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Background: The evaluation of site-specific phenotype according to the topographic location ~ Received: April 30, 2021
of atherosclerotic lesions within the coronary tree has not been studied so far. The pres- Accepted: May 15, 2021
ent study is based on the premise that the location of coronary plaques can influence their
composition and degree of vulnerability. Aim: To evaluate different phenotypes of vulnerable
coronary plaques across the three major coronary arteries in terms of composition, morphol-
ogy, and degree of vulnerability, in patients with chest pain and low-to-intermediate prob-
ability of coronary artery disease, using coronary computed tomography angiography (CCTA)
and a complex plaque analysis. Material and methods: This was a cross-sectional study on
75 subjects undergoing CCTA for chest pain, who presented at least one vulnerable coronary
plaque (VP), defined as the presence of =1 CT vulnerability marker (low attenuation plaque,
napkin-ring sign, spotty calcifications, positive remodeling). The study included per plaque
analysis of 90 vulnerable coronary lesions identified in various locations within the coronary
tree as follows: n = 30 VPs in the left anterior descending artery (LAD), n = 30 VPs in the
circumflex artery (CXA), and n = 30 VPs in the right coronary artery (RCA). Results: The RCA
exhibited significantly longer VPs (p = 0.001), with the largest volume (p = 0.0007) compared
to those arising from the LAD and CXA. Vulnerable plaques located in the LAD exhibited a
significantly more calcified phenotype (calcified volume: LAD — 44.07 + 63.90 mm? vs. CXA —
12.40 + 19.65 mm? vs. RCA — 33.69 + 34.38 mm?, p = 0.002). Plaques from the RCA presented
a more non-calcified phenotype, with the largest non-calcified (p = 0.002), lipid rich (p =
0.0005), and fibrotic volumes (p = 0.003). Low-attenuation plaques were most frequent in
the RCA (p = 0.0009), while the highest vulnerability degree was present in lesions located in
the LAD, which presented the highest number of vulnerability markers per plaque (p = 0.01).
Conclusions: Vulnerable plaques arising from the right coronary artery are longer, more vo-
luminous and with larger lipid and non-calcified content, whereas those located in the left
anterior descending artery present a higher volume of calcium, but also a higher degree of Daniel Cernica
vulnerability. The least vulnerable lesions were present in the circumflex artery. Str. Gheorghe Marinescu nr. 50
540139 Targu Mures, Romania
Keywords: coronary artery disease, coronary CT angiography, vulnerability degree, plaque Tel: +40 372 653 100
location E-mail: daniel.cernica@gmail.com

CORRESPONDENCE

Diana Opincariu - Str. Gheorghe Marinescu nr. 38, 540136 Targu Mures, Romania. Tel: +40 265 215 551, E-mail: diana.opincariu@yahoo.ro
Nora Rat - Str. Gheorghe Marinescu nr. 38, 540136 Targu Mures, Romania. Tel: +40 265 215 551, E-mail: ratnora@gmail.com

Andras Mester - Str. Gheorghe Marinescu nr. 38, 540136 Targu Mures, Romania. Tel: +40 265 215 551, E-mail: andras.mester@yahoo.com
Roxana Hodas - Str. Gheorghe Marinescu nr. 38, 540136 Targu Mures, Romania. Tel: +40 265 215 551, E-mail: roxana.hodas@yahoo.ro



40 Journal of Cardiovascular Emergencies 2021;7(2):39-46

Dan Pasaroiu - Str. Gheorghe Marinescu nr. 38, 540136 Targu Mures, Romania. Tel: +40 265 215 551, E-mail: dan.pasaroiu@yahoo.com

Mihaela Ratiu - Str. 22 Decembrie 1989 nr. 76, 540124 Targu Mures, Romania. Tel: +40 265 217 333, E-mail: d_a_mihaela@yahoo.com

Monica Chitu - Str. 22 Decembrie 1989 nr. 76, 540124 Targu Mures, Romania. Tel: +40 265 217 333, E-mail: iulia.chitu@yahoo.com

Istvan Kovacs - Str. 22 Decembrie 1989 nr. 76, 540124 Targu Mures, Romania. Tel: +40 265 217 333, E-mail: kov_istvan@yahoo.com

Imre Benedek - Str. Gheorghe Marinescu nr. 38, 540136 Targu Mures, Romania. Tel: +40 265 215 551, E-mail: imrebenedek@yahoo.com
Theodora Benedek - Str. Gheorghe Marinescu nr. 38, 540136 Targu Mures, Romania. Tel: +40 265 215 551, E-mail: theodora.benedek@gmail.com

BACKGROUND

Coronary artery disease (CAD), one of the main causes
of mortality in the developed world, is caused by ath-
erosclerotic plaque build-up over the course of several
years, under the influence of various local and system-
ic factors.! Being a chronic disease, CAD is initiated by
inflammation within the vessel wall, followed by lipid
deposition and the development of complex plaques, in-
tracoronary thrombosis, and acute coronary syndromes
(ACS), which are associated with increased morbidity
and mortality.>? There are three postulated mechanisms
than can lead to ACS: plaque rupture, erosion, and calci-
fied nodules. All three pathophysiological scenarios are
associated with intracoronary thrombus formation and
myocardial ischemia.>™>

The concept of vulnerable plaque (VP) was developed
in an attempt to identify atherosclerotic lesions with a
high propensity to rupture. The current definition of VP
includes lesions that are prone to becoming culprit, thus
leading to ACS and death.®” A VP is characterized by a
large lipid-filled necrotic core, a thin fibrous cap (<65
pm), eccentric vascular remodeling, neovascularization
and intraplaque hemorrhage, as well as microcalcifica-
tions within the necrotic core.®®9

Several invasive imaging techniques, such as intravas-
cular ultrasound (IVUS) and optical coherence tomogra-
phy (OCT), have been established as reference diagnos-
tic methods for the visualization of coronary VPs. Their
disadvantages arise from their invasive nature, higher
costs, and increased complication rates.'® However,
coronary computed tomography angiography (CCTA) has
emerged as the method of choice for imaging atheroscle-
rosis, being cost-effective, noninvasive, widely available,
with an increased spatial resolution, and high specificity
and sensitivity. According to the latest guideline of the
European Society of Cardiology for the management of
stable CAD, CCTA is the paraclinical method of choice for
evaluating vessel anatomy and severity of atherosclerot-
ic lesions in subjects with low-to-intermediate pre-test
probability for CAD.*?

CCTA differentiation of plaque components, based on
the measurement of Hounsfield units across different
plaque regions, has allowed comprehensive characteriza-

tion and identification of VPs. A high-risk plaque is char-
acterized by a thin-cap fibroatheroma, a large necrotic
core (the CCTA correspondent of low-attenuation regions
within the plaque), heterogeneous calcifications (identi-
fied on CCTA as spotty calcium), and outward vascular re-
modeling.*~*> On the other hand, the landmark of plaque
stabilization is a thick-cap fibroatheroma, dense calcium
deposits, and inward vascular remodeling.!®'7 There are
four known CCTA vulnerability markers that have been
validated with invasive imaging studies as well as autopsy
studies, which include: low-attenuation plaque (LAP),
positive remodeling (PR), spotty calcifications (SC), and
the napkin-ring sign (NRS).18-2°

There is scarce data regarding plaque characteris-
tics according to their topographic location within the
coronary tree. However, previous epidemiological data
have shown that atherosclerotic lesions are not uni-
formly distributed between the right and left coronary
artery.?'~24 First, it has been proven that initial athero-
sclerotic lesions are more frequent in the left compared
to right coronary artery,?* while the circumflex artery is
less likely to be affected by plaque build-up.> Second,
Despite similar exposure to systemic cardiovascular risk
factors, there are some vascular regions that are more
prone to present atherosclerotic lesions, including prox-
imal areas, bifurcations, and curvatures. This suggests
that local factors, such as hemorheological and hemody-
namical characteristics, influence plaque development
and progression.*>** Last, but not least, it appears that
plaque topography may impact patient outcomes and
the risk of future cardiovascular events. Plaques situated
in the left coronary artery and left coronary dominance
have been associated with higher risk of adverse events.
This was not true however, for plaques located in the
right coronary arterial system.?>?7

The evaluation of site-specific phenotype according to
the topography of atherosclerotic lesions within the coro-
nary tree has not been studied so far. This, in relation to
the importance of early characterization and treatment of
vulnerable plaques, can provide great benefits in prevent-
ing the occurrence of ACS. Several characteristics related
to vessel geometry, coronary shear stress, but also local
inflammation can contribute to the process of plaque de-
stabilization. The present study is based on the premise
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that the location of atherosclerotic plaques in the three
main coronary arteries can influence their composition
and degree of vulnerability.

AIM

We sought to evaluate different phenotypes of vulnerable
coronary plaques across the three major coronary arter-
ies in terms of composition, morphology, and degree of
vulnerability in patients with chest pain and low-to-in-
termediate probability of CAD, with the use of CCTA and a
complex plaque analysis.

MATERIALS AND METHODS

STUDY DESIGN AND POPULATION

This was a cross-sectional observational study that in-
cluded 75 patients presenting with chest pain, with low-
to-intermediate clinical likelihood for CAD, who under-
went 128-slice CCTA for assessment of coronary anatomy,
atherosclerosis, and plaque analysis. All patients pre-
sented at least one VP in the coronary tree, defined as the
presence of one or more of the following CCTA vulnerabil -
ity markers: LAP, PR, SCs, and NRS.

The exclusion criteria consisted in the presence of high
degree of coronary calcifications, irregular heart rate or
inability to achieve a heart rate <65 bpm, morbidly obese
patients, failure to obey breath-hold commands, or any
other conditions which may interfere with proper image
acquisition or quality. Other exclusion criteria comprised:
detection of other causes of chest pain than CAD; a history
of myocardial infarction; the presence of coronary stents
or other intracardiac devices; a high clinical likelihood for
CAD, severe symptoms, or acute coronary syndromes that
required invasive coronary angiography.

All the study procedures were performed according to
the good clinical practice guidelines and the Declaration
of Helsinki, and were approved by the Ethics Committee
of the institution where the study was conducted. All study
participants consented to the study prior to enrollment.

CT ACQUISITION PROTOCOL AND
IMAGE POST-PROCESSING

For image acquisition, all subjects underwent coronary
CCTA with the use of a 128-slice Somatom Definition
scanner (Siemens Healthcare, Germany). The scanning
was performed by using retrospective gating at a heart
rate of <65 bpm, with 120 kV tube voltage, gantry ro-

tation time of 0.33 seconds, 128 x 0.6 collimation. For
patients with a resting heart rate of over 65 bpm, intra-
venous or oral beta blocker was administered. Initially,
the acquisition includes a native scanning for evaluation
of coronary calcium, followed by the administration of
80-100 mL of iodine-based contrast solution accord-
ing to body weight, with a 50 mL saline chase at a flow
rate of 5.5 mL/s, during inspiratory breath-hold. All the
acquired scans were stored in a dedicated imaging da-
tabase for offline post-processing. Figure 1 illustrates a
CCTA image of a vulnerable plaque located in the right
coronary artery (RCA), exhibiting several vulnerability
markers, with a significant degree of stenosis (A) and

FIGURE 1.

CCTA image of a vulnerable plaque located in the RCA
(A) and 3D reconstruction showing a 65% degree of stenosis (B)
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TABLE 1.
three main branches of the coronary tree

Comparison of parameters indicating vulnerable plaque morphology across the

LAD CXA RCA p value
Plaque length (mm) 18.67 + 5.49 15.48 + 3.73 20.47 + 5.97 0.001
Degree of stenosis (%) 57.77 + 8.62 54.50 + 11.25 59.63 + 10.42 0.02
MLA (mm?) 0.03 + 0.01 0.05 + 0.02 0.03 + 0.01 0.01
Eccentricity index 0.37 £ 0.19 0.34 + 0.26 0.39 + 0.22 0.4
Remodeling index 1.05 + 0.30 112 + 0.15 1.05 + 0.23 0.1
Plaque volume (mm?3) 187.9 + 86.03 146.9 + 102.4 2481 + 110.4 0.0007

the three-dimensional reconstruction showing a signifi-
cant degree of stenosis (B).

All the acquired images were post-processed on a re-
mote offline dedicated computer with the use of the Syngo
Via Frontier (Siemens Healthineers, Erlangen Germany)
software system for VP analysis. This comprised the eval-
uation of plaque location, morphology (length, volume,
degree of stenosis), composition (lipid rich plaque — with
a CT density of —100 to —30 HU; fibrotic plaque — 30 to
40 HU; calcified plaque —400 to —950 HU), as well as the
vulnerability degree based on the presence of the afore-
mentioned CT markers (LAP — CT density of <—30 HU, PR
— remodeling index of >1.1, SCs, NRS).

STATISTICAL ANALYSIS

After coronary plaque analysis, all the exhibited parame-
ters were stored in a dedicated electronic database and were
statistically analyzed using the GraphPad Prism 6 software.
The study included a per plaque analysis of 90 vulnerable
coronary lesions identified in various locations within the
coronary tree as follows: n = 30 VPs in the left anterior de-
scending artery (LAD), n = 30 VPs in the circumflex artery
(CXA), and n = 30 VPs in the RCA. The one-way ANOVA test
was used for comparison of quantitative variables and the
Chi square test for binary data, and the statistical signifi-
cance of the study was set at an alpha of 0.05.

RESULTS

PLAQUE MORPHOLOGY

Coronary plaque analysis revealed that the RCA exhib-
ited significantly longer VPs (LAD — 18.67 + 5.49 mm VS.
CXA - 15.48 + 3.73 mm vs. RCA — 20.47 + 5.97 mm, p =
0.001), with larger volumes (LAD — 187.9 + 86.03 mm?3 vs.
CXA - 146.9 + 102.4 mm?3 vs. RCA — 248.1 + 11.4 mm?3, p =
0.0007) when compared to plaques located in the LAD and
CXA. The remodeling (p = 0.1) and eccentricity indices (p =

0.4) were not significantly different between VPs located
across the three main coronary vessels (Table 1). The larg-
est degree of stenosis was present for VPs located in the
RCA (LAD - 57.77 + 8.62 mm vs. CXA — 54.50 + 11.25 mm
vs. RCA — 59.63 + 10.42 mm, p = 0.02) (Table 1).

PLAQUE COMPOSITION

Vulnerable plaques located in the LAD exhibited a signifi-
cantly more calcified phenotype (calcified volume: LAD —
44,07 + 63.90 mm3 vs. CXA — 12.40 + 19.65 mm?3 vs. RCA
— 33.69 + 34.38 mm?, p = 0.002). Conversely, VPs identi-
fied in the RCA presented a more non-calcified phenotype,
illustrated by quantification of non-calcified (LAD — 143.8
+ 76.02 mm?3 vs. CXA — 134.5 + 102.2 mm?3 vs. RCA — 214.4
+ 99.67 mm3, p = 0.002), lipid rich (LAD — 14.95 + 22.69
mm? vs. CXA — 6.44 + 13.42 mm?3 vs. RCA — 16.07 + 15.74
mm?3, p = 0.0005), and fibrotic volumes (LAD — 128.9 +
66.10 mm? vs. CXA — 128.1 + 91.56 mm?> vs. RCA — 198.3 *
92.34 mm?3, p = 0.003), as shown in Figure 2.

VULNERABILITY DEGREE

When comparing the CT vulnerability markers between
lesions located in the three arteries, there were no signifi-
cant differences between plaques located in the LAD, CXA,
and RCA in regards to the presence of the napkin-ring
sign (p = 0.4), spotty calcifications (p = 0.6), or positive
remodeling (p = 0.8). However, low-attenuation plaques
were significantly more frequent in lesions located in the
RCA (p = 0.0009). The highest vulnerability degree was
present in lesions located in the LAD, which presented the
highest number of vulnerability markers per plaque (p =
0.01) (Table 2).

DISCUSSIONS

The present research aimed to analyze the site-specific
phenotype of vulnerable plaques according to their loca-
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Analysis of plaque composition for calcified volume (A), non-calcified volume (B), lipid-rich volume (C), fibrotic volume (D) —

comparative analysis between vulnerable plaques located in the LAD, CXA, and RCA

tion within the coronary tree, by using CCTA imaging. CCTA
provides detailed information on coronary tree anatomy,
degree of stenosis and severity, but also morphology and
composition of coronary atherosclerotic plaques. There
is little data regarding the difference between the three
main coronary arteries, and most available studies focus
on hemorheological and hemodynamic aspects, but not on
the morphological characteristics of lesions.

Previous epidemiological data have shown that athero-
sclerotic lesions are not uniformly distributed between the
right and left coronary arteries. Single vessel disease has
been found more frequently in the left compared to the right
coronary artery (35% versus 6.5%).>> In addition, an IVUS
study on transplanted hearts (mean age 33.4 + 13.2 years)
found that the most frequent location of atherosclerotic le-
sions was in the LAD, followed by the RCA and the CXA.2®

TABLE 2. Analysis of vulnerability degree across the three main coronary arteries
LAD CXA RCA p value
NRS, n (%) 5 (16.6%) 2 (6.66%) 3 (10%) 0.4
SC, n (%) 18 (60%) 18 (60%) 16 (53.3%) 0.6
PR, n (%) 14 (46.6%) 17 (56.6%) 14 (46.6%) 0.8
LAP, n (%) 18 (60%) 8 (26.6%) 22 (73.3%) 0.0009
Number of vulnerability markers 2.2+0.8 1.6 + 0.7 1.8+ 0.6 0.01
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Therefore, our study hypothesized that plaque com-
position and degree of vulnerability is influenced by the
plaques’ location across the three main coronary branches.
For this we conducted a comparative per plaque analysis
of lesions located in the LAD, CXA, and RCA that had pre-
sented at least one of the four CCTA vulnerability markers
(LAP, NRS, SCs, PR). The main results indicated that VPs
located in the RCA were soft, more voluminous, and with a
higher lipid-rich and non-calcified content. On the other
hand, those situated in the LAD were more calcified, but
also more vulnerable, as expressed by a higher number of
vulnerability markers per lesion.

Even if exposure to systemic risk factors is similar,
some arterial regions are more prone to plaque build-up.
Several topographical characteristics, including branching
sites, curvatures, and proximal regions, are more likely to
present atheroma, thus pinpointing the role of local fac-
tors that contribute to plaque development. Local fac-
tors that may influence the evolution of atherosclerosis
include the endothelial shear stress, the molecular flow
viscosity and wall stress, in association with vessel ge-
ometry, curvature, and tortuosity.?>* A proof of concept
study published in 2015, based on computational fluid
dynamics, found that the LAD is characterized by higher
shear stress values compared to the CXA and RCA, for both
atherosclerotic and non-atherosclerotic segments. The
molecular viscosity and curvature were the highest in seg-
ments analyzed from the CXA.*! In our study, the analysis
of plaque morphology across the three coronary branches
revealed that VPs with the higher length, volume, and de-
gree of stenosis were located in the RCA, followed by the
LAD and the CXA.

Vascular geometry in association with hemodynamic
characteristics of coronary blood flow, systemic risk fac-
tors, and local inflammation, all modulate the athero-
genic process in predisposed topographical arterial sites.
This also leads to alteration of plaque composition and
vulnerability. Low shear stress promotes plaque develop-
ment and growth, while high coronary shear stress leads
to plaque destabilization. However, the pulsatile flow and
oscillations in hemorheology result in the onset of ath-
erosclerosis.?* This could be the explanation as to why in
our study, the highest calcified volume was present in the
LAD, but simultaneously these were also the most vulner-
able. Although increased calcification has been proven as
a sign of plaque stability, it may also indicate increased
vulnerability, in accordance to calcium distribution with-
in the coronary lesion. This is shown in our study by the
presence of spotty calcifications, which were most ex-
pressed in lesions located in the LAD.

The presence of any of the CCTA vulnerability markers
(LAP, PR, NRS, SCs) in coronary plaques is associated with
increased risk of major adverse cardiovascular events, and
a higher number of vulnerability markers per lesion ex-
ponentially increases this risk.2®3' In our study, the NRS
and SCs were most frequent in LAD lesions, although the
difference did not reach statistical significance. Converse-
ly, low-attenuation plaques were more frequently found
in the RCA, which was also confirmed by a higher lipid-
rich and non-calcified content. The least vulnerable le-
sions, with the lowest number of vulnerability markers
per plaque, but with the highest expression of positive
remodeling were located in the CXA.

FUTURE DIRECTIONS

Several future research directions can arise from the current
proof of concept study. Our results show a clear difference
in plaque morphology according to location within the cor-
onary tree. However, one of the future directions is to con-
duct a similar analysis which includes also the hemorhe-
ological and hemodynamical characteristics of coronary
flow, the proximal versus distal location, and also the effect
of coronary dominance. In addition, the role of plaque loca-
tion on patient outcomes has yet to be established.

Plaque topography may have prognostic value in pa-
tients with CAD. A CCTA study on 1,425 patients has shown
that stenoses located in the left coronary arterial system
were associated with an increased risk of events, but this
was not true for lesions within the right coronary artery.
Their results also stated that left dominance associated a
higher risk of mortality over the two-year follow-up pe-
riod.?” Another CCTA-based study derived from the CON-
FIRM Cohort found a higher incidence of CAD, obstructive
and non-obstructive, in patients with left compared to
right coronary dominance, although the presence of multi-
vessel disease did not differ among groups.?® Additionally,
the prognosis of CAD patients is directly associated by the
degree of myocardial ischemia in the subtended region of a
stenotic lesion. Proximally located lesions in the LAD have
been associated with worse outcomes compared to distal
LAD or non-LAD locations.* A meta-analysis on 11,109
participants found that proximal lesions associated higher
in-hospital and long-term adverse events compared to
non-proximal plaques, after PCI. Also, mortality was high-
er in proximal LAD lesions compared to proximal RCA le-
sions that were percutaneously revascularized.?* Coronary
dominance has also been shown to influence the severity of
coronary lesions and patient outcomes following percuta-
neous revascularization procedures. A study that enrolled
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27,289 ACS patients reported that left coronary dominance
was linked to an increased mortality rate over the course of
3.5 years after cardiac catheterization.?* These results were
also validated by a larger population study on ACS subjects
undergoing PCI, in which left dominance or co-dominance
was associated with an higher in-hospital death rate.3*

CONCLUSIONS

In conclusion, vulnerable plaques arising from the right
coronary artery are longer, more voluminous and with
larger lipid and non-calcified content, whereas those
located in the left anterior descending artery present a
higher volume of calcium, but also a higher degree of vul-
nerability. The higher vulnerability degree of vulnerable
plaques located in the left anterior descending artery was
illustrated by a larger number of CCTA-derived vulnera-
bility markers with a specific distribution of calcium with-
in the plaque depicted as spotty calcifications and napkin-
ring phenotype. The least vulnerable lesions were present
in the circumflex artery. Further research is required to
assess the effect of hemodynamic characteristics accord-
ing to plaque location, and also the role of site-specific
phenotypes of vulnerable plaques on patient outcomes.
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