost minute-to-minute variability of hemosta-
sis function, it is exceedingly difficult to predict its perfor-
mance at a given point in time, ie, at the time of plaque
rupture/erosion.

A strong body of evidence supports a key role for inflam-
mation in the development and progression of atherosclero-

sis.15 Numerous cytokines, mediators, and proteins have been
identified that influence cholesterol uptake into the arterial
wall and the generation/accumulation of atherosclerotic
plaque.15 In addition, inflammation is involved in destabiliz-
ing the plaque and in promoting thrombosis.65 Conditions
associated with enhanced inflammation, eg, obesity and
infection, are generally associated with increased coronary
event risk.66 It is interesting to note that similar to the
variability of hemostasis functions, inflammatory processes
show a circadian variability, which may contribute to states of
temporary hypercoagulability.67

The Perfect Storm Scenario Leading to an
Acute Coronary Event

Although numerous factors and conditions play a role in the
pathophysiology of acute coronary events, it is very clear that
their respective contributions in isolation are insufficient to
predict events adequately. Available data for individual
plaque characteristics, fibrinogen levels, C-reactive protein
(as a marker for inflammation), cholesterol levels, diabetes
mellitus, and numerous other factors and conditions indicate
only small relative increases in acute coronary event risk for
a given individual compared with control subjects.14,36,54,68

The largest hazard ratios have been found in patients with
high coronary atherosclerotic plaque burden as estimated by
coronary calcium scoring.69 In conjunction with traditional
risk factors, eg, diabetes mellitus, hypertension, and hyper-
lipidemia, the area under the receiver-operating characteristic
curve for calcium scoring increased to 0.83 for predicting
myocardial infarction or cardiac death, which indicates good
diagnostic accuracy but still is insufficient for accurate
prediction.69 Given the frequency of vulnerable plaque fea-
tures and the very large number of subjects with evidence of
plaque ruptures without apparent symptoms, it is apparent
either that we have not identified a very important mechanism
for triggering acute coronary events or that acute events are
not caused by a single or a few factors but rather by the
unfortunate constellation of numerous conditions. Given the
complexity of factors involved, the latter situation is more
likely; ie, a perfect storm scenario is necessary for an event to
occur. The discussed variability of key processes such as
hemostasis and inflammation further supports the hypothesis
that an unfortunate constellation of occlusive thrombosis-
promoting factors must coincide at the time of plaque rupture
or erosion to cause an acute coronary event. Thus, the timing
of an acute event appears to be influenced by the formation of
multiple factors, which are poorly understood at this time,
and likely by chance. Although this hypothesis is difficult to
prove, it most satisfactorily explains the apparent variability
in the occurrence of acute coronary events and our difficulties
in predicting events in individuals.70

Therefore, coronary events likely occur with the unfortu-
nate convergence of a nidus for thrombosis in a coronary
artery (plaque rupture, erosion, or calcified nodule) combined
with an inability of the patient to prevent clinically significant
thrombus formation at a given point in time. The balance
between these 2 factors may vary with time. The coronary
arterial nidus, for example, may be relatively confined and
limited but may coincide temporally with enhanced throm-
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bogenesis. This combination might be seen in a subject (with
an acute coronary event) who has mild, focal coronary arterial
disease and no recurrent events. In contrast, the stimulus for
thrombosis may be strong such as that which occurs with
extensive plaque rupture, but the propensity for clinically
significant thrombosis may be low such as seen in many
patients with severe coronary artery disease who never
experience myocardial infarction or sudden cardiac death.
Furthermore, there is ample evidence that the balance be-
tween thrombosis-promoting and thrombosis-antagonizing
factors is frequently fragile for days after a plaque alteration;
any thrombus formation is conducive for more extensive
thrombosis.71,72 The severity of ischemia caused by an acute
coronary event depends on the location of vascular blood
flow restriction and its supplied myocardial territory, as well
as collateral blood flow, current metabolic demands, and
other factors. Finally, chance may also play a role in
determining the severity of myocardial arrhythmia in that
myocardial ischemia may coincide with membrane properties
conducive to arrhythmia, eg, at a vulnerable point, within the
cardiac cycle, and possibly paired with electrolyte
imbalances.

Implications for Preventive Measures
The concepts presented in this review detail important impli-
cations for preventive strategies. Overall, an acute coronary
event appears to result from an unfortunate coincidence of a
coronary arterial stimulus for clinically significant thrombo-
sis and a thrombosis-conducive state at the site of the plaque
rupture or erosion (Figure 4). The probability of an event is
influenced by the frequency and strength of thrombogenic
stimuli within the coronary arteries and by the frequency and
extent of the thrombosis-favorable condition. In general, the
greater the plaque burden and the activity of the coronary
artery disease are, the more plaque ruptures/erosions will
occur, which increases the chance that a stimulus will
coincide with a state that may permit the development of a
vascular occlusive thrombus. This concept is supported by
strong evidence of increased coronary event risk in patients
with progressive coronary atherosclerotic plaque burden and
accelerated plaque progression.73,74

Conversely, the absence of coronary atherosclerotic
plaque, as confirmed on IVUS or computed tomography,
essentially excludes the possibility of acute coronary events

in the short term and midterm.41,75,76 On the other hand, the
more conducive the conditions are to thrombosis, the greater
the event risk will be, even with mild coronary artery disease
in the setting of plaque rupture or erosion, which is suggested
by the increased risk of an event, in patients with hyperco-
agulable states.77

The available data suggest that the probability of a coro-
nary event is fundamentally a function of the amount of
potentially vulnerable substrate. A single, potentially vulner-
able plaque is rather unlikely to cause an acute event;
however, the more coronary atherosclerotic plaques are
present, the greater the likelihood is that recurrent vulnerable
features will develop, and rupture or erosion of any of these
plaques will trigger an event in the setting of a vascular
thrombosis–favorable state.

The requirement of plaque rupture or erosion coinciding
with an occlusive, clinically significant thrombus-promoting
condition hinders our ability to predict such an event because
both occur with great variability. Similar to the “perfect
storm” analogy, one may establish certain probabilities for
plaque rupture/erosion and occlusive thrombus-favorable
conditions to coincide, but a substantial residual component
of uncertainty will remain. It appears intuitive that the more
variables and factors that can be considered, the more
accurate the estimate will be for the probability of an acute
event to occur. Importantly, because coronary atherosclerosis
essentially is a conditio sine qua non, assessing its extent,
severity, and location must be considered fundamental for
risk estimates. Furthermore, plaque characteristics, the extent
of lumen obstruction, and the activity of coronary artery
disease (rate of progression) appear to be promising for
estimating coronary event risk. Factors influencing coagula-
tion, eg, inflammatory states, comorbidity, disposition, and
environmental factors, must be considered in conjunction with
“coronary” risk factors to maximize our ability to predict events.
The concepts described here underscore the need to recognize
and address atherosclerosis as a systemic disease.78,79 Interven-
ing exclusively on single, potentially vulnerable plaques is
unlikely to reduce the incidence of acute coronary events.14,80 On
the other hand, slowing or halting the activity of coronary
atherosclerotic disease (eg, lipid-lowering therapy and risk
factor modification),81 decreasing the risk of coronary arterial
thrombosis (eg, antiplatelet therapy),82 and mitigating the
effect on resulting ischemia (eg, cellular membrane stabili-

Figure 4. The complex interplay of factors
contributing to acute coronary event risk.
The purpose of this illustration is to con-
vey the complexity of factors influencing
event risk, not to provide a complete list
of factors and associations involved. Both
coronary thrombogenicity, ie, a stimulus
for clinically significant arterial thrombo-
sis, and a thrombosis-favorable condition
need to be present for a coronary event
to occur.
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zation)83,84 are prudent measures for reducing the risk of acute
coronary events and their consequences. Unfortunately, de-
spite contemporary preventive measures, studies such as
Pravastatin or Atorvastatin Evaluation and Infection Therapy
(PROVE-IT) and PROSPECT demonstrate that events still
occur with significant frequency.14,85 More discriminating
risk models may help us to direct advanced therapeutic
measures, eg, anticoagulation or even implantable
cardioverter-defibrillator placement, to individuals at the
highest risk, which would be prohibitive in less well-defined
populations. Conversely, patients at lower risk may be saved
unnecessary medication and interventions. Ultimately, how-
ever, preventing the development of significant coronary
atherosclerosis must be the most critical goal, which may be
achieved by implementing policies for lifestyle/diet modifi-
cations and genetic profiling.86,87

The Potential Role of Noninvasive Imaging for
Preventing Acute Coronary Events

Our review highlights the importance of the presence, distri-
bution, extent, and severity of coronary atherosclerotic dis-
ease for the probability of acute coronary events to occur.
Until recently, these features were assessable only with
cardiac catheterization and invasive coronary imaging.
Through technological advancements, particularly in the
fields of magnetic resonance imaging and computed tomog-
raphy, comprehensive coronary plaque assessment is now
possible with noninvasive imaging.88 Promising prognostic
data, particularly for computed tomography coronary an-
giography, are available, which, importantly, have used
only a fraction of the available information provided by
these technologies.41,89,90 For example, Ostrom et al76

followed 2538 individuals for a mean of 6.5 years and
found an area under the curve of 0.89, predicting total (not
cardiac) mortality, on the basis of simple cardiac computed
tomography categories of normal arteries, nonobstructive
coronary artery disease, and obstructive coronary artery
disease combined with a calcium score and traditional risk
factors. It is conceivable that other characteristics such as
individual plaque burden and composition and total ath-
erosclerotic plaque burden further improve predictive
power. In addition, molecular imaging using advanced
biomedical engineering allows targeting of specific meta-
bolic processes, eg, local inflammation, which may permit
monitoring the activity of or even treating atherosclerotic
disease.12 Therefore, it appears that noninvasive vascular
imaging has the potential to substantially affect our ability
to identify and manage patients at risk of acute coronary
events.78,91,92

For the reasons discussed, however, many individuals even
with advanced coronary atherosclerotic disease will never
experience acute coronary events. The challenge is to balance
the costs and adverse affects of detecting and treating
coronary artery disease with the reduction of coronary events
and improved patient outcome.3 This is particularly critical
for using imaging for screening purposes among asymptom-
atic individuals in whom improved patient outcome must be
weighed against risks from imaging and intervention.93 Thus,
a staged approach is likely necessary, with the least costly and

most benign techniques applied to patients of seemingly low
risk for screening purposes and advanced imaging reserved
for those deemed at higher risk. For example, ultrasound
imaging of carotid artery wall thickness provides prognostic
information on acute coronary event risk incremental to
traditional risk factors.94 Many clinical investigations, some
ongoing,95 are necessary to define the appropriate role of
imaging for the prevention of acute coronary events in
patients.

The Potential Role of Biomarkers for
Preventing Acute Coronary Events

Numerous biomarkers reflecting inflammatory and metabolic
processes are associated with increased acute coronary event
risk.96 Nevertheless, despite intriguing data on their involve-
ment in the atherosclerotic process, their respective contribu-
tion to the hazard for acute coronary events is small.97 A
prime example is C-reactive protein. The role of inflamma-
tion in the development, progression, and vulnerability of
coronary atherosclerosis has been well established, but
C-reactive protein is only modestly predictive of acute
coronary events, and its effect can be largely attributed to
associations with known risk factors for coronary artery
disease.54,96,98 Even biomarkers more specifically involved in
the atherothrombotic process such as neopterin have not been
shown to yield large hazard ratios for hard events, further
supporting the hypothesis of a multifactorial mechanism for
acute events to occur.99,100 A promising target for biomarkers
is to evaluate the metabolic activity of coronary atheroscle-
rotic disease, but data to support such an application for
clinical purposes are currently sparse and only modestly
promising.96,101 Another potential goal is to identify a predis-
posing coagulation system.77 However, the varying function
of human hemostasis makes it exceedingly difficult to predict
a weakness that may be triggered by internal factors such as
circadian variations and postprandial hyperlipidemia or ex-
ternal factors like stress and smoking.102 At this time, the role
of biomarkers for evaluating individuals for their coronary
event risk appears to be supportive rather than leading.96

Conclusions
An acute coronary event is the result of a complex interplay
of numerous factors that seems to include a component of
chance, hindering our ability to assess the risk of such events
to occur. Erosion or rupture of the coronary atherosclerotic
plaque is typically required for an event to happen, but only
when coinciding with a thrombosis-conducive state at the site
of plaque rupture or erosion. In the majority of cases, plaque
ruptures or erosions take place in the absence of symptoms
and commonly lead to healing and progression of coronary
arterial narrowing. The coronary atherosclerotic plaque
burden and its metabolic activity, as well as conditions
promoting vascular thrombosis, have the strongest evi-
dence in support of their association with acute coronary
events. Integrating coronary artery characteristics and
thrombosis-promoting factors into a comprehensive model
appears most promising for acute coronary event risk
assessment in patients.

Arbab-Zadeh et al Acute Coronary Events 1153



Acknowledgments
We would like to thank Kristine S. Evers for proofreading this
manuscript.

Sources of Funding
Dr Arbab-Zadeh is funded by a career development grant from the
National Institute of Health (1K23HL098368).

Disclosures
None.

References
1. Roger VL, Go AS, Lloyd-Jones DM, Adams RJ, Berry JD, Brown TM,

Carnethon MR, Dai S, de Simone G, Ford ES, Fox CS, Fullerton HJ,
Gillespie C, Greenlund KJ, Hailpern SM, Heit JA, Ho PM, Howard
VJ, Kissela BM, Kittner SJ, Lackland DT, Lichtman JH, Lisabeth LD,
Makuc DM, Marcus GM, Marelli A, Matchar DB, McDermott MM,
Meigs JB, Moy CS, Mozaffarian D, Mussolino ME, Nichol G, Paynter
NP, Rosamond WD, Sorlie PD, Stafford RS, Turan TN, Turner MB,
Wong ND, Wylie-Rosett J; American Heart Association Statistics Com-
mittee and Stroke Statistics Subcommittee. Heart disease and stroke
statistics—2011 update: a report from the American Heart Association.
Circulation. 2011;123:e18–e209.

2. Heidenreich PA, Trogdon JG, Khavjou OA, Butler J, Dracup K, Eze-
kowitz MD, Finkelstein EA, Hong Y, Johnston SC, Khera A,
Lloyd-Jones DM, Nelson SA, Nichol G, Orenstein D, Wilson PW, Woo
YJ; American Heart Association Advocacy Coordinating Committee,
Stroke Council, Council on Cardiovascular Radiology and Intervention,
Council on Clinical Cardiology, Council on Epidemiology and Pre-
vention, Council on Arteriosclerosis, Thrombosis and Vascular Biology,
Council on Cardiopulmonary, Critical Care, Perioperative and Resusci-
tation, Council on Cardiovascular Nursing, Council on the Kidney in
Cardiovascular Disease, Council on Cardiovascular Surgery and Anes-
thesia, and Interdisciplinary Council on Quality of Care and Outcomes
Research. Forecasting the future of cardiovascular disease in the United
States: a policy statement from the American Heart Association.
Circulation. 2011;123:933–944.

3. Franco M, Cooper RS, Bilal U, Fuster V. Challenges and opportunities
for cardiovascular disease prevention. Am J Med. 2011;124:95–102.

4. Davies MJ. The pathophysiology of acute coronary syndromes. Heart.
2000;83:361–366.

5. Yamagishi M, Miyatake K, Tamai J, Nakatani S, Koyama J, Nissen SE.
Intravascular ultrasound detection of atherosclerosis at the site of focal
vasospasm in angiographically normal or minimally narrowed coronary
segments. J Am Coll Cardiol. 1994;23:352–357.

6. Berenson GS, Srinivasan SR, Bao W, Newman WP 3rd, Tracy RE,
Wattigney WA. Association between multiple cardiovascular risk
factors and atherosclerosis in children and young adults: the Bogalusa
Heart Study. N Engl J Med. 1998;338:1650–1656.

7. Nemetz PN, Roger VL, Ransom JE, Bailey KR, Edwards WD, Leibson
CL. Recent trends in the prevalence of coronary disease: a
population-based autopsy study of nonnatural deaths. Arch Intern Med.
2008;168:264–270.

8. Virmani R, Burke AP, Farb A, Kolodgie FD. Pathology of the vul-
nerable plaque. J Am Coll Cardiol. 2006;47:C13–C18.

9. Virmani R, Kolodgie FD, Burke AP, Farb A, Schwartz SM. Lessons
from sudden coronary death: a comprehensive morphological classifi-
cation scheme for atherosclerotic lesions. Arterioscler Thromb Vasc
Biol. 2000;20:1262–1275.

10. Davies MJ. Anatomic features in victims of sudden coronary death:
coronary artery pathology. Circulation. 1992;85(suppl):I-19–I-24.

11. Kramer MC, Rittersma SZ, de Winter RJ, Ladich ER, Fowler DR, Liang
YH, Kutys R, Carter-Monroe N, Kolodgie FD, van der Wal AC,
Virmani R. Relationship of thrombus healing to underlying plaque
morphology in sudden coronary death. J Am Coll Cardiol. 2010;55:
122–132.

12. Libby P, DiCarli M, Weissleder R. The vascular biology of atheroscle-
rosis and imaging targets. J Nucl Med. 2010;51(suppl 1):33S–37S.

13. Calvert PA, Obaid DR, O’Sullivan M, Shapiro LM, McNab D, Densem
CG, Schofield PM, Braganza D, Clarke SC, Ray KK, West NE, Bennett
MR. Association between IVUS findings and adverse outcomes in
patients with coronary artery disease: the VIVA (VH-IVUS in Vul-

nerable Atherosclerosis) Study. J Am Coll Cardiol Cardiovasc Imaging.
2011;4:894–901.

14. Stone GW, Maehara A, Lansky AJ, de Bruyne B, Cristea E, Mintz GS,
Mehran R, McPherson J, Farhat N, Marso SP, Parise H, Templin B,
White R, Zhang Z, Serruys PW; PROSPECT Investigators. A pro-
spective natural-history study of coronary atherosclerosis. N Engl J Med.
2011;364:226–235.

15. Libby P, Ridker PM, Hansson GK. Progress and challenges in trans-
lating the biology of atherosclerosis. Nature. 2011;473:317–325.

16. Moreno PR, Sanz J, Fuster V. Promoting mechanisms of vascular health:
circulating progenitor cells, angiogenesis, and reverse cholesterol
transport. J Am Coll Cardiol. 2009;53:2315–2323.

17. Nesto RW, Waxman S, Mittleman MA, Sassower MA, Fitzpatrick PJ,
Lewis SM, Leeman DE, Shubrooks SJ Jr, Manzo K, Zarich SW.
Angioscopy of culprit coronary lesions in unstable angina pectoris and
correlation of clinical presentation with plaque morphology. Am J
Cardiol. 1998;81:225–228.

18. Takano M, Inami S, Ishibashi F, Okamatsu K, Seimiya K, Ohba T, Sakai
S, Mizuno K. Angioscopic follow-up study of coronary ruptured plaques
in nonculprit lesions. J Am Coll Cardiol. 2005;45:652–658.

19. Davies MJ. The contribution of thrombosis to the clinical expression of
coronary atherosclerosis. Thromb Res. 1996;82:1–32.

20. Finn AV, Nakano M, Narula J, Kolodgie FD, Virmani R. Concept of
vulnerable/unstable plaque. Arterioscler Thromb Vasc Biol. 2010;30:
1282–1292.

21. Hudson J, McCaughey WT. Mural thrombosis and atherogenesis in
coronary arteries and aorta: an investigation using antifibrin and anti-
platelet sera. Atherosclerosis. 1974;19:543–553.

22. Arbustini E, Grasso M, Diegoli M, Pucci A, Bramerio M, Ardissino D,
Angoli L, de Servi S, Bramucci E, Mussini A. Coronary atherosclerotic
plaques with and without thrombus in ischemic heart syndromes: a
morphologic, immunohistochemical, and biochemical study. Am J
Cardiol. 1991;68:36B–50B.

23. Davies MJ, Bland JM, Hangartner JR, Angelini A, Thomas AC. Factors
influencing the presence or absence of acute coronary artery thrombi in
sudden ischaemic death. Eur Heart J. 1989;10:203–208.

24. Falk E. Plaque rupture with severe pre-existing stenosis precipitating
coronary thrombosis: characteristics of coronary atherosclerotic plaques
underlying fatal occlusive thrombi. Br Heart J. 1983;50:127–134.

25. Cheruvu PK, Finn AV, Gardner C, Caplan J, Goldstein J, Stone GW,
Virmani R, Muller JE. Frequency and distribution of thin-cap fibroath-
eroma and ruptured plaques in human coronary arteries: a pathologic
study. J Am Coll Cardiol. 2007;50:940–949.

26. Mann J, Davies MJ. Mechanisms of progression in native coronary
artery disease: role of healed plaque disruption. Heart. 1999;82:
265–268.

27. Kolodgie FD, Virmani R, Burke AP, Farb A, Weber DK, Kutys R, Finn
AV, Gold HK. Pathologic assessment of the vulnerable human coronary
plaque. Heart. 2004;90:1385–1391.

28. Burke AP, Kolodgie FD, Farb A, Weber DK, Malcom GT, Smialek J,
Virmani R. Healed plaque ruptures and sudden coronary death: evidence
that subclinical rupture has a role in plaque progression. Circulation.
2001;103:934–940.

29. Rioufol G, Finet G, Ginon I, Andre-Fouet X, Rossi R, Vialle E, Des-
joyaux E, Convert G, Huret JF, Tabib A. Multiple atherosclerotic plaque
rupture in acute coronary syndrome: a three-vessel intravascular
ultrasound study. Circulation. 2002;106:804–808.

30. Barlis P, Serruys PW, Gonzalo N, van der Giessen WJ, de Jaegere PJ,
Regar E. Assessment of culprit and remote coronary narrowings using
optical coherence tomography with long-term outcomes. Am J Cardiol.
2008;102:391–395.

31. Kubo T, Maehara A, Mintz GS, Doi H, Tsujita K, Choi SY, Katoh O,
Nasu K, Koenig A, Pieper M, Rogers JH, Wijns W, Bose D, Margolis
MP, Moses JW, Stone GW, Leon MB. The dynamic nature of coronary
artery lesion morphology assessed by serial virtual histology intra-
vascular ultrasound tissue characterization. J Am Coll Cardiol. 2010;55:
1590–1597.

32. Gotoh K, Minamino T, Katoh O, Hamano Y, Fukui S, Hori M, Kusuoka
H, Mishima M, Inoue M, Kamada T. The role of intracoronary thrombus
in unstable angina: angiographic assessment and thrombolytic therapy
during ongoing anginal attacks. Circulation. 1988;77:526–534.

33. Maseri A, Chierchia S, Davies G. Pathophysiology of coronary
occlusion in acute infarction. Circulation. 1986;73:233–239.

34. Davies MJ, Thomas A. Thrombosis and acute coronary-artery lesions in
sudden cardiac ischemic death. N Engl J Med. 1984;310:1137–1140.

1154 Circulation March 6, 2012



35. Yusuf S, Hawken S, Ounpuu S, Dans T, Avezum A, Lanas F, McQueen
M, Budaj A, Pais P, Varigos J, Lisheng L; INTERHEART Study
Investigators. Effect of potentially modifiable risk factors associated
with myocardial infarction in 52 countries (the INTERHEART study):
case-control study. Lancet. 2004;364:937–952.

36. Motoyama S, Sarai M, Harigaya H, Anno H, Inoue K, Hara T, Naruse
H, Ishii J, Hishida H, Wong ND, Virmani R, Kondo T, Ozaki Y, Narula
J. Computed tomographic angiography characteristics of atherosclerotic
plaques subsequently resulting in acute coronary syndrome. J Am Coll
Cardiol. 2009;54:49–57.

37. Wang JC, Normand SL, Mauri L, Kuntz RE. Coronary artery spatial
distribution of acute myocardial infarction occlusions. Circulation.
2004;110:278–284.

38. Shanmugavelayudam SK, Rubenstein DA, Yin W. Effects of physio-
logically relevant dynamic shear stress on platelet complement acti-
vation. Platelets. 2011;22:602–610.

39. Koskinas KC, Feldman CL, Chatzizisis YS, Coskun AU, Jonas M,
Maynard C, Baker AB, Papafaklis MI, Edelman ER, Stone PH. Natural
history of experimental coronary atherosclerosis and vascular
remodeling in relation to endothelial shear stress: a serial, in vivo
intravascular ultrasound study. Circulation. 2010;121:2092–2101.

40. Ellis S, Alderman E, Cain K, Fisher L, Sanders W, Bourassa M.
Prediction of risk of anterior myocardial infarction by lesion severity
and measurement method of stenoses in the left anterior descending
coronary distribution: a CASS Registry Study. J Am Coll Cardiol.
1988;11:908–916.

41. Hulten EA, Carbonaro S, Petrillo SP, Mitchell JD, Villines TC. Prog-
nostic value of cardiac computed tomography angiography: a systematic
review and meta-analysis. J Am Coll Cardiol. 2011;57:1237–1247.

42. Alderman EL, Corley SD, Fisher LD, Chaitman BR, Faxon DP, Foster
ED, Killip T, Sosa JA, Bourassa MG. Five-year angiographic follow-up
of factors associated with progression of coronary artery disease in the
Coronary Artery Surgery Study (CASS): CASS Participating Investi-
gators and Staff. J Am Coll Cardiol. 1993;22:1141–1154.

43. Little WC, Constantinescu M, Applegate RJ, Kutcher MA, Burrows MT,
Kahl FR, Santamore WP. Can coronary angiography predict the site of
a subsequent myocardial infarction in patients with mild-to-moderate
coronary artery disease? Circulation. 1988;78:1157–1166.

44. Hackett D, Davies G, Maseri A. Pre-existing coronary stenoses in
patients with first myocardial infarction are not necessarily severe. Eur
Heart J. 1988;9:1317–1323.

45. Giroud D, Li JM, Urban P, Meier B, Rutishauer W. Relation of the site
of acute myocardial infarction to the most severe coronary arterial
stenosis at prior angiography. Am J Cardiol. 1992;69:729–732.

46. Farb A, Burke AP, Tang AL, Liang TY, Mannan P, Smialek J, Virmani
R. Coronary plaque erosion without rupture into a lipid core: a frequent
cause of coronary thrombosis in sudden coronary death. Circulation.
1996;93:1354–1363.

47. Mann JM, Davies MJ. Assessment of the severity of coronary artery
disease at postmortem examination: are the measurements clinically
valid? Br Heart J. 1995;74:528–530.

48. Boekholdt SM, Kramer MH. Arterial thrombosis and the role of throm-
bophilia. Semin Thromb Hemost. 2007;33:588–596.

49. Gustafsson J, Gunnarsson I, Borjesson O, Pettersson S, Moller S, Fei
GZ, Elvin K, Simard JF, Hansson LO, Lundberg IE, Larsson A, Sve-
nungsson E. Predictors of the first cardiovascular event in patients with
systemic lupus erythematosus: a prospective cohort study. Arthritis Res
Ther. 2009;11:R186.

50. Wennberg P, Wensley F, Di Angelantonio E, Johansson L, Boman K,
Rumley A, Lowe G, Hallmans G, Danesh J, Jansson JH. Haemostatic
and inflammatory markers are independently associated with myocardial
infarction in men and women. Thromb Res. 2012;129:68–73.

51. Mannucci PM, Asselta R, Duga S, Guella I, Spreafico M, Lotta L,
Merlini PA, Peyvandi F, Kathiresan S, Ardissino D. The association of
factor V Leiden with myocardial infarction is replicated in 1880 patients
with premature disease. J Thromb Haemost. 2010;8:2116–2121.

52. Chu SG, Becker RC, Berger PB, Bhatt DL, Eikelboom JW, Konkle B,
Mohler ER, Reilly MP, Berger JS. Mean platelet volume as a predictor
of cardiovascular risk: a systematic review and meta-analysis. J Thromb
Haemost. 2010;8:148–156.

53. Reny JL, De Moerloose P, Dauzat M, Fontana P. Use of the PFA-100
closure time to predict cardiovascular events in aspirin-treated cardio-
vascular patients: a systematic review and meta-analysis. J Thromb
Haemost. 2008;6:444–450.

54. Emerging Risk Factors Collaboration, Kaptoge S, Di Angelantonio E,
Lowe G, Pepys MB, Thompson SG, Collins R, Danesh J. C-reactive
protein concentration and risk of coronary heart disease, stroke, and
mortality: an individual participant meta-analysis. Lancet. 2010;375:
132–140.

55. Tzoulaki I, Murray GD, Lee AJ, Rumley A, Lowe GD, Fowkes FG.
Relative value of inflammatory, hemostatic, and rheological factors for
incident myocardial infarction and stroke: the Edinburgh Artery Study.
Circulation. 2007;115:2119–2127.

56. Montagnana M, Salvagno GL, Lippi G. Circadian variation within
hemostasis: an underrecognized link between biology and disease?
Semin Thromb Hemost. 2009;35:23–33.

57. Servoss SJ, Januzzi JL, Muller JE. Triggers of acute coronary syn-
dromes. Prog Cardiovasc Dis. 2002;44:369–380.

58. Mills NL, Donaldson K, Hadoke PW, Boon NA, MacNee W, Cassee
FR, Sandstrom T, Blomberg A, Newby DE. Adverse cardiovascular
effects of air pollution. Nat Clin Pract Cardiovasc Med. 2009;6:36–44.

59. Phang M, Lazarus S, Wood LG, Garg M. Diet and thrombosis risk:
nutrients for prevention of thrombotic disease. Semin Thromb Hemost.
2011;37:199–208.

60. Wilbert-Lampen U, Leistner D, Greven S, Pohl T, Sper S, Volker C,
Guthlin D, Plasse A, Knez A, Kuchenhoff H, Steinbeck G. Cardio-
vascular events during World Cup soccer. N Engl J Med. 2008;358:
475–483.

61. Ambrose JA, Barua RS. The pathophysiology of cigarette smoking and
cardiovascular disease: an update. J Am Coll Cardiol. 2004;43:
1731–1737.

62. Trelle S, Reichenbach S, Wandel S, Hildebrand P, Tschannen B, Villiger
PM, Egger M, Juni P. Cardiovascular safety of non-steroidal anti-
inflammatory drugs: network meta-analysis. BMJ. 2011;342:c7086.

63. Lange RA, Hillis LD. Cardiovascular complications of cocaine use.
N Engl J Med. 2001;345:351–358.

64. Nawrot TS, Perez L, Kunzli N, Munters E, Nemery B. Public health
importance of triggers of myocardial infarction: a comparative risk
assessment. Lancet. 2011;377:732–740.

65. Libby P, Ridker PM, Hansson GK; Leducq Transatlantic Network on
Atherothrombosis. Inflammation in atherosclerosis: from pathophys-
iology to practice. J Am Coll Cardiol. 2009;54:2129–2138.

66. Hansson GK. Inflammation, atherosclerosis, and coronary artery
disease. N Engl J Med. 2005;352:1685–1695.

67. Maury E, Ramsey KM, Bass J. Circadian rhythms and metabolic syn-
drome: from experimental genetics to human disease. Circ Res. 2010;
106:447–462.

68. Wilson PW, D’Agostino RB, Levy D, Belanger AM, Silbershatz H,
Kannel WB. Prediction of coronary heart disease using risk factor
categories. Circulation. 1998;97:1837–1847.

69. Detrano R, Guerci AD, Carr JJ, Bild DE, Burke G, Folsom AR, Liu K,
Shea S, Szklo M, Bluemke DA, O’Leary DH, Tracy R, Watson K, Wong
ND, Kronmal RA. Coronary calcium as a predictor of coronary events
in four racial or ethnic groups. N Engl J Med. 2008;358:1336–1345.

70. Ierodiakonou K, Vandenbroucke JP. Medicine as a stochastic art.
Lancet. 1993;341:542–543.

71. Ojio S, Takatsu H, Tanaka T, Ueno K, Yokoya K, Matsubara T, Suzuki
T, Watanabe S, Morita N, Kawasaki M, Nagano T, Nishio I, Sakai K,
Nishigaki K, Takemura G, Noda T, Minatoguchi S, Fujiwara H. Con-
siderable time from the onset of plaque rupture and/or thrombi until the
onset of acute myocardial infarction in humans: coronary angiographic
findings within 1 week before the onset of infarction. Circulation.
2000;102:2063–2069.

72. Rittersma SZ, van der Wal AC, Koch KT, Piek JJ, Henriques JP, Mulder
KJ, Ploegmakers JP, Meesterman M, de Winter RJ. Plaque instability
frequently occurs days or weeks before occlusive coronary thrombosis:
a pathological thrombectomy study in primary percutaneous coronary
intervention. Circulation. 2005;111:1160–1165.

73. Budoff MJ, Hokanson JE, Nasir K, Shaw LJ, Kinney GL, Chow D,
Demoss D, Nuguri V, Nabavi V, Ratakonda R, Berman DS, Raggi P.
Progression of coronary artery calcium predicts all-cause mortality.
J Am Coll Cardiol Cardiovasc Imaging. 2010;3:1229–1236.

74. Budoff MJ, Shaw LJ, Liu ST, Weinstein SR, Mosler TP, Tseng PH,
Flores FR, Callister TQ, Raggi P, Berman DS. Long-term prognosis
associated with coronary calcification: observations from a registry of
25,253 patients. J Am Coll Cardiol. 2007;49:1860–1870.

75. Topol EJ, Nissen SE. Our preoccupation with coronary luminology: the
dissociation between clinical and angiographic findings in ischemic
heart disease. Circulation. 1995;92:2333–2342.

Arbab-Zadeh et al Acute Coronary Events 1155



76. Ostrom MP, Gopal A, Ahmadi N, Nasir K, Yang E, Kakadiaris I, Flores
F, Mao SS, Budoff MJ. Mortality incidence and the severity of coronary
atherosclerosis assessed by computed tomography angiography. J Am
Coll Cardiol. 2008;52:1335–1343.

77. Lowe G. Can haemostatic factors predict atherothrombosis? Intern
Emerg Med. 2011;6:497–501.

78. Eagle KA, Ginsburg GS, Musunuru K, Aird WC, Balaban RS, Bennett
SK, Blumenthal RS, Coughlin SR, Davidson KW, Frohlich ED,
Greenland P, Jarvik GP, Libby P, Pepine CJ, Ruskin JN, Stillman AE,
Van Eyk JE, Tolunay HE, McDonald CL, Smith SC Jr. Identifying
patients at high risk of a cardiovascular event in the near future: current
status and future directions: report of a National Heart, Lung, and Blood
Institute working group. Circulation. 2010;121:1447–1454.

79. Naghavi M, Libby P, Falk E, Casscells SW, Litovsky S, Rumberger J,
Badimon JJ, Stefanadis C, Moreno P, Pasterkamp G, Fayad Z, Stone PH,
Waxman S, Raggi P, Madjid M, Zarrabi A, Burke A, Yuan C, Fitzgerald
PJ, Siscovick DS, de Korte CL, Aikawa M, Juhani Airaksinen KE,
Assmann G, Becker CR, Chesebro JH, Farb A, Galis ZS, Jackson C,
Jang IK, Koenig W, Lodder RA, March K, Demirovic J, Navab
M, Priori SG, Rekhter MD, Bahr R, Grundy SM, Mehran R, Colombo
A, Boerwinkle E, Ballantyne C, Insull W Jr, Schwartz RS, Vogel
R, Serruys PW, Hansson GK, Faxon DP, Kaul S, Drexler H, Greenland
P, Muller JE, Virmani R, Ridker PM, Zipes DP, Shah PK, Willerson JT.
From vulnerable plaque to vulnerable patient: a call for new definitions
and risk assessment strategies: part I. Circulation. 2003;108:1664–1672.

80. Boden WE, O’Rourke RA, Teo KK, Hartigan PM, Maron DJ, Kostuk
WJ, Knudtson M, Dada M, Casperson P, Harris CL, Chaitman BR,
Shaw L, Gosselin G, Nawaz S, Title LM, Gau G, Blaustein AS, Booth
DC, Bates ER, Spertus JA, Berman DS, Mancini GB, Weintraub WS;
COURAGE Trial Research Group. Optimal medical therapy with or
without PCI for stable coronary disease. N Engl J Med. 2007;356:
1503–1516.

81. Heart Protection Study Collaborative Group. MRC/BHF Heart Pro-
tection Study of cholesterol lowering with simvastatin in 20,536
high-risk individuals: a randomised placebo-controlled trial. Lancet.
2002;360:7–22.

82. A randomised, blinded, trial of Clopidogrel Versus Aspirin in Patients at
Risk of Ischaemic Events (CAPRIE): CAPRIE Steering Committee.
Lancet. 1996;348:1329–1339.

83. Wehrens XH, Lehnart SE, Reiken SR, Deng SX, Vest JA, Cervantes D,
Coromilas J, Landry DW, Marks AR. Protection from cardiac arrhyth-
mia through ryanodine receptor-stabilizing protein calstabin2. Science.
2004;304:292–296.

84. Saravanan P, Davidson NC, Schmidt EB, Calder PC. Cardiovascular
effects of marine omega-3 fatty acids. Lancet. 2010;376:540–550.

85. Cannon CP, Braunwald E, McCabe CH, Rader DJ, Rouleau JL, Belder
R, Joyal SV, Hill KA, Pfeffer MA, Skene AM; Pravastatin or Atorva-
statin Evaluation and Infection Therapy–Thrombolysis in Myocardial
Infarction 22 Investigators. Intensive versus moderate lipid lowering
with statins after acute coronary syndromes. N Engl J Med. 2004;350:
1495–1504.

86. Fuster V, Kelly BB, Vedanthan R. Promoting global cardiovascular
health: moving forward. Circulation. 2011;123:1671–1678.

87. Holmes MV, Harrison S, Talmud PJ, Hingorani AD, Humphries SE.
Utility of genetic determinants of lipids and cardiovascular events in
assessing risk. Nat Rev Cardiol. 2011;8:207–221.

88. Gerber BL. MRI versus CT for the detection of coronary artery disease:
current state and future promises. Curr Cardiol Rep. 2007;9:72–78.

89. Bamberg F, Sommer WH, Hoffmann V, Achenbach S, Nikolaou K,
Conen D, Reiser MF, Hoffmann U, Becker CR. Meta-analysis and
systematic review of the long-term predictive value of assessment of
coronary atherosclerosis by contrast-enhanced coronary computed
tomography angiography. J Am Coll Cardiol. 2011;57:2426–2436.

90. Min JK, Dunning A, Lin FY, Achenbach S, Al-Mallah M, Budoff MJ,
Cademartiri F, Callister TQ, Chang HJ, Cheng V, Chinnaiyan K, Chow
BJ, Delago A, Hadamitzky M, Hausleiter J, Kaufmann P, Maffei E, Raff
G, Shaw LJ, Villines T, Berman DS; CONFIRM Investigators. Age- and
sex-related differences in all-cause mortality risk based on coronary
computed tomography angiography findings: results from the Interna-
tional Multicenter CONFIRM (Coronary CT Angiography Evaluation
for Clinical Outcomes: An International Multicenter Registry) of 23,854
patients without known coronary artery disease. J Am Coll Cardiol.
2011;58:849–860.

91. Fuster V, Vahl TP. The role of noninvasive imaging in promoting
cardiovascular health. J Nucl Cardiol. 2010;17:781–790.

92. Arbab-Zadeh A, Hoe J. Quantification of coronary arterial stenoses by
multidetector CT angiography in comparison with conventional
angiography methods, caveats, and implications. J Am Coll Cardiol
Cardiovasc Imaging. 2011;4:191–202.

93. Kaul P, Douglas PS. Atherosclerosis imaging: prognostically useful or
merely more of what we know? Circ Cardiovasc Imaging. 2009;2:
150–160.

94. Polak JF, Pencina MJ, Pencina KM, O’Donnell CJ, Wolf PA,
D’Agostino RBS. Carotid-wall intima-media thickness and cardiovas-
cular events. N Engl J Med. 2011;365:213–221.

95. Muntendam P, McCall C, Sanz J, Falk E, Fuster V; High-Risk Plaque
Initiative. The BioImage Study: novel approaches to risk assessment in
the primary prevention of atherosclerotic cardiovascular disease: study
design and objectives. Am Heart J. 2010;160:49–57.e1.

96. Wang TJ. Assessing the role of circulating, genetic, and imaging bio-
markers in cardiovascular risk prediction. Circulation. 2011;123:
551–565.

97. Gerszten RE, Wang TJ. The search for new cardiovascular biomarkers.
Nature. 2008;451:949–952.

98. Blaha MJ, Budoff MJ, DeFilippis AP, Blankstein R, Rivera JJ, Agatston
A, O’Leary DH, Lima J, Blumenthal RS, Nasir K. Associations between
C-reactive protein, coronary artery calcium, and cardiovascular events:
implications for the JUPITER population from MESA, a
population-based cohort study. Lancet. 2011;378:684–692.

99. Sugioka K, Naruko T, Matsumura Y, Shirai N, Hozumi T, Yoshiyama
M, Ueda M. Neopterin and atherosclerotic plaque instability in coronary
and carotid arteries. J Atheroscler Thromb. 2010;17:1115–1121.

100. Ray KK, Morrow DA, Sabatine MS, Shui A, Rifai N, Cannon CP,
Braunwald E. Long-term prognostic value of neopterin: a novel marker
of monocyte activation in patients with acute coronary syndrome.
Circulation. 2007;115:3071–3078.

101. Pedersen ER, Midttun O, Ueland PM, Schartum-Hansen H, Seifert R,
Igland J, Nordrehaug JE, Ebbing M, Svingen G, Bleie O, Berge R,
Nygard O. Systemic markers of interferon-gamma-mediated immune
activation and long-term prognosis in patients with stable coronary
artery disease. Arterioscler Thromb Vasc Biol. 2011;31:698–704.

102. Boisclair MD, Ireland H, Lane DA. Assessment of hypercoagulable
states by measurement of activation fragments and peptides. Blood Rev.
1990;4:25–40.

KEY WORDS: angina � atherosclerosis � coronary disease � infarction
� prevention

1156 Circulation March 6, 2012


