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Aims The relationship between AtheroSclerotic CardioVascular Disease (ASCVD) risk and vessel-specific plaque evalu-
ation using coronary computed tomography angiography (CCTA), focusing on plaque extent and composition, has
not been examined. To evaluate differences in quantified plaque characteristics (using CCTA) between the three
major coronary arteries [left anterior descending (LAD), right coronary (RCA), and left circumflex (LCx)] among
subgroups of patients with varying ASCVD risk.

...................................................................................................................................................................................................
Methods
and results

Patients were included from a prospective, international registry of consecutive patients who underwent CCTA for
evaluation of coronary artery disease. ASCVD risk groups were <7.5% (low), 7.5–20% (intermediate), and >_20%
(high). Among the ASCVD risk groups, the three coronary arteries were compared regarding quantified plaque vol-
ume and composition. Whole-heart plaque quantification was performed in 1340 patients (age 60 ± 9 years, 58%
men). Across low, intermediate, and high ASCVD risk patients, the volume of plaque increased proportionally but
was least in the LCx (7.4, 9.0, and 25.3 mm3, respectively) as compared with the RCA (19.3, 32.6, and 67.0 mm3,
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respectively, all P <_ 0.006) and LAD (39.9, 60.8, and 93.3 mm3, respectively, all P < 0.001). In each ASCVD risk
group, the composition of plaque in the LCx exhibited the least necrotic core and fibrofatty plaque (P < 0.05 vs.
LAD and RCA).

...................................................................................................................................................................................................
Conclusion Among patients with varying risk of ASCVD, plaque in the LCx is decidedly less and is comprised of less

non-calcified plaque supporting prior evidence of the lower rates of acute coronary events in this vessel.
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Introduction

Coronary computed tomography angiography (CCTA) has become
the non-invasive standard approach to diagnosing obstructive coron-
ary artery disease (CAD) and serves as an effective alternative to in-
vasive coronary angiography.1 In addition to evaluation of stenosis
severity,2,3 CCTA allows for whole-heart quantification of plaque
volume and composition, with results validated against intravascular
ultrasound (IVUS).4 Quantified plaque burden, as well as plaque com-
position, has been associated with clinical outcomes and the progres-
sion of coronary atherosclerosis.5,6 Notably, low-density plaque has
been reported as a precursor feature of an acute coronary syndrome
(ACS),7 while statin therapy results in a shift to more calcified plaque
and is commonly thought to exert plaque stability and reduce risk for
major coronary events.8,9 Traditionally, data examining atheroscler-
otic burden have been pooled across the coronary arteries.
However, our group recently published an overview of the differen-
ces in plaque burden and composition between the three major epi-
cardial arteries [i.e. the left anterior descending (LAD), right
coronary artery (RCA), and left circumflex (LCx) artery], based on
quantitative CCTA analysis.10 These findings may potentially underlie
the observed differences in risk for ACS in the different coronary
arteries.11

The AtheroSclerotic CardioVascular Disease (ASCVD) risk by
pooled cohort equation (PCE) is associated with significant CAD
burden detected on CCTA and is a reliable predictor for future
ASCVD events.12,13 Although the ASCVD risk score has well-estab-
lished in asymptomatic individuals, the association between the 10-
year ASCVD risk and volumetric measurement of coronary
atherosclerotic plaque as derived from CCTA10 has not been exam-
ined. Therefore, we aimed to evaluate the relationship between 10-
year ASCVD risk and the presence, severity, and constitution of cor-
onary atherosclerosis in the three major epicardial coronary arteries
when quantitatively evaluated on CCTA.

Methods

Study design and patients
The PARADIGM (Progression of AtheRosclerotic PlAque DetermIned by
Computed TomoGraphic Angiography IMaging) study is an observational
dynamic cohort that prospectively enrolled patients with suspected or
known CAD from 13 sites across 7 countries, undergoing CCTA. Details
on the study design have been published previously.14 For the current
analysis, exclusion criteria were prior diagnosis of CAD or revasculariza-
tion (n = 595) or missing analysis from an individual coronary artery on
CCTA (n = 317). Accordingly, the current population consists of 1340
patients (including 4020 coronary arteries).

Cardiovascular risk factors and the ASCVD

risk score
Demographic data, targeted medical history, and clinical cardiovas-
cular risk factors were prospectively collected at each study site.
Standardized definitions of cardiovascular risk factors were used.15

The 10-year ASCVD risk was calculated for each patient using the
pooled cohort equations.12 Patients were categorized according to
their 10-year ASCVD risk into groups of low risk (<7.5%), intermedi-
ate risk (>_7.5% to <20%), and high risk (>_20%). Diabetes mellitus

was defined as fasting glucose >_126 mg/dL or the use of insulin and/
or oral hypoglycaemic agents. Hypertension was defined as a docu-
mented history of high blood pressure or treatment with antihyper-
tensive medication. Hyperlipidaemia was defined as untreated high
serum cholesterol or treatment with lipid-lowering medication.
Smoking was defined as current smoking at the time of CCTA.

CCTA acquisition and interpretation
All CCTAs were performed in accordance with the Society of
Cardiovascular Computed Tomography guidelines.16 Imaging datasets
from each participating site were transferred to a core laboratory for
blinded image analysis. All computations were performed by level III
experienced readers blinded to clinical data, using quantitative plaque
software (QAngioCT Research Edition v2.1.9.1, Medis Medical Imaging
Systems, Leiden, The Netherlands).17

Details on the interpretation protocol have been described previous-
ly.18 In short, all coronary segments with a diameter >_2 mm were eval-
uated according to an adapted American Heart Association model for
coronary segment classification.19 Presence of coronary atherosclerotic
plaque was defined as any tissue >_1 mm2 identified in >2 planes, within or
adjacent to the lumen that could be discriminated from surrounding
structures.2,19 Plaque volume (mm3) of segments was summed to gener-
ate vessel-level plaque volume, which was categorized according to
pre-existing Hounsfield Unit thresholds into compositional subtypes of
necrotic core (-30 to 30 HU); fibrofatty (30 to 130 HU); fibrous (131 to
350 HU); and calcified plaque (>_350 HU). Total plaque volume was
adjusted for vessel volume (mm3) to calculate PAV (%).20 For each cor-
onary artery, compositional build-up of plaque was expressed as the per-
centage of total plaque volume consisting of each compositional subtype
(subtype volume/total plaque volume� 100, %). Within each patient, pla-
que distribution was expressed as the percentage of all patient plaque
volume present in the separate coronary arteries (coronary artery plaque
volume/patient plaque volume � 100). Furthermore, diameter stenosis
(%) was quantified as the percentage of reduced lumen diameter.

Study endpoints
Study endpoints included the total volume of atherosclerotic plaque as
well as varying compositional subgroups, notable low density or necrotic
core, and calcified plaque.

Statistical analysis
Continuous variables are presented as mean ± standard deviation (SD)
or median (interquartile range), while categorical variables are presented
as absolute numbers (percentage). Continuous variables were compared
with the Friedman test and Wilcoxon signed-rank test with post-hoc
Bonferroni correction for multiple comparisons. Categorical variables
were compared with the v2 test. The distribution of plaque volume over
the three major coronary arteries (expressed as % of all patient plaque
volume in each coronary artery) was expressed for each ASCVD risk
group in ternary plots. Two-tailed P-values <0.05 were considered statis-
tically significant. All analyses were performed in SPSS version 25 (IBM
Corporation, Armonk, NY, USA) and SAS version 9.4 (SAS Institute, Inc.,
Cary, NC, USA).

Results

Patients
A total of 1340 patients (age 60.4± 9.3 years; 57.6% men) were
included in the current study (Table 1). A majority of patients were
referred for CCTA for evaluation of anginal symptoms (84.8%).

Vessel-specific plaque features on CCTA 1173
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Prevalence of clinical cardiovascular risk factors ranged from 17.9%
(current smoking) to 52.5% (hypertension). Median ASCVD risk in
the population was 9.5% (4.7–18.1%) with 545 patients (40.7%) being
at low ASCVD risk, 513 patients (38.3%) at intermediate risk, and
282 patients (21.0%) at high risk. At the time of CCTA, 40.4% of
patients were on statin therapy.

Vessel-specific prevalence of
atherosclerotic plaque according to
ASCVD Risk
Findings regarding the presence and extent of coronary atheroscler-
osis across each ASCVD risk group are shown in Table 2.
Approximately one-third of low-risk patients had no atherosclerotic
plaque (36.7%) or had only one coronary artery with plaque (30.5%).
The prevalence of multi-vessel atherosclerotic plaque was higher
among patients with intermediate (51.3%), and high-risk scores
(68.5%, P < 0.001 for trend).

Across all three major coronary arteries, there was a graded in-
crease in the prevalence of atherosclerotic plaque by the ASCVD

risk score, with high ASCVD risk patients exhibiting the greatest
prevalence of plaque (P < 0.001 for the LAD, RCA, and LCx). Among
low and intermediate ASCVD risk groups, vessel-specific prevalence
of atherosclerotic plaque was lowest in the LCx (22.0% and 31.8%)
as compared with the RCA (29.0% and 44.8%, P = 0.01 and P < 0.001)
and LAD (58.7% and 74.5%, both P < 0.001). Among high-risk
patients, prevalence of atherosclerotic plaque was also higher in LAD
(83.7%, P < 0.001 vs. RCA and LCx) but was not significantly different
between the RCA (56.7%) and LCx (52.5%, P = 0.68). Patients at
higher ASCVD risk showed higher maximal diameter stenosis in all
three coronary arteries (LAD: P < 0.001, RCA: P = 0.029, and LCx:
P = 0.006). When a patient had single-vessel atherosclerotic plaque, it
was most often located in the LAD across all ASCVD risk groups
(Table 3; P = 0.18 for trend).

Vessel-specific plaque quantification and
composition according to ASCVD risk
An overview of vessel-specific atherosclerotic plaque quantification
and composition for each ASCVD risk group is presented in Figure 1
and Supplementary data online, Table S1.

Among low-risk patients (Figure 1A), plaque volume was lowest in
the LCx (7.4± 27.7 mm3), followed by the RCA (19.3 ± 57.8 mm3;
P = 0.006), and highest in the LAD (39.9 ± 63.2 mm3; P < 0.001).
Regarding plaque composition, percentages of necrotic core, and
fibrofatty plaque were significantly lower in the LCx (16.7%) as com-
pared with the RCA (22.3%) and LAD (22.9%; both P < 0.001).
Percentages of calcified plaque were highest in the LCx (35.5%), al-
beit not statistically different from the RCA (27.6%; P = 0.12) or LAD
(27.8%; P = 0.10).

Among intermediate-risk patients (Figure 1B), similar results were
noted. Plaque volume was lowest in the LCx (9.0± 23.9 mm3), fol-
lowed by the RCA (32.6± 68.0 mm3; P < 0.001) and LAD
(60.8 ± 80.1 mm3; P < 0.001). Percentages of necrotic core and fibro-
fatty plaque were lowest in the LCx (P < 0.001 vs. LAD and RCA),
while percentages of calcified plaque were highest in the LCx
(P = 0.003 vs. LAD and P = 0.009 vs. RCA).

Similarly, among patients with high ASCVD risk scores (Figure 1C), the
LCx showed lowest plaque volume [25.3 ± 57.4 mm3 vs. 67.0 ± 137.8
mm3 (RCA) and 93.9 ± 113.5 mm3 (LAD); both P < 0.001] and lowest
percentage of necrotic core and fibrofatty plaque (P < 0.001 vs. RCA
and LAD). Percentages of calcified plaque were highest in the LCx
(41.5%), significantly so when compared to the RCA (34.3%;
P = 0.013) but not to the LAD (36.6%; P = 0.074). Similar patterns
were observed when using % atheroma volume as the comparator
across the ASCVD risk groups (Supplementary data online, Table S1).

Differences between the coronary arteries existed among sub-
groups of patients with and without individual cardiovascular risk fac-
tors as well (Supplementary data online, Table S2), as well as among
patients treated with and without statins (Supplementary data online,
Table S3).

Distribution of plaque volume over the
coronary arteries
In Figure 2, the distribution of plaque over the three coronary arteries
(expressed as percentages of all plaque volume in each separate cor-
onary artery) is shown. Among patients with low- to borderline

.................................................................................................

Table 1 Patient characteristics at the time of CCTA

Patients (n 5 1340)

Age, years 60.4 ± 9.3

Male 772 (57.6%)

BMI, kg/m2 25.3 ± 3.3

ASCVD risk score, % 9.5 (4.7–18.1)

Cardiovascular risk profile

Diabetes mellitus 276 (20.6%)

Hypertension 706 (52.9%)

SBP, mmHg 129.6 ± 17.7

DBP, mmHg 78.1 ± 10.8

Hyperlipidaemia 509 (38.2%)

Current smoker 238 (17.9%)

Family history of CAD 384 (28.7%)

Anginal symptomsa 1129 (84.8%)

Medications

Aspirin 492 (37.2%)

b-blockers 368 (27.9%)

Calcium channel blockers 287 (21.8%)

Diuretics 119 (9.0%)

RAAS inhibitors 379 (28.8%)

Statins 519 (40.4%)

Lipid panel, mg/dL

Total cholesterol 190.5 ± 40.2

LDL-c 115.9 ± 34.9

HDL-c 51.1 ± 13.9

Triglycerides 146.1 ± 87.5

All values are expressed as mean ± standard deviation, n (%), or median (inter-
quartile range).
ASCVD, AtheroSclerotic CardioVascular Disease; BMI, body mass index; CAD,
coronary artery disease; DBP, diastolic blood pressure; RAAS, renin–angioten-
sin–aldosterone system; SBP, systolic blood pressure.
aAsymptomatic patients in this registry met clinical indications for CCTA,
including pre-operative risk evaluation, prior stress testing, or a history of non-
cardiac atherosclerosis.
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..ASCVD risk scores, most plaque was located in the LAD [84.9%
(46.4–100) %], with small percentages in the RCA [0% (0–35.7) %],
and LCx [0% (0–9.0) %]. As indicated by the red-coloured area, hav-
ing 100% of plaque located in the LAD was commonly observed.
Among patients with intermediate ASCVD risk scores, percentage of
the plaque located in the LAD was lower [73.5% (43.4–100) %], while
the percentage of plaque located in the RCA [10.8% (0–40.9) %] and
LCx [0% (0–11.3) %] were higher. This trend continued among
patients with high ASCVD scores [RCA: 17.8% (0–48.5) %; LCx 5.1%
(0–19.7) %], but the majority of plaque remained located in the LAD
[60.9% (36.2–89.7) %].

Discussion

This study demonstrates the greater extent of atherosclerotic pla-
que among patients in higher ASCVD risk groups. Plaque was

predominantly located in the LAD in all risk groups. Quantified
plaque volume was lowest in the LCx, followed by the RCA and
LAD in each risk group. Interestingly, plaque in the LCx consisted of
markedly less necrotic core and fibrofatty components across the
ASCVD risk groups (supporting the evidence of a lower ACS risk
and potentially more stable atherosclerosis11). Earlier, we reported
differences between the coronary arteries on quantified CCTA ana-
lysis.10 This study extends these prior findings by examining vessel-
specific differences among patients of varying ASCVD risk.

Relation between ASCVD risk and the
extent of coronary atherosclerosis
As atherosclerotic plaque becomes more extensive across multiple
diseased coronary arteries, acute coronary event risk increases, and
ongoing symptoms more often lead to coronary revascularization.21

This study further elaborates on the complex relationship between
ASCVD risk and the burden of atherosclerosis across the three

........................................................................................................

....................................................................................................................................................................................................................

Table 2 Vessel-specific prevalence and extent of atherosclerotic plaque according to ASCVD risk

10-year ASCVD risk groups P-value

Low (n 5 545) Intermediate (n 5 513) High (n 5 282)

Number of coronary arteries with atherosclerotic

plaque

<0.001

None 200 (36.7%) 100 (19.5%) 33 (11.7%)

One 166 (30.5%) 150 (29.2%) 56 (19.9%)

Two 105 (19.3%) 164 (32.0%) 91 (32.3%)

Three 74 (13.6%) 99 (19.3%) 102 (36.2%)

Vessel-specific prevalence of atherosclerotic plaque

LAD 320 (58.7%)**,*** 382 (74.5%)**,*** 236 (83.7%)**,*** <0.001

RCA 158 (29.0%)*,*** 230 (44.8%)*,*** 160 (56.7%)* <0.001

LCx 120 (22.0%)*,** 163 (31.8%)*,** 148 (52.5%)* <0.001

Maximal diameter stenosis among diseased coronary

arteries, %

LAD 19.2 [10.7–28.6] 23.3 [13.3–33.9] 25.5 [15.3–39.1] <0.001

RCA 15.3 [7.8–29.1] 20.8 [11.8–32.2] 22.6 [12.6–35.3] 0.029

LCx 14.9 [7.9–23.7] 15.5 [9.9–25.3] 20.4 [10.5–30.5] 0.006

ASCVD, AtheroSclerotic CardioVascular Disease; LAD, left anterior descending artery; LCx, left circumflex artery; RCA, right coronary artery.
*Within each ASCVD risk group (vertically), significant differences (paired P < 0.05) between coronary arteries are marked as compared with LAD;
**compared with RCA;
***compared with LCx.

.........................................................................................................................

....................................................................................................................................................................................................................

Table 3 Location of atherosclerotic plaque among patients with single-vessel plaque

10-year ASCVD risk groups P-value

Low (n 5 166) Intermediate (n 5 150) High (n 5 56)

Location of atherosclerotic

plaque

0.18

LAD 147 (88.6%) 126 (84.0%) 47 (83.9%)

RCA 12 (7.2%) 15 (10.0%) 4 (7.1%)

LCx 7 (4.2%) 9 (6.0%) 5 (8.9%)

ASCVD, AtheroSclerotic CardioVascular Disease; LAD, left anterior descending artery; LCx, left circumflex artery; RCA, right coronary artery.
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Figure 1 Vessel-specific plaque volume and plaque composition in patients with (A) low ASCVD risk, (B) intermediate ASCVD risk, and (C) high
ASCVD risk. Vessel-specific mean (SD) plaque volume is presented in bar charts on the left. In each ASCVD risk group, the LCx showed lowest pla-
que volume, followed by the RCA, and LAD. On the right, average plaque composition per coronary artery is presented as mean percentages of all
plaque volume made up by the compositional plaque subtypes. In each ASCVD risk group, percentages of necrotic core and fibrofatty plaque types
were lowest in the LCx as compared with the LAD and RCA. *P < 0.001.
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major coronary arteries. Prior observations in asymptomatic individ-
uals have similarly shown that higher risk patients have more preva-
lent coronary artery calcium.22

CCTA provides individualized risk
assessment over pooled ASCVD Risk
ASCVD risk from PCE is a reliable predictor of 10-year risk of cardio-
vascular events and is currently recommended for risk evaluation for
primary prevention strategies.23 However, there is recent evidence
suggesting that the individual risk of a patient may not be completely
reflected by their ASCVD risk. Data from the Progression of Early
Subclinical Atherosclerosis study show the high prevalence of sub-
clinical atherosclerosis in risk factor-free patients, with normal low-
density lipoprotein cholesterol levels.24 In a substudy from MESA,
17% of patients without any traditional ASCVD risk factors had
CACS of >100. Importantly, patients without any ASCVD risk factors
but high CACS (>300) showed markedly higher event rates than
patients with >_3 cardiovascular risk factors but no detected coronary
calcium.25 In this study, 63.3% of patients with low- to borderline
ASCVD risk had atherosclerotic plaque, supporting the concept that
CCTA could provide additional insights in the risk of individual
patients over the pooled ASCVD risk.15,26

Vessel-specific CCTA findings according
to ASCVD risk
Most studies assess plaque burden on a patient- or lesion-level, where-
as this study compared volumetric and compositional differences in
the three coronary arteries. The highest prevalence of atherosclerotic
was observed in the LAD within each ASCVD risk group. These find-
ings potentially indicate earlier onset of atherosclerosis in the LAD, as
compared with the RCA and LCx. Indeed, when stratifying for age, the
prevalence of atherosclerotic plaque was consistently highest in the
LAD and reaching half of patients <_50 years old (Supplementary data
online, Figure S1). This hypothesis is supported by results from the
Multi-Ethnic Study of Atherosclerosis (MESA) study, where 3112

individuals with baseline coronary artery calcium scores (CACS) of 0
most frequently developed calcification in the LAD on follow-up (44%
vs. 12% in the RCA and 10% in the LCx).27 Furthermore, the lowest
quantitative plaque volume was noted in the LCx (in comparison with
the RCA and LAD) among all ASCVD risk groups. This is in line with
evidence from IVUS, optical coherence tomography (OCT), and
CCTA, showing the lesser degree of disease in the LCx.28–30

In this study, plaque composition in the LCx consisted of signifi-
cantly less necrotic core and fibrofatty plaque (i.e. non-calcified or
vulnerable plaque), as compared with the LAD and RCA. Among
patients experiencing myocardial infarction following CCTA, culprit
lesion precursors showed significantly higher necrotic core volumes
on baseline CCTA than matched non-culprit lesion precursors.7 The
relationship between calcified plaque and cardiovascular events has
been described as being more nuanced. Whereas absolute calcified
plaque burden, often expressed as CACS, is a robust predictor of ad-
verse events,31,32 presence of ‘hyperdense’ calcified plaque (>1000
HU),33 as well as a high percentages of total plaque consisting of calci-
fied plaque,8 are inversely related to adverse events and indicate sta-
ble plaque. For the current report, the higher percentages of calcified
plaque in the LCx as compared to the LAD and RCA potentially indi-
cate presence of more stable plaque.

Registry limitations
The current study has several limitations. First, the observational
nature of PARADIGM renders selection and other types of bias
likely. Patients in this registry were followed up for a second
CCTA, thereby excluding a majority of patients with normal coron-
ary arteries or severe atherosclerosis at baseline, who were likely
to undergo coronary revascularization soon after their baseline
CCTA. Second, no differentiation was made between patients with
controlled and uncontrolled risk factors. Despite this, patients with
higher ASCVD risk did show higher extent and burden of athero-
sclerosis. Last, the semi-automated quantitative plaque analysis
software requires manual adjustments.

Figure 2 Distribution of plaque volume over the three coronary arteries, expressed as the percentage of plaque volume located in the LAD (blue
side), RCA (green side), and LCx (red side). Distribution of plaque volume over the three coronary arteries is presented in ternary plots. The sides
of the triangle reflect percentages of plaque volume located in the LAD (blue side), RCA (green side), and LCx (red side). The coloured shade repre-
sents the plot density; the higher, the more patients have a plaque distribution represented in that area of the plot. The majority of plaque was located
in the LAD in all ASCVD risk groups. From left to right: patients with low, intermediate, and high ASCVD risk.
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Conclusions

Examining patients undergoing CCTA for evaluation of CAD, we re-
port existing differences between the coronary arteries among
patients of varying ASCVD risk. The LCx showed the lowest quanti-
fied plaque volume, along with the least vulnerable plaque character-
istics, as compared to the RCA and LAD. The majority of plaque was
located in the LAD across all ASCVD risk groups. These findings
have implications for vessel-specific outcome and underline the po-
tential of CCTA to nuance the risk assessment as from the more gen-
eral ASCVD risk scores.

Supplementary data

Supplementary data are available at European Heart Journal - Cardiovascular
Imaging online.
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