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Association of pericoronary inflammation

with atherosclerotic plaque progression

in diabetic patients with improved modifiable
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cohort study
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Abstract

Background Pericoronary adipose tissue (PCAT) attenuation, as assessed by coronary computed tomography
angiography (CCTA), has been identified as a marker of pericoronary inflammation and a predictor of future adverse
atherosclerotic events. However, the impact of changes in PCAT attenuation, as evaluated by consecutive CCTAs, on
plaque progression in high-risk atherosclerotic patients with improved modifiable cardiovascular risk factors (mCRFs)
remains unclear.

Methods Consecutive patients with type 2 diabetes mellitus (T2DM) who had improved mCRFs and underwent
serial, clinically indicated CCTA examinations (time interval > 12 months) at our center between July 2019 and July
2022 were screened. Eligible participants had at least one study plaque, defined as a plaque without significant
anatomic stenosis, located in one of the major coronary arteries, which had not been intervened upon or caused
adverse events between serial CCTA scans. Percent atheroma volume (PAV) and PCAT attenuation were measured for
each study plaque at baseline and follow-up using CCTA plaque analysis software. Changes in PAV (8PAV =follow-up
PAV — baseline PAV) were compared based on changes in PCAT attenuation [0PCAT attenuation] (>0 or <0).
Multivariate linear regression models were used to evaluate the relationship between 6PCAT attenuation and &PAV.

Results A total of 98 T2DM patients (mean age: 59.9 years; 75.3% men; 152 plaques) had mCRFs that reached
therapeutic targets at follow-up CCTA. However, overall PAV progressed from baseline in all patients [(41.68+12.47)%
vs. (43.71+12.24)%, p=0.035], accompanied by an increase in coronary inflammation (i.e.,, PCAT attenuation) during
a median follow-up of 13.5 months (interquartile range [IQR]: 12.2, 17.5 months).Compared to patients with SPCAT
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attenuation <0, those with SPCAT attenuation >0 had a significantly greater increase in overall PAV from baseline
[(4.09412.09)% vs. (-0.82+10.74)%, p=0.011], calcified PAV [1.57% (IQR: 0.13%, 3.84%) vs. 0.38% (IQR: -0.26%, 2.58%),
p=0.008], and a numerical but non-significant increase in non-calcified PAV [(1.29+ 11.75)% vs. (-1.87 £ 10.47)%,
p=0.089]. Multivariate linear regression models demonstrated that increased PCAT attenuation was significantly
associated with the progression of overall PAV (3=0.339, 95% Cl: 0.129-0.549), non-calcified PAV (3=0.237,95% Cl:
0.019-0.455), and calcified PAV (3=0.109, 95% Cl: 0.019-0.200), independent of age, sex, cardiovascular risk factors,
medications, and baseline PCAT attenuation and PAV (all p <0.05). The effect of elevated PCAT attenuation on overall
plaque progression was consistent across subgroups (all p for interaction >0.05).

Conclusion In this longitudinal CCTA cohort of T2DM patients with improved mCRFs, increased pericoronary
inflammation was associated with the progression of atherosclerotic plaque, particularly non-calcified plaque.

Keywords Pericoronary adipose tissue, Atherosclerotic plaque, Coronary computed tomography angiography, Type

2 diabetes mellitus

Introduction

Coronary artery disease (CAD) remains the leading cause
of mortality and morbidity worldwide. Current strategies
to prevent the progression of atherosclerosis emphasize
lifestyle modifications and management of traditional
risk factors [1, 2]. However, despite controlling modifi-
able cardiovascular risk factors (mCRFs), CAD patients
continue to face a persistent risk of cardiovascular events,
known as residual cardiovascular risk [3, 4]. Therefore,
managing CAD requires addressing residual cardio-
vascular risk beyond achieving targets for mCRFs such
as hypertension, type 2 diabetes mellitus (T2DM), and
hypercholesterolemia.

Inflammation plays a key role in residual risk, contrib-
uting to the development, destabilization, and rupture of
atherosclerotic plaques [5, 6]. A collaborative analysis of
31,245 atherosclerotic patients on statins demonstrated
that systemic inflammation, measured by high-sensitivity
C-reactive protein (hs-CRP), was a stronger predictor of
future cardiovascular events than low-density lipoprotein
cholesterol (LDL-C) [7]. Additionally, the Canakinumab
Anti-inflammatory Thrombosis Outcomes Study trial
showed that the interleukin-1p inhibitor canakinumab
significantly reduced adverse cardiovascular events in
statin-treated CAD patients with hs-CRP>2 mg/L [8].
These findings highlighted the importance of evaluating
residual inflammatory risk for risk stratification in statin-
treated CAD patients [9]. However, the prognostic value
of residual inflammatory risk has not been specifically
examined in CAD patients with well-controlled tradi-
tional risk factors.

Pericoronary adipose tissue (PCAT) attenuation, mea-
sured using coronary computed tomography angiography
(CCTA), has emerged as a more accurate biomarker of
pericoronary inflammation compared to hs-CRP [10, 11].
Therefore, we constructed a T2DM cohort with inher-
ently increased vessel-level inflammation and a higher
risk of future cardiovascular events [12]. In this longitu-
dinal cohort, where cardiovascular risk profiles improved

between consecutive CCTAs, we utilized advanced
CCTA post-processing software to investigate the inde-
pendent association between changes in PCAT attenua-
tion and the progression of atherosclerotic plaques.

Method

Study design and patients

This retrospective study screened consecutive patients
with T2DM presenting with chest pain who underwent
at least two clinically indicated CCTA examinations at
Beijing Anzhen Hospital, Capital Medical University,
between July 2019 and July 2022. Eligible participants
had at least one study plaque, defined as a plaque with
<70% diameter stenosis in a major coronary artery,
which was neither intervened upon nor associated with
plaque-related adverse events between serial CCTA
scans. Major exclusion criteria included: (1) A time
interval of <12 months between baseline and the last
CCTA scan; (2) Incomplete clinical or laboratory data;
(3) Inadequate CCTA image quality for analysis; (4)
Uncontrolled mCRFs at the last CCTA follow-up, includ-
ing blood pressure (BP)>140/90 mmHg, fasting plasma
glucose (FPG)=>8.0 mmol/L, LDL-C>1.8 mmol/L, or
hs-CRP 2.0 mmol/L (Fig. 1). The study was conducted
in accordance with the Declaration of Helsinki and
approved by the Medical Ethics Committee of Beijing
Anzhen Hospital, Capital Medical University. Informed
consent was obtained from all participants.

Data collection and follow-up

Demographic information, mCRFs, medical histories,
laboratory findings, CCTA scan parameters, and medi-
cation data for eligible patients were obtained from
electronic medical records. To assess the management
of mCREFs, the levels of BP, fasting plasma glucose, LDL-
C, and hs-CRP were recorded at both baseline and the
final CCTA scan. Follow-up was conducted through
outpatient visits or telephone interviews to identify
plaque-related adverse events, including cardiac death,
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T2DM patients who underwent serial CCTA examinations
at our center between July 2019 to July 2022 were screened

Initial inclusion criteria:
Presence with > 1 study plaque* (n=382)
.| Exclusion criteria:

A 4

Initial study patients (n=175)
Initial study plaques (n=320)

Incomplete clinical and laboratory data (n=158)

"l Time interval <12 months between baseline and the last CCTA scans (n=37)
Inadequate image quality (n=12)

#Study plaque indicating non-obstructive de novo plaque presenting at one of the major coronary arteries,
which was not intervened or causing adverse events between serial CCTA scans

Y

( Key exclusion criteria:
»| Any of the modifiable cardiovascular risk factors (i.e., BP, FPG, LDL-C, hs-CRP) did
not meet the target value” at the follow-up (n=86)

#Target values: BP < 140/90 mmHg, FPG < 8.0 mmol/L, LDL-C < 1.8 mmol/L, hs-CRP < 2.0 mmol/L

Overall study plaques (N=152)
Overall study patients (N=89)

|

}

Plaque progression Plaque non-progression Vascular inflammation?t Vascular inflammation |/-
SPAV>0 SPAV <0 SPCAT attenuation > 0 SPCAT attenuation <0
(n=80) (n=72) (n=88) (n=64)

Fig. 1 Study flow-chart. Abbreviations: BP, blood pressure; CCTA, coronary computed tomographic angiography; FPG, fasting plasma glucose; hs-CRP,
high-sensitivity C-reactive protein; LDL-C, low-density lipoprotein cholesterol; PAV, percent atheroma volume; PCAT: pericoronary adipose tissue; T2DM,

type 2 diabetes mellitus

myocardial infarction, or revascularization occurring
between serial CCTA scans.

CCTA image acquisition

Following the guidelines of the Society of Cardiovascu-
lar Computed Tomography [13], the CCTA acquisition
parameters were consistent at baseline and follow-up for
all study participants. Each patient received an injection
of 40-60 mL of contrast media (Ultravist, Bayer; 370 mg
iodine/mL) into the antecubital vein at a rate of 4—5 mL/s,
followed by a 30mL saline flush. Image acquisition was per-
formed using a 256-slice CT scanner (Revolution CT, GE
Healthcare, USA). Additional scan parameters included a
reconstructed slice thickness of 0.625 mm, a gantry rota-
tion time of 0.28 s, and a tube voltage of 100 or 120 kV.

Plaque identification and quantitative analysis

Anonymous CCTA datasets were transferred to an offline
workstation for quantitative plaque analysis using semiau-
tomated software (Circle Cardiovascular Imaging, Canada,
Version 5.13), with manual corrections applied as needed.
Segments of major epicardial coronary arteries with a diam-
eter>2 mm were evaluated based on a modified 17-seg-
ment model. The presence of plaque was defined as any
tissue> 1 mm?® within or adjacent to the lumen that could be
distinguished from surrounding structures and identified in
at least two consecutive planes. To assess changes in plaque

burden, non-obstructive de novo plaques located in major
coronary arteries, which were not intervened upon or asso-
ciated with adverse events between serial CCTA scans, were
included in the analysis. Three-dimensional quantitative
parameters included overall and compositional percent ath-
eroma volume (PAV). PAV was calculated as plaque volume
multiplied by 100% and divided by vessel volume. Plaque
composition was categorized into groups using Hounsfield
unit (HU) thresholds: calcified (=350 HU), non-calcified
(<350 HU), and low-attenuation (<30 HU) [14-16]. For
longitudinal analysis of PAV changes, plaques were co-reg-
istered using consistent anatomical landmarks, such as the
distance from the ostium or branch vessels.

Pericoronary inflammation analysis

PCAT on CCTA was defined as fat within a radial distance
from the outer vessel wall equal to the diameter of the coro-
nary vessel, with pixels in the range of —190 to - 30 HU [10,
17]. PCAT attenuation values for the proximal segments
of the major coronary arteries were semi-automatically
quantified from CCTA images using post-processing soft-
ware (Shukun Technology, Beijing) by adjusting the tech-
nical parameters. The analysis focused on the proximal
10-50 mm segment of the right coronary artery (RCA) and
the proximal 40 mm segment of the left anterior descending
artery (LAD) and left circumflex artery (LCX), measured
from the bifurcation of the left main artery. Representative
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cases showing dynamic changes in PCAT attenuation and
coronary plaque burden are presented in Fig. 2.

All CCTA images were analyzed for plaque character-
istics and pericoronary inflammation by independent
level-III experts who were blinded to the sequence and
clinical details of the baseline and follow-up CCTA scans.
To assess inter- and intra-observer variability, a second
level-III reader re-analyzed 8 randomly selected plaques
and instances of pericoronary inflammation, while the
original level-III reader repeated the analysis on 8 ran-
domly selected plaques and instances of pericoronary
inflammation 3 months after the initial evaluation.

Statistical analysis
Continuous variables were presented as mean + standard
deviation or as medians with interquartile ranges (IQR),
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depending on data distribution. Group comparisons were
performed using paired or unpaired Student’s t-test or
the Mann—Whitney U-test, as appropriate. Categorical
variables were reported as frequencies (percentages) and
compared using the chi-square test or Fisher’s exact test.
Plaque-level analyses were conducted by categorizing
study plaques based on either plaque progression (changes
in PAV [6PAV]>0 vs. 8PAV <0) or inflammation progres-
sion (changes in PCAT attenuation [SPCAT attenua-
tion] >0 vs. SPCAT attenuation <0) between baseline and
follow-up CCTA scans. Correlations between SPCAT
attenuation and changes in overall or compositional PAV
were assessed using Pearson or Spearman correlation anal-
yses. To evaluate the association of S8PCAT attenuation
with SPAV, multivariate linear regression was performed,
with SPCAT attenuation as the independent variable and

Fig. 2 Representative cases showing dynamic changes in plague burden with pericoronary inflammation. Quantified PCAT attenuation and coronary
PAV obtained from CCTA are presented. The straightened multiplanar view shows PCAT attenuation quantification, displayed using adipose tissue HU
color mapping with corresponding color bars. Non-calcified, calcified, and low-attenuated plaques are represented by orange, yellow, and red overlays,
respectively. (A-F) A representative plaque from the proximal left circumflex artery with increased PCAT attenuation and plague progression. At baseline,
overall, non-calcified, calcified, and low-attenuated PAV were 44.85%, 44.58%, 0.28%, and 4.38%, respectively. At follow-up, these values were 57.21%,
56.62%, 0.59%, and 7.23%. Baseline PCAT attenuation was —81 HU, and follow-up PCAT attenuation was —72 HU. (A-F) A representative plaque from
the proximal left anterior descending artery with decreased PCAT attenuation and plaque regression. At baseline, overall, non-calcified, calcified, and
low-attenuated PAV were 47.02%, 46.93%, 0.08%, and 5.23%, respectively. At follow-up, these values were 30.29%, 30.29%, 0.00%, and 3.85%. Baseline
PCAT attenuation was —82 HU, and follow-up PCAT attenuation was —89 HU. Abbreviations: CCTA, coronary computed tomographic angiography; HU,
Hounsfield Unit; PAV, percent atheroma volume; PCAT, pericoronary adipose tissue
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Table 1 Baseline characteristics of the study patients

Total
N=89

Clinical characteristics
Age, years 599+9.2
Male, n (%) 67 (75.3)
BMI, kg/m? 25.5(23.8,29.0)
SBP, mmHg 1279+159
DBP, mmHg 735+113

Risk factors, n (%)

Hypertension 60 (67.4)
Dyslipidemia 74 (83.1)
Smoking
Never 37 (416)
Former 23 (25.8)
Current 29 (32.6)

Medical histories, n (%)

Myocardial infarction 8(9.0)
Myocardial revascularization 27 (30.3)
Stroke 13 (14.6)

Serial CCTAs
Time interval, month 135(12.2,17.5)
Baseline tube voltage, n (%)

100 kV 61 (68.5)
120 kv 28(31.5)
Number of study plaque, per patient 152 (1.71)

Medications, n (%)

Aspirin 82(92.1)
Statins 89 (100.0)
Ezetimibe 28(31.5)
ACEI/ARB 42 (47.2)
Metformin 41 (46.1)
Incretins 16 (18.0)
DPP4i 13(14.6)
GLP1ra 3(34)
SGLT2i 45 (50.6)
Insulin 15(16.9)

ACEl, angiotensin converting enzyme inhibitor; ARB, angiotensin Il receptor
blocker; BMI, body mass index; CCTA, coronary computed tomographic
angiography; DBP, diastolic blood pressure; DPP4i, dipeptidyl peptidase-4
Inhibitors;GLP1ra, glucagon-like peptide-1 receptor agonists; SGLT2i, sodium-
glucose cotransporter-2 inhibitor; SBP, systolic blood pressure

changes in overall and compositional PAV as dependent
variables. Variables with a p-value <0.1 in univariate analy-
sis, as well as known accelerators of atherosclerotic plaque
progression, were included in the multivariate model.
Given the variations in CCTA scan intervals, the inde-
pendent association of SPCAT attenuation with annual-
ized SPAV (changes in PAV divided by the number of years
between CCTA scans) was calculated. Subgroup analyses
were conducted to confirm whether the association between
OPCAT attenuation and changes in overall PAV remained
consistent across pre-specified subgroups. Statistical sig-
nificance was set at p<0.05 (two-tailed). All statistical analy-
ses were conducted using SPSS 25.0 (IBM Corporation, IL,
USA) and R Programming Language 4.2.2 (Vienna, Austria).
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Table 2 Changes of risk factors and CCTA findings of the study

plaques
Baseline Follow-up p value
(N=152) (N=152)
Quantitative Risk Factors
SBP, mmHg 1283+£15.34 125.6+124 0.075
DBP, mmHg 739+122 735488 0.832
hs-CRP, mg/L 0.99(0.60,2.11) 0.66 (0.45, 1.02) <0.001
FPG, mmol/L 74(59,86) 6.9(6.0,7.8) 0.021
TG, mmol/L 1.48(1.07,2.21) 1.21(0.84,1.87) <0.001
TC, mmol/L 3.68(3.17,4.34) 3.30(2.99, 3.69) <0.001
HDL-C, mmol/L 1.01(0.851.18)  1.06(0.95,1.27)  <0.001
LDL-C, mmol/L 1.94 (1.50, 2.59) 142 (0.97,1.67) <0.001
CCTA Findings
Percent atheroma volume, %
Overall 41.68+1247 4371+£1224 0.035
Calcified 1.85(043,632)  363(0.77,870)  <0.001
Non-Calcified 37.01+13.59 36.97+13.51 0.966
Low-attenuated 5.54(3.76,9.06) 5.37 (3.46,8.04) 0.068
Diameter stenosis, % 39.14+£19.57 39.85+19.72 0.672

DBP, diastolic blood preesure; FPG, fasting plasma glucose; hs-CRP,
hypersensitive C-reactive protein; HDL-C, high-density lipoprotein cholesterol;
LDL-C, low-density lipoprotein cholesterol; SBP, systolic blood pressure; TG,
triglyceride; TC, total cholesterol

Results
Characteristics of study patients and plaques at baseline
and follow-up
A total of 175 patients with T2DM who underwent serial
clinically indicated CCTA with a time interval of more than
12 months and the presence of more than one study plaque
were initially screened. Finally, 89 eligible patients (mean
age: 59.9 years; 75.3% men) with 152 study plaques were
included. All patients had mCRFs meeting treatment tar-
gets at follow-up CCTA (Fig. 1; Table 1). Among the study
population, hypertension (67.4%) and dyslipidemia (83.1%)
were common, and approximately one-third had a history
of myocardial revascularization at baseline. All patients
were on statin therapy, approximately one-third were pre-
scribed ezetimibe at discharge, and nearly half received
sodium-glucose cotransporter-2 (SGLT-2) inhibitors.
Following a median of 13.5 months (IQR: 12.2, 17.5
months) of medical therapy, significant improvements
were observed in FPG, lipid profiles, and hs-CRP lev-
els (all p<0.05), with a numerical reduction in BP
(Table 2). However, CCTA plaque analysis revealed a
significant increase in overall PAV [(41.68+12.47)% vs.
(43.71£12.24)%, p=0.035] (Table 2). Study plaques were
further divided into those with overall PAV progres-
sion (8PAV >0, n=80) and those without progression
(0PAV <0, n=72). Compared to non-progressing plaques,
those with progression demonstrated a significantly
lower proportion of diameter stenosis>50% (18.8% vs.
36.1%, p=0.016) but showed a markedly greater increase
in PCAT attenuation from baseline [(5.9+9.2) HU vs.
(1.4+7.7) HU, p=0.002] (Table 3).
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Table 3 Baseline characteristics according to overall plague burden progression
Progression Non-progression p value
(n=80) (n=72)
Clinical characteristics
Age, years 61.0(53.3,64.0) 62.0 (54.3,67.0) 0.249
Male, n (%) 62 (77.5) 50 (69.4) 0.260
BMI, kg/m2 253(24.1,294) 25.5(24.0,286) 0.561
SBP, mmHg 128.5(118.0, 136.8) 131.5(119.0, 139.5) 0.280
DBP, mmHg 76.0 (65.5,81.0) 73.5(65.0,83.0) 0.940
Risk factors, n (%)
Hypertension 56 (70.0) 48 (66.7) 0.659
Dyslipidemia 67 (83.8) 59(81.9) 0.768
Smoking 0.843
Never 32(40.0) 31(43.1)
Former 20 (25.0) 19 (26.4)
Current 28 (35.0) 22 (30.6)
Medical histories, n (%)
Myocardial infarction 8(10.0) 4 (5.6) 0310
Myocardial revascularization 28 (35.0) 13(18.1) 0.019
Stroke 17 (21.3) 10(13.9) 0.236
Laboratory Findings
FPG, mmol/L 8.1+3.1 78+32 0.605
Creatinine, umol/L 74.0 (59.5, 86.4) 72.6 (66.1,84.0) 0.903
TG, mmol/L 145(1.03,2.19) 160 (1.17,2.41) 0.490
TC, mmol/L 3.60(3.13,4.29) 3.85(3.23,4.55) 0.180
HDL-C, mmol/L 1.00 (0.80, 1.11) 1.03 (0.89,1.19) 0.155
LDL-C, mmol/L 1.84(1.48,2.12) 2.12(1.51,2. 73) 0.072
hs-CRP, mg/L 0.84 (0.58,1.82) 1.09 (0.64, 2.30) 0.098
Serial CCTAs
Time interval, month 15.8(12.8,22.9) 14.2(129,23.3) 0.736
Baseline tube voltage, n (%) 0.254
100 kV 58 (72.5) 46 (63.9)
120 kv 22 (27.5) 26 (36.1)
Plague location, n (%) 0.777
LAD 22 (27.5) 23(31.9)
LCX 31(38.8) 28 (38.9)
RCA 27 (33.8) 21(29.2)
Diameter stenosis = 50%, n (%) 15(18.8) 26 (36.1) 0.016
PCAT attenuation, HU
Baseline -81.9+96 -81.1+£82 0.597
Follow-up -76.1+£9.2 -79.7+£99 0.020
Change from baseline 59492 14177 0.002
Medications, n (%)
Aspirin 4(92.5) 64 (88.9) 0.442
Statins 0 (100.0) 72 (100.0) 1.000
Ezetimibe 24 (30.0) 23(31.9) 0.796
ACEI/ARB 9 (48.8) 34 (47.2) 0.851
Metformin 2 (52.5) 30 (41.7) 0.182
Incretins 8(22.5) 11(153) 0.258
DPP4i 16 (20.0) 8(11.1) 0.133
GLP1ra 2(2.5) 3(4.2) 0.905
SGLT2i 35(43.8) 38(52.8) 0.266
Insulin 12 (15.0) 15(20.8) 0.347

LAD, left anterior descending artery; LCX, left circumflex coronary artery; PCAT, pericoronary adipose tissue; RCA, right coronary artery. Other abbreviations referring

to Tables 1 and 2
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Dynamic changes of compositional PAV with PCAT
attenuation

Study plaques were divided into two subgroups based on
pericoronary inflammation progression: SPCAT attenua-
tion >0 (n=88) and SPCAT attenuation<0 (n=64). After
a median follow-up of 13.5 months, plaques with SPCAT
attenuation >0 showed a significant increase in overall
PAV [(39.24+£12.87)% vs. (43.33+12.13)%, p=0.002] and
calcified PAV [1.66% (IQR: 0.41, 6.29) vs. 3.73% (IQR:
1.05, 9.16), p<0.001] from baseline. Similarly, plaques
with SPCAT attenuation<0 also demonstrated a signifi-
cant increase in calcified PAV [2.47% (IQR: 0.49, 6.80)
vs. 3.56% (IQR: 0.58, 8.11), p=0.003] from baseline
(Fig. 3, Table S1). Furthermore, compared to plaques
with SPCAT attenuation <0, those with SPCAT attenua-
tion>0 had significantly greater changes in overall PAV
[(4.09 £12.09)% vs. (-0.82+10.74)%, p=0.011] and calci-
fied PAV [1.57% (IQR: 0.13, 3.84) vs. 0.38% (IQR: -0.26,
2.58), p=0.008]. Additionally, plaques with SPCAT atten-
uation > 0 showed numerically higher changes in non-cal-
cified PAV [(1.29+£11.75)% vs. (-1.87 £10.47)%, p = 0.089]
(Fig. 3, Table S1). The inter-observer variability for overall
PAV was 0.92, while intra-observer variability was 0.94.
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Association of changes in PCAT attenuation with
compositional PAV
Correlation analysis revealed a positive relationship
between SPCAT attenuation and changes in overall PAV
(r=0.28, p=0.001), calcified PAV (r=0.27, p=0.001),
and non-calcified PAV (r=0.22, p=0.007), while no cor-
relation was observed between SPCAT attenuation and
changes in low-attenuated PAV (p>0.05) (Fig. 4). This
positive relationship between SPCAT attenuation and
changes in overall, calcified, and non-calcified PAV was
also maintained in the univariable analysis (Table 4). Fur-
thermore, three multivariate models were established
to evaluate the relationship between SPCAT attenua-
tion and compositional plaque progression. In the fully
adjusted multivariate model (model 3), which adjusted
for age, sex, baseline and changes in risk factors, smok-
ing status, medications, CCTA scan interval, scan
parameters, and baseline compositional PAV and PCAT
attenuation, OPCAT attenuation was positively and
independently associated with changes in overall PAV
(p=0.339, p=0.002), changes in calcified PAV (f=0.109,
p=0.018), and changes in non-calcified PAV ($=0.237,
p=0.034) (Table 4).

The relationship between OPCAT attenuation and
changes in compositional PAV was further validated

B 5PCAT attenuation > 0

P=0.011 P =0.089 P=0.008 P=0.918 [ 1 SPCAT attenuation < 0
7_ | — | | —| : | —| | —| - 3
= s § 2 N
%) ' )
g : |
= 37 : =
) ' 1 o
> ' >
2 = :
E 9 ; -
< -11 : <
«< ! «®
= - i
5 -3 ; S
2 : =
£ s E 2 &
U=} : 2=)
7 ' -3
> >
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Fig. 3 Changes in plaque burden according to increased or decreased pericoronary inflammation. Abbreviation: PCAT, pericoronary adipose tissue
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Fig. 4 Correlation analysis between changes in pericoronary inflammation and changes in plague burden. Abbreviations: HU, Hounsfield Unit; PAV,

percent atheroma volume; PCAT, pericoronary adipose tissue

in a sensitivity analysis, where SPCAT attenuation was
divided by annual 8PAV to account for variations in
CCTA scan intervals among study plaques (Table S2).

Subgroup analysis

Subgroup analysis was conducted to assess whether
the association between elevated PCAT attenuation
and overall PAV progression was consistent across pre-
specified subgroups. These subgroups included age (<65
years or >65 years), sex (male or female), body mass
index (BMI<24 or >24 kg/m®), hypertension (presence
or absence), smoking status (current, former, or never),
hs-CRP levels (<1.00 or >1.00 mmol/L), LDL-C < 1.94 or
>1.94 mmol/L), and FPG (<7.4 or >7.4 mmol/L). After
adjusting for medications, baseline PCAT attenuation,
overall PAV, time interval, and tube voltage, no signifi-
cant interactions were identified between SPCAT attenu-
ation and changes in overall PAV progression across any
of the subgroups (p for interaction > 0.05) (Fig. 5).

Discussion

In this longitudinal cohort of patients with T2DM who
achieved improved mCRFs, the main findings were as
follows: Despite significant improvements in BP, LDL-C,
FPG, and hs-CRP after optimal medical therapy over a
median follow-up period of 13.5 months, PAV increased
from baseline in more than half of the study plaques.
The progression of coronary inflammation, quantified
by PCAT attenuation, was positively and independently
associated with the progression of overall PAV, primar-
ily driven by non-calcified PAV. This association per-
sisted after adjusting for age, sex, cardiovascular risk
factors, concurrent medications, CCTA scan inter-
vals and parameters, as well as baseline PAV and PCAT
attenuation.

Residual cardiovascular risk and inflammation evaluation

Lipid-lowering therapy, particularly targeting LDL-C, has
traditionally been the cornerstone of preventing the pro-
gression of atherosclerosis and subsequent cardiovascular
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Table 4 Associations of changes of pericoronary inflammation
with progression of plaque burden
Continuous Plaque
Progression

Model* B9 (95%Cl) p value
Compositional PAV
Overall Univariable  0.368 (0.161, 0.575) 0.001
Model 1 0.364 (0.156,0.571) 0.001
Model 2 0.372(0.164,0.579) 0.001
Model 3 0.339(0.129, 0.549) 0.002
Calcified Univariable  0.091 (0.015, 0.166) 0.019
Model 1 8(0.029, 0.206) 0.010
Model 2 08(0.019,0.197) 0.018
Model 3 09 (0.019, 0.200) 0.018
Non-Calcified Univariable  0.277 (0.075,0.479) 0.007
Model 1 0.268 (0.050, 0.485) 0.016
Model 2 0.280 (0.064, 0.496) 0.011
Model 3 0.237(0.019, 0.455) 0.034
Low-attenuated Univariable  -0.050 (-0.121, 0.021) 0.166
Model 1 -0.039(-0.108,0.030)  0.270
Model 2 -0.033 (-0.102, 0.036) 0.347
Model 3 -0.046 (-0.116, 0.023) 0.189

FAI, fat attenuation index; PAV, percent atheroma volume

*Variables in model 1 consisted of age, sex, BMI, SBP, FPG, LDL-C, hs-CRP, PCAT
attenuation, smoking status, aspirin, insulin, SGLT2i, time interval, tube voltage,
baseline compositional PAV and SPCAT attenuation

Variables in model 2 consisted of age, sex, BMI, 8SBP, 6FPG, 6LDL-C, 5hs-CRP,
PCAT attenuation, smoking status, aspirin, insulin, SGLT2i, time interval, tube
voltage, baseline compositional PAV and 8PCAT attenuation

Variables in model 3 consisted of age, sex, BMI, SBP, FPG, LDL-C, hs-CRP, PCAT
attenuation, smoking status, 6SBP, 8FPG, 6LDL-C, &hs-CRP, aspirin, insulin,
SGLT2i, time interval, tube voltage, baseline compositional PAV and §PCAT
attenuation

9 The B value was examined by per THU increase of SPCAT attenuation

events [18]. However, even in patients achieving LDL-C
targets, atherosclerotic plaques may continue to prog-
ress, contributing to cardiovascular events. In the pres-
ent study, despite significant improvements in LDL-C,
BP, FPG, and hs-CRP, an increase in overall PAV was
observed in 52.6% of study plaques. This underscores the
need for addressing residual cardiovascular risk beyond
traditional modifiable factors, with inflammation emerg-
ing as a key therapeutic target [19].

A recent meta-analysis involving 175,778 individuals
demonstrated that PCAT attenuation assessed using rou-
tine CCTA images was a superior prognostic biomarker
compared to circulating hs-CRP levels [20]. Although
PCAT volume is also considered a potential marker
of inflammation [21, 22], PCAT attenuation has been
biologically and clinically validated as a more reliable
indicator of pericoronary inflammation [10, 23]. This dis-
tinction was evident in our study, where approximately
58% of study plaques showed elevated vascular inflam-
mation (OPCAT attenuation>0), even among patients
with improved mCRFs, including hs-CRP levels below
2 mg/L.
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Diabetes accelerated atherosclerotic plaque

Increased atherosclerotic plaque burden, quantified
as PAV, is a validated imaging surrogate for predicting
future adverse cardiovascular events [24]. In the Pro-
gression of AtheRosclerotic PIAque Determlned by
Computed TomoGraphic Angiography Imaging (PARA-
DIGM) registry, which included 1,296 subjects, Won et
al. demonstrated that diabetes had an incremental effect
on PAV progression (odds ratio [OR]: 1.64, p=0.01) over
a median follow-up of 3.2 years [25]. In a subgroup analy-
sis of 402 patients without coronary plaques at baseline
within the same registry, glycemic control was found to
be independently associated with the annual change in
PAV ($=0.10, p<0.001) [26]. Furthermore, Won et al.
reported that the triglyceride glucose index, a reliable
marker of insulin resistance, was significantly associated
with rapid PAV progression (OR: 1.78, p<0.001) [27].
This series of studies highlights the significant role of
diabetes and glycemic control in PAV progression, offer-
ing a partial explanation for the approximately two- to
four-fold higher risk of adverse cardiac events in indi-
viduals with diabetes compared to non-diabetic subjects
[28]. Importantly, novel antidiabetic therapies, including
sodium-glucose cotransporter-2 inhibitors and glucagon-
like peptide-1 receptor agonists, have demonstrated car-
diovascular outcome benefits, likely due to their effects
on delaying plaque progression [19, 29].

Coronary inflammation accelerated atherosclerotic plaque
Elevated PCAT attenuation has been shown to be signifi-
cantly associated with the burden of non-calcified plaque
as opposed to calcified plaque [30], and the presence of
vulnerable plaque components [31]. To further inves-
tigate the relationship between PCAT attenuation and
atherosclerotic plaque progression, Lee et al. conducted
an exploratory analysis of the PARADIGM registry. In a
low-risk CAD population comprising 474 patients and
1,476 lesions with a mean diameter stenosis of 18.8%
+ 12.6%, they observed that increased PCAT attenua-
tion was positively correlated with total plaque volume
progression (8=0.275, p=0.047), primarily driven by
fibrous plaque volume (=0.245, p=0.006). However,
their study had significant limitations, including insuffi-
cient adjustment for residual cardiovascular risk factors,
such as baseline PCAT attenuation, baseline hs-CRP, and
dynamic changes in mCRFs (e.g., dsystolic blood pressure
[8SBP], 8FPG, and 8hs-CRP [23].

To address these limitations, our study enrolled
patients with T2DM, a high-risk population character-
ized by increased coronary inflammation and complex
plaque features, who achieved improved mCRFs. In this
population, we confirmed the independent association
between SPCAT attenuation and progression of overall
PAYV, particularly non-calcified PAV. These findings were
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Subgroup N B (95% CI)* P value P for interaction
Overall 152 : —— 0.36 (0.17,0.55) < 0.001
Age (years) : 0.167
<65 110 — —— 0.28 (0.03,0.52) 0.028
> 65 42 | - 0.55 (0.15,0.95) 0.011
Sex i 0.618
Female 40 ——— 0.21 (-0.08, 0.51) 0.169
Male i I 0.36 (0.11,0.62) 0.005
BMI (kg/m2) i 0.097
<24 35 i ® 0.52 (0.12,0.91) 0.017
>24 117 —— 0.23 (0.01,0.45) 0.047
Hypertension i 0.869
No 48 § o 0.38 (-0.02, 0.77) 0.070
Yes 104 — 0.37 (0.12,0.61) 0.005
Smoking I 0.109
Current 50 Lo 0.08 (-0.32, 0.48) 0.687
Former 39 —e 0.22 (-0.18,0.62) 0.289
Never 63 | ——e——  0.43(0.14,0.73) 0.005
hs-CRP (mmol/L) | 0.947
< 1.00 77 T 0.40 (0.14,0.66) 0.004
>1.00 75 E ———— 0.38 (0.07,0.68) 0.018
LDL-C (mmol/L) | 0.830
<1.94 75 | ————— 0.38 (0.08,0.68) 0.015
>1.94 77 S 0.42 (0.13,0.70) 0.006
FPG (mmol/L) i 0.313
<74 75 ————— 0.31 (-0.03, 0.66) 0.083
>74 77 ;| 0.45(0.18,0.72) 0.002
02 0 02 04 06 08

* adjusted for Aspirin, Insulin, Incretins, SGLT2i, baseline PCAT attenuation, overall PAV, time interval and tube voltage

Fig. 5 Subgroup analysis for the impact of changes in pericoronary inflammation on changes of overall plaque burden. The black vertical dotted line
represents a (3 value of 0. The subgroup analysis was adjusted for medications, baseline PCAT attenuation, overall PAV, time interval, and tube voltage.
Abbreviations: BMI, body mass index; FPG, fasting plasma glucose; hs-CRP, high-sensitivity C-reactive protein; LDL-C, low-density lipoprotein cholesterol;
PAV, percent atheroma volume; PCAT, pericoronary adipose tissue; SGLT2i, sodium-glucose cotransporter-2 inhibitor

consistent in the sensitivity analyses, subgroup analy-
ses, and multivariate models, which accounted for base-
line PCAT attenuation, baseline hs-CRP, and dynamic
changes in key mCRFs (e.g., 8SBP, 8FPG, SLDL-C, and
Shs-CRP).

Interestingly, we did not observe a significant correla-
tion between 8PCAT attenuation and changes in low-
attenuated PAV, which may be attributed to the use of
moderate-intensity statins and improved mCRFs, both of

which could attenuate low-attenuated plaques. Addition-
ally, unlike the findings by Goeller et al. [32] and Lee et
al. [23], our study revealed a positive correlation between
OPCAT attenuation and changes in calcified PAV. This
discrepancy may be explained by our study population,
which consisted of diabetic patients receiving the treat-
ment of statins, both of which are known contributors to
vascular calcification [19, 20, 23].
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Clinical implication

The integration of PCAT attenuation as a non-invasive
imaging biomarker allows clinicians to dynamically
assess residual cardiovascular risk beyond traditional
markers, such as LDL-C and hs-CRP. This approach is
particularly important for patients with CAD who are at
increased risk for future cardiovascular events, including
those with T2DM, a history of myocardial infarction, or
prior coronary revascularization, regardless of their tra-
ditional risk factors. Routine CCTA with serial evaluation
of PCAT attenuation offers a novel strategy to enhance
risk stratification in CAD. Additionally, PCAT attenu-
ation may be valuable for developing novel treatments
targeting vascular inflammation and for monitoring the
efficacy of treatments over time.

Study limitations

This study had several limitations. Firstly, it was a single-
center, retrospective study with a relatively small sample
size. The initial cohort consisted of high-risk T2DM
patients, with or without prior revascularization. In real-
world practice, such patients would typically undergo
invasive angiography rather than repeat CCTA if they
presented with new symptoms, which may limit the gen-
eralizability of our findings. Meanwhile, a direct causal
relationship between increased pericoronary inflamma-
tion and plaque progression could not be established.
However, this study uniquely examined a real-world
diabetic cohort with well-controlled risk factors, high-
lighting that the progression of coronary plaques may
be attributed to increased coronary inflammation and
emphasizing the need to address residual perivascular
inflammation. Secondly, the study population had varied
risk profiles and treatment targets for mCRFs, yet a broad
and uniform criterion (e.g., BP target<140/90 mmHg)
was applied to all patients. Thirdly, control of mCRFs was
assessed only at baseline and at the time of the last CCTA
examination, making it impossible to evaluate dynamic
changes in these factors between consecutive CCTA
examinations. Additionally, certain important data, such
as hemoglobin Alc levels and detailed information on
medical treatments during follow-up, were unavailable
due to the retrospective design of the study.

Conclusion

In this longitudinal CCTA cohort of T2DM patients with
improved management of mCRFs, increased PCAT atten-
uation, measured from routine CCTA, was associated
with the progression of overall PAV, particularly non-
calcified PAV. These findings highlighted a potential link
between perivascular inflammation and atherosclerotic
plaque progression, suggesting that PCAT attenuation
could serve as a promising imaging biomarker for moni-
toring plaque progression in the diabetic population.
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Abbreviations

CAD Coronary Artery Disease

CCTA Coronary Computed Tomography Angiography
FPG Fasting Plasma Glucose

hs-CRP High-Sensitivity C-Reactive Protein

HU Hounsfield Unit

IQR Interquartile Range

LDL-C Low-Density Lipoprotein Cholesterol

mCRFs Modifiable Cardiovascular Risk Factors
PAV Percent Atheroma Volume

PCAT Pericoronary Adipose Tissue

PARADIGM  Progression of AtheRosclerotic PIAque Determined by
Computed TomoGraphic Angiography Imaging

T2DM Type 2 Diabetes Mellitus
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