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Hemodynamic factors and atheromatic plaque rupture in the
coronary arteries: from vulnerable plaque to vulnerable

coronary segment

Demosthenes G. Katritsis?, John Pantos®® and Efstathios Efstathopoulos®

Coronary plaque disruption with superimposed thrombosis
is the underlying pathology in the acute coronary
syndromes and sudden death. Coronary plaques are
constantly stressed by a variety of mechanical and
hemodynamic forces that may precipitate or ‘trigger’
disruption of vulnerable or, at extreme conditions, even
stable plaques. This paper reviews the exciting new
evidence on the hemodynamic factors that may play a role
in this process and provides the rationale for the
introduction of the concept of the vulnerable coronary
segment in the study of acute coronary syndromes. Coron
Artery Dis 18:229-237 © 2007 Lippincott Williams &
Wilkins.

There is now substantial evidence that the risk of plaque
disruption is related to intrinsic properties of individual
plaques (their vulnerability) as well as extrinsic forces
acting on plaques (rupture triggers) [1,2]. The former
predispose plaques to rupture, whereas the latter may
precipitate disruption if vulnerable plaques are present.
Coronary atherosclerosis is the most frequent cause of
coronary artery disease, and coronary plaque disruption
with superimposed thrombosis is the underlying pathol-
ogy in the acute coronary syndromes of unstable angina,
myocardial infarction, and sudden death [3,4].

The vulnerable plaque

Traditional concepts

An atheromatic plaque typically consists of two main
components: a soft, lipid-rich atheromatous core and a
hard, collagen-rich fibrous cap. Serial angiographic studies
have indicated that the more obstructive a plaque is, the
more frequently it progresses to coronary occlusion and/or
gives rise to myocardial infarction [5-8]. Although an
individual severe stenosis, however, becomes occluded
more frequently than an individual less severe stenosis,
the less obstructive plaques may give rise to more
occlusions than the severely obstructive plaques at least
because of their greater number [1]. Thus, coronary
occlusion and myocardial infarction most frequently
evolve from mild to moderate stenoses [9,10]. This has
given rise to the notion that less obstructive plaques are
more lipid-rich and vulnerable to rupture than larger
plaques. The usually less voluminous atheromatous core
was considered the more dangerous component, because
it destabilizes plaques, making the fibrous cap vulnerable
to rupture, and thus exposing the highly thrombogenic
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core to the flowing blood and leading to thrombosis [11].
Furthermore, the less severe than more severe stenoses
were thought more likely to lead to acute clinical events
in the case of abrupt occlusion because they are less
frequently associated with protective collateral circula-
tion [12].

Plaque rupture is the most common type of plaque
complication, accounting for approximately 70% of fatal
acute myocardial infarctions and/or sudden coronary
deaths [13]. The so-called vulnerable plaques, that is,
plaques that are prone to rupture and potential sub-
sequent thrombosis, have been described as having the
following characteristics: they are small, creating sub-
critical stenoses (< 50% diameter stenosis) and present
features of active inflammation and endothelial denuda-
tion with superficial platelet aggregation, and have a cap
thickness of < 100um and a lipid core accounting for
>40% of the plaque’s total volume, or are severely
stenotic with > 90% diameter stenosis [13].

Rupture of the plaque surface is followed by variable
amounts of hemorrhage into the plaque and luminal
thrombosis, causing sudden and rapid but often clinically
silent progression of the lesion [17]. It is probably the
most important mechanism underlying the episodic
(vs. linear) progression of coronary lesions observed by
serial angiography [4,14].

New evidence

Recent pathology studies have added further data on
vulnerable plaques and have refuted the notions that
even trivial plaques may rupture and that the arterial tree
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may have such plaques in abundance [15-17]. They have
demonstrated that lesions likely to be wvulnerable to
rupture usually are not multiple, occur more often in the
proximal and middle part of major arteries and, in a large
proportion of cases, may be fairly sizeable. These lesions
involve at least 50% of cross-sectional vascular area in
more than 80% of instances, and the necrotic cores often
occupy > 60° of vessel circumferentially and 10-25% of
plaque area [15-17]. Such lesions longitudinally span as
long as up to Zcm and usually assume vulnerability
wherever the necrotic core is being exposed, and may
only display minimal encroachment on the lumen
because of positive remodeling.

Most of the acute coronary syndromes are thought to be the
result of sudden luminal thrombosis [15,17-19]. Luminal
thrombosis occurs from three different pathologies: plaque
rupture, plaque erosion, and calcified nodules [19].

Plaque rupture is defined as a lesion consisting of a necrotic
core with an overlying thin ruptured fibrous cap that leads
to luminal thrombosis because of contact of platelets with a
highly thrombogenic necrotic core. Pathology studies
indicate that approximately 76% of all fatal coronary
thrombi are precipitated by plaque rupture. The remaining
24% are caused by plaque erosion and other less well-
defined mechanisms [20]. The thin-cap fibroatheroma
(thin-fibrous cap that is < 65um in thickness) has been
postulated to be the precursor lesion of plaque rupture and
is most frequently observed in patients dying with acute
plaque rupture and least frequent in plaque erosion [17]. It
usually occurs with lesions showing < 50% diameter
stenosis and is mostly observed in the proximal left anterior
descending (LLAD), left circumflex, and right coronary
arteries, followed by mid and is least frequent in distal
coronary arteries. Plaque erosion shows a luminal thrombus
with an underlying base rich in proteoglycans and smooth
muscle cells with minimal inflammation. Most erosion
lesions are devoid of a necrotic core, but when present, the
core does not communicate with the lumen because of a
thick fibrous cap [21]. The risk factors for erosion are
poorly understood and are different from those of rupture
[21-23]. Usually, patients are younger than those with
plaque rupture, and there is less severe narrowing at sites
of thrombosis. Plaque erosion accounts for over 80%
of thrombi occurring in women < 50 years of age [22].
The least common of all lesions is the calcified nodule that
shows an underlying calcified plate with superimposed
bony nodules that result in discontinuity of the fibrous cap
and is devoid of endothelial cells with overlying luminal
thrombus.

Is the location of potentially disrupted
vulnerable plaques predictable?

The role of inflammation in atherosclerosis in general is
now well established, and inflammatory mechanisms have

been associated with vulnerable plaque rupture in several
studies [24,25]. Clinical and histopathologic studies,
however, have shown that active inflammation in the
coronary tree of patients with acute coronary syndromes
extends well beyond the site of the culprit lesion [26,27].
Indeed, both vulnerable and stable coronary plaques of
patients dying of acute myocardial infarction are diffusely
infiltrated by inflammatory cells [27]. Furthermore, it has
been shown that disease activity has a geographic
concentration — the proximal and midportions of the
major coronary arteries have been shown to be the most
frequent sites of plaque ruptures that result in acute
coronary syndromes. The propensity for acute coronary
thrombosis to occur within large epicardial arteries is well
reported. In 1987, el Fawal and colleagues [28] in a
pathological study on 59 patients who died of myocardial
infarction in Glasgow provided evidence that thromboses
are distributed in the proximal coronary vessels. Similar
observations were subsequently published by other
groups [29-32]. Thus, the majority of culprit lesions in
ST-segment elevation myocardial infarction are located
within the proximal third of the major coronary arteries
[30]. Coronary stenoses of > 50% of luminal diameter
involve most frequently the proximal portion of the major
coronary arteries [31,32]. The proximal lesions are long
and diffuse, whereas distal lesions are more often short
and discrete [31]. In young patients < 40 years, dying of
noncardiovascular causes, coronary plaques are concen-
trated proximally and diminish with distance in all the
coronary arteries [29]. These observations suggest that
the proximal coronary plaques are more prone to rupture.
Recently, Wang and colleagues [33] demonstrated that
acute coronary occlusions leading to myocardial infarction
tend to cluster in predictable ‘hot spots’ within the
proximal third of the coronary arteries, particularly the
LAD and left circumflex. Recent pathology studies have
also demonstrated that over 50% of thin cap fibroathero-
matic plaques occur in the proximal portions of the major
coronary arteries, another one-third in the midportion of
these arteries, and the rest are distributed in distal
segments [17]. A similar distribution has been found in
ruptures and healed plaque ruptures [17]. The most
frequent location for both erosion and rupture was the
proximal LAD artery (66%) followed by the right (18%)
and the left circumflex (14%) [17]. These observations
suggest that high-probability zones of coronary thrombo-
sis may exist along the coronary tree. Thus, the
susceptibility to atherothrombosis differs not only among
individuals with similar risk factor scores (individual
susceptibility), but also among different arterial segments
from the same individual (arterial susceptibility).

Hemodynamic factors triggering plaque
disruption

Substantial evidence now exists that the risk of plaque
disruption is related to intrinsic properties of individual
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plaques (their vulnerability) as well as extrinsic forces
acting on plaques (rupture triggers) [1,2]. The former
predispose plaques to rupture, whereas the latter may
precipitate disruption if vulnerable plaques are present.
As discussed previously, pathoanatomic examination of
intact and disrupted plaques and in-vitro mechanical
testing of isolated fibrous caps from aorta indicate that
vulnerability to rupture depends on the size and
consistency of the atheromatous core, the thickness and
collagen content of the fibrous cap, and local inflamma-
tion within the cap. Other factors such as a thrombotic
tendency owing to platelet hyperaggregability, hypercoa-
gulability, and/or impaired fibrinolysis are important in
the presence of previously disrupted plaques for the
formation of an occluding thrombus [13]. Most of the
efforts of the cardiology community up to now have
focused on systemic therapies for stabilization of athero-
matic plaques along the coronary tree [34].

Coronary plaques, however, are constantly stressed by a
variety of mechanical and hemodynamic forces that may
precipitate or ‘trigger’ disruption of vulnerable or, under
extreme conditions, even stable plaques. Surges in
sympathetic activity with a sudden increase in blood
pressure, pulse rate, heart contraction, and coronary blood
flow, and changes in vascular tone may affect plaque
integrity along the coronary tree [1,17]. Several hemo-
dynamic factors may play a role in this process.

Wall shear stress

Wall shear stress is the tangential force per unit area that
is exerted by the flowing blood on the surface of the
conduit blood vessel. Shear stress results from the
viscosity of blood, which is a kind of internal friction
between the adjacent layers of the flowing blood [35]
(Fig. 1).

Following the initial controversial reports on the role of
shear stress on atheromatosis, the prevailing theory
nowadays is the one proposed by Caro and colleagues
[36,37], which relates the atheromatic process with low
shear stress. This is based on the hypothesis that the
accumulation of lipoproteins on the arterial intima is
because of the pathological mass transfer between blood
and arterial wall as a result of low shear stress.
Subsequent observations and studies have validated the
low shear stress hypothesis of atherosclerosis [38-41] and
have revealed that atherogenesis preferentially involves
the outer walls of vessel bifurcations, side branches and
regions of high curvature in the arterial tree [38,42,43]. In
these geometrically predisposed locations, vessel wall
shear stress is significantly lower in magnitude and
exhibits directional changes and flow separation, features
absent from regions of the arterial tree that are generally
spared from atherosclerosis [42—-46]. Although the
relationship between wall shear stress and development
of atherosclerosis seems rather established its potential
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Fig. 1
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Cross-sectional diagram of a vessel illustrating wall shear stress t,,, the
frictional force per unit area that is exerted by the flowing viscous blood.
In the case of laminar flow at a straight part of the vessel it can be
shown that 7, = % where 1 is the dynamic viscosity of blood, Q

the flow, and r the radius of the vessel (Poiseuille’s law).

effect on plaque rupture has not been studied exten-
sively.

The magnitude of wall shear stress is inversely propor-
tional to the cube of the artery radius [35,47]. Therefore,
a small change in the radius of the artery will produce a
large change in wall shear stress. In reality, flow into a
stenotic zone will increase wall shear stress more than
that anticipated by the change of radius alone because
the acceleration of blood into a stenosis flattens the
parabolic velocity profile, leading to a much more rapid
increase in blood velocity adjacent to the vessel wall and
thus increased wall shear stress [48]. It seems that the
wall shear stress at a 50% subcritical stenosis is within the
range of shear forces hypothesized to be capable of
inducing endothelial damage [49]. The fact that shear
forces induce marked endothelial damage does not prove
that they are capable of causing plaque rupture. Intimal
damage, even if initially of minimal mural depth,
however, may increase the likelihood of rupture at sites
of increased wall shear stress [50]. Observations of
regression of graft hyperplasia stimulated by high shear
stress in nonatherosclerotic baboons indicate that high
shear stress stimulates the endothelium to induce
thinning of the fibrous cap [51]. At the cap shoulders
this effect might even be enhanced by the synergistic
action of high shear stress and cyclic strain that preserves
the endothelium [52] and increases nitric oxide (NO)
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production [53], which might lead to suppression of
smooth muscle cell proliferation and matrix synthesis
[54]. At the upstream plaque shoulders shear stress is
high, and as plaque rupture occurs most frequently
upstream, it has been postulated that high shear stress
might be the dominant factor [55]. At the downstream
plaque shoulders, shear stress is low and this could lead to
substantial endothelial cell apoptosis [56] and progres-
sion of atherosclerosis [57] but low risk of plaque rupture.
The mechanobiologic effect of shear stress, however, is
also dominant at the midcap [55], and clinical studies
have revealed that the pattern of plaque rupture may
depend on several factors. Richardson and colleagues [58]
have shown that fatal plaque ruptures were more
frequently observed in the lateral cap shoulders than in
midcap regions of the plaque. In a subsequent study on
people who had suffered fatal infarctions during exercise,
plaque ruptures were mostly located in the midcap
regions, as opposed to the higher prevalence of ruptures
in the lateral cap shoulders in patients who died at rest
[59]. Thus, plaque rupture is a complex process being
affected by several additional factors such as blood
pressure and circumferential stress.

Circumferential wall stress

The circumferential wall stress is a tensile stress that is
induced on the vessel wall by the transmural blood
pressure, and is several orders of magnitude stronger than
the wall shear stress [55] that is a tangential stress
induced by the flowing blood owing to its viscosity. The
blood pressure inside a vessel exerts a circumferential
force across the vessel wall, which must be counteracted
by a tensile stress within the vessel wall to keep the
vessel intact [48]. This tensile stress is described by the
law of Laplace and is correlated with luminal pressure and
diameter and is inversely related to the thickness of the
wall, assuming that the vessel represents a thin-walled,
axisymmetric cylinder [48,60] (Fig. 2).

Increasing plaque volume increases the thickness of the
wall and decreases the luminal diameter (unless there is
vessel remodeling), thereby leading to decrease in the
circumferential stress in the atherosclerotic plaque.
Therefore, the tensile stress created in fibrous caps of
mildly or moderately stenotic plaques is greater than that
created in caps of severely stenotic plaques with the same
cap thickness and exposed to the same blood pressure.
For a given intraluminal pressure, the circumferential
stress on a 50% stenosis is five times greater than on a
90% stenosis [48]. Consequently, mildly or moderately
stenotic plaques are generally stressed more than severely
stenotic plaques and could therefore be more prone to
rupture [61,62]. Cheng and colleagues [61], in an elegant
pathology study, have shown that plaques rupture near
regions of high tensile circumferential stress and that
these stresses are higher than those found in stable

Fig. 2
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Cross-section of an artery illustrating circumferential tensile stress (o) at
the vessel wall, which balances the transmural blood pressure (P). If the

thickness of the vessel wall (h}Z is small compared with the vessel radius

(n) it can be shown that ¢ = % .(Laplace’s law).

lesions. Calcification, as opposed to lipid plaque content,
does not appear to be correlated to circumferential stress
[63]. Thus, coronary artery calcifications do not signifi-
cantly affect the stability of atheroma, in contrast to the
significant reduction of stability associated with lipid. In
another experimental study on vessel models, increased
plaque volume or severity of stenosis resulted in
decreased stress concentration [60]. When the plaque
thickness remained constant, expansive remodeling,
which is frequently observed as a compensatory process,
led to greater concentration of stress than did constrictive
remodeling [60].

Surges and drops in intraluminal blood pressure
Constantinides and Lawder [64,65] reported that, in
animals with advanced atherosclerosis, thrombi over
hemorrhagic plaques could be produced by intravenous
injection of a combination of an endotheliotoxic agent
(Russell viper venom) and vasoactive agents. [t was
hypothesized, therefore, that plaque fissures can be
produced in mammalian atherosclerotic arteries by a
sudden surge of intraluminal pressure in synergy with
endothelial damage [66]. An agent such as Russell viper
venom, however, can cause endothelial damage and might
contribute to plaque rupture by itself; thus the evidence
of increased intraluminal pressure as a factor in the
initiation of plaque rupture provided by this study is
questionable [50].
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Blood pressure drops over a lesion under conditions of
high blood flow might also act as triggers of plaque
rupture as they induce peaks in axial tensile stress [67].
Such a pressure drop might deform a vulnerable plaque
and induce substantial axial strain [55]. Calculations by
computational fluid dynamics coupled to solid-deforma-
tion mechanics to a symmetric lesion model showed that
a relatively small (20 mmHg) pressure drop can induce
more than 10 kPa axial tensile stress in a 75-um-thick cap
[55]. Given that the average minimum cap in people who
died after exertion was 5.6 mm [59], the above model
predicts that the cap would be loaded with a peak tensile
stress of 134 kPa [55]. The fracture stresses reported for
caps covering lipid pools in human aortic tissue samples
have been reported as 75kPa for nonulcerated plaques
and 20kPa for ulcerated plaques [68]; thus the stress
induced by the pressure drop far exceeds the stress
required to rupture an atherosclerotic plaque. This
finding might explain why plaques rupture at the midcap
(75%) was the most frequent cause of death (68%) of
people who died during exertion [59]. By contrast, in
people who died at rest, rupture explained only 23% of
the cases and mostly occurred at the plaque shoulders
(65%) [59]. A more likely trigger of plaque rupture in this
case is a blood pressure surge [55]. The predictive nature
of a steep stenosis-outlet geometry for infarction, which is
attributed to increased distal thrombogenicity [69],
might also be related to the larger blood pressure drop
over such a stenosis [55].

Mechanical shear failure

Mechanical shear stress is the shearing stress that is
exerted between adjacent layers of the vessel induced by
the circumferential elongation owing to circumferential
stresses. Mechanical shear failure of the vessel occurs
when vessel layers separate and slide relative to one
another and when the extracellular matrix, which
functions as the glue holding these layers together,
cannot withstand the shear stress [2]. Mechanical shear
stress may develop in plaques at the interface between
tissues of different stiffness, resulting in mechanical
shear failure [1]. Calcified plates and adjacent noncalci-
fied tissue, for example, may slide against each other,
‘shearing’ plaques apart [2,70]. Mechanical shear stress
and circumferential stress may participate in the same
catastrophic vascular event as regions with high mechan-
ical shear stresses are frequently found at locations with
high-circumferential tensile stress [2].

Arterial wall collapse

A mechanism that can possibly affect the integrity of
plaques is arterial wall collapse caused by arterial stenosis.
It is well known that arteries, being thin-walled elastic
tubes, are collapsible [71]. According to the Bernoulli
principle, at sites of artery stenosis, blood flow causes a
drop in static pressure within the throat of the stenosis
[72]. As flow velocity increases through a stenosis, the
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static pressure falls proportionally to the velocity squared.
With high-grade stenosis, static pressure in the throat of
the stenosis may become less than the external
surrounding pressure of the artery, causing a negative
transmural pressure which tends to cause collapse of the
vessel [73,74]. The collapse of arteries may produce
highly compressive stresses from the possible buckling of
the wall [73]. As arteries are typically constructed for
tension only, compressive stress is particularly determi-
nant in that it may induce a crack or cavity to grow
leading to mechanical fatigue [73]. Additionally, the
strains associated with buckling are much larger than that
normally encountered during pulsatile pressure expan-
sion. These large strains may additionally contribute to
mechanical fatigue of the plaque cap [73]. Arterial wall
collapse may be partially responsible for plaque fracture.
It is also possible that collapse of the artery may injure
the endothelium, thereby promoting thrombus formation
[74]. The resultant wall motion and oscillation during
partial collapse may have a bearing on the etiology of
intraplaque hemorrhage, plaque ulceration, angiographi-
cally observed ‘spasm’, and poststenotic dilation [74].

Circumferential bending

The propagating pulse wave causes cyclic changes in
lumen size and shape with deformation and bending of
plaques, particularly the soft ones. For normal compliant
arteries, the cyclic diastolic—systolic change in lumen
diameter is about 10% [2], but it becomes smaller with
age and during atherogenesis because of the increase in
stiffness [75]. Generally, concentric plaques do not
change as much during the cardiac cycle as eccentric
plaques do. The latter typically bend at their edges, that
is, at the junction between the stiff plaque and the more
compliant plaque-free vessel wall. Cyclic bending may, in
the long term, weaken the plaque and lead to sponta-
neous fatigue disruption, whereas a sudden accentuated
bending may trigger rupture of a weakened plaque [1].

Longitudinal flexion

Coronary arteries, particularly the LAD coronary artery,
tethered to the surface of the beating heart undergo
cyclic longitudinal deformations by axial bending (flex-
ion) and stretching [1]. Approximately 40 million flexions
of the coronary arteries occur during 1 year [76].
Angiographically, the angle of flexion was recently found
to correlate with subsequent lesion progression, but the
coefficient of correlation was low [76]. Like circumfer-
ential bending, a sudden accentuated longitudinal flexion
may trigger plaque disruption, whereas long-term cyclic
flexion may fatigue and weaken the plaque [1]. The
effect of local stress on the normal and diseased moving
arterial wall with lipid pool and plaque cap was
investigated in a patient-specific 3D coronary arterial
tree reconstruction by finite element analysis [77,78]. A
large value of stress gradient was found at bifurcation
regions indicating that higher stress occurs at junction
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between the proceeding and branching vessels during
cyclic flexion [77,78]. Additionally, the regions closer to
the bifurcations underwent a larger deformation, yielding
a higher stress than those further from the bifurcations. It
seems that when the length of the lesion increases by
100% the maximum plaque stress increases by 10-30%
and the stress concentration becomes less localized,
whereas when the diameter of the vessel is reduced to
half of its size, the maximum stress dramatically increases
by 300-400% and the stress gradient becomes higher
[79]. These findings are in keeping with the observation
that plaque rupture frequently occurs in the location at
which the geometry of the artery is subject to consider-
able transformation [79].

Vasospasm

Angiographic studies have identified spasm in coronary
arteries at, and in close proximity to, sites of severe
luminal narrowing [50]. It is suggested that sites of
atherosclerotic narrowing may be hypercontractile be-
cause of possible loss of endothelial-dependent arterial
relaxation associated with structural or functional damage
of these cells [50]. Vasospasm could theoretically rupture
plaques by compressing the atheromatous core and
‘blowing’ the fibrous cap out into the lumen [1]. Plaque
disruption and vasospasm indeed frequently coexist
[80,81] but it is more likely that the former gives rise
to the latter than vice versa [80,82-84]. Onset of
myocardial infarction is uncommon during or shortly after
drug-induced spasm of even severely diseased coronary
arteries [85,86], indicating that spasm rarely, if ever,
precipitates plaque disruption and/or luminal thrombosis
[1]. Furthermore, spasmolytic drugs have never proved
effective in preventing myocardial infarction in patients
with vasospastic angina [1]. Vasospasm might also be
involved in the pathophysiology of erosion [17]. This
hypothesis is based on the observation that there is lack
of endothelium and the media in these segments is intact
and is thicker than at sites of plaque rupture [87]. Plaque
erosions tend to embolize more frequently than plaque
rupture (74 vs. 40%, respectively) [17]. Vasospasm might
also produce ‘volcano-like eruptions’ of lipid from
ruptured plaques [88].

Fatigue failure

A fatigue process is an incremental failure progression
under the influence of repetitive biomechanical stresses,
which result in acute failure at pressure levels seemingly
much lower than the tissue strength [89]. Fatigue has
been mentioned as a mechanism that might play a role in
plaque rupture as the cardiovascular system is a classic
fatigue environment: at a heart rate of 70 beats/min,
arterial tissues are subjected to over 36 million stress
cycles per year [89]. Plaque rupture, therefore, can be
considered as a catastrophic event that occurs in the
setting of prolonged cyclic stress from arterial pressure
waves [90]. Bank and colleagues [90] have summarized

the physiologic and epidemiologic data consistent with
the concept of fatigue as a critical biomechanical factor in
plaque rupture: (i) atherosclerotic plaque rupture occurs
at stress levels much lower than those needed to rupture
the plaque with a single maximal stress, (ii) athero-
sclerotic plaques rupture predominantly at locations of
stress concentration, (iii) atherosclerotic plaque rupture
often occurs suddenly and without warning, (iv) cardio-
vascular disease is associated with increased resting heart
rate, (v) cardiovascular events are correlated with pulse
pressure, which is directly proportional to the stress
amplitude impacting upon the arterial wall, and (vi) a
well-established risk factor for myocardial infarction is
increased mean arterial pressure, which results in
increased plaque stress.

From fatigue research it is known that fatigue life can
often be divided into three periods: crack initiation,
stable crack propagation, and final rupture [91]. En-
dothelial erosion which is well known to occur at an early
stage in the atherosclerosis process is increasingly
recognized as an important mechanism leading to acute
coronary syndromes and may play a role in the initiation
stage of the fatigue process [89]. The initiation period,
however, is the most difficult to predict and it is more
affected by biological and biochemical factors such as
inflammation, healing and sedimentation than the two
ensuing fatigue stages [89]. Probably of more importance
is the intermediate period of stable crack propagation
because incomplete ruptures are potentially detectable
[89]. As rupture, however, has been regarded as an acute
event, neither has the detection of incomplete rupture
been part of screening procedures nor are the diagnostic
systems designed to detect partial rupture [89]. The final
rupture is the shortest phase of fatigue and it usually
occurs abruptly and without warning, such as experienced
in myocardial infarction [89]. Fatigue failure as the cause
of plaque rupture contrasts sharply with the triggering
theory, which suggests that hemodynamic changes
resulting from emotional or physical stress provoke
plaque rupture [90]. According to the fatigue failure
hypothesis, these triggers simply cause plaques already
close to rupturing to complete their fatigue life by
sudden failure [90].

Rupture of the vasa vasorum

Rupture of the coronary vasa vasorum may play a role in
the onset or triggering of myocardial infarction. It has
been shown that the direction of flow in these fragile
vessels is inward from the adventitial vasa vasorum
through the media into the thickened intima, rather than
outward from the coronary lumen [92]. It has been also
shown that vasa vasorum blood flow in the region of
atherosclerotic plaques is increased five-fold over that
observed in the normal media [93]. The increased blood
flow implies a large inward (lumen-directed) pressure
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gradient in the stenosed region of the coronary artery
[94]. The luminal blood flow creates a region of low
pressure centered in the narrowest point of the stenosis
according to the Bernoulli principle, whereas the vasa
vasorum arise upstream in a high-pressure region [94].
Plaque rupture may occur from the inside (from the
plaque into the lumen) as, under certain conditions, the
pressure at these capillary vessels could exceed that in
the coronary lumen distal to the stenosis, leading to
explosive rupture of the plaque into the lumen [95].
Davies and Thomas [96] have found that tiny areas of
bleeding are frequent at the base of advanced lesions;
however, a small capillary is difficult to disrupt a fibrous
cap against the much higher luminal pressure [97]. This
scenario could occur occasionally in some rare instances
but it is not common because it is difficult to reconcile
with hard histologic evidence in this area [97].

Asynchronous hemodynamics

A unique hemodynamic feature is present at the
coronaries: the wall shear stress induced by blood flow
and circumferential strain driven by pressure are highly
out-of-phase temporally (asynchronous hemodynamics).
A recent study demonstrated a correlation between
asynchronous hemodynamics and proatherogenic gene
expression patterns  vivo that is induced by hemody-
namics inherent to the circulation [98]. The potential
role of this phenomenon in plaque rupture is not known.

From vulnerable plaque to vulnerable
segment

Coronary plaque rupture is a complex process of multi-
factorial nature that is not yet fully understood.
Hemodynamic factors appear to play a significant role in
coronary plaque disruption and consequent unstable
coronary syndromes and myocardial infarction. Apart from
arterial pressure and heart rate, however, coronary fluid
dynamics is also dependent on specific anatomic and
morphological parameters throughout the cardiac cycle.
Evidence is observed that particular segments of the
coronary arteries may be more susceptible to athero-
thrombosis than others. This inevitably introduces the
concept of the vulnerable segment as a logical approach
toward the identification of patients at high risk for an
acute coronary event. Such a view should explain why
some typically vulnerable plaques according to patholo-
gical criteria are not associated with rupture [98].
Furthermore, it provides the rationale to explain the
observation that certain plaques may rupture but do not
result in thrombosis. Flow parameters may play a role in
this phenomenon.

Potential identification of these high-risk zones along the
coronary tree should be of paramount clinical importance
for locally directed preventive strategies [99,100].
Further in-vitro and in-vivo studies and in-depth analysis
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of coronary hemodynamics are necessary for characteriza-
tion and identification of such vulnerable segments.

Conclusions

1. Major determinants of vulnerability of a plaque to
rupture are size and consistency of the atheromatous
core, thickness of the fibrous cap covering the core,
and ongoing inflammation within the cap.

2. Plaque disruption tends to occur at points at which
the plaque surface is weakest and most vulnerable,
which coincide with points at which stresses resulting
from biomechanical and hemodynamic forces acting on
plaques are concentrated.

3. A comprehensive analysis of hemodynamic factors and
their potential effect on plaque formation and rupture
has not been carried out and anatomical and
morphological criteria for the coronary arteries are
relevant in this respect.

4. Such an analysis might indicate segments of the
coronary arteries, vulnerable coronary segments, at
which plaques are more susceptible to rupture, and

which, therefore, represent potential sites of
therapeutic intervention.
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