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OBJECTIVE

This study evaluates the relationship between atherosclerotic plaque charac-
teristics (APCs) and angiographic stenosis severity in patients with and without
diabetes. Whether APCs differ based on lesion severity and diabetes status is
unknown.

RESEARCH DESIGN AND METHODS

We retrospectively evaluated 303 subjects from the Computed TomogRaphic Evalua-
tion of Atherosclerotic Determinants of Myocardial IsChEmia (CREDENCE) trial referred
for invasive coronary angiography with coronary computed tomographic angiogra-
phy (CCTA) and classified lesions as obstructive (‡50% stenosed) or nonobstructive
using blinded core laboratory analysis of quantitative coronary angiography. CCTA
quantified APCs, including plaque volume (PV), calcified plaque (CP), noncalcified
plaque (NCP), low-density NCP (LD-NCP), lesion length, positive remodeling (PR),
high-risk plaque (HRP), and percentage of atheroma volume (PAV; PV normalized
for vessel volume). The relationship between APCs, stenosis severity, and diabetes
status was assessed.

RESULTS

Among the 303 patients, 95 (31.4%) had diabetes. There were 117 lesions in the co-
hort with diabetes, 58.1% of which were obstructive. Patients with diabetes had
greater plaque burden (P = 0.004). Patients with diabetes and nonobstructive dis-
ease had greater PV (P = 0.02), PAV (P = 0.02), NCP (P = 0.03), PAV NCP (P = 0.02), dis-
eased vessels (P = 0.03), and maximum stenosis (P = 0.02) than patients without
diabetes with nonobstructive disease. APCs were similar between patients with dia-
betes with nonobstructive disease and patients without diabetes with obstructive
disease. Diabetes status did not affect HRP or PR. Patients with diabetes had similar
APCs in obstructive and nonobstructive lesions.

CONCLUSIONS

Patients with diabetes and nonobstructive stenosis had an association to similar
APCs as patients without diabetes who had obstructive stenosis. Among patients
with nonobstructive disease, patients with diabetes had more total PV and NCP.

Coronary computed tomographic angiography (CCTA) has evolved into an effective
noninvasive imaging modality for detecting coronary artery disease (CAD), determining
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plaque composition, and quantifying spe-
cific atherosclerotic plaque characteristics
(APCs) (1). Studies using data from CCTA
have helped to elucidate the process of
atherosclerotic disease progression and
have identified plaque features with prog-
nostic value for future cardiac events
(2–4). These pursuits have direct clinical
application as the data from CCTA have
provided clinicians with an opportunity to
improve diagnoses and then optimize
medical and interventional management
based on the presence of adverse pla-
ques (3,5).
Patients with diabetes are known to be

at high risk for CAD and, subsequently, to
suffer high mortality from major adverse
cardiovascular events. It is also well estab-
lished that patients with ischemia-inducing
stenoses are more likely to experience ad-
verse cardiovascular events, the risk of
which might be mitigated by preemptive
therapeutic intervention (6,7). While the
diagnostic value of APCs is still being
explored, the findings of the CREDENCE
(Computed TomogRaphic Evaluation of
Atherosclerotic Determinants of Myocar-
dial IsChEmia) trial indicate that stenosis
($50%) and the plaque features that
comprise those stenotic lesions were
strongly predictive of downstream ische-
mia (8). It follows that understanding the
APCs that comprise the lesions of patients
with diabetes may similarly enhance our
understanding of cardiac ischemia in this
population. Furthermore, whether there
are APCs that can help distinguish lesions
at high risk for ischemia in patients with
diabetes is unknown. These APCs include
1) atheroma burden by plaque volume
(PV); 2) plaque composition, as catego-
rized by calcified plaque (CP), noncalcified
plaque (NCP), and low-density NCP (LD-
NCP); 3) arterial remodeling, categorized
by positive remodeling (PR) $1.10; and 4)
lesion length (3,9). This study used CCTA

to evaluate the relationship of APCs to cor-
onary stenosis severity and then deter-
mine whether this relationship is affected
by diabetes status.

RESEARCH DESIGN AND METHODS

Study Population
The study population comprised the deri-
vation cohort of the CREDENCE trial (clini-
caltrials.gov NCT02173275), which was a
prospective, multicenter diagnostic deri-
vation-validation controlled clinical trial
recruiting stable patients from 2014 to
2017 with a locked database completed
in 2018 (8) along with a detailed design
manuscript (10). Eligibility criteria included
referral for nonemergent invasive coronary
angiography (ICA) based on the Ameri-
can College of Cardiology/American Heart
Association clinical practice guidelines for
stable ischemic heart disease. All index
tests were interpreted in blinded fashion
by core laboratories. The Institutional Re-
view Board of each enrolling site approved
the study protocol, and all patients pro-
vided written informed consent. Patient
demographics, cardiovascular risk factors,
laboratory values, and medications were
prospectively collected and recorded at the
time of baseline and follow-up CCTAs.

CCTA Imaging Protocols
CCTA was performed using single- or
dual-source CT scanners of $64-detector
rows. Sites performed CCTA in accor-
dance with the guidelines established by
the Society of Cardiovascular Computed
Tomography (SCCT) (11). Patients received
nitroglycerin immediately prior to CCTA
acquisition to improve image quality.
b-Blockers were administered to patients
who required heart rate control. Image
quality for CCTA was acceptable in 99%
of patients.

When impaired image quality was pre-
sent due to motion, poor opacification,

beam hardening, or other artifact, only
the portion of the coronary artery with
poor quality was excluded from the anal-
ysis. Among the 171,195 mm of vessel
length evaluated, a total of 1,861 mm of
vessel length (1.09%) was excluded, with
an average exclusion measuring 14.1 ±
13.9 mm.

Artificial Intelligence-Guided CCTA
Analysis
CCTA studies were uploaded to Cleerly
Laboratories (Cleerly, Denver, CO), a U.S.
Food and Drug Administration-cleared
software, validated by high performance
against expert readers, ICA, and intrave-
nous ultrasound (study currently ongo-
ing) (12–14). This artificial intelligence
(AI)-aided approach performs automated
analysis of CCTA using validated convolu-
tional neural network models, including
Visual Geometry Group (VGG) 19 net-
work, 3D U-Net, and VGG Network Vari-
ant. These models use deep learning, a
process based on AI-generated patterns
of recognition and adaptation that are fully
AI derived. Neural networks were used for
lumen wall evaluation, vessel contour de-
termination, and plaque characterization,
optimizing for phase with each vessel seg-
ment analysis (15,16).

The software begins by producing a
centerline along the length of a vessel
for lumen and outer vessel wall contour-
ing. Vessels are then segmented. These
segments are labeled by their position
both in the coronary tree as well as their
position within the proximal, middle, or
distal portion of the vessel itself. The
software identifies areas where plaque is
present by comparing a normal proximal
cross-sectional reference slide to a nor-
mal distal cross-sectional reference slide
on either end of a lesion. These normal
cross-sectional slides are then marked to
signify a lesion’s proximal and distal ends.
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The software can then calculate the le-
sion’s length (the length of uninterrupted
plaque along the length of the vessel), the
total plaque burden present between the
markers, and then characterize the present
plaque components. Maximum stenosis is
calculated by identifying the ratio of a nor-
mal cross-sectional slide with the slide that
demonstrates the greatest luminal narrow-
ing. Obstructive disease was defined by a
lesion with $50% luminal narrowing com-
pared with a normal cross-sectional refer-
ence slide.

The summation of data from individ-
ual lesions provided data for the patient-
level analysis. This included the patient’s
Coronary Artery Disease Reporting and
Data System (CAD-RADS) stenosis cate-
gory, a 0–100% range scale divided into
standardized sextiles that designate the
maximum severity of a patient’s coro-
nary artery stenosis, each with an associ-
ated guideline-oriented recommendation
for management. While the CAD-RADS
assessment system also incorporates an
assessment of plaque burden, only ste-
nosis grades were referenced in this
study (17). Because this process is per-
formed by the AI’s deep learning neural
network, no manual interaction is re-
quired from the reader (18). Only after
the AI algorithm completes all operations,
a quality control cardiac CT trained tech-
nician reviews the results to provide any
necessary manual adjustments. All images
were analyzed in a blinded manner (18,19).

AI-Guided CCTA Analysis of APCs
Coronary segments with a diameter
$2 mm were included using the modi-
fied 18-segment SCCT model (20,21).
This threshold was specified by the origi-
nal CREDENCE study as the minimum
diameter vessel to undergo investigation
with ICA (8). Each vessel segment was
evaluated for the presence or absence of
coronary atherosclerosis, which defined a
diseased vessel. Coronary atherosclerosis
was defined as any tissue structure
>1 mm2 within the coronary artery wall
that was differentiated from the surround-
ing epicardial tissue, epicardial fat, or the
vessel lumen itself when evaluated by
ICA.

For all other segments, the following
APCs were evaluated:

• Atherosclerosis: Quantitative atheroscle-
rosis characterization was performed for

every coronary artery and its branches
using an automated AI-enabled web-
based software platform. PVs (mm3)
were calculated for each coronary lesion
and then summed to compute the total
PV at the patient level. When multiple
lesions, whether obstructive or non-
obstructive, were present in a partic-
ular vessel length, the lesion whose
measurements most closely correlated
with the lesion identified on quantita-
tive coronary angiography (QCA) inter-
rogation was coregistered to the AI
analysis. PV was categorized using
Hounsfield unit (HU) ranges, with LD-
NCP defined as plaques with any com-
ponent on a pixel-level basis and quan-
tified on an increment of 0.1 mm3 as
<30 HU, NCP defined as HU between
30 and 1350, and CP defined as >350
HU (22). Coronary plaque burden was
normalized to vessel volume to account
for variation in coronary artery volume.
Plaque burden was reported as the per-
centage of atheroma volume (PAV),
which was calculated as PV/vessel vol-
ume × 100%.

• PR: Arterial remodeling was calculated
by examining the lesion diameter divided
by the normal reference diameter. PR
was defined as a ratio $1.10 (23).

• High-risk plaque (HRP): HRP was de-
fined as a coronary lesion with both
LD-NCP and PR (8).

• Other APCs: Lesion length was defined
as the measurement of uninterrupted
plaque along the length of a vessel.

QCA
QCA was performed by a blinded core
laboratory using an automated edge-
detection algorithm by standard approaches
as previously reported (24). Angiographic
percentage diameter stenosis and lumen
diameters of the proximal and distal ref-
erence segments were measured.

Statistical Analysis
All statistical analyses were performed us-
ing SAS 9.4 software (SAS Institute, Cary,
NC). Data for demographic and outcomes
variables were tested for normality using
the Shapiro-Wilk test. Continuous varia-
bles that significantly departed from nor-
mality are reported as median and first
and third quartiles. Normally distributed
continuous variables are reported as mean
and SD, and categorical variables are pre-
sented as absolute numbers with corre-
sponding frequencies. Demographic data
were compared between patients with
and without diabetes using the Student

Table 1—Baseline demographics

All Without diabetes With diabetes

Variable (N = 303) (n = 208) (n = 95) P value

Age (years), mean (SD) 64.4 (10.2) 68.9 (10.5) 65.7 (9.3) 0.1508

Female sex 88 (29.0) 63 (30.3) 25 (26.3) 0.4798

BMI (kg/m2), mean (SD) 26.3 (4.2) 26.2 (4.3) 26.7 (3.9) 0.3125

Race/ethnicity

Black 7 (2.3) 5 (2.4) 2 (2.1) >0.999
Asian 214 (70.6) 147 (70.7) 67 (70.5) 0.9792
American Indian 0 0 0 —

White 81 (26.7) 55 (26.4) 26 (27.4) 0.8658

Hypertension 195 (64.4) 124 (59.6) 71 (74.7) 0.0108

Dyslipidemia 135 (44.6) 86 (41.3) 49 (51.6) 0.0964

Family history 59 (19.5) 37 (17.8) 22 (23.2) 0.2735

Tobacco use 146 (48.2) 101 (48.6) 45 (47.7) 0.8476

On aspirin 182 (60.1) 118 (56.7) 64 (67.4) 0.0794

On statin 169 (55.8) 108 (51.9) 61 (64.2) 0.0457

No. of diseased vessels (QCA)

0 128 (42.2) 90 (43.3) 38 (40.0) 0.3350
1 105 (34.7) 74 (35.6) 31 (32.6)
2 46 (15.2) 30 (14.4) 16 (16.8)
3 (or LM) 24 (7.9) 14 (6.7) 10 (10.5)

Data are presented as n (%) unless indicated otherwise as mean (SD). LM, left main coro-
nary artery.
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t test for normally distributed continu-
ous variables, the Wilcoxon rank sum
test for nonnormal continuous and for
ordinal variables, and the x2 and Fisher
exact tests were used to compare the
distribution of categorical variables. The
per-patient analysis of APC variables was
similarly analyzed. Lesion length and ste-
nosis diameter percentage reported on a
per-patient basis are calculated by taking
the maximum value per lesion for each
patient. The per-lesion data were analyzed
using the generalized estimating equations
model in order to appropriately account
for the multiple measures with patients. A
normalizing transform was applied to con-
tinuous data that were significantly non-
normal. All summary statistics are based
on nontransformed values. The interaction
of diabetes and presence of obstructive
disease was analyzed using a generalized
estimating equations model with a main
effect for diabetes and obstructive disease
as well as the interaction term. The van El-
teren test was used to perform a stratified
analysis to account for statistically signifi-
cant differences at baseline in hyperten-
sion and statin use between patients with
and without diabetes and when com-
paring differences in PVs. P values are
reported without an adjustment for
multiplicity.

RESULTS

Baseline Demographics
Table 1 outlines the baseline demographics
of the study cohort. The study cohort com-
prised 303 patients, 95 of whom had diabe-
tes. Owing to the geography of high
enrollment sites, 71% of the enrolled co-
hort was Asian.The average age was simi-
lar across the cohorts with and without
diabetes (65.7 ± 9.3 vs. 68.9 ± 10.5 years;
P = NS). The cohorts also had similar prev-
alence of common risk factors and ther-
apy, with the exception of hypertension
(74.7% vs. 59.6%; P = 0.01) and statin
therapy (64.2% vs. 51.9%; P = 0.046),
both of which were more common in pa-
tients with diabetes.
A total of 362 lesions were identified,

117 of which were observed in the cohort
with diabetes. Overall, 48.3% (n = 175) of
all lesions were obstructive, and 51.7%
(n = 187) were nonobstructive. Among
the subset with diabetes, 58.1% (n = 68)
of the lesions were obstructive, and
41.9% (n = 49) were nonobstructive.
There was no difference in the number of

stenotic coronary vessels observed in the
two groups (P = NS).

Per-Patient APCs by Diabetes Status
Table 2 summarizes the CCTA analysis
of APCs as a function of diabetes status.
Patients with diabetes had more overall
PV (490.7 mm3 vs. 395.6 mm3; P =
0.02) and CP (191.9 mm3 vs. 90.7 mm3;
P = 0.03) than patients without diabe-
tes, even after adjusting for baseline dif-
ferences in hypertension and statin use.
When evaluating by %PAV, patients
with diabetes had greater %PAV (19.2%
vs. 13.7%; P = 0.002), %PAV CP (7.4%
vs. 3.6%; P = 0.01), and maximum lesion
lengths (30.5 mm vs. 25.2 mm; P = 0.03).
Diabetes status did not affect PR, HRP,
the maximum number of diseased ves-
sels, maximum stenosis, or CAD-RAD ste-
nosis scores.

Per-Lesion APCs by Diabetes Status
and Angiographic Stenosis
Table 3 reflects the quantification of APCs
stratified by diabetes status and angio-
graphic stenosis. In patients with diabetes,
obstructive lesions did not have greater

PV (P = 0.23), lesion length (P = 0.11), PR
(P = 0.63), NCP (P = 0.08), or LD-NCP (P =
0.11) than nonobstructive lesions. Pa-
tients without diabetes had greater PV
(55.9 mm3 vs. 44.2 mm3; P = 0.049) and
PAV (52.5% vs. 42.6%; P < 0.0001), with
higher PAV NCP (32.6% vs. 25.7%; P =
0.03) in obstructive compared with non-
obstructive lesions. Maximum lesion
lengths, CAD-RADS stenosis grade, PR,
and HRP showed similar patterns
across obstructive and nonobstructive
lesions regardless of diabetes status.

Per-Patient APCs in Patients With
Diabetes With Nonobstructive
Angiographic Stenoses Versus
Patients Without Diabetes With
Obstructive Angiographic Stenosis
Table 4 further compares APCs of pa-
tients without diabetes with obstructive
stenosis to patients with diabetes and
nonobstructive stenosis. This analysis re-
flects that despite patients without dia-
betes with obstructive disease having
greater maximal stenosis (P < 0.0001),
more diseased vessels, and more PR (P =
0.047), other APCs, including PV, NCP,

Table 2—Per-patient APCs by diabetes status

Without diabetes With diabetes

Variable (n = 208) (n = 95) P value

PV (mm3) 395.6 (209.3, 739.6) 490.7 (321.4, 833.4) 0.0461*

LD-NCP (mm3) 6.5 (2.3, 15.9) 7.2 (2.5, 14.1) 0.9634

NCP (mm3) 277.7 (138.1, 501.6) 296.2 (164.5, 466.5) 0.4058

CP (mm3) 90.7 (31.6, 263.7) 191.9 (59.7, 405.4) 0.0293*

%PAV 13.7 (8.4, 22.2) 19.2 (11.8, 28.6) 0.0024*

%PAV LD-NCP 0.20 (0.09, 0.51) 0.26 (0.10, 0.46) 0.8549

%PAV NCP 9.1 (5.4, 14.5) 10.4 (6.7, 14.0) 0.2281

%PAV CP 3.6 (1.1, 8.5) 7.4 (2.2, 13.6) 0.0086*

Remodeling index 1.30 (1.20, 1.40) 1.30 (1.20, 1.50) 0.6627

PR 178 (86.4) 80 (84.2) 0.5935

HRP 158 (76.0) 76 (80.0) 0.4368

Max lesion length (mm) 25.2 (16.5, 39.8) 30.5 (21.8, 42.3) 0.0293

Stenosis (%) 61.0 (43.0, 82.5) 63.0 (49, 100) 0.0842

CAD-RADS** 3.2 (1.3) 3.4 (1.2) 0.1533

No. of diseased vessels (QCA)

0 90 (43.3) 38 (40.0) 0.3350
1 74 (35.6) 31 (32.6)
2 30 (14.4) 16 (16.8)
3 (or LM) 14 (6.7) 10 (10.5)

Data are presented as median (quartile 1, quartile 3) or n (%). LM, left main coronary ar-
tery. *P values are adjusted for hypertension and statin use. **CAD-RADS stenosis defined
as 0 = 0%; 1 = 1–25%; 2 = 26–49%; 3 = 50–69%; 4 = 70–99%; 5 = 100%.
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PAV, PAV NCP, PAV LD-NCP, and lesion
lengths (P = NS) were similar to patients
with diabetes and nonobstructive steno-
ses (Fig. 1). Supplementary Table 1 pro-
vides a full continuum of total PVs in
patients with diabetes and without diabe-
tes stratified by obstructive disease.

APCs in Patients With Nonobstructive
Angiographic Stenoses Stratified by
Diabetes Status
When comparing the APCs of patients

with and without diabetes with nonob-

structive stenoses, CCTA analysis finds

that patients with diabetes and nonob-

structive disease have greater plaque

burden than patients without diabe-

tes. Patients with diabetes had more over-

all PV (471.6 mm3 vs. 267.3 mm3; P =

0.02), %PAV (14.6% vs. 10.7%; P = 0.02)

with more diseased vessels (P = 0.03), and

greater maximum stenosis (P = 0.02) and

CAD-RADS stenosis severity (P = 0.045)

than the patients without diabetes. Pa-

tients with diabetes also had greater

NCP burden, with more NCP (280.1 mm3

vs. 166.6 mm3; P = 0.03) and PAV NCP

(10.2% vs. 6.6%; P = 0.02), than patients

without diabetes. PR and HRP were simi-

lar between groups. This analysis is pro-

vided in Supplementary Table 2.

CONCLUSIONS

In this multicenter study, we used CCTA
to quantify APCs in a cohort with and
without diabetes. Importantly, this study
identifies several important plaque
phenotypes:

First, patients with diabetes have greater
PV, CP, and longer lesion lengths compared
with patients without diabetes while main-
taining comparable maximum stenosis and
CAD-RADS stenosis grade.

Second, patients with diabetes and
nonobstructive stenosis demonstrate
greater plaque burden, diseased vessels,
maximum stenosis, and a greater NCP
burden than patients without diabetes
who have nonobstructive stenosis.

Third, patients with diabetes and non-
obstructive stenosis exhibit APCs similar
to patients with obstructive stenosis who
do not have diabetes.

Our study identified that patients with
diabetes have a greater overall plaque
burden with greater calcified PV com-
pared with control subjects. While this
may be explained in part by statin ther-
apy, which has been shown to promote
plaque stability through the transforma-
tion of low-attenuation plaque and NCP
to CP, CP burden remains significantly
greater in patients with diabetes after
controlling for statin use (25–28). Prior

studies have observed that patients with
diabetes have high levels of CP (29–31).
The literature has also established that CP
develops at faster rates in patients with
diabetes and that high calcified PVs are
associated with future adverse coronary
events (31,32). However, the study by
Wong et al. (32) presents a nuance to
this association when they report that
women with diabetes have a higher mor-
tality rate from cardiovascular events but
are simultaneously more likely to have a
coronary artery calcium score of 0. Mrgan
et al. (30) provide an explanation for this
discordance when they observe that the
absolute volume and ratio of NCP (specifi-
cally LD-NCP volume) to total PV has
been observed to be higher in patients
with diabetes, providing one explanation
for increased risk for adverse cardiac
events despite high levels of calcified or
stable PVs. Subsequently, women were
found to have higher levels of NCP (30,33).
While our analysis was not stratified by
sex, these insights provide a context in
which to evaluate the findings of our sub-
sequent patient analyses.

When comparing patients with nonob-
structive atherosclerosis, our study shows
that patients with diabetes have a greater
burden of disease, with higher PV and
more diseased vessels, than patients
without diabetes. However, notably, there

Table 3—Per-lesion APCs by diabetes status and angiographic obstructive versus nonobstructive angiographic stenosis

Without diabetes With diabetes

Nonobstructive Obstructive Nonobstructive Obstructive

Variable (n = 138) (n = 107) P value (n = 49) (n = 68) P value

PV (mm3) 44.2 (12.7, 107.2) 55.9 (21.8, 145.3) 0.0499 37.4 (9.1, 111.9) 51.8 (14.8, 166.2) 0.2299

LD-NCP (mm3) 0.40 (0, 1.40) 0.60 (0.10, 2.50) 0.1416 0.20 (0, 1.60) 0.20 (0, 1.10) 0.1119

NCP (mm3) 27.1 (8.6, 66.5) 30.3 (12.4, 90.0) 0.0506 15.1 (6.8, 58.8) 25.1 (7.3, 77.2) 0.0751

CP (mm3) 8.9 (0.70, 39.3) 10.2 (1.5, 39.9) 0.8131 12.4 (0.9, 53.3) 12.5 (3.4, 70.6) 0.3763

%PAV 42.6 (16.6) 52.5 (16.8) <0.0001 45.4 (18.2) 52.7 (18.8) 0.0532

%PAV LD-NCP 0.37 (0, 1.02) 0.64 (0.04, 2.20) 0.09222 0.15 (0, 0.66) 0.27 (0, 1.02) 0.1114

%PAV NCP 25.7 (16.6, 35.1) 32.6 (19.2, 48.0) 0.0290 22.8 (11.9, 31.4) 26.4 (14.0, 37.9) 0.2134

%PAV CP 10.9 (1.3, 25.9) 10.2 (2.6, 25.7) 0.9587 12.4 (1.2, 32.8) 18.8 (6.1, 37.5) 0.2399

Remodeling index 1.09 (0.19) 1.06 (0.28) 0.3184 1.09 (0.24) 1.09 (0.30) 0.9593

PR, n (%) 46 (33.3) 31 (29.0) 0.0637 15 (30.6) 25 (36.8) 0.6300

HRP, n (%) 58 (42.0) 41 (38.3) 0.5812 18 (36.7) 23 (33.8) 0.6882

Lesion length (mm) 12.0 (7.5, 23.0) 12.8 (7.5, 26.0) 0.2232 11.3 (5.8, 22.3) 13.4 (7.0, 26.4) 0.1098

Stenosis (%) 32.5 (16.5) 53.7 (21.9) <0.0001 33.7 (15.8) 51.3 (20.4) <0.0001

CAD-RADS* 1.8 (0.7) 2.8 (1.0) <0.0001 1.8 (0.6) 2.7 (1.0) <0.0001

Data are presented as median (quartile 1, quartile 3) or mean (SD), unless indicated otherwise as n (%). *CAD-RADS stenosis defined as 0 =
0%; 1 = 1–25%; 2 = 26–49%; 3 = 50–69%; 4 = 70–99%; 5 = 100%.
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is also higher percentage of atheroma
volume of NCP compared with control
subjects. Our observation that patients
with diabetes have high volumes of NCP
in nonobstructive lesions compared with
patients without diabetes is consistent
with the wider literature that documents
young patients with diabetes and early
signs of CAD have a plaque profile predo-
minated by NCP, even in instances when
there is a coronary artery calcium score
of 0 (29,30,34). The significance of NCP is
further outlined in a review of plaque
components associated with adverse cor-
onary events by Thomsen et al. (35),
where the authors show that on a patient
level, CP was more commonly associated
with patients with stable angina, while
NCP volume was greater in patients with
acute coronary syndrome. However, more
recent research from a subanalysis of the
SCOT-HEART (Scottish COmputed Tomog-
raphy of the HEART) trial highlights the

newly acknowledged prognostic signifi-
cance of a subset of NCP with low attenu-
ation. In the SCOT-HEART subanalysis, the
authors show that low-attenuation NCP
burden (referred to as “low-density NCP”
in this study) surpassed traditional risk
scores, coronary artery calcium scoring,
and stenosis severity as the strongest pre-
dictor of acute coronary syndrome (36).
It consequently bears emphasis that pa-
tients with diabetes not only have a
similar amount of PV but also similar
NCP, PAV NCP, and PAV LD-NCP as pa-
tients without diabetes with obstructive
cardiac disease.

The identification of obstructive coro-
nary stenoses has remained central to
current CAD evaluation methods and is
especially important for the population
with diabetes. Our study shows that in-
dividuals without diabetes have more
PV, PAV, and more NCP in obstructive
lesions, a profile similar to what had

been observed at the patient level as
the difference between patients without
and with diabetes with nonobstructive
disease. On the patient level, patients
without diabetes but with obstructive
lesions had a similar plaque profile to pa-
tients with diabetes and nonobstructive
disease, and similarly, the lesion level
plaque profile for patients without dia-
betes is not far behind the patient-level
trend. This lesion-level analysis suggests
that those additional plaque components
may have been incorporated into the
obstructive lesions of patients without
diabetes.

The composition of obstructive pla-
ques, or late disease, in patients with di-
abetes provides further insight into the
next stage of plaque progression. Here
the data show that patients with diabe-
tes have similar plaque composition in
obstructive and nonobstructive lesions.
This aligns with the findings of a prior

Table 4—Per-patient APCs in patients with diabetes with nonobstructive angiographic stenoses versus patients without
diabetes with obstructive angiographic stenoses

Without diabetes, obstructive With diabetes, nonobstructive

Variable (n = 118) (n = 38) P value

PV (mm3) 545.0 (286.6, 866.2) 471.6 (291.3, 717.0) 0.1581

LD-NCP (mm3) 9.7 (3.7, 18.6) 8.1 (2.6, 14.2) 0.1575**

NCP (mm3) 333.4 (178.0, 575.1) 280.1 (135.5, 406.6) 0.0921

CP (mm3) 130.5 (45.7, 355.2) 126.6 (12.9, 252.3) 0.2189**

% PAV 17.4 (10.9, 27.0) 14.6 (8.9, 23.9) 0.2453

% PAV LD-NCP 0.32 (0.12, 0.61) 0.27 (0.11, 0.47) 0.2729

% PAV NCP 11.5 (7.3, 16.7) 10.2 (6.6, 13.2) 0.1154

% PAV CP 4.0 (1.6, 12.1) 3.2 (0.3, 11.0) 0.3143**

Remodeling index 1.30 (1.20, 1.50) 1.30 (1.20, 1.40) 0.3396

PR 104 (88.1) 29 (76.3) 0.0465

HRP 92 (78.0) 28 (73.7) 0.5858

Max lesion length (mm) 28.8 (17.0, 41.5) 28.4 (15.0, 43.8) 0.6994

Max stenosis 75 (62.0, 100) 48.0 (39.0, 61.0) <0.0001

Max CAD-RADS*, mean (SD) 3.9 (1.0) 2.6 (0.9)

No. of diseased vessels (QCA)

0 0 38 (100) —

1 74 (62.7)
2 30 (25.4)
3 (or LM) 14 (11.9)

No. of diseased vessels (CCTA)

0 7 (5.9) 21 (55.3) <0.0001
1 57 (48.3) 10 (26.3)
2 29 (24.6) 6 (15.8)
3 (or LM) 25 (21.2) 1 (2.6)

Data are presented as median (quartile 1, quartile 2) or as n (%), unless indicated otherwise as mean (SD). LM, left main coronary artery. *CAD-RADS
stenosis defined as 0 = 0%; 1 = 1–25%; 2 = 26–49%; 3 = 50–69%; 4 = 70–99%; 5 = 100%. **Inadequate power to distinguish a difference.
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study on age-based plaque composition
that showed that the plaque profile be-
comes less distinct with more varied APC
composition in older patients with long-
standing disease (37). It also suggests
that additional components other than
distinct APCs and stenosis may be re-
sponsible for ischemia-inducing lesions in
this population. While the combination
of APCs and stenosis severity have been
identified as features predictive of ische-
mia, a substudy of the ISCHEMIA (Inter-
national Study of Comparative Health
Effectiveness With Medical and Invasive
Approaches) trial showed that after
stratifying for stenosis, severity of CAD it-
self was most closely associated with
acute coronary syndrome risk (7). This
suggests an area of further research in
which early plaque burden is incorpo-
rated into ischemia prediction to assess
its prognostic value in patients with
diabetes.

This study has limitations. Although
the cohort evaluated was prospectively
enrolled from a large, multicenter clinical
trial, this evaluation is post hoc, and all
study results should consequently be con-
sidered hypothesis-generating. Addition-
ally, due to the geographic location of the
study’s major recruitment sites, the study
cohort was ethnically homogeneous, re-
stricting the ability to generalize findings

to the greater population. Only the valida-
tion arm of the CREDENCE study was
used, resulting in small sample sizes for
subanalyses. As a result, while the study
was able to show that the majority of
APCs were similar among patients with di-
abetes and nonobstructive disease and
patients with obstructive disease with-
out diabetes, the sample size was unable
to achieve adequate power for the as-
sessment of CP, PAV CP, or LD-NCP. That
analysis will require a larger cohort.

Further, we evaluated coronary artery
stenoses at a single point in time rather
than across a longitudinal period. Coro-
nary lesions are known to be dynamic,
and how plaque composition changes
as a function of worsening stenosis se-
verity remains unknown (38).

Finally, we used angiographic coronary
stenosis as a marker of CAD severity, al-
though the long-term clinical utility of
using stenosis as the primary indicator of
CAD severity is unclear. To date, large-
scale randomized controlled trials have
not observed improved clinical outcomes
from treatment of stenotic lesions, and
therefore, the place of stenosis severity
in disease prognostics remains uncertain
(39,40). While the literature contains
studies that have successfully correlated
inflammatory biomarkers with APCs, these
data were not collected over the course of

this trial and, consequently, will need to
be pursued in future studies (33).

In this post hoc analysis of the multi-
center CREDENCE study, we used CCTA
evaluated by AI to quantify APCs in pa-
tients with and without diabetes and
found that patients with diabetes and
nonobstructive stenosis had an associa-
tion to similar adverse plaque character-
istics as patients without diabetes who
have obstructive stenosis. These in-
sights support ongoing study into the
plaque profile of diabetic patients to
assess features that may have prog-
nostic value for adverse cardiac events
in this population.
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