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ORIGINAL RESEARCH

Impact of Pericoronary Adipose Tissue 
Attenuation on Periprocedural Myocardial 
Injury in Patients With Chronic Coronary 
Syndrome
Tetsuya Yamamoto , MD; Hiroyuki Kawamori , MD, PhD; Takayoshi Toba , MD, PhD; Satoru Sasaki , MD; 
Hiroyuki Fujii , MD, PhD; Tomoyo Hamana , MD, PhD; Yuto Osumi , MD; Seigo Iwane , MD; 
Shota Naniwa , MD; Yuki Sakamoto , MD; Koshi Matsuhama , MD; Yuta Fukuishi, MD;  
Ken-ichi Hirata, MD, PhD; Hiromasa Otake , MD, PhD

BACKGROUND: Perivascular inflammation contributes to the development of atherosclerosis and microcirculatory dysfunction. 
Pericoronary adipose tissue (PCAT) attenuation, measured by coronary computed tomography angiography, is a potential 
indicator of coronary inflammation. However, the relationship between PCAT attenuation, microcirculatory dysfunction, and 
periprocedural myocardial injury (PMI) remains unclear.

METHODS AND RESULTS: Patients with chronic coronary syndrome who underwent coronary computed tomography angiography 
before percutaneous coronary intervention were retrospectively identified. PCAT attenuation and adverse plaque characteristics 
were assessed using coronary computed tomography angiography. The extent of microcirculatory dysfunction was evaluated 
using the angio-based index of microcirculatory resistance before and after percutaneous coronary intervention. Overall, 125 con-
secutive patients were included, with 50 experiencing PMI (PMI group) and 75 without PMI (non-PMI group). Multivariable analysis 
showed that older age, higher angio-based index of microcirculatory resistance, presence of adverse plaque characteristics, and 
higher lesion-based PCAT attenuation were independently associated with PMI occurrence (odds ratio [OR], 1.07 [95% CI, 1.01–
1.13]; P=0.02; OR, 1.06 [95% CI, 1.00–1.12]; P=0.04; OR, 6.62 [95% CI, 2.13–20.6]; P=0.001; and OR, 2.89 [95% CI, 1.63–5.11]; 
P<0.001, respectively). High PCAT attenuation was correlated with microcirculatory dysfunction before and after percutaneous 
coronary intervention and its exacerbation during percutaneous coronary intervention. Adding lesion-based PCAT attenuation to 
the presence of adverse plaque characteristics improved the discriminatory and reclassification ability in predicting PMI.

CONCLUSIONS: Adding PCAT attenuation at the culprit lesion level to coronary computed tomography angiography-derived ad-
verse plaque characteristics may provide incremental benefit in identifying patients at risk of PMI. Our results highlight the im-
portance of microcirculatory dysfunction in PMI development, particularly in the presence of lesions with high PCAT attenuation.

REGISTRATION: URL: https://​cente​r6.​umin.​ac.​jp/​cgi-​open-​bin/​ctr/​ctr_​view.​cgi?​recpt​no=​R0000​57722​; Unique identifier: UMIN00​
0050662.

Key Words: adverse plaque characteristics ■ coronary computed tomography angiography ■ pericoronary adipose tissue ■ 
periprocedural myocardial injury

Percutaneous coronary intervention (PCI) effec-
tively relieves symptoms and reduces the in-
cidence of spontaneous myocardial infarction 

in patients with chronic coronary syndrome (CCS). 
However, periprocedural myocardial injury (PMI) oc-
curs constantly, related to worse clinical outcomes 
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after PCI in these patients.1 Previous studies have re-
peatedly reported that target plaque characteristics 
assessed using various imaging modalities can predict 
PMI after PCI. Nonetheless, adverse plaque charac-
teristics (APCs) observed using these modalities at a 
single time point may not necessarily reflect the activity 
of the plaque during a long period of plaque devel-
opment.2 Therefore, accurate PMI prediction based 
solely on image-based plaque characterization re-
mains challenging.3–5

The cause of PMI is currently considered multifac-
torial. Distal coronary embolization of atheromatous 
material and intracoronary thrombus can result in PMI 
through no-reflow/slow-flow phenomena during PCI. 
In addition, coronary vasospasm may be involved due 
to thrombosis, neuro-hormonal activation, and coro-
nary microcirculatory dysfunction. Among several po-
tential contributors, local inflammation is a key driver 
contributing to most of these underlying mechanisms. 

Inflammation promotes plaque progression, increases 
plaque vulnerability and instability, and accelerates 
atheromatous embolization, thrombogenicity, and mi-
crocirculatory dysfunction.6–8 Therefore, we hypothe-
sized that assessing local vascular inflammation before 
PCI might enhance the predictive accuracy for PMI 
over the traditional plaque characterization-based ap-
proach using APCs.

Recent advancements in coronary computed to-
mography angiography (cCTA) have allowed for non-
invasive evaluation of the local inflammatory status of 
coronary arteries. Notably, several previous studies 
have shown that cCTA has the feasibility of measur-
ing epicardial adipose tissue that closely overlays cor-
onary arteries, known as pericoronary adipose tissue 
(PCAT). PCAT is closely opposed to the coronary arter-
ies; therefore, PCAT attenuation on cCTA indicates in-
flammatory activity within the underlying vascular wall. 
Previous studies reported a significant association be-
tween increased PCAT attenuation and future adverse 
events in patients with coronary artery disease.9,10 
Therefore, we aimed to clarify the relationship between 
PCAT attenuation before PCI and the occurrence of 
PMI. In addition, we evaluated the extent of microcircu-
latory dysfunction before and after PCI using a single-
view Murray’s law-based quantitative flow ratio (μQFR) 
analysis. The objective was to elucidate the interplay 
between APC, local inflammation, and microcirculatory 
dysfunction in developing PMI.

METHODS
Study Design
This retrospective, single-center, observational study 
included consecutive patients with CCS who under-
went cCTA before PCI. The study period was between 
January 2014 and December 2020. The inclusion crite-
ria were patients with CCS who (1) underwent PCI with 
a drug-eluting stent, (2) underwent cCTA within 90 days 
before PCI, (3) underwent serial measurements of high-
sensitivity cardiac troponin I (cTnI) before PCI and within 
48 hours after PCI, and (4) were aged ≥20 years. The 
exclusion criteria are described in Data  S1. The cTnI 
measurements were not explicitly ordered based on 
symptoms, ECG changes, or other specific indications. 
However, they were routinely obtained as part of our 
institution’s standard protocol for PCI procedures. This 
study protocol complied with the Declaration of Helsinki 
and was approved by the Ethics Committee of Kobe 
University Hospital. Informed consent was obtained in 
the form of an opt-out on the website of the Division 
of Cardiovascular Medicine, Kobe University Graduate 
School of Medicine. This study was registered in the 
University Hospital Medical Information Network Clinical 
Trial Registry (UMIN000050662). The data that support 

CLINICAL PERSPECTIVE

What Is New?
•	 High baseline pericoronary adipose tissue at-

tenuation is independently associated with 
periprocedural myocardial infarction.

•	 Microvascular dysfunction contributes to the 
development of periprocedural myocardial in-
farction, particularly in the context of lesions 
characterized by high pericoronary adipose tis-
sue attenuation.

What Are the Clinical Implications?
•	 Preoperative coronary computed tomography 

angiography evaluation, including pericoronary 
adipose tissue attenuation, has the potential to 
assist in determining the treatment strategy.

•	 It may be reasonable to defer invasive proce-
dures in favor of statin treatment and plaque 
stabilization, or to guide optimal initiation of ap-
propriate antiplatelet therapy, for chronic coro-
nary syndrome patients with high pericoronary 
adipose tissue attenuation.

Nonstandard Abbreviations and Acronyms

APC	 adverse plaque characteristic
CCS	 chronic coronary syndrome
IMR	 index of microcirculatory resistance
PCAT	 pericoronary adipose tissue
PMI	 periprocedural myocardial injury
QFR	 quantitative flow ratio
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the findings of this study are available from the corre-
sponding author on reasonable request.

Angiogram Analysis
In this study, μQFR analysis was performed using the 
QFR software (AngioPlus Core, version V3; Shanghai 
Pulse Medical Technology, Shanghai, China). The 
research was conducted by 2 experienced and cer-
tified analysts blinded to patients’ clinical characteris-
tics pre- and post-PCI. The detailed methodology for 
single-view μQFR computation has been previously 
described.11–13

Angiographic microvascular resistance was com-
puted as Pd divided by the hyperemic flow velocity 
(Velocityhyp).

The index of microcirculatory resistance (IMR) can 
be calculated as IMR [mm Hg×s/cm]=[angiographic 
microvascular resistance−0.9]/0.07, as previously re-
ported.14 In this computation, an average aorta pres-
sure of 86 mm Hg during maximum hyperemia is 
assumed.15 Δ IMR value was calculated as post-PCI 
IMR minus pre-PCI IMR.

In addition to the μQFR analysis, quantitative cor-
onary angiography data were also available from the 
software. Quantitative coronary angiography included 
reference vessel diameter, minimum lumen diameter, 
percent diameter stenosis, and acute gain. The acute 
gain was defined as the difference between the min-
imum lumen diameter pre- and post-PCI. Transient 
no-reflow was described as an angiogram showing 
a deterioration of coronary flow of Thrombolysis In 
Myocardial Infarction (TIMI) grade 0, 1, or 2 during the 
procedure, regardless of the timing, and TIMI grade 3 
at the final angiogram. The final slow flow was defined 
as an angiogram showing a deterioration of coronary 
flow of TIMI grade 1 or 2 at the final angiogram.5

cCTA Imaging Acquisition
Initially, a noncontrast cardiac computed tomography 
(CT) was performed to assess the extent of coronary 
calcification through the Agatston coronary calcium 
score. cCTA images were obtained following the 
Society of Cardiovascular Computed Tomography 
guidelines on cCTA.16 Oral β-blockers were adminis-
tered in subjects with heart rates ≥65 beats per minute. 
Immediately before cCTA acquisition, 0.3 mg sublin-
gual nitroglycerine was administered to all patients. 
cCTA was performed using retrospective ECG-gated 
spiral acquisition. All examinations were performed 
with Somatom Definition Flash (128×0.6 mm section 
collimation; Siemens, Forchheim, Germany). The scan 

parameters included 70 to 120 kilovolt peak (kVp) tube 
voltage and 260 to 1150 mA tube current (depending 
on body habitus). All images were reconstructed using 
thin slices (0.5–0.75 mm) and medium smooth recon-
struction filters in different phases.

cCTA Image Analysis of Plaque 
Characteristics
The cCTA image analysis was performed using a semi-
automated plaque analysis workstation (SYNAPSE 
VINCENT; Fujifilm, Tokyo, Japan) with an additional 
minor manual optimization to obtain qualitative plaque 
features. cCTA images were analyzed by 2 independ-
ent investigators blinded to patients’ clinical char-
acteristics except for the information on the culprit 
lesion location. The plaque measurements included 
absolute volumes (in cubic millimeters) and the cor-
responding burden (plaque volume×100%/vessel 
volume) of calcified plaques (>350 Hounsfield units 
[HU]) and noncalcified plaques (≤350 HU), as well as 
the remodeling index, lesion length, and diameter ste-
nosis. Noncalcified plaques were further divided into 
their components: low-attenuation plaque (−30 to 30 
HU), intermediate-attenuation plaque (31–130 HU), 
and high-attenuation plaque (131–350 HU) volumes, 
and the corresponding plaque burden.17 The pres-
ence of APCs (low-attenuation plaque, positive re-
modeling, spotty calcification, and napkin-ring sign) 
was assessed in each lesion following the definitions 
from previous studies.2,18 A detailed methodology of 
cCTA image analysis is described in the Supplemental 
Material.

PCAT Analysis
PCAT analysis was performed using a workstation 
(SYNAPSE VINCENT; Fujifilm, Tokyo, Japan). To meas-
ure PCAT attenuation, 3-dimensional layers within 
radial distance from the outer coronary wall equal in 
thickness to the average diameter of the vessel were 
constructed automatically from the CTA. Within the 
predefined volume of interest, voxels with tissue atten-
uation ranging from −190 to −30 HU were considered 
adipose tissue. The automated analysis did not include 
the myocardial tissue adjacent to the vessel wall and 
the coronary branches originating from the vessel of 
interest. PCAT attenuation was defined as the mean 
attenuation within such contamination-free volumes of 
interest. These measurements were performed in each 
patient around the specific culprit lesions (PCATLesion), 
the proximal culprit vessels (PCATVessel), and the proxi-
mal right coronary artery (RCA) (PCATRCA). PCATVessel 
and PCATRCA were measured to compare the diag-
nostic ability for the occurrence of PMI among lesion, 
vessel, and patient-level PCAT attenuation. PCATLesion 
was measured around target lesions, with the proximal 

Angiographic microvascular resistance (mmHg×s∕cm)

=Pd∕Velocityhyp=Pa×�QFR∕Velocityhyp.
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and distal borders of the analysis region defined as the 
proximal and distal ends of the lesion.19,20 The proximal 
40-mm segments of the left anterior descending cor-
onary artery and left circumflex coronary artery, and 
the proximal 10- to 50-mm segment of the RCA were 
traced, as previously described.9 PCATRCA represented 
PCAT measurements at the patient level.9,10 Inter- and 
intraobserver variabilities in assessing PCAT attenua-
tion for all cases were quantified using κ concordance 
analysis.

Outcomes
The study’s primary outcome was the occurrence of 
PMI. PMI was defined as >5×99th percentile upper 
reference limit increase of high-sensitivity cTnI values 
within 48 hours after PCI in patients with CCS with 
normal baseline cTnI values1 (normal reference range: 
<24 pg/mL).

Statistical Analysis
All statistical analyses were performed using 
the Microsoft R open software version 3.4.1 (R 
Development Core Team, Vienna, Austria). Continuous 
variables are presented as mean±SD or median (25th, 
75th percentiles) and compared using the Student t 
test for normally distributed data or the Mann-Whitney 
U test for nonnormally distributed data. Data at differ-
ent time points were analyzed using the paired Student 
t test or Wilcoxon test, as appropriate. Categorical vari-
ables are presented as frequencies with percentages 
and were compared using the χ2 or Fisher exact test, 
as appropriate. Statistical significance was set at a 
2-sided P value <0.05. The variables included in the 
multivariable logistic regression analysis encompassed 
baseline clinical characteristics (age, hypertension, 
dyslipidemia, diabetes, current smoking), cCTA findings 
(lesion length, percent diameter stenosis, total plaque 
volume, low-attenuation plaque volume, presence of 
any APCs), PCAT variables, and pre-PCI IMR. Within 
the multivariable logistic regression analysis, signifi-
cant correlations emerged among specific covariates. 
The presence of any APCs, which encompasses indi-
vidual components of APCs such as low-attenuation 
plaque, positive remodeling, spotty calcification, and 
the napkin-ring sign, were identified as related factors. 
Additionally, significant correlations were observed 
among PCATLesion, PCATVessel, and PCATRCA. To com-
prehensively investigate the relationship between each 
variable and the occurrence of PMI, we used multiple 
models, which are as follows: Model A (comprising 
low-attenuation plaque, positive remodeling, spotty 
calcification, napkin-ring sign, and PCATLesion), Model 
B (involving the presence of any APCs and PCATLesion), 
Model C (involving the presence of any APCs and 
PCATVessel), and Model D (involving the presence of any 

APCs and PCATRCA). The area under the curve (AUC) 
was calculated from receiver operating characteristic 
(ROC) curve analysis for PCATLesion, PCATVessel, and 
PCATRCA, and compared using the DeLong method. 
Three prediction models for PMI were constructed to 
determine the incremental discriminatory and reclas-
sification performance of PCAT attenuation. As a base-
line, clinical Model 1 was derived from cardiovascular 
risk factors (age, hypertension, diabetes, dyslipidemia, 
and current smoking) and quantitative cCTA analysis 
(lesion length, percent diameter stenosis, and total 
plaque volume). Clinical Model 2 was constructed 
using clinical Model 1 + cCTA plaque quality analysis 
(the presence of APCs and low-attenuation plaque vol-
ume). Clinical Model 3 was derived from clinical Model 
2 + PCAT attenuation at the culprit lesion level. The 
discriminatory ability of Models 2 and 3 was assessed 
by ROC analysis, and the reclassification performance 
of each model was compared using the relative inte-
grated discrimination improvement and category-free 
net reclassification index. ROC analysis was used to 
determine the optimal cutoff value of PCATLesion associ-
ated with PMI according to tube voltage as follows: 70 
or 100 to 120 kVp.

RESULTS
Study Population
In total, 253 patients with CCS underwent PCI with prior 
cCTA within 90 days before PCI during the study period. 
Among them, 201 patients had serial cTnI measure-
ments performed before PCI and within 48 hours after 
PCI and met the inclusion criteria. After excluding pa-
tients based on various criteria, including patients with 
a positive cTnI before PCI (n=9), patients with coronary 
artery bypass graft lesions (n=7), patients with chronic 
total occlusion (n=11), patients with in-stent restenosis 
(n=3), patients with severely calcified lesions (n=16), pa-
tients with left main trunk lesions (n=10), patients with 
>1 main coronary artery intervention during single PCI 
procedure (n=9), patients with side branch occlusion 
during PCI procedure (n=3), patients with cardiogenic 
shock during PCI (n=2), and patients with insufficient 
CT data quality (n=6), 125 patients were finally included 
in the analysis. Among these patients, 50 (40.0%) ex-
perienced PMI (PMI group), whereas 75 (60.0%) did 
not experience PMI (non-PMI group) (Figure S1).

Comparison of Baseline Characteristics 
Between PMI and Non-PMI Groups
The baseline patient characteristics are shown in 
Table 1. Patients with PMI were significantly older than 
those with non-PMI. The prevalence of coronary risk 
factors and medications on admission were similar 
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between the 2 groups. CK-MB and cTnI levels before 
PCI were comparable between the 2 groups; however, 
those after PCI in the PMI group were significantly 
higher than those in the non-PMI group (7.5 [5–11] U/L 
versus 4 [4–4.5] U/L, P<0.001; 920 [482.5–1890] ng/
mL versus 70 [45–80] ng/mL, P<0.001; respectively).

The baseline lesion, procedural, and angiographic 
characteristics are shown in Table 2. The 2 groups had 
no significant differences in target vessels, lesion loca-
tion, number of implanted stents, and stent diameter. 
Stent length in the PMI group was significantly longer 
than that in the non-PMI group. The occurrence of 
transient no-reflow and final slow flow was significantly 
higher in the PMI group than in the non-PMI group. 
Pre-PCI reference vessel diameter, minimum lumen 
diameter, percent diameter stenosis, and μQFR were 
comparable; however, pre-PCI IMR was significantly 

higher in the PMI group than in the non-PMI group. In 
addition, post-PCI IMR and Δ IMR were significantly 
higher in the PMI group than in the non-PMI group. 
IMR levels were significantly increased during PCI in 
the PMI group but not in the non-PMI group (Table 2). 
If patients with transient or final no-reflow phenome-
non were excluded, post-PCI IMR values remained 
higher in the PMI group (n=39) than those in the non-
PMI group (n=74) (42.9±10.4 mm Hg×s/cm versus 
27.0±6.7 mm Hg×s/cm, P<0.001).

Comparison of cCTA Findings Between 
PMI and Non-PMI Groups
Table  3 summarizes cCTA findings. The 2 groups 
had no statistically significant differences in percent 
diameter stenosis, lesion external elastic membrane 

Table 1.  Baseline Patient Characteristics

Variables All lesions (n=125) PMI (n=50) Non-PMI (n=75) P value

Baseline patient characteristics

Age, y 69.0±9.2 73.0±8.6 69.1±11.4 0.046

Sex, male, n (%) 95 (76.0%) 36 (72.0%) 59 (78.7%) 0.40

Hypertension, n (%) 89 (71.2%) 36 (72.0%) 53 (70.1%) 0.87

Dyslipidemia, n (%) 87 (69.6%) 36 (72.0%) 51 (68.0%) 0.64

Diabetes, n (%) 54 (43.2%) 22 (44.0%) 32 (42.3%) 0.88

Current smoker, n (%) 58 (46.4%) 24 (48.0%) 34 (45.3%) 0.77

Prior PCI, n (%) 20 (16.0%) 11 (22.0%) 9 (12.0%) 0.14

Chronic kidney disease, n (%) 48 (38.4%) 20 (40.0%) 28 (37.3%) 0.77

Hemodialysis, n (%) 6 (4.8%) 4 (8.0%) 2 (2.7%) 0.18

LVEF, % 59.7±8.7 58.4±10.8 60.5±6.9 0.18

Laboratory data

BNP, pg/mL 40.5 (18.8, 96.1) 43.4 (21.4, 136.9) 36.1 (18.8, 88.9) 0.23

Estimated GFR, mL/min per 
1.73 m2

60.6±18.2 59.9±21.1 61.2±15.9 0.70

Low-density lipoprotein 
cholesterol, mg/dL

105.8±30.3 104.9±29.5 106.4±30.8 0.78

High-density lipoprotein 
cholesterol, mg/dL

46.6±12.7 46.5±11.9 46.7±13.1 0.94

HbA1c, % 6.4±1.1 6.3±1.0 6.5±1.2 0.32

WBC count, per μL 6212±1764 6281±1667 6110±1895 0.60

hs-CRP, mg/L 0.50±1.56 0.52±1.46 0.49±1.63 0.91

Pre-CK-MB, U/L 4 (4, 5) 4 (4, 5) 4 (4, 5) 0.68

Pre-cTnI, pg/mL 10 (10, 20) 10 (10, 20) 10 (10, 20) 0.71

Post-CK-MB, U/L 4 (4, 7) 7.5 (5, 11) 4 (4, 4.5) <0.001

Post-cTnI, pg/mL 90 (60, 700) 920 (482.5, 1890) 70 (45, 80) <0.001

Medications

Statins, n (%) 72 (57.6%) 29 (58.0%) 43 (57.3%) 0.94

β-Blockers, n (%) 67 (53.6%) 27 (54.0%) 40 (53.3%) 0.94

RAS inhibitors, n (%) 72 (57.6%) 26 (52.0%) 46 (61.3%) 0.30

Calcium channel blockers, n (%) 54 (43.2%) 22 (44.0%) 32 (42.7%) 0.88

Values are expressed as mean±SD, median (25th, 75th percentiles), or n (%). BNP indicates brain-type natriuretic peptide; CK-MB, creatine kinase-MB; cTnI, 
cardiac troponin I; GFR, glomerular filtration rate; HbA1c, hemoglobin A1c; LVEF, left ventricular ejection fraction; hs-CRP, high-sensitivity C-reactive protein; 
PCI, percutaneous coronary intervention; PMI, periprocedural myocardial injury; RAS, renin-angiotensin system; and WBC, white blood cell.
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CSA, minimum lumen area, and total plaque volume. 
However, lesion length and remodeling index were 
significantly greater, low-attenuation plaque volume 
was numerically larger, and the CT attenuation value 
of the culprit plaque was significantly lower in the 
PMI group than in the non-PMI group. Spotty cal-
cification and plaques with napkin-ring signs were 
significantly more frequent in the PMI group than in 
the non-PMI group. In addition, the prevalence of 
any APCs was significantly higher in the PMI group 
than in the non-PMI group (72.0% versus 50.7%, 
P=0.017). As for PCAT attenuation, PCATLesion, 
PCATVessel, and PCATRCA were significantly higher 
in the PMI group than in the non-PMI group (all  
P values <0.01). Inter- and intraobserver agreements 
for measuring PCAT attenuation were within the ac-
ceptable range (PCATLesion: intraobserver, 0.975; in-
terobserver, 0.918; PCATVessel: intraobserver, 0.980; 

interobserver, 0.930; PCATRCA: intraobserver, 0.988; 
interobserver, 0.955).

Factors Associated With PMI
The results of the univariate and multivariable lo-
gistic regression analysis examining clinical factors 
and cCTA findings associated with PMI are summa-
rized in Table 4. The multivariable Model A showed 
that age, pre-PCI IMR, and PCATLesion were inde-
pendently associated with PMI. The multivariable 
Models B, C, and D showed that in addition to older 
age, the presence of any APCs, pre-PCI IMR, and 
PCAT-related variables such as PCATLesion (Model B; 
odds ratio [OR], 2.89 [95% CI, 1.63–5.11]; P<0.001), 
PCATVessel (Model C; OR, 1.96 [95% CI, 1.22–3.16]; 
P=0.006), and PCATRCA (Model D; OR, 1.69 [95% CI, 
1.14–2.53]; P=0.010) were independently associated 
with the occurrence of PMI. To improve the validity 

Table 2.  Lesion, Procedural, and Angiographic Characteristics

Variables All lesions (n=125) PMI (n=50) Non-PMI (n=75) P value

Lesion characteristics

Target vessel: LAD/LCX/RCA, % 53.6/16.0/30.4 56.0/20.0/24.0 52.0/13.3/34.7 0.39

Lesion location: proximal/mid/distal, % 36.8/56.8/6.4 30.0/66.0/4.0 41.3/50.7/8.0 0.24

Multivessel disease 73 (58.4%) 30 (60%) 43 (57.3%) 0.77

Procedural characteristics

No. of stents 1.21±0.43 1.28±0.45 1.16±0.40 0.12

Stent diameter, mm 3.10±0.43 3.03±0.35 3.15±0.48 0.14

Stent length, mm 30.0±14.5 34.2±14.9 27.1±13.5 0.007

Distal protection device, n (%) 13 (10.4%) 7 (14.0%) 6 (8.0%) 0.29

Angiographic analysis

Pre-PCI

Reference vessel diameter, mm 2.68±0.49 2.58±0.44 2.75±0.51 0.17

Minimum lumen diameter, mm 1.08±0.40 0.98±0.31 1.04±0.25 0.20

Diameter stenosis, % 57.6±11.9 59.3±10.0 57.2±11.1 0.30

Post-PCI

Minimum lumen diameter, mm 2.39±0.39 2.34±0.27 2.42±0.45 0.29

Diameter stenosis, % 14.6±11.1 15.3±10.9 14.1±11.2 0.57

Transient no-reflow, n (%) 12 (9.6%) 11 (22.0%) 1 (1.3%) <0.01

Final slow flow, n (%) 5 (4.0%) 5 (10.0%) 0 (0.0%) 0.005

Acute gain, mm 1.36±0.58 1.43±0.48 1.31±0.63 0.27

QFR analysis

μQFR pre-PCI 0.68±0.16 0.69±0.13 0.68±0.17 0.96

μQFR post-PCI 0.89±0.09 0.92±0.06 0.87±0.10 0.01

IMR analysis

IMR pre PCI, mm Hg×s/cm 29.8±9.7 34.5±8.1 26.6±9.5 <0.001

IMR post-PCI, mm Hg×s/cm 33.4±11.5 43.0±10.5* 27.0±6.6 <0.001

ΔIMR, mm Hg×s/cm 3.6±9.3 8.6±9.4 0.4±7.6 <0.001

Values are expressed as mean±SD or n (%). μQFR indicates Murray’s law-based quantitative flow ratio; IMR, index of microvascular resistance; LAD, left 
anterior descending artery; LCX, left circumflex artery; PCI, percutaneous coronary intervention; PMI, periprocedural myocardial injury; QFR, quantitative flow 
ratio; and RCA, right coronary artery.

*Indicates P<0.05 vs IMR pre-PCI.
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and interpretability of the results, we have reduced 
the variables in the multivariable models in Table S1. 
After reducing the variables, the multivariable model 
consistently showed that PCATLesion (OR, 2.50 [95% 
CI, 1.48–4.21]; P<0.001) was independently associ-
ated with the occurrence of PMI (Table S1). The AUC 
of the presence of any APCs for identifying PMI was 
0.61 (95% CI, 0.52–0.69), and the sensitivity, speci-
ficity, positive predictive value, and negative predic-
tive value of the presence of any APCs alone were 
72.0%, 49.3%, 48.6%, and 72.5%, respectively. The 
AUC of PCATLesion for identifying PMI was significantly 

higher than that of PCATVessel and PCATRCA in diag-
nostic performance (Figure 1).

Discriminatory Diagnostic Ability by the 
Addition of Factors for PMI
Three prediction models were constructed to deter-
mine the incremental discriminatory and reclassification 
performance of cCTA findings and PCAT attenuation. 
Figure 2 shows ROC curves for the 3 models and their  
predictive performance. Compared with Model 1 (car
diovascular risk factors and quantitative cCTA analysis), 

Table 3.  cCTA Findings

Variables All lesions (n=125) PMI (n=50) Non-PMI (n=75) P value

cCTA settings

Tube voltage, n (%) 0.46

70 kVp 61 (48.8%) 21 (42%) 40 (53.3%)

100–120 kVp 64 (51.2%) 29 (58%) 35 (46.7%)

Quantitative cCTA analysis

Lesion length, mm 24.6±11.0 27.6±11.9 22.6±9.8 0.012

Diameter stenosis, % 72.0±19.0 72.6±21.2 71.5±17.4 0.77

Lesion EEM CSA, m2 11.5±5.2 11.8±5.1 11.3±5.2 0.65

Lesion MLA, m2 1.05±0.72 0.94±0.49 1.12±0.83 0.18

Remodeling index 1.13±0.35 1.20±0.35 1.08±0.34 0.048

CT attenuation value, HU 58.1±29.1 44.4±26.2 67.2±27.3 <0.001

Coronary artery calcium score 341 (51, 808) 341 (61, 707) 327 (48, 954) 0.82

Total plaque volume, mm3 261.9±144.9 272.1±140.3 255.0±147.6 0.52

cCTA plaque quality analysis

Plaque composition volume, mm3

Low-attenuation plaque 53.9±16.0 57.3.±15.3 51.6±16.1 0.052

Intermediate-attenuation 
plaque

80.2±72.1 83.2±59.2 78.2±79.3 0.71

High-attenuation plaque 109.1±84.9 113.5±83.1 106.2±86.0 0.64

Calcified plaque 18.7±28.5 18.2±26.7 19.1±29.6 0.87

Plaque composition burden, %

Low-attenuation plaque 26.4±17.2 27.6±21.2 25.6±13.8 0.52

Intermediate-attenuation 
plaque

28.9±17.1 29.9±17.4 28.3±16.9 0.60

High-attenuation plaque 37.9±13.7 36.5±15.8 39.0±12.0 0.32

Calcified plaque 6.7±9.5 6.0±8.0 7.2±10.3 0.49

Presence of APCs 74 (59.2%) 36 (72.0%) 38 (50.7%) 0.017

Positive remodeling, n (%) 49 (39.2%) 24 (48.0%) 25 (33.3%) 0.10

Low attenuation plaque, n (%) 27 (21.6%) 15 (30.0%) 12 (16.0%) 0.063

Spotty calcification, n (%) 41 (32.8%) 24 (52.2%) 17 (22.7%) 0.011

Napkin-ring sign, n (%) 20 (16.0%) 12 (24.0%) 8 (10.7%) 0.047

PCAT attenuation analysis

PCATLesion, HU −81.3±11.4 −75.9±10.9 −84.9±10.3 <0.001

PCATVessel, HU −82.8±11.7 −79.1±11.7 −85.3±11.1 0.004

2003PCATRCA, HU −83.1±11.1 −78.9±10.1 −85.7±11.0 <0.001

Values are expressed as mean±SD, median (25th, 75th percentiles), or n (%). APCs indicates adverse plaque characteristics; cCTA, coronary computed 
tomography angiography; CSA, cross sectional area; EEM, external elastic membrane; HU, Hounsfield units; kVp, kilovolt peak; MLA, minimum lumen area; 
PCAT, pericardial adipose tissue; PMI, periprocedural myocardial injury; and RCA, right coronary artery.
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Model 2 (Model 1+ cCTA plaque quality analysis) 
showed a numerically higher discriminatory ability 
(AUC: 0.74 versus 0.67; P=0.06) and a significantly 
higher reclassification ability (net reclassification index: 

0.49; P=0.005; relative integrated discrimination im-
provement: 0.08; P<0.001) for identifying the occur-
rence of PMI. In addition, Model 3 (Model 2 + PCATLesion) 
showed a significant increase in discriminatory ability 

Figure 1.  Diagnostic ability of PCAT attenuation at the culprit lesion, culprit vessel, and patient levels to identify PMI.
Comparison of PCATLesion, PCATVessel, and PCATRCA receiver operating characteristic curves and the AUCs are shown. AUC indicates 
area under the curve; PCAT, pericoronary adipose tissue; PMI, periprocedural myocardial injury; and RCA, right coronary artery.
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Figure 2.  Comparison between discriminant and reclassification ability of predictive models for the presence of PMI.
To determine incremental discriminatory and reclassification capacities of PCAT attenuation at the culprit lesion level, we constructed 
3 analytical models as follows: Model 1: cardiovascular risk factors and quantitative cCTA analysis (black line); Model 2: Model 1 + cCTA 
plaque quality analysis (blue line); Model 3: Model 2+PCAT attenuation at culprit lesion level (red line). %DS indicates percent diameter 
stenosis; APCs, adverse plaque characteristics; AUC, area under the curve; cCTA, coronary computed tomography angiography; DL, 
dyslipidemia; DM, diabetes mellitus; HT, hypertension; IDI, integrated discrimination improvement; LAP, low-attenuation plaque; NRI, 
net reclassification index; PCAT, pericoronary adipose tissue; PMI, periprocedural myocardial injury; and TPV, total plaque volume.
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(AUC: 0.85 versus 0.74; P=0.01) and incremental re-
classification ability (net reclassification index: 0.95; 
P<0.001; relative integrated discrimination improve-
ment: 0.19; P<0.001) compared with Model 2 (Figure 2). 
When limiting the predictive model to the most impor-
tant variables, PCAT continued to demonstrate incre-
mental predictive value (Figure S2).

Incidence of PMI and the Risk for PMI 
According to the Presence of APC and 
PCAT Attenuation Grade
ROC analysis of PCATLesion showed that the cutoff 
value for identifying patients with PMI was −80.7 HU 
(sensitivity, 66.7%; specificity, 82.5%; AUC, 0.75 [95% 
CI, 0.62–0.88]) on 70-kVp images and −72.9 HU (sen-
sitivity, 55.2%; specificity, 85.7%; AUC, 0.72 [95% CI, 
0.59–0.85]) on 100- to 120-kVp images. Based on 
these cutoff values, the lesions were categorized into 
high PCAT (PCATLesion ≥−80.7 HU on 70-kVp images 
or PCATLesion ≥−72.9 HU on 100- to 120-kVp images) 
or low PCAT (PCATLesion <−80.7 HU on 70-kVp images 
or PCATLesion <−72.9 HU on 100- to 120-kVp images). 
When lesions were classified based on the presence 
of APCs and PCAT attenuation grade, the incidence 
of PMI was the highest in lesions with both APCs (+) 
and high PCAT (Figure  3A), which showed a higher 
risk for PMI than those with APCs (−) and low PCAT 
(OR, 24.7 [95% CI, 5.86–105.0]; P<0.001) (Figure 3B). 
Representative cases are described in Figure S3.

Relationship Between PCAT Attenuation, 
Microcirculatory Dysfunction, and PMI
A significant correlation was found between PCAT at-
tenuation and IMR, both pre-PCI (r=0.324, P<0.001) 
and post-PCI (r=0.429, P<0.001), and there was a 
weak correlation between PCAT attenuation and  
Δ IMR (r=0.19, P=0.03). Pre- and post-PCI IMR and  
Δ IMR were significantly higher in the lesions with high 
PCAT attenuation than in those with low PCAT attenu-
ation (Figure 4). Moreover, a significant correlation was 
observed between post-PCI cTnI levels and PCAT at-
tenuation (r=0.29, P<0.001). There were also significant 
correlations between post-PCI cTnI levels and post-
PCI IMR (r=0.43, P<0.001) or Δ IMR (r=0.30, P<0.001) 
(Figure 5).

DISCUSSION
To our knowledge, this is the first study investigating 
the relationship between PCAT attenuation measured 
using pre-PCI cCTA imaging and the occurrence of 
PMI among patients with CCS. This study’s main find-
ings can be summarized as follows: (1) Patients who 
experienced PMI after PCI had a higher level of vas-
cular inflammation as indicated by increased PCAT 
attenuation at the culprit lesion, culprit vessel, and pa-
tient level. (2) In addition to older age and cCTA-derived 
APC, increased pre-PCI PCAT attenuation measured 
using cCTA and microcirculatory resistance assessed 

Figure 3.  Incidence of PMI and the risk for PMI according to the presence of APCs and PCAT attenuation grade.
A, Incidence of PMI. All lesions were classified according to the presence of APCs and PCAT attenuation grade. The incidence 
of PMI was significantly higher in lesions with APCs and high PCAT. B, Odds ratio for PMI. Lesions with APCs and high PCAT 
attenuation showed significantly higher risk than those with no APCs and low PCAT. APC indicates adverse plaque characteristic; 
PCAT, pericoronary adipose tissue; and PMI, periprocedural myocardial injury.
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Figure 4.  Correlations between IMR-related variables and PCAT attenuation, and comparison of IMR-related variables 
according to PCAT attenuation grade.
A, Pre-PCI IMR. A significant correlation was found between PCAT attenuation and pre-PCI IMR (r=0.324, P<0.001). Pre-PCI IMR in 
the lesions with high PCAT was significantly higher than in those with low PCAT (34.9 mm Hg×s/cm vs 26.2 mm Hg×s/cm, P<0.001). B, 
Post-PCI IMR. A significant correlation was found between PCAT attenuation and post-PCI IMR (r=0.429, P<0.001). Post-PCI IMR in 
the lesions with high PCAT was significantly higher than in those with low PCAT (42.4 mm Hg×s/cm vs 27.2 mm Hg×s/cm, P<0.001). C, 
Δ IMR. There was a weak correlation between PCAT attenuation and Δ IMR (r=0.19, P=0.03). Δ IMR in the lesions with high PCAT was 
significantly higher than in those with low PCAT (6.8 mm Hg×s/cm vs 1.0 mm Hg×s/cm, P<0.001). IMR indicates index of microvascular 
resistance; PCAT, pericoronary adipose tissue; and PCI, percutaneous coronary intervention.

D
ow

nloaded from
 http://ahajournals.org by on February 7, 2024



J Am Heart Assoc. 2024;13:e031209. DOI: 10.1161/JAHA.123.031209� 11

Yamamoto et al� Pericoronary Adipose Tissue and Myocardial Injury

using angio-derived IMR were independently associ-
ated with the occurrence of PMI. (3) PCAT attenuation 
at the culprit lesion level demonstrated superior pre-
dictive ability in identifying PMI compared with PCAT 

attenuation at the culprit vessel and patient level. (4) 
PCAT attenuation at the culprit lesion level provided 
incremental predictive value over the model incorpo-
rating clinical risk factors and traditional cCTA findings, 
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including APCs, for identifying patients at risk of PMI. 
(5) Microcirculatory resistance significantly increased 
after PCI in patients with PMI but not in those with-
out PMI. Moreover, high PCAT attenuation was sig-
nificantly associated with microcirculatory dysfunction 
before and after PCI and its exacerbation during PCI. 
These findings highlight the importance of PCAT atten-
uation as a potential marker of vascular inflammation 
and its association with PMI risk. In addition, the study 
underscores the role of microcirculatory dysfunction in 
developing PMI, particularly in the context of lesions 
characterized by high PCAT attenuation.

Incremental Value of Inflammation to APC
Distal coronary embolization of intracoronary thrombus 
and atheromatous material has been recognized as a 
major cause of PMI.1 APCs observed on cCTA, such 
as positive remodeling, low attenuation plaque, spotty 
calcification, and napkin-ring sign, indicate plaque vul-
nerability with higher lipid content.21,22 Consequently, 
plaques with APCs may be susceptible to fragmenta-
tion into numerous atherosclerotic particles after stent 
expansion, resulting in PMI. A prior cCTA study dem-
onstrated a significant association between APCs on 
cCTA and post-PCI cTnT elevation.5 However, a pre-
vious serial cCTA study2 showed that many plaques 
with APCs remained stable and event-free >1 year, 
whereas some developed instability, ultimately result-
ing in acute coronary syndrome. This finding suggests 
that the presence of APCs alone may not necessarily 
predict the likelihood of plaque instability or its activ-
ity.23 The present study indicated low positive predic-
tive values for the presence of APCs alone in predicting 
PMI (sensitivity: 72.0%, specificity: 49.3%, positive pre-
dictive value: 48.6%, negative predictive value: 72.5%). 
Therefore, we currently consider that assessing APCs 

alone using cCTA may be insufficient; other factors 
should be evaluated with cCTA to better predict PMI.

Inflammation plays a vital role in collagen degra-
dation in the fibrous cap, which precedes fibrous cap 
rupture, by releasing collagen-degrading enzymes. 
In addition, inflammation significantly contributes to 
plaque thrombogenicity by providing a source of tissue 
factor.24 Therefore, it is conceivable that inflammation 
increases plaque instability and thrombogenicity, pre-
disposing to intraprocedural microembolization with 
subsequent microvascular injury or obstruction after 
PCI.25 Recently, cCTA has emerged as a noninvasive 
method to evaluate PCAT attenuation, potentially rep-
resenting adjacent vessels’ inflammatory status. In a 
landmark study, Antonopoulos et  al demonstrated a 
relationship between coronary perivascular fat atten-
uation and inflammation in and around the coronary 
artery.10 In the present study, we evaluated PCAT at-
tenuation as a measure of local coronary inflammation 
to obtain a more accurate risk stratification of PMI.

Consequently, we found that increased PCAT at-
tenuation was independently associated with the oc-
currence of PMI. Previous studies have clarified the 
additive value of PCAT attenuation over APC features. 
Kwiecinski et al showed a correlation between PCAT 
attenuation and 18F-sodium fluoride (18F-NaF) activity, 
which provided information on plaque activity.19 In this 
study, not all plaques with APCs on cCTA manifested 
plaque activity as assessed by 18F-NaF uptake or al-
tered PCAT attenuation, suggesting that the presence 
of APCs alone may not necessarily represent plaque 
activity. Moreover, Oikonomou et  al26 demonstrated 
that APC features with low inflammation assessed by 
PCAT attenuation were not associated with increased 
cardiac risk. However, when inflammation is present, 
APC features can identify a particularly high-risk group 
of patients. Considering these findings, assessment 

Figure 5.  Correlations between post-PCI cTnI level and PCAT attenuation or IMR-related variables.
A, PCAT attenuation. A significant correlation was found between PCAT attenuation and post-PCI cTnI (r=0.29, P<0.001). B, Pre-
PCI IMR. A weak correlation was found between pre-PCI IMR and post-PCI cTnI (r=0.22, P=0.015). C, Post-PCI IMR. A significant 
correlation was found between post-PCI IMR and post-PCI cTnI (r=0.43, P<0.001). D, Δ IMR. A significant correlation was found 
between Δ IMR and post-PCI cTnI (r=0.30, P<0.001). cTnT indicates cardiac troponin I; IMR, index of microvascular resistance; PCAT, 
pericoronary adipose tissue; and PCI, percutaneous coronary intervention.
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of APCs alone may be insufficient for plaque risk 
assessment; evaluating plaque activity by measur-
ing increased PCAT attenuation could be important. 
Therefore, we speculate that inflammation assessed 
by PCAT attenuation could provide incremental value 
to the evaluation of APC, providing a more accurate 
risk stratification of subsequent PMI after PCI. Our 
study demonstrated that PCAT attenuation at the cul-
prit lesion level provided incremental predictive value 
over models incorporating clinical risk factors and tra-
ditional cCTA findings, including APCs, in identifying 
patients at risk of PMI. Furthermore, lesions with both 
the presence of APCs and high PCAT attenuation had 
a 24.7-fold higher risk of PMI than other lesions. These 
findings suggest that assessing inflammation through 
PCAT attenuation on cCTA may help detect lesions 
susceptible to PMI, offering advantages over a simple 
evaluation based solely on APCs.

Relationship Between Vascular 
Inflammation, Microcirculatory 
Dysfunction, and PMI
Coronary microcirculatory dysfunction represents 
another mechanism contributing to the occurrence 
of PMI. A previous study demonstrated a significant 
association between baseline and post-PCI IMR val-
ues and PMI. Periprocedural IMR changes were sig-
nificantly higher in patients who developed PMI, with 
post-PCI IMR emerging as a stronger and independent 
predictor of PMI occurrence.27 Consistent with these 
findings, the present study also revealed a significant 
association between microcirculatory dysfunction, as 
assessed using angio-based pre- and post-PCI IMR, 
and periprocedural IMR changes with PMI. Moreover, 
our study clarified the relationship between local in-
flammatory status, microcirculatory dysfunction, and 
the occurrence of PMI. Lesions with high PCAT attenu-
ation had significantly higher pre- and post-PCI IMR 
and Δ IMR than those with low PCAT attenuation. In 
addition, there were weak but statistically significant 
correlations between PCAT attenuation and IMR-
related variables. Furthermore, this study showed that 
both pre-PCI PCAT levels and microcirculatory deterio-
ration during PCI significantly correlated with post-PCI 
cTnI levels, representing the extent of myocardial ne-
crosis due to PCI. These findings suggest a substantial 
association between local vessel inflammation, preex-
isting microcirculatory dysfunction, and likelihood of 
exacerbating microcirculatory dysfunction due to PCI, 
ultimately contributing to PMI occurrence. The detailed 
mechanisms remain speculative; however, we believe 
that local vessel inflammation may indicate increased 
plaque vulnerability and instability, accelerating ather-
omatous embolization, thrombogenicity, and micro-
circulatory dysfunction. Notably, even after excluding 

cases with transient or final no-reflow phenomenon, 
post-PCI IMR values remained higher in the PMI group 
when compared with those in the non-PMI group. 
These findings emphasize that, even in cases where 
there is no angiographically apparent deterioration of 
coronary flow, PMI can still occur due to microcircu-
latory dysfunction. This reinforces our hypothesis that 
microcirculatory dysfunction plays a significant role in 
the development of PMI, particularly in the context of 
lesions characterized by high PCAT attenuation.

It is well established that highly vulnerable plaques 
contain many macrophages that secrete several in-
flammatory cytokines and substantial amounts of 
tissue factor.28 A previous experimental study has 
demonstrated that the release of active tissue factors 
alone can lead to the occurrence of the no-reflow phe-
nomenon.29 Based on these findings, we speculate 
that during PCI, the mechanical disruption of highly 
inflammatory lipid-rich plaques, particularly those with 
APCs, may release such active tissue factors into the 
coronary circulation. Consequently, these circulating 
active tissue factors and cytokines have the potential 
to induce microcirculatory spasm and/or dysfunction, 
contributing to PMI occurrence. Moreover, baseline 
microcirculatory dysfunction resulting from inflamma-
tion may predispose individuals to a reduced tolerance 
toward further microcirculatory dysfunction induced by 
the mechanical damage of the epicardial coronary ar-
tery by PCI.

In addition, inflamed plaques may be prone to em-
bolization of plaque debris and thrombotic aggregates, 
further exacerbating microcirculatory dysfunction. The 
combined effects of inflammation on plaque instabil-
ity and microcirculatory dysfunction play a significant 
role in PMI occurrence. Therefore, assessing inflam-
mation through PCAT attenuation on cCTA may pro-
vide additive information on the activity of plaques with 
APCs and microcirculatory dysfunction in the coronary 
vessel. Further studies are necessary to confirm our 
findings.

Different Predictive Abilities in Identifying 
PMI Among Lesion-, Vessel-, and Patient-
Level PCAT Attenuation
In the present study, PCAT attenuation at the culprit 
lesion level demonstrated superior predictive ability 
in identifying PMI compared with PCAT attenuation 
at the culprit vessel and patient level. This suggests 
that lesion-specific local inflammation may have a 
greater impact on PMI occurrence than inflamma-
tion at the vessel or patient level. The level at which 
PCAT attenuation should be measured to assess 
inflammation remains controversial. Recently, sev-
eral studies have investigated relationships between 
lesion-specific PCAT attenuation and culprit lesion 
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plaque vulnerability. Goeller et al17 showed that PCAT 
attenuation was higher around culprit lesions than 
nonculprit lesions in patients with acute coronary 
syndromes or in control subjects with stable coronary 
artery disease. In addition, the authors reported that 
low attenuation plaque was independently associated 
with high PCAT attenuation at the culprit lesion level. 
These findings highlighted the potential importance 
of a lesion-specific evaluation of PCAT attenuation 
to assess local plaque characteristics. Furthermore, 
by evaluating plaques in all coronary segments, 
Kwiecinski et al19 found that those with 18F-NaF up-
take had higher PCAT attenuation than those without 
increased tracer activity. This relationship was not ob-
served when only the proximal RCA was assessed for 
PCAT. These findings suggest that a lesion-specific 
assessment of PCAT may provide greater insight into 
atherosclerosis activity than RCA measurements or 
evaluation of the proximal segments of the major ar-
teries alone. Considering that vulnerability and insta-
bility in local plaques contribute to PMI occurrence, it 
appears appropriate to evaluate PCAT attenuation at 
the culprit lesion level for predicting the occurrence of 
PMI, as shown in the present study.

Limitations
First, we acknowledge that the small sample size of 
the present study may increase the potential for selec-
tion bias. Additionally, our study focused on a specific, 
high-risk patient population with a retrospective de-
sign that required recent prior CT scans. Furthermore, 
the observed rate of PMI in our research may appear 
relatively high. It is also important to emphasize that 
in this single-center study, there remains a possibility 
of bias due to unmeasured confounding. Although we 
have made diligent efforts to account for known con-
founders and have used rigorous statistical methods, 
the possibility of unmeasured confounding cannot 
be completely eliminated in any observational study. 
Moreover, the observational nature of the data limits 
the ability to draw definitive conclusions. Therefore, 
caution is advised when generalizing the clinical impli-
cations of our findings. It is also important to highlight 
that our results should undergo confirmation through 
external validation. A large-scale prospective study is 
warranted to validate the usefulness of PCAT attenu-
ation in treatment decision making. Second, we did 
not directly measure coronary inflammation; however, 
recent studies have shown an association between 
PCAT attenuation and biopsy-proven vascular in-
flammation in patients undergoing cardiac surgery.10 
This supports the potential of PCAT attenuation as 
a surrogate marker for coronary inflammation. Third, 
it should be noted that various CT tube voltages in-
fluenced PCAT attenuation. However, even when 

applying different optimal cutoff values of PCATLesion 
according to tube voltage, the incidence of PMI was 
high in lesions with high PCAT attenuation, regard-
less of the tube voltage used (70- or 100- to 120-kVp) 
(Figure 4A). Fourth, we excluded severely calcified le-
sions in the present study. There is a lack of data on 
lesion-specific PCAT attenuation in the presence of 
severe calcification at the exact lesion site. In addition, 
the spatial resolution of CT may limit PCAT assess-
ment in areas adjacent to heavy coronary calcifica-
tion, affecting the evaluation of luminal stenosis and 
APCs. Furthermore, using rotational atherectomy in 9 
of 16 severely calcified lesions during the index PCI 
could introduce debris and potentially influence mi-
crocirculatory dysfunction, necessitating differentia-
tion between PMI caused by rotational atherectomy 
and PMI from other factors. Fifth, the PCAT attenu-
ation at the culprit lesion level was the best predic-
tor in this retrospective study. However, the limitations 
of measuring lesion-specific PCAT attenuation when 
the exact lesion or location undergoing PCI is uncer-
tain. Therefore, as a noninvasive risk marker, PCAT at 
the vessel or RCA level might be a more feasible risk 
marker evaluated before PCI. Sixth, in regard to the 
selection of confounding variables, we acknowledge 
that it is a complex process with inherent limitations. 
In our study, we carefully considered variables such as 
age, hypertension, diabetes, smoking, plaque meas-
urements such as lesion length, and other pertinent 
factors consistently associated with PMI in prior stud-
ies.30,31 In addition, when constructing the multivariable 
model, we aimed to include clinically significant vari-
ables and potential confounders based on established 
literature and expert consensus. Despite accounting 
for these clinically relevant variables, we found that 
PCAT attenuation demonstrated incremental predic-
tive value for PMI beyond their influence. Conversely, 
it is worth noting that our models included 11 predic-
tors, which may seem extensive, particularly given the 
relatively small sample size and the number of events. 
Therefore, we also presented the results of the mul-
tivariable logistic regression analysis with a reduced 
set of covariates. Even when restricting the predictive 
model to the most critical variables, PCAT continued 
to demonstrate incremental predictive value (as shown 
in Data S1). Seventh, given the relatively small sample 
size and constraints on internal cross-validation, there 
is a possibility of overfitting in the AUC results. Finally, 
IMR-related variables were measured using an angio-
based rather than a wire-based approach. Wire-based 
IMR evaluation is the current gold standard; a previous 
validation study has demonstrated that IMR derived 
solely from a single angiographic view can be a feasi-
ble computational alternative to pressure wire-based 
IMR, with good diagnostic accuracy in assessing mi-
crocirculatory dysfunction.14
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CONCLUSIONS
The noninvasively determined PCAT attenuation at the 
culprit lesion level in patients with CCS was indepen-
dently associated with PMI occurrence. Adding PCAT 
attenuation at the culprit lesion level to cCTA-derived 
APCs may provide incremental benefit for identifying 
PMI. Our results highlight the importance of microcir-
culatory dysfunction in PMI development, particularly 
in the presence of lesions characterized by high PCAT 
attenuation.
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