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Abstract

Background: It is unclear whether coronary artery stenosis, plaque burden, and composition
differ between major epicardial arteries supplying ischemic myocardial territories.

Methods: We studied 837 symptomatic patients undergoing coronary computed
tomography angiography (CTA) and °O-water positron emission tomography (PET)
myocardial perfusion imaging for suspected obstructive coronary artery disease.
Coronary CTA was analyzed using artificial intelligence-guided quantitative computed
tomography (AI-QCT) to assess stenosis and atherosclerotic plaque characteristics.
Myocardial ischemia was defined by regional PET perfusion in the left anterior
descending (LAD), left circumflex (LCX), and right coronary artery (RCA) territories.

Results: Among arteries supplying ischemic territories, the LAD exhibited significantly
higher stenosis and both absolute and normalized plaque volumes compared to LCX and
RCA (P < .001 for all). Multivariable logistic regression showed diameter stenosis (P = .001-
.015), percent atheroma volume (PAV; P < .001), and percent noncalcified plaque volume
(NCPV) (P = .001-.017) were associated with ischemia across all three arteries. Percent
calcified plaque volume (CPV) was associated with ischemia only in the RCA (P = .001).

Conclusions: The degree of stenosis and atherosclerotic burden are significantly higher in
the LAD as compared to LCX and RCA, both in epicardial coronary arteries supplying
nonischemic or ischemic myocardial territories. In all the three main coronary arteries,
both luminal narrowing and plaque burden are independent predictors of ischemia,
where the plaque burden is mainly driven by noncalcified plaque. However, many
vessels supplying ischemic territories have a relatively low degree of stenosis and
plaque burden, especially in the LCX and RCA, limiting the ability of diameter stenosis
and PAV to predict myocardial ischemia.

Keywords: Coronary computed tomography angiography, Artificial intelligence, Coronary
plaque, Ischemia, Positron emission tomography
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ABBREVIATIONS

CAD coronary artery disease

CTA computed tomography
angiography

PET positron emission
tomography

AI-QCT artificial intelligence-guided
quantitative computed
tomography

PAV percent atheroma volume

CPV percent calcified plaque
volume

NCPV percent noncalcified plaque
volume

LAPV percent low-attenuation
plaque volume

MBF myocardial blood flow

FFR fractional flow reserve

INTRODUCTION

Coronary computed tomography angiography
(CTA) has, over recent years, become the first-line
test for suspected coronary artery disease (CAD)
in patients with a moderate or low pretest clinical
likelihood of CAD [1]. Coronary CTA allows for
assessment of atherosclerotic plaque quantity and
composition (calcified, noncalcified, low density)
and high-risk plaque characteristics that are
known to have diagnostic and prognostic infor-
mation [2]. Emerging evidence also suggests a
relationship between plaque features and ischemia
in patients with CAD [3—5]. Plaque burden and
phenotype also appear to differ between the major
coronary arteries [6]. However, little information is
available about the vessel-specific relationship
between coronary artery plaque burden and
composition and myocardial ischemia.

Recently, application of artificial intelligence to
the analysis of coronary CTA has enabled rapid,
objective, and reproducible quantification of cor-
onary artery stenosis and plaque volumes [7—9].
Artificial intelligence-guided quantitative
computed tomography (AI-QCT) is a novel, Food
and Drug Administration (FDA)-cleared coronary
stenosis and plaque characterization and quan-
tification tool [7,8].

In a recent study we found that the addition of
AI-QCT quantitative measures of percent
atheroma volume and noncalcified plaque vol-
ume (NCPV) to clinical variables and degree of
stenosis improved the detection of ischemic CAD
on a patient level [10]. Our hypothesis is that
coronary artery plaque burden and morphology,
in addition to luminal narrowing, would
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contribute to myocardial ischemia at a regional
level and might vary in the main epicardial cor-
onary arteries. Therefore, in this study, we
assessed and compared the atherosclerotic pla-
que burden and phenotype of the major epicar-
dial coronary arteries supplying ischemic
myocardial territories in symptomatic patients
with suspected obstructive CAD.

METHODS

Patients

The study population was derived from the Turku
cardiac CTA registry at the Turku University
Hospital, Finland. The registry includes symp-
tomatic patients who underwent coronary CTA
for suspected CAD from February 2007 to
December 2016. Patients with previously known
obstructive CAD, myocardial infarction (MI),
percutaneous coronary intervention (PCI), or
coronary artery bypass grafting (CABG) were not
considered for inclusion.

According to the institutional imaging protocol,
patients with suspected CAD first undergo coro-
nary CTA. If the CTA reveals at least one sus-
pected obstructive or clearly obstructive coronary
artery stenosis (using visual >50% diameter ste-
nosis as a guideline), the patient is referred for
downstream stress '>O-water positron emission
tomography (PET) myocardial perfusion imaging
(MPI) for hemodynamic assessment of the ste-
nosis. For patients without visual obstructive
stenosis, additional imaging is not required. This
selective functional testing is supported by the
current guidelines [1]. Demographic data, car-
diovascular risk factors, and symptoms were
retrospectively collected from the medical re-
cords of Turku University Hospital.

The study complies with the Declaration of
Helsinki. The Ethics Committee of the Hospital
District of Southwest Finland approved the study
protocol and waived the need for written
informed consent.

Coronary CTA and PET imaging procedures

Coronary CTA scans were performed with 64-row
hybrid PET-CT scanners (GE Discovery VCT or GE
D690, General Electric Medical Systems, Wauke-
sha, USA) as previously described [11]. Before
coronary CTA image acquisition, intravenous
metoprolol (0-30 mg) to achieve a target heart rate
of 60 bpm and oral/sublingual nitrate were
administered. Coronary CTA was performed us-
ing intravenously administered low-osmolal
iodine contrast agent. Prospectively triggered
acquisition was applied whenever feasible.
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Based on the initial visual evaluation of the
coronary CTA findings, patients with suspected
obstructive stenosis on CTA underwent dynamic
quantitative PET perfusion scan during adenosine
stress using a hybrid PET-CT scanner, usually in
the same imaging session [11,12]. *°O-labeled
water (['>O]H,0) was used as a radiotracer, and
adenosine infusion (140 pg/kg/min) was used for
vasodilator stress. The patients were instructed
to abstain from caffeine for 24 hours before the
PET study. In some patients, perfusion imaging
was performed in the following days or weeks
due to logistic reasons or caffeine use.

AI-QCT analysis

Visual coronary CTA reading was used in clinical
practice to guide downstream PET referral. For
research purposes, coronary CTA scans were
reanalyzed in 2022-2023 in a blinded manner us-
ing a previously described AI-QCT algorithm
(Cleerly LABS, Cleerly Inc., Denver, CO, USA) [7,8].
This commercially available FDA-cleared soft-
ware utilizes a series of validated convolutional
neural networks (3D U-Net and VGG network
variants) for image quality assessment, coronary
artery segmentation and labeling, lumen wall
evaluation and vessel contour determination, and
plaque characterization.

The AI-QCT allows for assessing coronary ar-
tery lesions where plaque is present. Utilizing a
normal proximal reference vessel cross-sectional
slice, the start and the end of the lesion, and the
cross-sectional slice that demonstrates the
greatest absolute narrowing, the % diameter ste-
nosis severity was automatically calculated.
Remodeling index (RI) was calculated as the outer
vessel diameter/the mean of the diameter of the
normal adjoining segments, and positive remod-
eling was defined as RI > 1.1 [14]. Within coronary
artery lesions, plaque volume was quantified and
further characterized as low-attenuation plaque,
noncalcified plaque, and calcified plaque based
upon Hounsfield unit (HU) densities <30, 30 to
350, >350, respectively [7]. Vessel volumes, lumen
volumes, plaque volumes, diameter and area
stenosis, and remodeling index were recorded for
each major coronary artery including their side
branches (>1.5 mm in diameter). Plaque volumes
(mm?) were calculated for each coronary lesion
and then summed to compute the total plaque
volumes in the left main (LM), left anterior
descending (LAD), left circumflex (LCX) and right
coronary artery (RCA). For each vessel, the sum of
plaque volumes of all lesions was divided by the
vessel volume to obtain the total plaque burden,
reported as percent atheroma volume (PAV, %)
and its components: percent calcified plaque

volume (CPV, %) and percent NCPV. Due to small
quantities, low-attenuation plaque volume
(LAPV) was pooled together with NCPVs into
NCPV and was also separately reported as a bi-
nary variable (presence/absence of low-
attenuation plaque). The most severe stenosis
degree and the highest RI were reported for each
major coronary artery. Variables from the
LM artery were integrated in both the LAD and
LCX artery analyses. Specifically, vessel, lumen,
and plaque volumes of LM were added to plaque
volumes of both LAD and LCX, whereas maximal
stenosis degree and remodeling index were
assigned to both LAD and LCX in case they were
observed in the LM. This approach was chosen to
reflect the contribution of LM atherosclerosis and
stenosis to downstream perfusion in both
daughter vessels.

PET analysis

The PET perfusion data were quantitatively
analyzed using Carimas software (developed at
Turku PET Centre, Turku, Finland) in standard-
ized 17 segments according to the American
Heart Association, and individual myocardial
segments were assigned to the three major cor-
onary arteries as recommended [15]. Hyperemic
myocardial blood flow (MBF), expressed in mL
min'g? of perfusable myocardial tissue, was
calculated for the standardized 17 segments. The
presence of myocardial ischemia was defined as
hyperemic MBF <2.30 mL min g™ in at least two
adjacent segments, excluding the basal septum
[16]. Regional hyperemic MBF was calculated as
the mean of two adjacent segments with the
lowest perfusion within a coronary artery
territory.

Vessel dominance was defined based on which
vessel the posterior descending artery (PDA)
originated from on coronary CTA. For right
dominance, the PDA originated from the RCA, for
left dominance, the PDA originated from the LCX,
and for codominance, there were PDA branches
from both the RCA and LCX. In right dominant
and codominant cases, the inferoseptal and
inferior myocardial segments were assumed to be
perfused by the RCA and assigned to RCA
myocardial territory, whereas in left dominant
cases the inferoseptal and inferior myocardial
segments were assumed to be perfused by the
LCX and were included in the LCX myocardial
territory.

Statistical analysis

Continuous variables are shown as mean + SD or
median (interquartile range [25th-75th percen-
tile]). Categorical variables are shown as numbers
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with percentages. The Shapiro—Wilk test was
used to assess the normality of the data
distribution.

The Mann—Whitney U test and Kruskal—-Wallis
test were used to compare continuous variables.
The Chi-square test was used for categorical var-
iables. Different coronary arteries (LAD, LCX, RCA)
were considered independent samples. For pair-
wise comparisons, the significance values were
adjusted by the Dunn’s or the Bonferroni correc-
tion for multiple tests. Logistic regression was
used to determine AI-QCT variables associated
with myocardial ischemia. Variables with a sig-
nificant association in univariable analysis were
included in the multivariable models. Combina-
tions of variables that would lead to collinearity
were avoided and tested using the variance infla-
tion factor (VIF). The predicted probability of
ischemia as a function of diameter stenosis or PAV
was derived from wunivariable binary logistic
regression for each major coronary artery sepa-
rately, and depicted as sigmoid curves. The points
where the probability of ischemia equals to .5
were estimated for each coronary artery and
compared between vessels using a Z-test.

To evaluate and compare the performance of
the AI-QCT variables in the prediction of
ischemia, the areas under the receiver operating
characteristic curves (AUCs) were calculated and
compared using the method by Delong for
dependent samples and [17] the method by Han-
ley and McNeil for independent samples [18,19].

Analyses were two-tailed and a P-value of <.05
was considered statistically significant. Statistical
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analyses were performed using IBM SPSS statis-
tics for Macintosh (Version 29.0.2.0 Armonk, NY:
IBM Corp), GraphPad Prism (version 10, GraphPad
Software, La Jolla California), R version 4.3.2, and
VassarStats: Website for Statistical Computation
(vassarstats.net).

RESULTS

Study cohort

Out of the 2411 consecutive symptomatic pa-
tients with coronary CTA, 837 (35%) patients un-
derwent downstream PET MPI according to the
institutional selective hybrid imaging protocol,
and had coronary CTA quantitatively analyzed by
AI-QCT (Figure 1). Out of the 837 patients who
underwent PET MPI, the most severe diameter
stenosis per patient was a median of 50 (28-66%,)
and 360 (43%) had myocardial ischemia based on
the presence of abnormal regional stress perfu-
sion on a patient level (130 [29%] with single-
vessel, 120 [33%] with two-vessel, and 137 [38%]
with three-vessel ischemia). Right vessel domi-
nance was present in 703 (84%), left vessel
dominance in 84 (10%), and codominance in 50
(6%) patients. On a vessel level, ischemia was
present in 279 (33%) of the LAD territories, 213
(25%) of the LCX territories, and 212 (28%) of the
RCA territories (P < .001). Among ischemic
myocardial territories, regional hyperemic MBF
was a median interquartile range of 1.61 (1.19-
1.90) mL min'g™? in the LAD, 1.65 (1.26-1.93) mL
ming? in the LCX, and 1.50 (1.13-1.79) mL min~

141

g in the RCA territories (P < .001) and the

2411 patients with suspected CAD referred for coronary CTA
at Turku University Hospital from February 2007 to December 2016

137 Coronary CTA data not available

2145 patients with complete coronary
CTA and AI-QCT analysis

97 Non-adherence to the imaging protocol
32 Non-diagnostic study

1308 Non-obstructive visual stenosis (<50%)

837 patients with visual obstructive
stenosis (>=50%) on coronary CTA
and PET MPI performed

/\

on CCTA
No PET MPI performed

’ 477 No PET ischemia ‘ ’ 360 PET ischemia

LAD LCx
279 ischemia 213 ischemia
558 no ischemia 624 no ischemia

212 ischemia
541 no ischemia

RCA

|[Figure 1. Patient flowchart. CAD = coronary artery disease, CTA = computed tomography angiography, AI-QCT = artificial
intelligence-guided quantitative computed tomography, PET = positron emission computed tomography, LAD = left anterior
descending coronary artery, LCx = left circumflex coronary artery, RCA = right coronary artery.
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number of ischemic segments (hyperemic MBF
<2.30 mL min'g™?) was a median interquartile
range of 5 (3-6) in the LAD, 5 (3-5) in the LCX, and
4 (3-4) in the RCA territories (P < .001).

The clinical characteristics of the patients are
shown in Table 1.

Stenosis degree and plaque features in main
epicardial coronary arteries

The AI-QCT analysis variables of vessel and pla-
que features for each main coronary artery are

Table 1. Patient characteristics

Patient characteristics N = 837

Age, years

Sex (male), n (%) )

Hypertension, n (%) 552 (65.9%)

Dyslipidemia, n (%) 594 (71.0%)

Current/previous smoker, n (%) 328 (39.2%)
(18.6%)
(47.1%)

65 [59-71]
441 (52.7%

Diabetes mellitus, n (%) 156 (18.6%
Family history of CAD, n (%) 394 (47.1%

Typical angina, n (%) 243 (29.0%)
BMI, kg/m? 27.3 [24.7-30.5]
Agatston coronary artery calcium score 249 [43-671]

Antiplatelet drug, n (%)
Lipid-lowering drug, n (%)
Beta-blocker, n (%)
Long-acting nitrate, n (%)
Calcium channel blocker, n (%)
ACE inhibitor, n (%)

AT II antagonist, n (%)

445 (53.2%)
421 (50.3%)
438 (52.3%)
92 (11.0%)

166 (19.8%)
175 (20.9%)
197 (23.5%)

Values are n (%) or median [interquartile range]. CAD, coronary
artery disease; BMI, body mass index; ACE, angiotensin
converting enzyme, AT II, angiotensin II.

summarized in Table 2. The stenosis degree and
the plaque burden were generally higher in the
LAD than in the LCX and RCA. Variables from the
LM artery were incorporated into both the LAD
and LCX vessel-level analyses to reflect its
contribution to downstream perfusion. In the
study population, LM plaque burden was gener-
ally low, with a median diameter stenosis of 7%
(IQR: 0-19), total plaque volume of 15.7 mm? (1.5-
43.3), NCPV 10.1 mm? (1.0-25.4) and CPV 1.4 mm?
(.0-15.4).

Comparison of vessel and plaque features from
vessels supplying ischemic vs nonischemic
myocardial territories is summarized in Table 3.
As expected, stenosis degree, remodeling index,
and all plaque measures were higher in the ves-
sels supplying ischemic territories compared to
the vessels supplying nonischemic territories.
Figures 2 and 3 show the distribution of diameter
stenosis and PAV in vessels supplying ischemic
and nonischemic territories.

A comparison of vessel and plaque measures
from the coronary arteries that supply the
ischemic territories is shown separately in
Table 4. Among the epicardial coronary arteries
supplying ischemic territories, the degree of ste-
nosis was highest in the LAD, followed by the
RCA, and lowest in the LCX (all pairwise com-
parisons statistically significant). Absolute and
normalized plaque volumes and their compo-
nents were higher in the LAD compared to the
other main coronary arteries. In addition, RCA
had higher total and NCPVs compared to the LCX
in absolute terms, but these were not statistically
significant when the size of the vessel was taken

Table 2. Characteristics of the main coronary arteries by AI-QCT analysis of coronary computed tomography angiography
LAD LCX RCA P-value P-value P-value P-value
LAD vs LAD vs LCX vs
LCX RCA RCA
Vessel volume, mm? 1151 [907-1455] 861 [625-1163] 1186 [821-1584] <.001 <.001 1.000 <.001
Lumen volume, mm? 947 [755-1196] 776 [541-1041] 1029 [697-1402] <.001 <.001 .085 <.001
Remodeling index 1.3 [1.2-1.5] 1.3 [1.2-1.4] 1.2 [1.1-1.4] <.001 <.001 <.001 .039
Diameter stenosis, % 42 [23-59] 19 [8-34] 21 [7-45] <.001 <.001 <.001 .008
Area stenosis, % 67 [40-84] 34 [14-57] 37 [11-69] <.001 <.001 <.001 .022
Total plaque volume, mm® 159 [69-291] 58 [19-135] 69 [15-190] <.001 <.001 <.001 .045
NCPV, mm?> 92 [43-154] 39 [15-80] 45 [14-121] <.001 <.001 <.001 <.001
CPV, mm?> 52 [12-126] 13 [.4-54] 11 [.0-60] <.001 <.001 <.001 868
Percent PAV, % 14 [7-23] 7 [2-15] 6 [2-16] <.001 <.001 <.001 .728
Percent NCPV, % 8 [4-12] 5 [2-9] 4 [1-10] <.001 <.001 <.001 1.000
Percent CPV, % 5 [1-11] 2 [0-6] 1 [0-5] <.001 <.001 <.001 .011
Low attenuation plaque, % 245 (29) 124 (15) 157 (19) <.001 <.001 <.001 11

Values are n (%) or median [interquartile range]. AI-QCT, artificial intelligence-guided quantitative computed tomography; LAD,
left descending artery; LCX, left circumflex artery; RCA, right coronary artery; NCPV, non-calcified plaque volume; CPV, calcified
plaque volume. For pairwise comparisons, P-values were adjusted using the the Dunn’s correction for multiple tests or

Bonferroni correction to control for multiple comparisons.
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Table 3. Comparison of AI-QCT characteristics of coronary arteries supplying ischemic and non-ischemic myocardial
territories
LAD LCX RCA
Ischemic Nonischemic  P-value Ischemic Nonischemic P-value Ischemic Nonischemic P-value

Vessel volume, mm? 1216 [954-1501] 1134 [881-1398] .007 963 [638-1291] 847 [624-1123] .018 1210 [930-1591] 1259 [920-1649] .426
Lumen volume, mm? 927 [744-1142] 968 [761-1225]  .047 790 [497-1099] 770 [545-1024] .954 985 [685-1303] 1172 [849-1528] <.001
Remodeling index 1.4 [1.3-1.6] 1.3 [1.2-1.4] <001 14[1.2-15] 12[1.1-14] <001 1.3[1.2-15] 1.2 [1.1-1.3] <.001
Diameter stenosis, % 55 [39-71] 34 [18-53] <.001 31 [18-50] 16 [6-29] <.001 45 [24-66] 17 [6-34] <.001
Area stenosis, % 82 [62-92] 57 [32-78] <.001 52 [32-75] 28 [10-49] <.001 69 [40-89] 29 [9-56] <.001
Total plaque volume, 241 [148-380] 126 [49-217]  <.001 125 [50-221] 45 [14-104]  <.001 176 [75-348] 50 [14-158] <.001

mm?>
NCPV, mm? 128 [77-200] 68 [31-127] <001 67 [34-112]  31[11-67] <.001 106 [44-200] 38 [13-96] <.001
CPV, mm? 89 [31-197] 39 [8-101] <001 38[10-104]  8[0-35] <001 44 [8-137] 7 [0-47] <.001
Percent atheroma 21 [13-31] 11 [5-18] <.001 14 [6-24] 6 [2-12] <.001 16 [7-27] 4 [1-11] <.001

volume, %
Percent NGPV, % 11 [7-16] 6 [3-10] <001 7 [4-13] 4[1-7] <.001 9 [6-16] 3[1-8] <.001
Percent CPV, % 8 [3-16] 4[1-8] <.001 4 [1-10] 1 [0-4] <001 4 [1-11] 5 [0-3] <.001
Presence of low 125 (45) 120 (22) <.001 45 (21) 79 (13) 003 73 (34) 76 (14) <.001

attenuation

plaque, n(%)

Values are n (%) or median [interquartile range].

AI-QCT, artificial intelligence-guided quantitative computed tomography; LAD, left descending artery; LCX, left circumflex artery;
RCA, right coronary artery; NCPV, non-calcified plaque volume; CPV, calcified plaque volume.
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Figure 2. Histograms showing the distribution of diameter stenosis (%) in coronary arteries supplying nonischemic (A, B, and C;
histogram bars in blue) and ischemic (D, E, and F; histogram bars in red) myocardial territories for LAD (A and D), LCX (B and E),
and RCA (C and F). LAD, left anterior descending coronary artery, LCX, left circumflex coronary artery, RCA, right coronary artery.

into account. Interestingly, the presence of low-
attenuation plaque was statistically higher in
the LAD than the LCX, but not when compared to
the RCA. Finally, the LAD had a higher remodel-
ing index than the RCA and LCX, but it was
not statistically different between the LCX
and RCA.

Stenosis degree and plaque characteristics as
predictors of ischemia

Results from univariable and multivariable lo-
gistic regression analyses to identify AI-QCT
variables associated with myocardial ischemia
in the three main coronary arteries separately are
shown in Table 5. Stenosis degree, remodeling
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Figure 3. Histograms showing the distribution of PAV (%) in coronary arteries supplying non-ischemic (A, B and C; histogram bars
in blue) and ischemic (D, E and F; histogram bars in red) myocardial territories for LAD (A and D), LCx (B and E) and RCA (C and F).

Table 4. Comparison of AI-QCT characteristics of different coronary arteries supplying ischemic myocardial territories

LAD LCX RCA P-value P-value P-value P-value

Ischemic Ischemic Ischemic LADvs LADvs LCXvs

LCX RCA RCA

Vessel volume, mm? 1216 [954-1501] 963 [638-1291] 1210 [930-1591] <.001 <.001 1.000 <.001
Lumen volume, mm? 927 [744-1142] 790 [497-1099] 985 [685-1303]  <.001 .001 749  <.001
Remodeling index 1.4 [1.3-1.6] 1.4 [1.2-1.5] 1.3 [1.2-1.5] <.001 <.001 <.001 .530
Diameter stenosis, % 55 [39-71] 31 [18-50] 45 [24-66] <.001 <.001 .001 .001
Area stenosis, % 82 [62-92] 52 [32-75] 69 [40-89] <.001 <.001 <.001 <.001
Total plaque volume, mm? 241 [148-380] 125 [50-221] 176 [75-348] <.001 <.001 <.001 <.001
NCPV, mm? 128 [77-200] 67 [34-112] 106 [44-200] <001  <.001 031  <.001
CPV, mm?> 89 [31-197] 38 [10-104] 44 [8-137] <001 <001  <.001 922
PAV, % 21 [13-31] 14 [6-24] 16 [7-27] <.001 <.001 <.001 .623
Percent NCPV, % 11 [7-16] 7 [4-13] 9 [6-16] <001  <.001 011 134
Percent CPV, % 8 [3-16] 4 [1-10] 4 [1-11] <.001 <.001 <.001 1.000
Low attenuation plaque, n(%) 125 (45) 45 (21) 73 (34) <.001 <.001 .079 .009

Values are n (%) or median [interquartile range].

AI-QCT, artificial intelligence-guided quantitative computed tomography; LAD, left descending artery; LCX, left circumflex artery;
RCA, right coronary artery; NCPV, non-calcified plaque volume; CPV, calcified plaque volume. For pairwise comparisons, P-values
were adjusted using the Dunn’s correction for multiple tests or the Bonferroni correction to control for multiple comparisons.

index, and all measures of plaque burden were
significantly associated with ischemia in all ves-
sels in univariable analyses. In multivariable
analysis 1, when PAV was included as a measure
of total plaque burden, stenosis severity and PAV
were both associated with ischemia in all three
main coronary arteries, whereas remodeling in-
dex was not. In multivariable analysis 2, when
percent NCPV and CPV where included in the
analysis (instead of total plaque), stenosis degree
and percent NCPV were associated with ischemia

in all three vessels. In addition, percent CPV was
independently associated with ischemia in the
RCA, but not in the LAD or LCX. Presence of low-
attenuation plaque was not associated with
ischemia in any of the vessels in the multivari-
able analyses.

For each coronary artery, a receiver operating
characteristic (ROC) curve for prediction of
myocardial ischemia based on vessel diameter
stenosis and the estimated probability of
ischemia as a function of diameter stenosis is
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Table 5. Univariable and multivariable logistic regression analysis to identify AI-QCT parameters associated with the
presence of myocardial ischemia. Multivariable regression analysis 1 includes percentages of total plaque volume (PAV%)
and multivariable regression analysis 2 includes percentages of subcomponents of plaque volumes (NCPV% and CPV%)
Univariable analysis Multivariable analysis 1 Multivariable analysis 2
Odds 95% CI P-value Odds 95% CI  P-value VIF Odds 95%CI  P-value VIF
ratio ratio ratio
LAD
Remodeling index 1.32 1.22-1.43 <.001 1.09 1.00-1.20 .060 145 1.08 .99-1.19 .097 1.50
Diameter stenosis, % 1.04 1.03-1.05 <.001 1.03 1.02-1.04 <.001 1.84 1.02 1.01-1.03 <.001 1.98
Area stenosis, % 1.04 1.03-1.04 <.001 = = = = = = = =
Total plaque volume, mm? 1.004 1.003-1.005 <.001 = = = = = = = =
NCPV, mm? 1.007 1.006-1.009 <.001 = = = = = = = =
CPV, mm?> 1.004 1.003-1.006 <.001 = = = = = = = =
Percent atheroma volume, % 1.08 1.06-1.09 <.001 1.03 1.01-1.05 <.001 2.14 - - - —
Percent NCPV, % 1.16  1.12-1.19 <.001 = = = - 1.07 1.03-1.11 .001 2.19
Percent CPV, % 1.07 1.05-1.09 <.001 = = = - 1.02 1.00-1.05 .052 1.47
Presence of low attenuation 2.17 2.17-4.04 <.001 1.38 .97-1.98 .074 123 1.22 .83-1.79 .308 1.40
plaque
LCX
Remodeling index 1.24 1.15-1.33 <.001 1.00 .91-1.10 .982 1.74 1.00 .90-1.10 .942 1.75
Diameter stenosis, % 1.04 1.03-1.05 <.001 1.03 1.02-1.04 <.001 1.97 1.02 1.01-1.04 <.001 2.07
Area stenosis, % 1.03 1.02-1.03 <.001 — — - — - — — —
Total plaque volume, mm? 1.01 1.003-1.006 <.001 = = = = = = = =
NCPV, mm? 1.01  1.006-1.011 <.001 - - - - - - - -
CPV, mm?> 1.01 1.005-1.010 <.001 = = = = = = = =
Percent atheroma volume, % 1.07  1.05-1.08 <.001 1.03 1.01-1.06 .003 2.36 = = = =
Percent NCPV, % 1.13  1.09-1.16 <.001 = = = - 105 1.01-1.10 .014 2.34
Percent CPV, % 1.08 1.06-1.11 <.001 = = = - 1.02 1.00-1.05 .112 1.62
Presence of low attenuation 1.85 1.23-2.77 .003 .90 .57-1.43 .657 1.14 85 .53-1.37 .501 1.20
plaque
RCA
Remodeling index 1.37 1.25-1.50 <.001 91 .80-1.04 .180 1.95 .91 .80-1.04 178 1.97
Diameter stenosis, % 1.04 1.03-1.05 <.001 1.03 1.02-1.03 <.001 2.04 1.02 1.02-1.03 <.001 2.21
Area stenosis, % 1.03 1.02-1.04 <.001 — — - — - — — —
Total plaque volume, mm? 1.004 1.003-1.005 <.001 = = = = = = = =
NCPV, mm? 1.01 1.004-1.008 <.001 = = = = = = = =
CPV, mm? 1.01  1.004-1.007 <.001 = = = = = = = =
Percent atheroma volume, % 1.08 1.06-1.10 <.001 1.05 1.03-1.07 <.001 2.46 = = = =
Percent NCPV, % 1.14 1.11-1.17 <.001 = = = - 1.05 1.01-1.10 .017 2.87
Percent CPV, % 1.10 1.07-1.13 <.001 = = = - 1.05 1.02-1.08 .001 1.49
Presence of low attenuation 3.21 2.21-4.67 <.001 1.36 .87-2.13 .179 1.26 135 .84-2.17 .218 1.40
plaque

AI-QCT, artificial intelligence-guided quantitative computed tomography; CI, confidence interval; VIF, variance inflation factor;
LAD, left descending artery; LCX, left circumflex artery; RCA, right coronary artery; NCPV, non-calcified plaque volume; CPV,

calcified plaque volume.

shown in Figure 4. The performance of diameter
stenosis for prediction of ischemia did not differ
between the vessels (AUC .73 for LAD,
AUC = .70 for LCX, and AUC = .74 for RCA; ns
between all). The modeled diameter stenosis de-
gree (95% CI) to have 50% probability of ischemia
was 63% (58%-68%) for the LAD, 57% (50%-66%) for
the LCX, and 59% (53%-66%) for the RCA (ns be-
tween all).

Figure 5 shows ROC curves for prediction of
myocardial ischemia based on vessel PAV and the
estimated probability of ischemia as a function of
PAV from logistic regression. The performance of

PAV in prediction of ischemia did not differ be-
tween the vessels (AUC = .72 for the LAD,
AUC = .70 for the LCX, and AUC = .73 for the RCA;
ns between all). The modeled PAV (95% CI) to
have 50% probability of ischemia was 26.5%
(24.0%-29.6%) for the LAD, 28.5% (24.7%-34.2%) for
the LCX and 24.0% (21.1%-27.7%) for the RCA (ns
between all).

Supplemental Table 1 shows a comparison of
the performance of vessel diameter stenosis and
the plaque burden measures in prediction of
myocardial ischemia in the three main coronary
arteries. In terms of AUC, adding PAV on top of
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Vessel-specific stenosis and plaque burden in ischemia

diameter stenosis improved the discrimination
for ischemia in all the main coronary arteries (for
the LAD .73 [.70-.77] vs .75 [.72-.79], P = .005; for
the LCX .70 [.66-.74] vs .72 [.68-.76], P = .040; and
for the RCA .74 [.70-.78] vs .76 [.72-.80], P = .006).

Adding NCPV or CPV on top of diameter ste-
nosis improved the discrimination for ischemia
in the LAD and RCA, but not in the LCX (see
Supplemental Table 1 for details).

Supplemental Table 2 shows that there were no
significant differences between the three coro-
nary arteries in the performance of the diameter
stenosis or plaque burden measures to predict
myocardial ischemia (not significant between all).

DISCUSSION

In this cohort of symptomatic patients undergo-
ing coronary CTA and PET MPI for suspected CAD,
we assessed and compared the atherosclerotic
burden and phenotype of the major epicardial
coronary arteries supplying ischemic myocardial
territories.

The main findings of this study are:

1) The stenosis severity and atherosclerotic
burden are higher in the LAD as compared to
the other coronary arteries, even when
normalized for vessel size. This is also true for
vessels supplying ischemic territories, where
the severity of luminal narrowing is clearly
lower in the LCX, followed by the RCA, as
compared to the LAD.

2) As expected, the main epicardial coronary
arteries supplying ischemic myocardial terri-
tories have more advanced atherosclerosis
than those supplying nonischemic territories.
However, there are still many vessels supply-
ing ischemic territories with relatively low
stenosis degree and plaque burden; this was
especially true for the LCX and the RCA.

3) Both coronary artery luminal narrowing and
plaque burden, the latter mainly driven by
noncalcified plaque, are independent pre-
dictors of myocardial ischemia, without major
differences between the three vessels.

The strength of the current study is the
detailed, quantitative plaque analysis on a vessel
level that complements the previous paper by Bax
et al. [6] by now adding objective quantitative
ischemia assessment by PET MPI. Similar to the
findings by Bax et al., we found that atheroscle-
rotic burden significantly differs between the
coronary arteries, with the highest degree of
stenosis and plaque burden observed in the LAD.
In contrast, plaque burden in the LCX and RCA
was comparable with each other when normal-
ized to the vessel volume in the current study.
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However, Bax et al. reported more calcified pla-
que in the LCX as compared to the LAD and RCA,
whereas low-density plaque was more prevalent
in the LAD and RCA [6]. In our cohort, however, all
the different plaque types were most prevalent in
the LAD. These different findings between the
studies could be possibly be explained by differ-
ences in patient selection; patients included in
our study might have more advanced CAD
because only patients with suspected obstructive
stenosis on CTA were referred to downstream
ischemia testing by PET.

In the present study, the LAD demonstrated a
higher plaque burden and greater degree of ste-
nosis compared to the other coronary vessels,
and this was true among both ischemic and
nonischemic myocardial territories. This likely
accounts for the absence of significant vessel-
specific differences in the association between
atherosclerotic plaque characteristics and
myocardial ischemia observed in the logistic
regression analyses, despite regional variation in
plaque features. This is illustrated by the sigmoid
curves (Figures 4 and 5) showing that a compa-
rable degree of stenosis (ranging from 57%-63%)
or plaque burden (PAV ranging from 24.0%-28.5%)
for different vessels is needed to have 50% prob-
ability of vessel-specific ischemia. Interestingly,
based on our comparison of AUCs (Supplemental
Table 1), it seems that PAV performs equally to
diameter stenosis in discrimination for ischemia,
and this was true for all the main coronary ar-
teries. More surprising is the observation that
many patients had relatively low degree of ste-
nosis and low PAV in the LCX and the RCA, both
in vessels supplying ischemic as well as non-
ischemic territories. It is well known that the
vessel stenosis degree has a relatively low pre-
dictive value for ischemia [20—22]. Previous evi-
dence suggests [23] that in single-vessel
obstructive CAD, nonobstructive “remote” coro-
nary arteries may also have impaired myocardial
perfusion. Moreover, a prior study from our cen-
ter [24] demonstrated that coronary microvas-
cular dysfunction often coexists with obstructive
CAD. Therefore, coronary microvascular
dysfunction or otherwise impaired vasodilating
capability might partly explain our observations
of myocardial ischemia in coronary arteries with
relatively low stenosis degree.

Given that the LAD is more commonly affected
by atherosclerotic disease [6], the higher plaque
burden and stenosis observed in the LAD likely
reflects both the natural history of CAD and the
clinical referral process for further imaging. This
may have contributed to the greater representa-
tion of LAD disease in our cohort and should be
considered when interpreting vessel-level
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comparisons. While several possible explana-
tions have been proposed for the differences in
the development of atherosclerosis between the
main coronary arteries (e.g. local hemodynamic
forces and differences in wall shear stress [25,26])
the relationship between coronary artery stenosis
degree and myocardial ischemia remains imper-
fectly understood. More accurate measures of
stenosis severity, e.g. minimal lumen diameter
and area, have not been able to strengthen the
relation between stenosis and ischemia [27].
Apparently, other geometric variables besides
lumen narrowing have impact on coronary blood
flow, e.g. plaque length and volume [28,29];
however, this was not tested in the current work.
More recently, plaque burden, plaque character-
istics, and positive remodeling have been re-
ported to be predictive of ischemia [3]. However,
none of these features are able to explain our
findings of ischemia with lower stenosis degree in
the LCX and the RCA regions as compared to the
LAD. Other pathophysiological mechanisms for
ischemia have been proposed. Inflammation,
local endothelial dysfunction, and altered shear
stress patterns could possibly explain ischemia in
the early stage of atherosclerosis [3], but if those
mechanisms differ between the main coronary
arteries remains to be studied.

If applying the standard criterion for significant
luminal narrowing (i.e. 50%), we would expect a
low sensitivity for detection of ischemia, espe-
cially in the LCX and RCA (see Figure 2). Choosing
an optimal cut-off value for diameter stenosis or
PAV to predict myocardial ischemia seems not
easy, as there is a significant overlap in the ste-
nosis degree and PAV in vessels supplying
ischemic and nonischemic regions. This is also
reflected by the relatively flat shape of the ROC
curves shown in our study (Figures 4 and 5).
Combining quantitative measures of stenosis
degree and plaque could possibly improve the
diagnostic accuracy. In an earlier study, we re-
ported that the addition of AI-QCT quantitative
measures of PAV and NCPV to the degree of ste-
nosis improved the detection of ischemic CAD on
a patient level [10].

In a selected cohort of 192 patients with at least
one vessel with >50% diameter stenosis, Bel-
monte et al. investigated vessel-specific
morphological plaque features as predictors of
ischemia as defined by positive invasive frac-
tional flow reserve (FFR) and reported that the
combination of coronary artery stenosis severity
and vessel-specific morphological plaque fea-
tures from coronary CTA significantly increased
the predictive performance for vessel-specific
ischemia compared to diameter stenosis alone
[30]. Similar to Belmonte et al. we noted that the
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coronary plaque characteristics, in addition to
luminal narrowing, provide incremental predic-
tive value for ischemia in all main vessels. In our
study stenosis degree, PAV, and percent NCPV
were independent predictors of ischemia in all
three main coronary arteries. Adding PAV on top
of diameter stenosis improved the discrimination
for ischemia in all the main coronary arteries,
whereas adding NCPV on top of diameter stenosis
improved the discrimination for ischemia in the
LAD and RCA, but not in the LCX. Calcified plaque
measures seem to perform less well as predictor
of ischemia both at a per-patient level (previous
study [10]) and at a per-vessel level (current study
and Belmonte et al. [30]).

Even though our cohort was selected based on
the presence of at least one visually suspected
obstructive stenosis on CTA, our analysis still
covers a wide range of stenosis severities,
including also nonobstructive vessels. This can be
seen as a strength of our study, e.g. as compared
with the study by Belmonte et al., where func-
tional assessment (i.e. invasive FFR) was
restricted to obstructive vessels, whereas our use
of PET allows for assessment of ischemia in all
vessels. This broader coverage (i.e. less selection)
enables a more comprehensive evaluation of the
relationship between plaque features and perfu-
sion, including vessels that might otherwise be
overlooked.

Driessen et al. also evaluated the association
between quantitative plaque measures and
myocardial perfusion [31] on a vessel level,
although they did not compare the findings be-
tween the different coronary arteries. Similar to
our findings, they reported that NCPVs were
associated with impaired MBF independently of
stenosis severity. Driessen et al. reported that
positive remodeling also was an independent
predictor of ischemia; however, in the current
study we could not reproduce this as a vessel-
specific determinant of ischemia.

Our findings are in line with several earlier
studies showing that coronary plaque parame-
ters, such as total plaque volume and percent
atheroma volume, are predictors of myocardial
ischemia [31-34]. By integrating several coronary
atherosclerosis and vascular morphology char-
acteristics, a newly developed AI-QCTiscurmia al-
gorithm was able to diagnose coronary ischemia
accurately both at a per-patient and a per-vessel
level [35].

Limitations

This was a single-center, observational study
with the limitations of a retrospective setting.
The study population represents symptomatic
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patients, of whom those with at least one visually
obstructive stenosis on coronary CTA were
referred for downstream PET perfusion imaging
[1], aiming at identification of hemodynamically
significant (ischemic) epicardial CAD rather than
coronary microvascular dysfunction. A potential
limitation of our study is the presence of referral
bias, as patients were selected for PET MPI based
on findings from coronary CTA, often in the
context of suspected or visually identified
obstructive CAD. As a result, the interaction be-
tween nonobstructive CAD and myocardial
ischemia could not be fully assessed based on our
study. Despite this selection, the patients in the
study had a broad range of coronary artery ste-
nosis degrees according to the AI-QCT results.

A limitation of this study is the use of standard
coronary artery territories for assigning myocar-
dial perfusion defects, although we adjusted for
coronary dominance. Detailed vessel-to-territory
matching based on hybrid or fusion imaging
was not feasible, as such data were not available.
This may have led to misassignment of ischemic
regions, particularly in the LCX and RCA terri-
tories [36]. Although patients with known prior
MI, PCI, or CABG were not included, the presence
of unrecognized previous MI cannot be entirely
excluded and may have contributed to reduced
stress perfusion in some myocardial regions,
including areas with total occlusions. No infor-
mation on vessel territory size/myocardial mass
supplied was available.

We classified myocardial territories as ischemic
or nonischemic based on the previously validated
binary cut-off of 2.3 mL ming™ [37] but did not
account for the extent or severity of ischemic
burden. Future studies should explore the rela-
tionship between plaque characteristics and
ischemic burden, as this may offer deeper func-
tional insights into the impact of plaque features.
Incorporating measures of ischemic burden could
help clarify the clinical relevance of the observed
anatomical differences. Another limitation is the
potential discrepancy between visual CTA
assessment, broadly used for clinical decision-
making and the AI-QCT-derived measurements
used in our study. However, a recent study sug-
gested that AI-QCT can outperform clinical visual
CTA reading when benchmarked against invasive
quantitative coronary angiography [13]. More-
over, due to the lack of detailed visual grading, we
were unable to reclassify patients by, e.g. visual
CAD-RADS categories. Importantly, our models
included stenosis degree as a continuous vari-
able, preserving its statistical power and there-
fore reducing the risk of artificially inflating the
importance of other plaque features. However, in
a sensitivity analysis using the visual
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classification of coronary stenosis (obstructive vs
nonobstructive) instead of percent diameter ste-
nosis from AI-QCT, the plaque parameters
remained independently associated with
ischemia (Supplemental Table 3).

New knowledge gained and clinical implications

Among coronary arteries supplying ischemic
myocardial territories, the LAD shows more
advanced atherosclerosis, whereas many LCX
and RCA vessels have relatively low degree of
stenosis and low plaque burden. Therefore, if
applying the standard criterion for significant
luminal narrowing (50%), we would expect a low
sensitivity for detection of ischemia, especially in
the LCX and RCA. Plaque burden seems to
perform equally to diameter stenosis degree in
discrimination for ischemia.

CONCLUSIONS

In all the three main coronary arteries, both
luminal narrowing and plaque burden, mainly
driven by noncalcified plaque, are independent
predictors of myocardial ischemia. The degree of
stenosis and atherosclerotic burden are signifi-
cantly higher in LAD as compared to the LCX and
RCA, both in epicardial coronary arteries supply-
ing nonischemic or ischemic myocardial terri-
tories. However, many vessels supplying
ischemic territories have relatively low stenosis
degree and plaque burden, especially in the LCX
and RCA, limiting the ability of diameter stenosis
and PAV to predict myocardial ischemia.
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