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Relevance of anatomical, plaque, and hemodynamic characteristics
of non-obstructive coronary lesions in the prediction of risk for acute
coronary syndrome

Jiesuck Park1 & Joo Myung Lee2
& Bon-Kwon Koo1,3

& Gilwoo Choi4 & Doyeon Hwang1
& Tae-Min Rhee1

&

Seokhun Yang1
& Jonghanne Park1 & Jinlong Zhang1

& Kyung-Jin Kim1
& Yaliang Tong5

& Joon-Hyung Doh6
&

Chang-Wook Nam7
& Eun-Seok Shin8

& Young-Seok Cho9
& Eun Ju Chun10

& Jin-Ho Choi2 & Bjarne L. Norgaard11
&

Evald H. Christiansen11
& Koen Niemen12,13

& Hiromasa Otake14
& Martin Penicka15 & Bernard de Bruyne15

&

Takashi Kubo16
& Takashi Akasaka16 & Jagat Narula17 & Pamela S. Douglas18 & Charles A. Taylor4,19

Received: 8 February 2019 /Revised: 31 March 2019 /Accepted: 3 April 2019
# European Society of Radiology 2019

Abstract
Objectives We explored the anatomical, plaque, and hemodynamic characteristics of high-risk non-obstructive coronary lesions
that caused acute coronary syndrome (ACS).
Methods From the EMERALD study which included ACS patients with available coronary CTangiography (CCTA) before the
ACS, non-obstructive lesions (percent diameter stenosis < 50%) were selected. CCTA images were analyzed for lesion charac-
teristics by independent CCTA and computational fluid dynamics core laboratories. The relative importance of each characteristic
was assessed by information gain.
Results Of the 132 lesions, 24 were the culprit for ACS. The culprit lesions showed a larger change in FFRCT across the lesion
(ΔFFRCT) than non-culprit lesions (0.08 ± 0.07 vs 0.05 ± 0.05, p = 0.012).ΔFFRCT showed the highest information gain (0.051,
95% confidence interval [CI] 0.050–0.052), followed by low-attenuation plaque (0.028, 95% CI 0.027–0.029) and plaque
volume (0.023, 95% CI 0.022–0.024). Lesions with higher ΔFFRCT or low-attenuation plaque showed an increased risk of
ACS (hazard ratio [HR] 3.25, 95% CI 1.31–8.04, p = 0.010 for ΔFFRCT; HR 2.60, 95% CI 1.36–4.95, p = 0.004 for low-
attenuation plaque). The prediction model including ΔFFRCT, low-attenuation plaque and plaque volume showed the highest
ability in ACS prediction (AUC 0.725, 95% CI 0.724–0.727).
Conclusion Non-obstructive lesions with higherΔFFRCTor low-attenuation plaque showed a higher risk of ACS. The integration of
anatomical, plaque, and hemodynamic characteristics can improve the noninvasive prediction of ACS risk in non-obstructive lesions.
Key Points
• Change in FFRCT across the lesion (ΔFFRCT) was the most important predictor of ACS risk in non-obstructive lesions.
• Non-obstructive lesions with higher ΔFFRCT or low-attenuation plaque were associated with a higher risk of ACS.
• The integration of anatomical, plaque, and hemodynamic characteristics can improve the noninvasive prediction of ACS risk.
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%DS Percent diameter stenosis
ACS Acute coronary syndrome
AUC Area under the curve
CCTA Coronary computed tomography angiography
CFD Computational fluid dynamics
FFRCT Coronary CT angiography-derived fractional flow
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MI Myocardial infarction
SCD Sudden cardiac death
ΔFFRCT Delta FFRCT

Introduction

The primary goal of coronary revascularization is to identify
and treat advanced coronary artery disease (CAD) with ob-
structive stenoses. Introduction of coronary computed tomog-
raphy angiography (CCTA) has exerted a considerable impact
on the diagnosis of CAD by allowing noninvasive assessment
of anatomical severity and plaque characteristics of the coro-
nary lesions [1–4]. Additionally, noninvasive or invasive he-
modynamic stress tests have enabled to detect the ischemia-
causing stenosis [5]. Of the various physiologic indices, frac-
tional flow reserve (FFR) has been considered as a gold stan-
dard to identify ischemia-causing coronary stenoses [5]. A
recent advance in computational fluid dynamics (CFD) has
made it possible to calculate and visualize blood flow and
pressure fields along the coronary vessels [6]. Combining
the CFD technique with the anatomical information of
CCTA, it is possible to calculate FFR (CCTA-derived frac-
tional flow reserve [FFRCT]) without additional invasive pro-
cedures or hyperemic agents [7–9]. Recently, the EMERALD
(Exploring the Mechanism of the plaque Rupture in Acute
coronary syndrome using coronary CT Angiography and
computationaL fluid Dynamics) study demonstrated improve-
ment in prediction of acute coronary syndrome (ACS) by
adding noninvasive hemodynamic parameters over anatomi-
cal and plaque characteristics using CCTA and CFD [10].

Meanwhile, a substantial proportion of patients with sud-
den cardiac death (SCD) do not have known obstructive cor-
onary disease [11, 12]. Therefore, identification of high-risk
plaque for subsequent adverse cardiovascular events is essen-
tial, not only for patients with obstructive or severe coronary
stenoses but also for those with non-obstructive coronary ste-
noses. The current study aimed to investigate the anatomical,
plaque, and hemodynamic characteristics of high-risk non-ob-
structive coronary lesions that caused acute coronary
syndrome.

Materials and methods

Study population

The study population was derived from the EMERALD study
[10]. In brief, patients who experienced a documented ACS
event (acute myocardial infarction or unstable angina with
objective evidence of plaque rupture) and had undergone
CCTA from 1 month to 2 years before the ACS event were
enrolled. All patients underwent invasive coronary

angiography at the time of the ACS event. Patients with
ACS related to in-stent restenosis, secondary MI due to other
general medical conditions, previous history of coronary ar-
tery bypass graft surgery or poor image quality of CCTA for
CFD analysis were excluded. All angiograms were reviewed
at a core laboratory in Seoul National University Hospital, and
the culprit lesions were determined in a blinded fashion. The
current study selected non-obstructive lesions with percent
diameter stenosis (%DS) < 50% assessed by CCTA. The de-
tailed study flow is summarized in Supplementary Fig. 1.
Among 59 patients, CCTA images were acquired using
Siemens scanners (Somatom Definition or Somatom
Definition Flash) in 47 patients (98 lesions, 79.7%) and
Philips scanners (Philips Brilliance 64 or Brilliance iCT) in
12 patients (34 lesions, 20.3%). The study protocol was ap-
proved by the institutional review board of each site and was
conducted following the Declaration of Helsinki
(ClinicalTrials.gov Identifier: NCT02374775).

CCTA analysis for plaque characteristics

CCTA images were screened and analyzed for anatomical
and plaque characteristics at a core laboratory in Seoul
National University Bundang Hospital by an independent
observer (EJC, MD, PhD, 11 years of experience in cardiac
imaging) blinded to both the clinical data and CFD results.
For anatomical characteristics, %DS, minimal luminal di-
ameter, lesion length, plaque volume, and plaque burden
were measured. The plaque burden was defined as [plaque
volume/vessel volume] × 100 at a target lesion. The lesions
with %DS > 30% based on CCTA assessment were further
evaluated for plaque characteristics. The presence of low-
attenuation plaque (average density ≤ 30 Hounsfield unit
[HU]) and positive remodeling (remodeling index ≥ 1.1)
was assessed as adverse plaque characteristics in the same
manner as previous studies [13, 14]. Briefly, the plaque
density was measured semi-automatically by dedicated
cardiac workstat ion (Intel l ispace Portal , Phi l ips
Healthcare). The average plaque density was defined by
the mean value of HU measured at least five randomly
selected points in the lesion as a region of interest. The
remodeling index was calculated as the vessel diameter at
the site of maximal stenosis divided by the reference
diameter.

CCTA image analysis for hemodynamic parameters

All CFD analyses for hemodynamic parameters were per-
formed in a blinded fashion using the same procedure per-
formed during FFRCT computation at a core laboratory in
HeartFlow, Inc. [7, 8, 15]. The patient-specific anatomic mod-
el of coronary arteries was reconstructed from CCTA images
with segmentation of lumen boundary. Blood flow, pressure,
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Fig. 1 Representative cases of non-obstructive lesions causing acute
coronary syndrome. Four cases of non-obstructive lesions causing acute
coronary syndrome are presented in Fig. 1. Case A: The coronary CT
angiography (CCTA) showed that the lesion in mid left anterior
descending coronary artery (LAD) had 35% diameter stenosis (%DS)
and did not have low-attenuation plaque nor positive remodeling. Per-
vessel FFRCT was 0.89 and ΔFFRCT was 0.04. After 514 days from
CCTA, the patient presented with acute myocardial infarction with
obstruction of mid-LAD. Case B: The lesion in distal left circumflex
artery (LCX) had 33% DS with positive remodeling. Per-vessel FFRCT

was 0.83 andΔFFRCTwas 0.08. After 269 days from CCTA, the patient

presented with acute myocardial infarction with near total obstruction of
distal LCX. Case C: The lesion in right coronary artery (RCA) had 46%
DS and low-attenuation plaque. Per-vessel FFRCTwas 0.68 andΔFFRCT

was 0.07. After 161 days from CCTA, the patient presented with acute
myocardial infarction with near total occlusion and plaque rupture of
proximal RCA. Case D: CCTA shows the lesion in mid-LAD with 41%
DS and low-attenuation plaque. Per-vessel FFRCTwas 0.83 andΔFFRCT

was 0.05. After 269 days from CCTA, the patient presented with acute
myocardial infarction with near total obstruction of mid-LAD. %DS,
percent diameter stenosis; FFRCT, coronary CT angiography-derived
fractional flow reserve; ΔFFRCT, change in FFRCT across the lesion
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and hyperemic response along the coronary trees were com-
puted using CFD technique by solving the Navier-Stokes
equations [7, 8]. For the current study, two clinically applica-
ble hemodynamic parameters, per-vessel FFR derived from
CCTA (FFRCT) and change in FFRCT across the lesion
(ΔFFRCT), were used as noninvasive hemodynamic parame-
ters (Fig. 1). FFRCTwas defined as the ratio of mean pressure
in downstream coronary vessels (Pd) to that of the aorta (Pa).
ΔFFRCT was derived by calculating the difference between
the proximal and distal FFRCT (ΔFFRCT = proximal FFRCT −
distal FFRCT).

Statistical analysis

Characteristics of the culprit and non-culprit lesions were
analyzed on a per-lesion basis. Continuous variables were
presented either as means with standard deviations or me-
dians with interquartile ranges (IQR). Categorical vari-
ables were presented as numbers and relative frequencies
(percentages). For the per-lesion-based comparison of an-
atomical, plaque, and hemodynamic characteristics be-
tween culprit and non-culprit lesions, the generalized es-
timating equation was used to adjust for intra-subject var-
iability. Correlation analysis was used to assess the degree
of relationship between FFRCT or ΔFFRCT and %DS.

The information gain of each variable with a 10,000-
permutation resampling method was calculated to com-
pare the relative significance of the lesion characteristics
on subsequent ACS events. The information gain repre-
sents the contribution of a predictor for the event of inter-
est, which is calculated by the differences in entropy be-
fore and after classifying the data based on the predictor
[16]. The higher information gain indicates that the pre-
dictor is more important for explaining the event, which
for the current study was identifying the culprit lesion(s).
In addition, to evaluate the impact of each lesion charac-
teristic on subsequent ACS risk, the lesions were classi-
fied by the presence of adverse lesion characteristics and
compared using marginal Cox regression analysis.
Continuous values of anatomical and hemodynamic pa-
rameters were converted to binary variables by using
mean or median values for defining the presence of ad-
verse anatomical (%DS, 40%; minimal luminal diameter,
2.2 mm; lesions length, 17.0 mm; plaque volume,
48.1 mm3; plaque burden, 44.8%) or hemodynamic
(FFRCT, 0.84; ΔFFRCT, 0.04) characteristics.

Prediction models for subsequent ACS events were con-
structed by individual or multiple combinations of the le-
sion characteristics, and the performance of models was
compared using area under the curve (AUC) of the receiver
operator characteristics with 10,000-permutation resam-
pling method.

All probability values were two-sided, and p values < 0.05
were considered statistically significant. The statistical pack-
age SPSS, version 18.0 (SPSS Inc.), and R, version 3.4.3 (R
Development Core Team), were used for statistical analyses.

Results

Baseline characteristics of patients

A total of 132 non-obstructive lesions of 59 patients were
selected from the original EMERALD study population.
Table 1 presents patient characteristics. The median interval
between CCTA and ACS event was 342 days (IQR 167–545
and range 54–703) and 94.9% of patients presented with acute
MI.

Comparison of lesion characteristics between culprit
and non-culprit lesions

Table 2 shows the anatomical, plaque, and hemodynamic
characteristics of the culprit and non-culprit lesions. There
were no significant differences in anatomical characteris-
tics between culprit and non-culprit lesions. The preva-
lence of low-attenuation plaque was higher in culprit le-
sions without statistical significance (41.7% vs 24.1%,
p = 0.173). As for hemodynamic characteristics, ΔFFRCT

Table 1 Baseline characteristics of the study patients and lesions

Patients (N = 59)

Age (years) 70.3 ± 12.7

Male 43 (72.9)

Median interval between CCTA and acute
coronary syndrome (days)

342.0 (167.0–545.0)

Cardiovascular risk factors

Hypertension 37 (62.7)

Diabetes mellitus 31 (52.5)

Hypercholesterolemia 27 (45.8)

Current smoker 19 (32.2)

Ejection fraction (%) 58.0 (42.7–63.0)

Clinical presentation

Myocardial infarction 56 (94.9)

NSTEMI 34 (57.6)

STEMI 22 (37.3)

Unstable angina 3 (5.1)

Values given as mean ± standard deviation, median (interquartile range,
25th and 75th percentiles), or number (percentage), unless otherwise
indicated.

CCTA, coronary computed tomography angiography; NSTEMI, non-ST-
segment elevation myocardial infarction; STEMI, ST-segment elevation
myocardial infarction
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was higher in culprit lesions than in non-culprit lesions
(0.08 ± 0.07 vs 0.05 ± 0.05, p = 0.012). However, there
was no difference in FFRCT between culprit and non-
culprit lesions (0.81 ± 0.10 vs 0.80 ± 0.13, p = 0.730).
ΔFFRCT showed mild correlation with %DS (r = 0.195,
p = 0.025); however, there was no significant correlation
between FFRCT and %DS (r = − 0.097, p = 0.270).

Relative importance and prognostic significance
of lesion characteristic

Among the nine lesion characteristics, ΔFFRCT showed the
highest information gain (0.051, 95% confidence interval [CI]
0.050–0.052) followed by low-attenuation plaque (0.028,
95% CI 0.027–0.029) and plaque volume (0.023, 95% CI

Fig. 2 Importance of individual lesion characteristic assessed by
information gain. The figure shows the importance of individual lesion
characteristic assessed by information gain using a 10,000-permutation
resampling method. ΔFFRCT showed the highest information gain
(0.051, 95% CI 0.050–0.052), followed by low-attenuation plaque,

plaque volume, and percent diameter stenosis (%DS). %DS, percent
diameter stenosis; FFRCT, coronary CT angiography-derived fractional
flow reserve; ΔFFRCT, change in FFRCT across the lesion; MLD,
minimal luminal diameter

Table 2 Comparison of lesion
characteristics between culprit
and non-culprit lesions

All lesions
(N = 132)

Culprit (N = 24) Non-culprit
(N = 108)

p
value

Anatomical characteristics

% Diameter stenosis 36.9 ± 9.4 39.7 ± 6.5 36.3 ± 9.9 0.193

Minimal luminal diameter
(mm)

2.3 ± 0.6 2.3 ± 0.5 2.3 ± 0.6 0.605

Lesion length (mm) 17.0 ± 7.0 17.8 ± 9.7 16.9 ± 6.3 0.575

Plaque volume (mm3) 68.7 ± 57.1 71.9 ± 44.7 67.9 ± 59.8 0.211

Plaque burden (%) 44.9 ± 11.7 44.5 ± 11.1 45.0 ± 11.8 0.856

Lesion location 0.579

Left main to LAD 47 (35.6) 36 (33.3) 11 (45.8)

Left circumflex artery 27 (20.5) 24 (22.2) 3 (12.5)

Right coronary artery 58 (43.9) 48 (44.5) 10 (41.7)

Proximal lesion 55 (41.7) 9 (37.5) 46 (42.6) 0.819

Plaque characteristics

Low-attenuation plaque 36 (27.3) 10 (41.7%) 26 (24.1%) 0.173

Positive remodeling 14 (10.6) 3 (12.5%) 11 (10.2%) 0.682

Hemodynamic characteristics

FFRCT 0.80 ± 0.13 0.81 ± 0.10 0.80 ± 0.13 0.730

ΔFFRCT 0.05 ± 0.05 0.08 ± 0.07 0.05 ± 0.05 0.012

Values given as mean ± standard deviation, or number (percentage), unless otherwise indicated

FFRCT, coronary CT angiography-derived fractional flow reserve; ΔFFRCT, delta FFRCT; LAD, left anterior
descending coronary artery
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0.022–0.024) (Fig. 2). Lesions with higherΔFFRCT and pres-
ence of low-attenuation plaque were associated with a higher
risk for the culprit of subsequent ACS (hazard ratio [HR] 3.25,
95% CI 1.31–8.04, p = 0.010 and HR 2.60, 95% CI 1.36–
4.95, p = 0.004 for ΔFFRCT and low-attenuation plaque, re-
spectively) (Table 3 and Fig. 3).

Prediction models for ACS risk
among non-obstructive lesion

Table 4 and Fig. 4 present the performance of prediction
models for ACS risk. Among the anatomical, plaque, and
hemodynamic characteristics, plaque volume (AUC 0.590,
95% CI 0.589–0.591), low-attenuation plaque (AUC 0.590,
95% CI 0.589–0.592), and ΔFFRCT (AUC 0.654, 95% CI
0.652–0.655) showed the highest performance in each

category of lesion characteristics, respectively. In multiple
combinations, models withΔFFRCTand either plaque volume
(AUC 0.691, 95% CI 0.689–0.692) or low-attenuation plaque
(AUC 0.703, 95% CI 0.701–0.705) showed significantly
higher performance than the model with plaque volume and
low-attenuation plaque (AUC 0.644, 95% CI 0.643–0.646) (p
for both < 0.001). The model with ΔFFRCT, low-attenuation
plaque, and plaque volume showed the best performance
(AUC 0.725, 95% CI 0.724–0.727) among the models.

Discussion

The current study explored the anatomical, plaque, and hemo-
dynamic characteristics of high-risk non-obstructive coronary
lesions associated with ACS assessed by noninvasive CCTA
and CFD. The main findings of our study are as follows: (1)
the culprit lesions showed a higher change in FFRCTacross the
lesion (ΔFFRCT) than non-culprit lesions. However, there was
no difference in FFRCT between the two groups; (2) from
information gain analysis, ΔFFRCT was the most important
factor associated with ACS event followed by low-attenuation
plaque and plaque volume; and (3) the prediction model in-
cludingΔFFRCT, low-attenuation plaque, and plaque volume
demonstrated the highest predictive ability for ACS event.

Importance of identifying high-risk non-obstructive
lesion

Identification of high-risk lesions for subsequent ACS event is
important in the management of patients with coronary artery
disease. Therefore, invasively or noninvasively detected ad-
verse anatomical and plaque characteristics have been used as
indicators of the high-risk plaque [17]. In studies with non-
obstructive lesions, Kristensen et al reported that the total
amount of non-calcified plaque was a predictor for future

Fig. 3 Cumulative risk for the
culprit of future ACS according to
lesion characteristics. Lesions
with highΔFFRCT (a) or low-
attenuation plaque (b) showed
significantly higher risk for the
culprit lesions in future ACS
event compared with those with
lowerΔFFRCTor absence of low-
attenuation plaque, respectively.
CCTA, coronary CT
angiography; ΔFFRCT, change in
FFRCT across the lesion; LAP,
low-attenuation plaque

Table 3 Estimated risk for the culprit of acute coronary syndrome
according to lesion characteristics

Lesion characteristics HR 95% CI p value

Anatomical characteristics

% Diameter stenosis 1.54 0.78–3.02 0.214

Minimal luminal diameter 0.95 0.43–2.11 0.897

Lesion length 1.02 0.45–2.13 0.966

Plaque volume 1.25 0.50–3.12 0.639

Plaque burden 1.15 0.38–2.00 0.749

Plaque characteristics

Low-attenuation plaque 2.60 1.36–4.95 0.004

Positive remodeling 1.15 0.33–4.03 0.831

Hemodynamic characteristics

FFRCT 0.54 0.27–1.09 0.101

ΔFFRCT 3.25 1.31–8.04 0.010

FFRCT, coronary CT angiography-derived fractional flow reserve;
ΔFFRCT, delta FFRCT
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acute coronary events [18] and Ferraro et al showed that non-
obstructive lesions with high-risk plaque characteristics had a
comparable risk of ACS to obstructive lesions without high-
risk plaque characteristics [19]. In addition to anatomical and
plaque characteristics, recent studies showed the importance
of hemodynamic parameters in the progression and vulnerable
transformation of coronary plaque [10, 20, 21]. Our study
investigated the absolute and relative significance of anatom-
ical, plaque, and hemodynamic characteristics and found that
ΔFFRCT, low-attenuation plaque, and plaque volumewere the

highest relevant factors in each category for the prediction of
culprit lesions for the ACS event.

Prognostic importance of ΔFFRCT
among non-obstructive lesions

In our study, ΔFFRCT was the most important factor associ-
ated with ACS event among the various lesion characteristics.
ΔFFRCT showed the highest information gain and the lesions
with high ΔFFRCT were associated with significantly higher
risk of culprit for subsequent ACS (HR 3.25, 95% CI 1.31–
8.04, p = 0.010). It is interesting to note that there was no
difference in FFRCT between the culprit and non-culprit le-
sions. Lee et al investigated the prognostic significance of
invasively measured FFR among non-obstructive lesions
and found that the risk of a clinical event was higher in the
low FFR group than in the high FFR group [22]. However, the
association ofΔFFRCTwith ACS risk was not investigated in
that study. In our study, the correlation between %DS and
ΔFFRCT was significant whereas no significant relationship
was found between %DS and FFRCT. Previous studies
showed that the external plaque stress increases as the pressure
gradient across the lesion increases [21, 23–25]. Taken togeth-
er, ΔFFRCT may demonstrate a more significant effect on
ACS event than per-vessel FFR in the non-obstructive lesion.
However, the relative importance of per-vessel FFR and
ΔFFRCT needs further investigation.

Fig. 4 Performance comparison of various prediction models. Among
the prediction models, the model with plaque volume, low-attenuation
plaque, and ΔFFRCT showed the highest ability (AUC 0.725, 95% CI

0.724–0.727) in ACS risk prediction. AUC, area under the curve;
ΔFFRCT, change in FFRCT across the lesion

Table 4 Comparison of AUC values in prediction of risk for the culprit
of acute coronary syndrome

Lesion characteristics AUC 95% CI

Anatomical characteristics

% Diameter stenosis 0.582 0.581–0.583

Lesion length 0.570 0.569–0.571

Plaque volume 0.590 0.589–0.591

Plaque characteristics

Positive remodeling 0.545 0.544–0.546

Low-attenuation plaque 0.590 0.589–0.592

Hemodynamic characteristics

FFRCT 0.585 0.584–0.586

ΔFFRCT 0.654 0.652–0.655

AUC, area under the curve; CI, confidence interval; FFRCT, coronary CT
angiography-derived fractional flow reserve; ΔFFRCT, delta FFRCT
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Comprehensive integration of anatomical, plaque,
and hemodynamic characteristics for detection
of high-risk non-obstructive lesions

Despite the vast amount of clinical data, the positive predic-
tive value of each lesion characteristic in the prediction of
future cardiovascular events is still low [26, 27]. Our study
investigated the prediction ability of individual or combina-
tions of lesion characteristics for ACS risk. Although a pre-
diction model withΔFFRCT showed the highest performance
(AUC 0.654, 95% CI 0.652–0.655) among the individual le-
sion characteristics, the model comprising ΔFFRCT, low-
attenuation plaque, and plaque volume demonstrated the
highest predictive ability for ACS risk (AUC 0.725, 95% CI
0.724–0.727). Our results suggest that a comprehensive ap-
proach through the integration of information contained in
multiple aspects of the coronary lesions can enhance the abil-
ity to identify high-risk plaques that can cause ACS in patients
with non-obstructive lesions.

Limitations

There are some limitations to our study. First, the number of
lesions included in our study was relatively small. Second, as
we analyzed per-vessel comparison between culprit and non-
culprit lesions from ACS patients, there was no external con-
trol for the study. Third, patients with inadequate or poor
CCTA image were excluded for analysis [8]. As the current
study retrospectively analyzed the CCTA data, we could not
control the CT protocol of the participating center. Therefore,
to minimize the bias derived from the image quality, high
standard for CCTA image quality was applied for final inclu-
sion. However, the presence of selection bias cannot be
completely excluded. Fourth, CCTA images were acquired
using different systems according to the participating centers.
However, the type of CCTA scanner did not show a significant
interaction with the study results. When the type of CCTA
scanner was included as a covariable, the significance of
ΔFFRCT (adjusted HR 2.86, 95% CI 1.19–6.92, p = 0.019)
or low-attenuation plaque (adjusted HR 3.24, 95% CI 1.41–
7.48, p = 0.006) was similarly observed, and overall study
results were not changed. Last, diverse factors such as system-
ic blood pressure, vascular spasticity, and endothelial or mi-
crovascular dysfunction could be related to plaque rupture in
non-obstructive lesions, which were not considered in our
study.

Conclusion

In non-obstructive coronary lesions, ΔFFRCT was the most
important factor in the prediction of ACS risk. The integration
of anatomical, plaque, and hemodynamic characteristics can

improve the noninvasive prediction of ACS risk for patients
with non-obstructive coronary lesions.
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