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Abstract

Purpose of Review Despite the important progress in identi-
fying high-risk atherosclerotic plaques, many key elements
are elusive. Advanced imaging modalities provide valuable
information about the anatomic and functional plaque charac-
teristics and underscore the presence of multiple plaque mor-
phologies. However, how the heterogeneity of atherosclerotic
plaque can alter our current understanding of coronary artery
disease is not fully understood.

Recent Findings Along the length of an individual plaque, the
morphology patterns display marked heterogeneity. Contrary
to previous beliefs, plaque morphology is also highly dynamic
over time, with the vast majority of high-risk plaques becom-
ing quiescent and mild plaques becoming severely obstructive
in a short period of time. Endothelial shear stress, a local
hemodynamic factor known for its critical effects in plaque
initiation and progression, also displays longitudinal hetero-
geneity contributing to the arterial wall response in all time
points.

Summary Risk stratification of plaques based on the morpho-
logical characteristics at one region of the plaque, usually the
minimal lumen diameter, and at one point in time may be
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misleading. The evaluation of both morphological and hemo-
dynamic characteristics along the length of a plaque will im-
prove the risk assessment of individual plaques.
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Endothelial shear stress - High-risk plaque - Coronary artery
disease - Atherosclerosis

Introduction

Understanding the pathophysiologic mechanisms behind cor-
onary atherosclerosis is of utmost importance for preventing
and efficiently treating coronary disease complications. For
decades, the only available data about the morphologic char-
acteristics of lesions came from post-mortem studies. The ad-
vent of new imaging techniques enabled the in vivo evaluation
not only of anatomical but also of functional characteristics of
lesions and provided valuable information about the natural
history of atherosclerosis [1—4]. The detailed assessment of
individual plaques revealed considerable heterogeneity of
the morphology and the local hemodynamic milieu both along
the length of each plaque and over time [5ee, 6, 7¢, 8]. The
clinical interpretation of these new data may enrich our knowl-
edge on the atherosclerotic mechanisms and improve the
short- and long-term risk stratification of patients.

Mechanisms of Atherosclerotic Plaque Formation

The healthy endothelium forms a barrier between blood flow
and the arterial wall, senses the different types of biomechan-
ical forces, and regulates numerous mechanisms of vascular
homeostasis such as vascular tone, transportation of mole-
cules, coagulation state and fibrinolysis. In atheroprone
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regions, and in the presence of coronary disease risk factors,
vascular smooth muscle cells (VSMCs) migrate into the inti-
ma, proliferate, and elaborate molecules into the extracellular
matrix (ECM) environment. Interaction of low-density lipo-
protein (LDL) particles with ECM components, especially
proteoglycans, facilitates the sub-endothelial retention of
LDL long enough for their oxidation by reactive oxygen spe-
cies (ROS). This reaction further augments endothelial dys-
function and triggers inflammatory pathways that result in
monocyte recruitment, internalization, and differentiation into
macrophages [9].

A continuous feedback between activated macrophages,
dysfunctional endothelial cells, VSMCs, and LDL particles
potentiates and aggravates the atherosclerotic process that
gradually leads to plaque formation. Accumulated extracellu-
lar lipoproteins in the proteoglycan-collagen enriched ECM
form the initial progressive atherosclerotic lesion, pathologic
intimal thickening (PIT). The infiltration of macrophages
within the lipid pool (accumulated lipoproteins) and their sub-
sequent apoptosis result in the development of the lipid-rich
necrotic core that, combined with a collagen fibrous cap, con-
stitute the advanced lesion, a fibroatheroma [10].

Neovascularization, or formation of new vessels in the ar-
terial wall, contributes to the progression of atherosclerosis,
and is mainly triggered by the hypoxia attributed to intimal
thickening and increased plaque size. The formation of new
vessels provides the atherosclerotic lesion with oxygen and
nutrient supplies and thus promotes plaque growth by reduc-
ing the limitation of diffusion distance; however, neovessels
also supply inflammatory cells and pro-atherosclerotic molec-
ular mediators to the plaque from the perivascular tissue.
These newly formed vessels are also prone to rupture and
hemorrhage due to compromised structural integrity related
to a discontinuous endothelial layer and absence of smooth
muscle cells [11, 12]. Intraplaque hemorrhage may also orig-
inate from subclinical plaque rupture or endothelial and fi-
brous cap injury [13]. This intraplaque hemorrhage constitutes
a major contributing factor exacerbating plaque progression
and instability since the free lipids from the red blood cell
membranes and the released hemoglobin and iron lead to local
fibrosis and scarring [14, 15]. Repeated cycles of subclinical
plaque rupture and subsequent intraplaque hemorrhage may
lead to progressively accelerated luminal obstruction clinical-
ly manifesting as worsening angina.

Arterial remodeling is another major determinant of plaque
morphology and possible progression. Remodeling is an
adaptive mechanism which reflects the ability of the vascular
wall to adjust its dimensions in response to plaque growth or
flow alterations. Positive or expansive remodeling denotes an
increase in arterial dimensions, while negative or constrictive
remodeling signifies that the arterial size decreases [16].
Compensatory expansive remodeling, as first highlighted by
Glagov and colleagues in 1987 [17], is a process whereby the
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outer arterial wall enlarges to accommodate the plaque present
within the arterial wall so that the lumen dimensions remain
unchanged and distal blood flow is preserved. Excessive ex-
pansive remodeling, in contrast, is associated with highly in-
flamed atheroma, where the activated leukocytes elaborate
plaque-degrading collagenases and elastases which disrupt
the plaque structural integrity and lead to a focal excessive
enlargement of the lumen and the arterial wall. These areas
of excessive expansive remodeling have been consistently
associated with high-risk plaque features leading to acute
plaque rupture and acute coronary syndromes [18].

Stages of Atherosclerotic Plaque Progression

The earliest type of atherosclerotic lesion encountered in the
coronary arteries is the PIT which is formed of smooth muscle
cells arranged in layers in an ECM composed of proteogly-
cans and collagen fibers that overlie a lipid pool rich in low
density lipoproteins, with variable infiltration of macrophages,
presence of cholesterol clefts, and microcalcifications [19].
Fibroatheromas are composed of a necrotic core covered by
a thick fibrous cap of smooth muscle cells and matrix of pro-
teoglycans and collagen fiber types I and III [20]. Thin-cap
fibroatheromas (TCFAs) are typically regarded as the precur-
sor lesions responsible for adverse coronary events [7¢] and
are characterized by a large lipid and necrotic core, a thin
fibrous cap and intense inflammatory cell infiltration [10,
21, 22]. The adverse clinical natural history manifestations
of local atherosclerotic plaque may be triggered by a variety
of pathobiological processes, such as endothelial denudation,
fibrous cap disruption, intraplaque hemorrhage, endothelial
dysfunction, and expansive remodeling [23-25].

Dynamic Nature of Plaque Progression and Natural
History

The progression of an atherosclerotic plaque through the
stages noted above suggests that atherosclerosis progresses
inexorably in a linear and monotonic manner. In sharp contra-
distinction, however, recent evidence from animal and human
studies indicates that there is a remarkably dynamic and het-
erogeneous evolution of each plaque over time.

Arterial remodeling of individual plaques seems to be very
dynamic over time, according to experimental data from ani-
mal studies. A considerable percentage (~75 %) of ostensibly
high-risk TCFAs in human arteries may heal and become qui-
escent during the natural course of atherosclerosis, possibly
because of arterial remodeling that may reduce the local pro-
inflammatory low endothelial shear stress (ESS) environment,
underscoring the complexity of pathophysiologic mechanisms
leading to clinical events (Fig. 1) [5ee, 26°¢, 27]. Furthermore,
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Fig. 1 Dynamic natural history of local plaque characteristics in
individual porcine coronary plaques. Intravascular ultrasound-based 3D
artery reconstruction was serially performed at 5 consecutive time points
in vivo in 5 diabetic, hypercholesterolemic pigs. ESS and vascular re-
modeling were assessed along the course of each of the 3 coronary arter-
ies. a Local arterial remodeling characteristics. A dynamic and heteroge-
neous progress in arterial remodeling of individual lesions was noted over
time. The majority of segments with compensatory remodeling remained
with that remodeling pattern over time. Only a small minority of segments
with either excessive expansive or constrictive remodeling at week 4

it has recently become clear that the phenotypic manifesta-
tions of atherosclerosis are not uniform even along the length
of an individual plaque, but are very heterogeneous with a
variety of plaque morphologies, remodeling characteristics,
and local hemodynamic environments along their length,

73(695%) |

66 (61.1%)

n=105 n=108

continued to exhibit the same remodeling pattern throughout their evolu-
tion (adapted from Reference [26¢¢], with permission). b Local ESS char-
acteristics. Local ESS in individual segments (n=184) frequently
changed from low ESS (<1.2 Pa; lower row) to higher ESS (intermedi-
ate/high, >1.2 Pa; upper row) between consecutive time points. The black
portion of the pie charts at each time point represents the proportion of
segments with low ESS at the immediately preceding time point; the
white portion represents the proportion of segments with higher ESS at
the preceding time point (reprinted from Reference [27], with permission)

n=81

and the longer the plaque length the more heterogeneous the
various plaque characteristics along that plaque (Fig. 2) [28].

The distribution of plaques in the coronary arteries is non-
uniform, showing a predilection for the proximal parts of cor-
onary arteries, the lateral walls of arterial bifurcations, inner
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Fig. 2 Heterogeneity of local A
plaque characteristics within
individual human plaques.
Coronary angiography and
IVUS-derived 3D artery
reconstruction was performed in
219 patients of the PREDICTION
study, and 371 plaques were
identified (adapted from
Reference [28], with permission).
a Arterial remodeling patterns per
plaque. The number of arterial
remodeling patterns in an
individual plaque progressively
increased as the plaque became
longer. b. ESS patterns per
plaque. The number of ESS
patterns in an individual plaque n=3
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parts of arterial curvatures, and upstream or downstream from
luminal obstructions, whereas other areas remain relatively
unaffected [29-31]. Furthermore, plaque morphology around
the circumference of the arterial wall is typically very eccen-
tric and heterogeneous. The rate of growth of each plaque is
variable, and plaques at different stages of evolution typically
co-exist within the same artery, reflecting the highly individ-
ual natural history of each plaque [26¢°].

The Pathogenesis of Plaque Heterogeneity
Local Intracoronary Hemodynamic Factors

Blood circulation through the coronary arteries and cardiac
motion produces mechanical forces inflicted axially, radially,
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and circumferentially on the vessel wall. For computational
purposes, these forces are better described as stresses, i.e., a
force normalized by the area that the force is applied. ESS and
tensile stress (TS) are the two stresses that critically modulate
the atherogenic process and contribute to the regional and
local heterogeneity of atherosclerosis [32-34]. Advances in
computational techniques (computational fluid dynamics, fi-
nite element analysis) and intracoronary imaging modalities
(intravascular ultrasound [IVUS], optical coherence tomogra-
phy [OCT], coronary computed tomography angiography
[CCTA]) allow for the in vivo estimation of hemodynamic
forces [34, 35].

TS depends on hydrostatic (blood pressure), structural (lu-
men diameter, arterial wall thickness), and morphological (ar-
terial wall composition) parameters. TS increases with higher
arterial blood pressure, higher vessel lumen radius, and
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thinner arterial walls [36]. The composition and geometry of
the arterial wall may alter TS values. According to experimen-
tal data, an increase in necrotic core size, a reduction in fibrous
cap thickness, or the presence of microcalcification can in-
crease TS [34, 37-40]. In addition, plaque regions with max-
imum lumen curvature such as the plaque shoulder are sub-
jected to higher TS [37]. On the cellular level, TS affects
VSCMs function including activation, migration, and apopto-
sis and, thus, contributes to atherosclerosis progression
[41-44]. The distribution of TS along the length of a plaque
and the site of maximum TS is of great interest as it correlates
with the plaque rupture region [45].

ESS is the tangential force produced by the friction of the
flowing blood to the endothelial surface and depends on blood
viscosity and velocity. Low ESS (<1.5 Pa) provokes molecu-
lar, cellular, and vascular adaptations in areas prone to plaque
development, leading to the initiation and progression of ath-
erosclerosis [46]. The focal formation of lesions in specific
predilection sites follows the different flow patterns created
as blood circulates through the coronary tree. Arterial sites
with curvatures, bifurcations, and upstream or downstream
from obstructions exhibit disturbed local flow and low ESS
in contrast to the laminar, undisturbed flow and physiologic
(1.5-3 Pa) or high (>3.0 Pa) ESS in arterial segments that
consistently exhibit a vasculoprotective phenotype.
Endothelial mechanosensors sensitive to blood flow patterns
and ESS stimuli can alter endothelial cell conformation and
intracellular gene expression [47, 48]. Biomechanical stimuli
act through intracellular mechanisms to activate a cascade of
biochemical signals that modify gene transcription and ex-
pression through the anti-inflammatory transcription factor
(TF) Kruppel-like factor 2 (KLF2) and the pro-inflammatory
nuclear factor-kB (NF-«xB) [49].

The structural and molecular responses of endothelial cells
to a low or physiologic ESS milieu form an atheroprone or
atheroprotective phenotype, respectively. Physiologic ESS re-
gions are characterized by endothelial cells in a polygonal
shape, elongated and aligned with laminar flow. On the other
hand, in low ESS areas, cells are poorly aligned, and their
structure is modified to a fusiform shape. The structural and
orientation cell changes, combined with the accelerated endo-
thelial cell turnover in low ESS sites, result in the widening of
cell-to-cell junctions, which increases the permeability and
facilitates the transmigration of molecules through the endo-
thelium and into the intima [47, 50].

LDL accumulation in the sub-endothelium is a key step in
the pathogenesis of atherosclerosis. In low ESS regions, in-
creased endothelium permeability is also augmented by the
upregulation of genes encoding for the LDL receptor of the
endothelial membrane. Additionally, the prolonged residence
time of the LDL particles close to the endothelium in low ESS
regions works synergistically with the increased permeability
towards internalization of LDL particles [46, 51, 52].

Hyperlipidemia is a precondition for the initiation of athero-
sclerosis, underscoring the important interaction between lo-
cal and systemic factors. Recent findings supporting a
cholesterol-dependent atherogenic threshold of low ESS fur-
ther highlight the interplay between local and systemic vari-
ables [53]. The myriad effects and the balance of the pro-
atherogenic and pro-inflammatory local low ESS are critical
for the plaque both to develop and to progress.

Plaque Heterogeneity Along Individual Plaques

There is substantial heterogeneity in plaque composition and
morphology within individual coronary atherosclerotic
plaques [54]. An early IVUS study identified heterogeneity
in plaque composition in nearly 9 out of 10 plaques, while
the remodeling pattern was heterogeneous in about one fourth
of plaques [6]. A recent study from the PREDICTION
(Prediction of Progression of Coronary Artery Disease and
Clinical Outcomes Using Vascular Profiling of Shear Stress
and Wall Morphology) study detailed three-dimensional (3D)
assessments of human coronary arterial and plaque morphol-
ogy and confirmed the above findings, showing that a consid-
erable proportion of plaques exhibit a combination of two or
three remodeling patterns, as well as ESS profiles, concurrent-
ly along their length. Coronary plaque length is also highly
variable ranging from 9 to 30 mm in various proportions [28].
The consequence of this plaque heterogeneity is that at any
given point in time, different regions of a plaque can exhibit
different stages of progression and development and, accord-
ingly, different magnitudes of pathobiologic stimuli for further
atherosclerotic progression or quiescence [28, 40, 55, 56].
These different risk profiles along the course of an individual
plaque also change markedly over time. A simple risk assess-
ment of an individual plaque at a single point in time based on
the plaque imaging characteristics at the minimal lumen diam-
eter, which is the usual clinical measure, may consequently
seriously misrepresent the actual risk of that plaque. The ac-
tual morphological and risk complexity constitutes an impor-
tant challenge for cardiovascular imaging modalities
employed for the risk-stratification of CAD.

Plaque Heterogeneity Over Time

As a consequence of the local plaque heterogeneity, the local
pathobiologic stimuli for plaque progression and the local
adaptive or maladaptive arterial remodeling responses are
highly dynamic over time [26¢°]. The extent of plaque pro-
gression or plaque healing will depend on the magnitude of
both the stimulus for progression and the stimulus for healing
and quiescence at that time. Clinical studies underscore that a
considerable proportion of ostensibly high-risk plaques be-
come quiescent over time [7¢, 8].
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An understanding of the actively ongoing vascular mecha-
nisms and interactions along the plaque length, as well as the
development and optimization of in-vivo imaging techniques
to identify the magnitude and extent of these different process-
es, is essential for the early identification of coronary plaque
regions more likely to exhibit a high-risk profile and thereby
justify preemptive measures to avert any imminent adverse
clinical sequelae.

Clinical Significance of Plaque Heterogeneity

Early identification of vulnerable plaques to enable prevention
of major adverse cardiovascular events (MACE) is of critical
importance. A number of recent studies investigating the pres-
ence of high-risk plaques, typically non-obstructing in nature,
and the value of pre-emptive revascularization of these
plaques have been controversial. The recent Preventive
Angioplasty in Acute Myocardial Infarction (PRAMI) trial
was the largest prospective study examining preemptive
stenting of non-culprit plaques during primary PCI, with risk
assessment based on angiography alone [57]. The favorable
results of PRAMI trial in preventing MACE were, however,
greeted with skepticism and concerns about the appropriate
criteria for the selection of the lesions to be treated [58]. The
limitations of coronary angiography in identifying the high-
risk plaques are well known, and advanced imaging modali-
ties that can focus on the arterial wall as well as the plaque,
such as IVUS, OCT, near-infrared spectroscopy (NIRS), and
CCTA, have far more potential to identify those plaques most
likely to cause future MACE and therefore justify pre-emptive
intervention [3, 4]. Magnetic resonance imaging (MRI) is also
emerging as a promising modality in the field of coronary
imaging and plaque characterization [59]. MRI as a non-inva-
sive, radiation-free imaging modality would be an ideal can-
didate for screening in apparently healthy population. Results
from animal studies encourage the wider use of MRI in human
studies aiming to identify morphological and hemodynamic
parameters of plaque vulnerability [60—62].

The Providing Regional Observations to Study Predictors
of Events in the Coronary Tree (PROSPECT) and
PREDICTION studies were the largest invasive clinical natu-
ral history studies of coronary atherosclerosis. In PROSPECT,
previously untreated coronary lesions associated with subse-
quent MACE (non-culprit lesions) were characterized at base-
line by large plaque burden (PB) >70 %, small minimal lumi-
nal area (MLA) <4.0 mm?, and TCFA morphology [7¢].
However, the vast majority of these ostensibly high-risk
plaques became quiescent: <4 % of large PB lesions and
<5 % of TCFA phenotype lesions actually caused MACE at
follow-up. The PREDICTION study focused on the prognos-
tic significance of both the plaque anatomy as well as the local
pro-inflammatory ESS on the progression of individual
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plaques [8]. The positive predictive value to predict plaque
progression treated with a percutaneous coronary intervention
was 22 % based on plaque anatomy alone (large PB and small
MLA), but rose to 41 % when the baseline pro-inflammatory
low ESS was also included in the risk assessment. Adding
radiofrequency IVUS-based tissue characteristics of large ne-
crotic core to the risk assessment further increased the positive
predictive value to 53 % while maintaining a high negative
predictive value of 91 % if these predictors were absent [63¢].

A critical synergy between pro-inflammatory local ESS
and plaque anatomy, and the significance of plaque heteroge-
neity, to predict MACE was underscored by preliminary re-
sults from a recent post-hoc analysis of the PROSPECT study,
which suggested that pro-inflammatory low ESS was essential
for high-risk plaque anatomy to progress and lead to MACE in
follow-up. MACE outcomes did not occur if the anatomic
lesion did not exhibit local low ESS at baseline, regardless
of PB, MLA, or lesion phenotype [64]. Furthermore, consis-
tent with the significance of plaque heterogeneity as identified
in the PREDICTION study, this post-hoc study demonstrated
that non-culprit MACE lesions were more heterogeneous and
significantly longer compared to non-culprit lesions without
MACE and that the culprit low ESS responsible for MACE
could be found anywhere along the length of the entire plaque
[65].

The results from the post-hoc analysis of the PROSPECT
study are in conflict with previously published data supporting
a correlation between high ESS and plaque rupture.
According to one study, high ESS values often co-localized
with the plaque rupture site. Of note, the evaluation of ESS
was performed after the plaque rupture [66]. Other results
relate high ESS sites with increased strain values after 6-
month follow-up, concluding that elevated ESS may contrib-
ute to a high-risk plaque profile [67]. Regardless of the dis-
crepancies between reported results, all studies support the
notion that interpreting plaque heterogeneity may significant-
ly improve individual cardiac risk assessment, underscoring
the need for large, natural history studies that will examine the
morphological and hemodynamic characteristics of coronary
atherosclerosis.

Conclusions

The identification of high-risk plaques, especially in humans,
remains challenging. As technology advances and new imag-
ing modalities become available, the complexity of a plaque’s
anatomic and hemodynamic characteristics emerges as a
promising risk predictor. Currently, several in-vivo imaging
options are available which can characterize plaque anatomy
and composition, i.e., coronary angiography, IVUS,
radiofrequency-IVUS (virtual histology), OCT, and NIRS.
Innovative new approaches can now identify the underlying
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pathophysiologic processes that are essential to plaque pro-
gression and destabilization. Such approaches are vascular
profiling (with computational fluid dynamics) to assess local
pro-inflammatory low ESS, characterization of the mechani-
cal properties of plaque, and molecular imaging of inflamma-
tion. The combination of the above methods act synergistical-
ly to expand our insight concerning the natural history of
atherosclerosis along the heterogeneous length of each indi-
vidual plaque and hold enormous promise to identify the small
subset of plaques that will continue to progress and ultimately
lead to MACE. Studies assessing MLA characteristics alone
have proven inadequate for accurate identification of vulner-
able plaques. Evaluation of plaque morphology and ESS dis-
tribution along the length of the plaque may provide critical
information that may alter the risk stratification of plaques and
provide critical justification for pre-emptive interventions to
avert adverse cardiac events.
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