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BACKGROUND: Coronary plaque features are imaging biomarkers of cardiovascular risk, but less is known about sex-specific
patterns in their prognostic value. This study aimed to define sex differences in the coronary atherosclerotic phenotypes
assessed by artificial intelligence—based quantitative computed tomography (Al-QCT) and the associated risk of major
adverse cardiovascular events (MACEs).

METHODS: Global multicenter registry including symptomatic patients with suspicion of coronary artery disease referred for
coronary computed tomography angiography. Al-QCT analyzed 16 coronary artery disease features. The primary end point
was MACE defined as death, myocardial infarction, late revascularization, cerebrovascular events, unstable angina, and
congestive heart failure.

RESULTS: Among 3551 patients (mean age, 59112 years; 49.5% women), MACE occurred in 3.2% of women and 6.1% of
men during an average follow-up of 4.8+2.2 years. The AI-QCT features total plaque volume, noncalcified plaque, calcified
plaque, and percentage atheroma volume were significantly higher in men (P<0.001), and high-risk plaques were more
prevalent (9.2% versus 2.5%; £<0.0001). Independent of age and cardiovascular risk factors, the Al-QCT-derived features
of total plaque volume, noncalcified plaque, calcified plaque, and percentage atheroma volume conferred a higher relative
risk of MACE in women than men. For every 50-mm? increase in total plaque volume, relative risk increased by 17.7% (95%
Cl, 1.12-1.24) in women versus 5.3% (95% Cl, 1.03-1.07) in men (F’imacﬁon<0.001); for noncalcified plaque, relative risk
increased by 27.1% (95% ClI, 1.17-1.38) versus 11.6% (95% Cl, 1.08-1.15; P =0.0015); and for calcified plaque,
relative risk increased by 22.9% (95% Cl, 1.14-1.33) versus 5.4% (95% ClI, 1.01-1.10; P, =0.0012), respectively.
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Similarly, for percentage atheroma volume, the risk was higher in women. The findings remained unchanged when restricted
to a secondary composite end point (death and myocardial infarction).

CONCLUSIONS: The AI-QCT plaque features, total plaque volume, noncalcified plaque, calcified plaque, and percentage
atheroma volume, conferred a higher relative MACE risk in women and may prompt more aggressive antiatherosclerotic
therapy and reinforced preventive interventions.

REGISTRATION: URL: https://www.clinicaltrials.gov; Unique identifier: NCT04279496.
GRAPHICAL ABSTRACT: A graphical abstract is available for this article.

Key Words: artificial intelligence ® atherosclerosis ® computed tomography ® computed tomography angiography ® coronary artery disease
® women's health

See Editorial by Shaw and Lin

CLINICAL PERSPECTIVE

The artificial intelligence—based quantitative com-
puted tomography plaque features, total plaque
volume, noncalcified plaque, calcified plaque, and
percentage atheroma volume, conferred a higher rela-
tive major adverse cardiovascular event risk in women
and may prompt more aggressive antiatheroscle-
rotic therapy and reinforced preventive interventions
in women with high plague burden. Artificial intel-
ligence—based quantitative computed tomography
plaque features should be integrated into existing risk
scores to enhance their accuracy. Risk stratification
based on artificial intelligence—based quantitative
computed tomography may need to be sex-specific.

Nonstandard Abbreviations and Acronyms

Al-QCT artificial intelligence—based quantitative
computed tomography

AUC area under the curve

CAD coronary artery disease

CCTA coronary computed tomography
angiography

c-LDL c-low-density lipoprotein

CP calcified plaque

CVRF cardiovascular risk factor

DF Diamond and Forrester

DS diameter stenosis

HR hazard ratio

HRP high-risk plaque

HU Hounsfield Units

MACE major adverse cardiovascular event

Mmi myocardial infarction

NCP noncalcified plague

PAV percentage atheroma volume

TPV total plaque volume
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of death among women globally, affecting over 60

million women in the United States alone.! Remark-
ably, CAD is responsible for more deaths in women
than in men (43% versus 38%).! Women are currently
underdiagnosed and undertreated for CAD.2® Therefore,
early identification of women at risk and timely imple-
mentation of preventive strategies hold the potential to
reduce CAD-related mortality and morbidity. However,
CAD exhibits profound sex-based differences in clinical
presentation,* incidence, and outcomes? underscoring
the need for a tailored approach to diagnosis and man-
agement. In women, CAD generally manifests approxi-
mately a decade later than in men due to the protective
effects of estrogen.® Despite this delayed onset, women
with CAD frequently experience worse outcomes,?
which are particularly worse among young women (<55
years).® Furthermore, women more often present with
diffuse, nonobstructive disease? and have different coro-
nary artery calcium patterns” and lower low-attenuation
plague volumes? reflecting sex-specific vulnerabilities
that warrant further investigations.

An important diagnostic imaging strategy in patients
with suspected CAD is coronary computed tomography
angiography (CCTA),° which provides high-resolution
imaging of the coronary vasculature, enabling detailed
assessment of atherosclerosis. Novel artificial intelli-
gence—based quantitative computed tomography (Al-
QCT)''2 gllows for an even more nuanced noninvasive
plaque characteristic analysis by enabling an automated
quantification of total plaque volumes (TPVs),'® noncal-
cified plaque (NCP) and calcified plaque (CP) volumes,
and high-risk plaque (HRP) features.'®'* Thus, AI-QCT
offers the potential to enhance diagnostic precision, with
the potential for refining risk prediction and stratification
in women, with commercially available technology.

Therefore, in this study, we aimed to define sex dif-
ferences in CAD features using Al-QCT for predicting
major adverse cardiovascular events (MACEs) in symp-
tomatic patients without prior CAD, utilizing data from the

COronary artery disease (CAD) is the leading cause
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Quantitative Coronary Computed Tomography Angiogra-
phy Evaluation for Evaluation of Clinical Outcomes: an
International, Multicenter Registry.

METHODS

Study Design and Population

The Quantitative Coronary Computed Tomography Angiography
Evaluation for Evaluation of Clinical Outcomes: an International,
Multicenter Registry is an ongoing multicenter, international,
observational cohort study, in which details of the study design
have been published previously.'® Participating sites retrospec-
tively included sequential patients with a clinically indicated
CCTA of >64-detector rows. Exclusion criteria for enroliment
were age <18 years, absence of CCTA data, or follow-up infor-
mation for clinical events, pregnancy, or a noncardiac illness
with life expectancy <2 years. For this analysis, we included
symptomatic patients (defined as either atypical or typical chest
pain, nonspecific chest pain, dyspnea, palpitations, syncope, or
other nonspecific symptoms possibly of cardiac origin), without
a prior history of CAD (defined as a prior myocardial infarc-
tion [MI], prior percutaneous coronary intervention, coronary
artery bypass grafting, or known >60% stenosis on invasive
coronary angiography), who had at least 3-year follow-up for
clinical events and who underwent CCTA for the evaluation of
CAD. The study was approved by the institutional review board
of each participating site, and subjects gave written informed
consent (unless waived by each individual institutional review
board due to the retrospective study design).

Data Availability Statement
Data will not be shared publicly.

Study End Points

Primary end point was MACE, defined by the occurrence of any
of the following events: all-cause death; myocardial Infarction,
defined in accordance with the Universal Definition of
Myocardial Infarction'; cerebrovascular accident, defined as a
neurological deficit lasting 224 hours or lasting <24 hours with
a brain imaging study showing infarction; late coronary revas-
cularization, defined as revascularization 290 days following
the index diagnostic test; and unstable angina, defined as hos-
pitalization for signs or symptoms of unstable angina. Unstable
angina was defined as (1) rest angina, (2) new-onset angina
(<2 months), or (3) increasing angina (in intensity, duration,
and frequency) and congestive heart failure according to the
Framingham Heart Study criteria. All events were adjudicated
by a Clinical Events Committee and verified by clinical reports
from the individual sites. Secondary end point was death and
MI. Time to event was defined as the duration from the baseline
CCTA to an event or last follow-up; 0% of patients were cen-
sored at 2.75 years at both baseline CCTA and 8% before 3
years. For analysis purposes, follow-up data are truncated at 3
years because this was the minimum required follow-up.

Al-QCT Analysis

Artificial intelligence—enabled technology (Cleerly, Inc, Denver)
was applied to analyze the CCTA images.'” This US Food and

Circ Cardiovasc Imaging. 2025;18:¢01823b6. DOI: 10.1161/CIRCIMAGING.125.018235
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Drug Administration—cleared software service utilizes multiple vali-
dated convolutional neural networks for image quality assurance,
coronary artery vessel segmentation and labeling, luminal wall and
vessel contour definition, and plaque volume quantification and
characterization based on their computed tomography attenuation
(Hounsfield Units [HU]). Prior validation of this AI-QCT technology
has been conducted.’®?" The algorithm selects the series with the
best image quality for CCTA analysis on a per-vessel basis. Finally,
a trained radiological technologist provides a quality assurance
overview of the artificial intelligence analysis.

Coronary segments with a diameter >1.5 mm were included
using the modified 18-segment Society of Cardiovascular
Computed Tomography model?> Coronary percentage ste-
nosis was classified on a per-vessel basis as per Society of
Cardiovascular Computed Tomography guidelines and catego-
rized by the CAD Reporting and Data System.?®

Al-QCT Coronary Plaque Features

Each coronary segment was evaluated for the presence of plaque,
defined as any tissue structure >1 mm? within the coronary artery
wall that was differentiated from the surrounding epicardial fat
or the vessel lumen itself. TPV (mm?) was defined as the sum of
all plaque volumes calculated for each coronary lesion among all
vessels (left main, left anterior descending, circumflex, right coro-
nary artery, and side branches). Noncalcified plaque (NCP) was
defined as lesion with a computed tomography density between
30 and +350 HU and CP above >350 HU.>* Low-attenuation
plaque was defined as a plaque with a computed tomography
density <30 HU and a volume of >2 mm3.'® Percentage atheroma
volume (PAV) was normalized to the total per-patient vessel vol-
ume to account for the variation in coronary artery volume and
calculated as plaque volume/vessel volumex100%.2° Positive
arterial remodeling was calculated by examining the lesion diam-
eter divided by the normal reference diameter and defined as a
ratio >1.1.26 HRP was defined as defined as coronary lesions with
the presence of both 2 features: low-attenuation plagque <30 HU
and positive remodeling. When poor image quality was present
due to motion artifacts, low contrast intravascular attenuation,
beam hardening, or other artifacts, only the part of the coronary
artery with poor quality was excluded from the analysis.

Al-QCT Extent of Vessel Disease

Because a high number of patients have small volumes of ath-
erosclerosis, nonobstructive disease was defined as >16 mm?
of plague volume. None/minimal disease was defined as <16
mm? of plaque volume.'® One, 2, and 3 vessels or left main
disease were differentiated. Obstructive disease was defined
as >b0% stenosis.

Clinical Data Collection

Cardiovascular risk factors (CVRFs) were collected according to
standardized definitions as described in the study protocol'™ and
retrieved from the electronic medical record baseline before the
CCTA. Systemic arterial hypertension was defined as a blood pres-
sure of 2140/90 mm Hg, a documented history of hypertension, or
current treatment with antihypertensive medications. Diabetes was
defined by a prior physician diagnosis and the use of insulin or oral
hypoglycemic agents. Dyslipidemia was defined as either untreated
dyslipidemia or current lipid-lowering medication. Smoking history
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was classified as positive if the patient was a current smoker or had
quit smoking within 3 months. Family history of CAD was based
on patient self-report. Symptom presentations were categorized as
follows: typical chest pain, atypical chest pain, noncardiac pain, dys-
pnea, palpitations, syncope, other, or asymptomatic. The Diamond
and Forrester (DF) pretest probability was calculated?” and the ath-
erosclerotic cardiovascular disease risk (ASCVD) score (2013).28
Data management including documentation was performed by
e-case report form through a secure Web portal (RedCap), with
consistency and validation checks within the electronic data cap-
ture system. Primary data collection based on source-documented
hospital and clinic chart reviews was performed.

Statistical Analysis

It was performed with SAS 9.4 (SAS Institute, Inc, Cary, NC).
Continuous variables were assessed for normality by the
Shapiro-Wilk test. Normally distributed variables are presented
as meanxSD, and nonnormally distributed variables are pre-
sented as median and interquartile range. Categorical variables
are expressed as absolute numbers and percentages.

Univariate regression analysis was performed to evaluate
potential predictors of MACE for all coronary Al-QCT features,
and demographic and baseline clinical variables, such as CVRF
and comorbidities, split for men and women. Multivariate Cox
proportional hazard regression models were calculated and
adjusted for age and the CVRFs, for all AI-QCT features (TPV,
NCP, CP, and PAV) separately.

Receiver operating characteristic curves were generated
for CVRFs, DF, and Al-QCT parameters and combined models
(CVRF+AI-QCT features) to evaluate their discriminatory abil-
ity in predicting clinical outcomes, including the use of the c-
statistic, in both men and women, and sex differences were
tested. The same receiver operating characteristic curve mod-
els were repeated for DF instead of CVRF.

For the evaluation of the absolute differences in risk of
MACE at 3 years based on the level of NCP volume, a model
was fit using logistic regression. The model included covari-
ates for NCP, sex, and the interaction of the 2. The results are
plotted as 2 lines with 95% CI showing the resulting predicted
probabilities of MACE for men and women by NCP volumes.

RESULTS
Demographics

This analysis included 4163 symptomatic patients from
18 centers across 11 countries, recruited between 2018
and 2022. After excluding 288 asymptomatic patients,
322 patients with a prior CAD history, and 2 patients
with incomplete clinical information, the final cohort
comprised 3551 patients of which 49.5% were women
(Table 1). The majority of women (77.7%) and men
(80.5%) were White. Body mass index and most major
CVRF were comparable between the sexes. Women
presented more often with atypical chest pain (39.5%
versus 35.7%; P=0.019), while other symptoms were
comparable between sexes. There were no significant
sex differences in rates of heart failure, atrial fibrillation,
or peripheral arterial disease, and the overall prevalence

International Multicenter Study CONFIRM2

Table 1. Demographics/Risk Factors
Women, 1759 | Men, 1792
(49.5%) (50.5%) P value
Age, y <0.0001*
Median (Q1-Q3) 61.00 58.00
(52.00-69.00) | (49.00-66.00)
Min—-max (18.95-97.00) | (18.00-98.00)
Race 0.003*
White 1367 (77.7%) 1442 (80.5%)
Black 110 (6.3%) 64 (3.6%)
Asian 61 (3.5%) 62 (3.5%)
Other 221 (12.6%) 224 (12.5%)
Ethnicity 0.001*
Hispanic or Latino 191 (10.9%) 128 (7.1%)
Not Hispanic or Latino 1068 (60.7%) | 1080 (60.3%)
Missing 500 (28.4%) 584 (32.6%)
Body mass index, kg/m? <0.0001*
Median (Q1-Q3) 26.57 27.38
(28.44-30.85) | (24.80-30.76)
CVRF
Smoking 220 (12.5%) 278 (15.5%) 0.006*
Diabetes 266 (15.1%) 264 (14.7%) 0.744
Hypertension 971 (55.2%) 958 (53.5%) 0.301
Dyslipidemia 825 (46.9%) 473 (26.4%) 0.138
Family history positive 541 (30.8%) 278 ((15.5%) 0.004*
for CAD
Comorbidities
Atrial fibrillation 121 (6.9%) 162 (9.0%) 0.006*
Heart failure 96 (5.5%) 103 (5.7%) 0.710
Peripheral artery disease | 35 (2.0%) 29 (1.6%) 0.598
Conventional risk scores
ASCVD score <0.0001*
n (available) 632 677
Median (Q1-Q3) 6.89 11.25
(2.77-14.94) | (5.39-21.47)
Diamond and Forrester <0.0001*
Low 788 (44.8%) 163 (9.1%)
Medium 808 (45.9%) 1306 (72.9%)
High 163 (9.3%) 323 (18.09%)
Symptomst
Typical angina 320 (18.2%) 358 (20.0%) 0.176
Atypical angina 695 (39.5%) 640 (35.7%) 0.019*
Noncardiac chest pain 287 (16.3%) 303 (16.9%) 0.635
Dyspnea 387 (22.0%) 366 (20.4%) 0.250
Palpitations 105 (6.0%) 97 (5.4%) 0.474
Syncope 34 (1.9%) 33 (1.8%) 0.841
Other symptoms 306 (17.4%) 269 (15.0%) 0.054
Medication
Any statin 684 (38.9%) 792 (44.2%) 0.320
Statin type 0.460
High intensity (=40- 115 (6.5%) 133 (7.4%)
mg atorvastatin or
>20-mg rosuvastatin)
(Continued)
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Table 1. Continued

Women, 1759
(49.5%)

Men, 1792

(50.5%) P value

Low-to-moderate 467 (26.5%) 522 (29.1%)

intensity (all others)

Yes (unspecified 102 (5.8%) 137 (7.6%)
drug/dosage)
No 348 (19.8%) 368 (20.5%)
Missing 727 (41.3%) 632 (35.3%)
Any antiplatelet 77 (4.4%) 92 (5.1%) 0.301

f-blocker 638 (36.3%) 620 (34.6%) 0.124

ACE/ARB inhibitor 547 (31.1%) 607 (33.9%) 0.099

Calcium channel blockers | 297 (16.9%) 271 (15.1%) 0.098

Descriptive/parametric data are presented as mean+SD and as median and
interquartile range. Categorical variables are expressed as absolute numbers and
percentages. ACE indicates angiotensin-converting enzyme; ARB, angiotensin Il
receptor blocker; ASCVD, atherosclerotic cardiovascular disease; CAD, coronary
artery disease; and CVRF, cardiovascular risk factor.

“Statistical significance (P<0.05).

tSymptoms were not mutual.

was low (<100%). Baseline medication usage was com-
parable between sexes (Table 1).

Quantitative Coronary Atherosclerosis
Evaluation by Al-QCT

In general, all AI-QCT plaque features were lower or less
prevalent in women (Table 2), concerning TPV, NCP, CP,
PAV, low-attenuation plaque, HRPF, diameter stenosis
(DS), and extent of vessel disease (<0.001 between
sexes for all variables). The volumes of TPV, NCP, and
CP were by both mean and median approximately half
in women compared with men. Specifically, the rate
of none/minimal CAD was higher in women than in
men (31% versus 19.1%; A<0.0001), and the preva-
lence of HRP was lower in women (2.5% versus 9.2%;
P<0.0001). Obstructive CAD (=50% stenosis) was pres-
ent in 8.8% of women and 20.2% of men (/£<0.0001).

Primary End Point: MACEs

During a mean follow-up duration of 4.8+£2.2 years, the
overall MACE rate was 167 (4.8%) per patient, with a
lower rate in women (3.2%) than men (6.1%; £<0.001).
There were 34 deaths, 24 Mls, 12 cerebrovascular acci-
dents, 23 hospitalizations for congestive heart failure, 17
unstable angina events, and 84 late revascularizations.
There was no significant interaction between age and
sex in predicting MACE ( =0.846).

Pinteracﬂon
Association of Quantitative Coronary
Atherosclerotic Plaque Characteristics as
Assessed by Al-QCT With MACE

Sex (men versus women) was associated with an increased
risk of MACE (hazard ratio [HR], 1.92 [95% ClI, 1.38-2.64];

Circ Cardiovasc Imaging. 2025;18:¢01823b6. DOI: 10.1161/CIRCIMAGING.125.018235
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Table 2. Quantitative Al-QCT Coronary Artery
Disease Characteristics

Women, 1759 Men, 1792
Al-OCT (N=3551) (49.5%) (50.5%) P value
Plaque volumes
Total plaque volume, mm?® <0.0001*

Median (Q1-Q3) 38.20 85.95
(10.80-117.60) | (24.90-269.05)

No. of patients with | 1614 (91.8%) 1687 (94.1%) 0.006*

any plaque
Noncalcified plaque volume, mm?® <0.0001*
Median (Q1-Q3) 28.00 64.40
(9.00-72.10) (21.15-172.35)

No. of patients with | 1613 (91.7%) 1687 (94.1%) 0.004*

any noncalcified

plaque
Calcified plaque volume, mm?® <0.0001*
Median (Q1-Q3) 3.80 11.25
(0.00-32.60) (0.10-78.60)
No. of patients with | 1220 (69.4%) 1357 (75.7%) <0.0001*
any calcified plaque
Percentage atheroma volume, % <0.0001*
Median (Q1-Q3) 1.74 2.85
(0.50-4.76) (0.80-8.81)
High-risk plaque present* | 45 (2.5%) 165 (9.2%) <0.0001*
(LAP+PR)
No. of high-risk plaques* <0.0001*
0 1714 (97.4%) 1627 (90.8%)
1 16 (0.9%) 44 (2.5%)
2 22 (1.3%) 70 (3.9%)
3 5 (0.3%) 32 (1.8%)
>3 2 (0.1%) 19 (1.1%)
Stenosis
Diameter stenosis, % <0.0001*
0% 201 (11.4%) 147 (8.2%)
1%-24% 1028 (58.4%) 868 (48.4%)
250%-49% 374 (21.3%) 416 (23.2%)
50%-69% 92 (5.2%) 191 (10.7%)
70%-99% 39 (2.2%) 107 (6.0%)
100% 25 (1.4%) 63 (3.5%)
Extent of vessel disease <0.0001*

None/minimal (<16 546 (31.0%) 343 (19.1%)

mm? of plaque

volumet)

Nonobstructive 1057 (60.1%) 1088 (60.7%)
(>16 mm® of plaque

volumet)

1V 115 (6.5%) 236 (13.2%)
2V 32 (1.8%) 83 (4.6%)
3VorLM CAD 9 (0.5%) 42 (2.3%)

Al-QCT indicates artificial intelligence—based quantitative computed
tomography; CAD, coronary artery disease; LAF, low-attenuation plaque; LM,
left main; PR, positive remodeling; Q, quartile; Q1-Q3, interquartile range; and
V, vessel.

“‘Defined as LAP >2 mm?® and remodeling index >1.1.

t15-mm?® plaque volume is the lowest quintile of nonobstructive CAD.
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R<0.0001) on univariate regression. All AI-QCT features
were associated with MACE in both men and women, with
generally higher relative risk observed in women (Table 3).
The HR for 50-mm? increase in plaque was significantly
higher in women versus men for TPV of 1.19 (95% Cl|,
1.14-123) versus 1.06 (95% Cl, 1.04-107; P
1:J0.0001), NCP of 1.35 (95% Cl, 1.26—1.45) versus 1.12
(95% CI, 1.08-1.15; P___. <0.0001), and CP of 1.24
(95% CI, 1.17-1.31) versus 1.07 (95% CI, 1.04-1.11;

interacﬁon<O.OOO1). Also, the relative risk associated with
HRP was greater in women: HR, 5.77 versus 2.13 (F’merac_
10, =0:0363). When plaque is adjusted for vessel volume as

done by PAV, similar findings were observed: HR, 1.65 (95%

International Multicenter Study CONFIRM2

Cl, 1.46—1.86) in women versus 1.31 (95% Cl, 1.29-1.41)
inmen (P, =00012). Women within the highest TPV
stage (>750-mm? plaque volume) were at a higher relative
risk than men: HR, 21.8 (95% Cl, 9.62-49.41) versus 4.41
(95% Cl,2.46-788; F__...=0.0018).

Figure 1A shows the stronger association of NCP
with MACE in women and exceeding event rates in

women for NCP above 180 mm?.

Multivariate Analysis

After adjusting for age and CVRF, all AI-QCT features
remained independent predictors of MACE in both sexes

Table 3. Univariate Analysis: CVRFs and Al-QCT Features: Prediction of MACE

Women Men Interaction
HR (95% CI) P value HR (95% CI) P value P value
Age, per 1y 1.08 (1.00-1.05) 0.025* 1.08 (1.01-1.04) <0.001*
Race
Black vs White 0.87 (0.27-2.79) 0.809 0.94 (0.35-2.56) 0.907
Asian vs White 1.04 (0.25-4.28) 0.959 1.21 (0.49-2.97) 0.677
Other vs White 1.30 (0.63-2.67) 0.473 0.39 (0.17-0.90) 0.027*
White vs non-White 0.88 (0.48-1.61) 0.676 1.57 (0.91-2.71) 0.104
Ethnicity
Non-Hispanic or Latino vs Hispanic or Latino 2.47 (0.77-7.98) 0.131 5.16 (1.27-20.96) 0.022*
Body mass index (per 5 units) 1.01 (0.97-1.05) 0.623 1.02 (0.98-1.05) 0.419
CVRF
Smoker vs nonsmoker 1.98 (1.03-3.79) 0.040* 1.41 (0.88-2.25) 0.150
Diabetes vs none 2.88 (1.66-4.99) <0.001* 2.04 (1.33-3.14) 0.001*
Hypertension vs none 1.48 (0.86-2.55) 0.160 2.02 (1.34-3.04) 0.001*
Dyslipidemia vs none 0.95 (0.56-1.60) 0.833 1.65 (1.12-2.44) 0.011*
Family history of CAD vs none 0.80 (0.44-1.44) 0.453 1.24 (0.83-1.86) 0.297
AI-QCT features
TPV (per 50-mm? increase) 1.19 (1.14-1.23) <0.0001* 1.06 (1.04-1.07) <0.0001* <0.0001*
NCP volume (per 50-mm? increase) 1.35 (1.26-1.45) <0.0001* 1.12 (1.08-1.15) <0.0001* <0.0001*
CP volume (per 50-mm? increase) 1.24 (1.17-1.31) <0.0001* 1.07 (1.04-1.11) <0.0001* <0.0001*
Extent of vessel disease
Nonobstructivet vs none/minimal 3.80 (1.34-10.82) 0.012* 4.61 (1.67-12.71) 0.003*
1 VD vs none/minimal 20.29 (6.78-60.69) <0.0001* 11.01 (3.86-31.38) | <0.0001*
2 VDs vs none/minimal 29.24 (8.25-103.61) | <0.0001* 12.33 (3.92-38.71) | <0.0001*
3 VDs or LM CAD vs none/minimal 34.52 (6.32-188.50) | <0.0001* 22.89 (7.18-73.00) | <0.0001*
High-risk plaque present 5.77 (2.62-12.73) <0.0001* 2.13 (1.30-3.50) 0.003* 0.036*
PAV (per 5 unit increase) 1.65 (1.46-1.86) <0.0001* 1.31 (1.22-1.41) <0.0001* 0.001*
CAD staging based on TPV, mm? 0.021*
0 vs >0-250 0.00 (0.00-0.00) 0.983 0.00 (0.00-0.00) 0.978 0.999
>250-750 vs >0-250 4.75 (2.67-8.47) <0.0001* 3.35 (2.24-5.01) <0.0001* 0.331
>750 vs >0-250 21.80 (9.62-49.41) <0.0001* 4.41 (2.46-7.88) <0.0001* 0.002*

All covariates were assessed for collinearity by calculating a variance inflation factor, where collinearity was defined as variance inflation factor (VIF)

>b6.0. CVRFs were identified as diabetes, hypertension, smoking, and dyslipidemia to be consistent with the main paper. Al-QCT indicates artificial
intelligence—based quantitative computed tomography; CAD, coronary artery disease; CP, calcified plaque; CVRF, cardiovascular risk factor; HR, hazard
ratio; LM, left main; MACE, adverse cardiovascular event; NCP, noncalcified plaque; PAV, percentage atheroma volume; TPV, total plaque volume; and

VD, vessel disease.
“Pvalue is significant at 0.05.
1156-mm?® plaque volume is the lowest quintile of nonobstructive CAD.

Circ Cardiovasc Imaging. 2025;18:¢01823b6. DOI: 10.1161/CIRCIMAGING.125.018235

June 2025 468



Gzoz ‘s AInc uo Aq Bio'seulnofeye//:dny wouy papeojumoq

Feuchtner et al

International Multicenter Study CONFIRM2

0.20

0.15

0.10 |

Predicted Probability of Event

0.05 |

0.00 T T T T T T
0 50 100 150 200 250 300 350

NCP

Male

Female

Forest Plot: Hazard Ratios by Plaque Type and Sex
'
1.177
TPV (Women) -| i * 1 1.177 (1.117, 1.241)
'
H Interaction p<.0001
'
1.053
TPV (Men) - |oe 1.053 (1.033, 1.074)
1
1
1
1
! 1
NCP (Women) — 1 %L« 1.271 (1.166, 1.384)
'
'
: Interaction p=0.0015
H 1116
NCP (Men) - ! —— 1.116 (1.080, 1.153)
'
'
! 1.229
CP (Women) - ' v - 1.229 (1.137, 1.330)
1
Interaction p=0.0012
'
'
CP (Men) - ! L 1.054 (1.012, 1.098)
'
T u T T T T T
0.9 1.0 11 1.2 1.3 14 15
Hazard Ratios with 95% CI per 50mm3 of plaque
(Adjusted for age and CV risk factors)

Figure 1. Predicted probability of major adverse cardiovascular event (MACE) in men vs women and forest plot.

A, Predicted probability by noncalcified plaque (NCP) volume. The probability of MACE increased higher for women compared with men, with
an increasing absolute NCP (mm?) above a threshold of 180 mm?. The outer borders delineate the 95% Cls. B, Hazard ratios per 50-mm?
increment artificial intelligence—based quantitative computed tomography plaque volume increase for risk of MACE in women vs men (adjusted
for age and cardiovascular [CV] risk factors). CP indicates calcified plaque (volume); and TPV, total plaque volume.

(Table 4). Similar to the univariate analysis, the plaque
burden metrics conferred higher relative risk in women
than men (Figure 1B).

Specifically, the relative risk increase by 50 mm? of
TPV volume was 17.7% (95% Cl, 1.12-1.24) in women
compared with 5.3% (95% CI, 1.03-1.07) inmen (P,
16:.50.001). Similarly, NCP increased the relative risk by
27.1% (95% Cl, 1.17-1.38) in women compared with
11.6% (95% Cl, 1.08-1.15) in men (P, . =0.0015).
CPincreased the relative risk more pronounced in women
by 22.9% (95% Cl, 1.14-1.33) compared with only
5.4% (95% CI, 1.01-1.10) in men (P,___ . =0.0012). In
contradiction to the plaque burden metrics, DS did not
confer heightened relative risk in women versus men
(P 1acien=0-1900). When NCP and CP were combined
in one model, CP remained predictive in women but not
in men. HRP was not significantly associated with MACE
when adjusted for NCP and CP in both sexes.

Figure 2 shows 2 examples of b5-year-old women
with NCP and HRP by AI-QCT, in whom medical ther-
apy was initiated and who remained event-free, and a
65-year-old woman with high TPV, high CP, NCP, and

PAV who experienced MACE.

Prognostic Accuracy of Quantitative Coronary
Atherosclerotic Plaque Characteristics as
Assessed by Al-OQCT With MACE

In both women and men, adding TPV, NCP, CR, and PAV
to CVRF significantly improved the area under the curve

(AUC; Figure S1). From the combined models of CVRF
and plaque burden metrics, only for CP, the prognostic

Circ Cardiovasc Imaging. 2025;18:¢01823b6. DOI: 10.1161/CIRCIMAGING.125.018235

accuracy was higher in women than men: AUC, 0.768
(95% Cl,0.71-0.83) versus 0.649 (95% Cl,0.69-0.71; P
o =0-0061). Adding HRP to CVRF did not improve the
AUC in both women and men. The AUC further improved
with the addition of DS. The highest AUC was observed
for the 3 combined models CVRF+TPV+HRP+DS in
women (c=0.797), CVRF+PAV+DS and CVRF+TPV+DS
(c=0.791 for both), and with CVRF+CP+DS achieving a
c-value of 0.794 (Table S1).

DF and Al-QCT Features for Prediction of MACE
and Diagnostic Accuracy

Multivariate models adjusted for DF showed similar
results for the Al-QCT features than those adjusted for
CVRF (Table S2A).

Receiver Operating Characteristic Curve for
Prediction of MACE

DF, combined with AlI-QCT features, showed incremental
value in both women and men, without sex differences,
and adding DS further improved risk stratification (Table
S2B). Similarly to receiver operating characteristic curve
models combined with CVRF presented in Table S1,
the model combining DF+TPV+HRP+ DS (c=0.755)
achieved the highest accuracy.

Secondary End Point (Composite Death and MI)

The rate of death/MIl was 1.6% (1.2% for women;
2.1% for men; P=0.04). Both univariate and multivariate
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Table 4. Multivariate Models (Adjusted for Age and CVRF): Prediction of MACE

Interaction
Women Men sexxplaque
HR (95% CI) P value HR (95% CI) P value P value

Model 1: age and CVRF (diabetes, hypertension, smoking, and dyslipidemia)

Age, per 1y 1.04 (1.010-1.066) 0.008* 1.03 (1.007-1.043) 0.007*

Diabetes 3.08 (1.651-5.728) <0.001* 1.49 (0.931-2.385) 0.097

Hypertension 0.86 (0.467-1.582) 0.628 1.32 (0.852-2.047) 0.214

Smoking 2.74 (1.386-5.424) 0.004* 1.65 (1.020-2.667) 0.041*

Dyslipidemia 0.64 (0.357-1.143) 0.131 1.34 (0.884-2.039) 0.168
Model 2: age, CVRF, and TPV

TPV per 50 mm? ‘ 1.18 (1.117-1.241) ‘ <0.0001* ‘ 1.05 (1.033-1.074) ‘ <0.0001* ‘ <0.0001*
Model 3: age, CVRF, and NCP

NCP per 50 mm? ‘ 1.27 (1.166-1.384) ‘ <0.0001* ‘ 1.12 (1.080-1.153) ‘ <0.0001* ‘ 0.0015*
Model 4: age, CVRF, and CP

CP per 50 mm?® ‘ 1.23 (1.137-1.330) ‘ <0.0001* ‘ 1.05 (1.012-1.098) ‘ 0.011* ‘ 0.0012*
Model 5: age, CVRF, and PAV

PAV per 5%%t ‘ 1.569 (1.364-1.846) ‘ <0.0001* ‘ 1.28 (1.181-1.395) ‘ <0.0001* ‘ 0.0121*
Model 6: age, CVRF, and HRP

HRP ‘ 3.90 (1.511-10.063) ‘ 0.005* ‘ 1.79 (1.056-3.039) ‘ 0.031* ‘ 0.1571
Model 7: age, CVRF, and NCP+CP

NCP per 50 mm?® 1.21 (1.091-1.346) <0.001* 1.13 (1.083-1.168) <0.0001*

CP per 50 mm?® 1.15 (1.055-1.261) 0.002* 0.98 (0.929-1.035) 0.474
Model 8: age, CVRF, NCP+CP, and HRP

NCP per 50 mm? 1.17 (1.049-1.313) 0.005* 1.18 (1.079-1.176) <0.0001* 0.581

CP per 50 mm?® 1.17 (1.072-1.281) <0.001* 0.98 (0.928-1.035) 0.468 0.026*

HRP 2.74 (0.985-7.628) 0.053 0.95 (0.520-1.738) 0.868 0.234
Model 9: age, CVRF, and stenosis

Stenosis per 5%t 1.15 (1.091-1.200) <0.0001 1.12 (1.083-1.155) <0.0001 0.190
Model 10: age, CVREF, stenosis, and NCP

Stenosis per 5%t 1.11 (1.048-1.171) <0.001* 1.09 (1.049-1.133) <0.0001* 0.229

NCP per 50 mm? 1.18 (1.052-1.322) 0.005* 1.07 (1.021-1.112) 0.004* 0.114

CAD indicates coronary artery disease; CP, calcified plaque; CVRF, cardiovascular risk factor; HR, hazard ratio; HRP, high-risk
plaque; MACE, major adverse cardiovascular event; NCP, noncalcified plaque; PAV, percentage atheroma volume; and TPV, total

plague volume.
*Statistical significance (R<0.05).
tPer % increase.

analyses, adjusted for age and the major CVRF, showed
similar results compared with primary end point MACE.
The AI-QCT main metrics, TPV, NCP, and CP, were asso-
ciated with a higher relative risk in women than men
(Table S3).

Table S4 shows the multivariate Table 4 including all
covariates.

DISCUSSION

This study, utilizing AlI-QCT within the international mul-
ticentric Quantitative Coronary Computed Tomography
Angiography Evaluation for Evaluation of Clinical Out-
comes: an International, Multicenter Registry, highlights
the sex-specific differences in the predictive value of

Circ Cardiovasc Imaging. 2025;18:¢01823b6. DOI: 10.1161/CIRCIMAGING.125.018235

coronary plague phenotypes for MACE. By including
symptomatic patients without prior CAD history, this
unique cohort provides valuable insights into sex-specific
CAD characteristics in the clinically most relevant popu-
lation. Sex differences in AlI-QCT plaque features within
such a specific cohort referred to CCTA for clinical indi-
cations® have not been previously reported.

Our findings demonstrate that men exhibit a significantly
higher total plaque burden, encompassing both NCP and
CP, a greater degree and extent of obstructive CAD, and
a higher prevalence of HRP features, indicative of a more
advanced and aggressive CAD pattern, ultimately resulting
in an overall absolute higher MACE rate. These results align
with some prior studies®?%° elaborating on sex differences
in plaque burden, composition, and outcomes. However,
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Figure 2. Case examples.

A, A 55-year-old woman with atypical chest pain and 2 cardiovascular risk factors (CVRFs): arterial hypertension, dyslipidemia, obesity,

and hyperuricemia. Coronary computed tomography angiography (CTA) showed a noncalcified plaque (NCP) in the proximal left anterior
descending (LAD) coronary artery (yellow arrow) with <50% diameter stenosis. Treatment with lipid-lowering therapy (statin+ezetimibe) and
antihypertensive medication was initiated, and she remained event-free. Right, Artificial intelligence—based quantitative computed tomography
(AI-QCT) plaque analysis showed an NCP volume of 155.4 mm? (yellow box) and high-risk-plaque (HRP; red box) features. Note that color
overlay (mid) facilitates the delineation of NCP and HRP. B, A 65-year-old woman with atypical chest pain, dyspnea, and a high coronary

risk profile (6 CVRFs), smoking, arterial hypertension, positive family history, dyslipidemia, diabetes, and high lipoprotein A (89.1 ng/dL), who
experienced major adverse cardiovascular event and underwent percutaneous coronary intervention (PCI) (LAD prox/mid/distal and right
coronary artery [RCA]). Coronary CTA: white arrow pointing at calcified plaque in the proximal LAD. Mid, Curved multiplanar reformation.
Right, AI-QCT plaque analysis revealed high total plaque volume (stage 3) with high calcified, high noncalcified plaque volume, and high

percentage atheroma volume (39.2%).

these studies comprised smaller sample size cohorts or
single-center studies, and they did not use AI-QCT5%
The only study published to date that involved a larger
cohort and utilized AI-QCT?® did not distinguish between
the various plaque components, TPV, NCPF, and CPF, while
the authors only reported PAV. Therefore, our data provide
more nuanced and expanded insights into sex-specific dif-
ferences and their impact on outcomes.

Most strikingly, AI-QCT plaque characteristics inde-
pendently confer a higher relative risk for MACE in
women but not stenosis severity. This is the most rele-
vant and novel finding of the present study, with inherent
implications for risk stratification in women.

The pronounced susceptibility of women could be
attributed to biological and vascular factors, such as
smaller coronary arteries or differences in vasomotor
tone and wall thickness, all of which could be influenced
by hormonal variations.? Notably, the ability of different
Al-QCT features to predict MACE in women varies after

Circ Cardiovasc Imaging. 2025;18:¢01823b6. DOI: 10.1161/CIRCIMAGING.125.018235

adjusting for age and traditional CVRFs; both TPV and
NCP remained independent predictors of MACE in both
men and women, while CP remained predictive only in
women. This discrepancy may be explained by the delayed
onset of calcification in women due to menopause and
hormonal shifts, and a distinct proteomic signature of CP,
defined by 4 proteoglycans, calpoin, protein C, serpin H1,
and versican, in women.®' This aligns with findings from
the Coronary Artery Calcium Consortium data showing
that a higher coronary artery calcium score has a more
pronounced negative impact on prognosis in women.”
Furthermore, NCP volume has emerged as a criti-
cal determinant of adverse outcomes in both sexes and
might be considered a new biomarker for CAD stability.
The ICONIC trial®> demonstrated that patients present-
ing with an ACS had higher baseline volumes of NCPF,
highlighting its clinical relevance. In contrast, dense CP
(>1000 HU, 1k plaque) rather reflects a stable plaque
phenotype with protective effects.® Plaque density can
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be enhanced with statin therapy, which transforms non-
calcified into CR33%4 as shown by the PARADIGM trial®3%5
and intravascular imaging data.®® Thus, NCP burden and,
in particular, high-risk features® may serve as a thera-
peutic target to mitigate plaque vulnerability and improve
cardiovascular outcomes.

One potential explanation for the larger relative risk
of atherosclerosis in women may be the smaller vessel
volume in women and the associated higher coronary
plague burden in women for similar plaque volumes.
Interestingly, in our current study, sex differences in
PAV?® were less pronounced compared with TPV, while
the higher relative risk in women persisted, despite PAV
already being adjusted for the smaller vessel volume in
women. In prior studies, PAV >7% increased MACE risk
3-fold,'" and >15.2 PAV indicates a high likelihood of at
least 1 vessel with ischemia.’®

Furthermore, HRP conferred a markedly (5.6-fold)
higher relative risk in women compared with men. HRPs
are known predictors of MACE,'3'* particularly in low-
risk patients with low coronary artery calcium scores."
Of note, the overall prevalence of HRP in women was
low at 2.5% and lower compared with men, consistent
with literature®® and the PROMISE trial,®” where HRP
was shown to be a stronger predictor of MACE in women
compared with men (HR, 2.41 versus 1.40).

However, our data suggest that TPV, NCF, and CP
may have superior prognostic values compared with the
established prognostic value of HRP'3'%; however, while
relative risk was highest for HRP. These results require
further investigations in a larger cohort.

Early and accurate diagnosis of nonobstructive CAD
is crucial but challenging in the presence of NCP, which
are more difficult to detect visually because of their lower
contrast with the surrounding perivascular adipose tissue
(Figure 2). AI-QCT facilitates NCP detection through
automated quantification, improving diagnostic preci-
sion, which is especially important in patients with a cal-
cium score zero, in whom the prevalence of NCP ranges
between 15.4% and 16%.%8%°

Finally, AI-QCT consistently outperformed tradi-
tional risk scores, such as CVRF and DF models, which
exhibited a low accuracy in both men and women. The
accuracy of DF was even lower than that of the CVRF
in women. When AI-QCT features were combined with
conventional risk assessments, accuracy improved and
added incremental value for TPV, NCP, CP, and PAV
(though not HRP) in both sexes. This trend became more
pronounced after incorporating DS.

When considering determinants of outcomes, in men,
CAD itself, specifically total plaque burden and NCP
volume, emerges as the primary predictor of adverse
outcomes, suggesting that anatomic assessment alone
may suffice for accurate risk stratification. In women,
however, traditional risk factors such as diabetes and
smoking history remain independently associated with
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adverse outcomes, even after accounting for coronary
atherosclerosis using AI-QCT. These findings under-
score the need to integrate these risk factors into risk
assessment, especially for women, not at least because
women with type 2 diabetes face a 50% higher risk
of fatal coronary heart disease compared with men, as
shown in a meta-analysis of 37 studies involving over
447 000 patients.*® Another large meta-analysis includ-
ing over b million patients revealed that women with dia-
betes have a 58% greater risk of coronary heart disease
and a 13% higher risk of all-cause mortality compared
with their male counterparts.*' The reasons underlying
these disparities are multifactorial. Women with diabetes
often exhibit higher cardiovascular risk profiles, including
more severe comorbidities, and are less likely to be pre-
scribed preventive medications such as statins.342

Clinical Perspective

The current study shows that symptomatic women with
suspected CAD have approximately half the amount of
coronary atherosclerosis compared with men and expe-
rience ~50% lower MACE during follow-up. However,
the relative risk associated with TPV, NCP, CP, and PAV
was higher in women compared with men. As dem-
onstrated in Figure 1A, the higher relative risk relates
eventually with higher absolute event rates in women
when the NCP exceeds a threshold of 180 mm3. These
findings may have implications for clinical manage-
ment including reinforced antiatherosclerotic therapy
and preventive interventions. Potentially, women with a
higher AI-QCT plaque burden may need more aggres-
sive therapy than men.

Accurate and early detection of NCP burden by Al-
QCT is especially important in younger individuals with
premature CAD,**** which face adverse outcomes fol-
lowing an Ml (YOUNG-MI trial).*> Thus, these features
have the potential to improve adverse cardiovascular out-
comes in women and enhance the precision of person-
alized risk stratification. Our study further suggests that
Al-QCT features and their sex-specific differences in risk
prediction should be included, and treatment and pre-
vention guidelines for CAD*%“7 may be considered. The
2019 American College of Cardiology/American Heart
Association guidelines recommend a high- or moderate-
intensity statin regimen for all patients with an elevated
atherosclerotic cardiovascular disease risk (=5%—7.5%)
for primary prevention, without distinguishing between
men and women.*®4” However, these recommendations
do not yet incorporate computed tomography angiogra-
phy findings into their risk assessments.

Advanced AI-QCT features, such as TPV, NCP, and
CP volume increase, could be leveraged to guide thera-
peutic recommendations in both men and women, with
a pronounced impact in women. Women exhibiting
adverse Al-QCT features may derive additional benefits
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from reinforced primary preventive measures, including
personalized tailored medication regimens such as statin
therapy or dose intensification, lower c-LDL (c-low-
density lipoprotein) target values, and other interventions
such as lifestyle modifications (weight loss, exercise, and
nutrition). Statins have been shown to positively affect
atherosclerosis by increasing plaque density.8-%°

Interestingly, while prior studies recruiting patients
>1 decade ago (PROMISE trial)® reported a lower statin
prescription rate in women, we found no difference in
statin intake in our more contemporary cohort, enroll-
ing patients who underwent CCTA within the last 5 to
7 years. This suggests a positive trend, possibly driven
by public health campaigns such as the American Heart
Association-Go Red for Women initiative.

Finally, emerging technologies such as photon-
counting detector computed tomography offer the
potential to further enhance the accuracy of Al-QCT
through enhanced spatial resolution.’’ These advance-
ments could further improve the precision of personal-
ized cardiovascular risk stratification.

Study Limitations

The retrospective study design with inherent biases must
be acknowledged as a study limitation. Medication was
only collected at baseline, and any changes during the
follow-up period were not recorded. The event rate of the
secondary end point (death/MI) was low; therefore, too
definite conclusions cannot be drawn yet.

Conclusions

Despite the total AI-QCT CAD burden being higher in men,
similar increments in Al-QCT-derived plaque features (TPV,
NCP, CR, and PAV) confer a significantly higher relative
risk for MACE women versus men and added incremental
value to traditional cardiovascular risk assessment. There-
fore, integrating quantitative Al-QCT parameters offers a
more accurate risk estimate in women. Using AI-QCT CAD
feature-based risk stratification for MACE instead of relying
on traditional risk scores has the potential to enhance the
precision of cardiovascular risk stratification in women.

Clinical Relevance

Al-QCT is especially suited to women and should prompt
increased awareness of higher risk, which might be fol-
lowed by more aggressive antiatherosclerotic therapy
and reinforced preventive interventions.
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