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Abstract
Objectives We aimed to assess the prevalence of coexistence of coronary microvascular dysfunction (CMD) in patients with
intermediate epicardial stenosis and to explore coronary computed tomography angiography (CCTA)–derived lesion-, vessel-,
and cardiac fat–related characteristic findings associated with CMD.
Methods A retrospective cross-sectional single-center study included a total of 177 patients with intermediate stenosis in the left
anterior descending artery (LAD) who underwent CCTA and invasive physiological measurements. The 320-slice CCTA
analysis included qualitative and quantitative assessments of plaque, vessel, epicardial fat volume (ECFV) and epicardial fat
attenuation (ECFA), and pericoronary fat attenuation (FAI). CMDwas defined by the index of microcirculatory resistance (IMR)
≥ 25.
Results In the entire cohort, median fractional flow reserve (FFR) and median IMR values were 0.77 (0.69–0.84) and 19.0 (13.7–
27.7), respectively. The prevalence of CMD was 32.8 % (58/177) in the total cohort. The coexistence of CMD and functionally
significant stenosis was 34.3 % (37/108), whereas CMD in nonsignificant intermediate stenosis was 30.4 % (21/69). CMD was
significantly associated with greater lumen volume (p = 0.031), greater fibrofatty and necrotic component (FFNC) volume
(p = 0.030), and greater ECFV (p = 0.030), but not with FAI (p = 0.832) and ECFA (p = 0.445). On multivariable logistic
regression analysis, vessel volume, vessel lumen volume, lesion remodeling index, ECFV, and lesion FFNC volume were
independent predictors of CMD.
Conclusions The prevalence of CMD was about one-third in patients with intermediate stenosis in LAD regardless of the
presence or absence of functional stenosis significance. The integrated CCTA assessment may help in the identification of CMD.
Key Points
• The coexistence of coronary microvascular dysfunction (CMD) and functionally significant stenosis was 34.3%, whereas CMD
in nonsignificant intermediate stenosis was 30.4 %.

•Coronary computed tomography angiography (CCTA)-derived CMD characteristics were vessel volume, vessel lumen volume,
remodeling index, epicardial fat volume, and fibrofatty necrotic core volume.

• Integrated CCTA assessment may help identify the coexistence of CMD and epicardial stenosis.
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Introduction

Ischemia caused by coronary microvascular dysfunction (CMD)
exhibits a worse prognosis independent of epicardial stenosis
severity [1–3]. There is an emerging recognition that microvas-
cular function plays an important role in patient symptoms and
prognosis [4, 5]. For epicardial disease, fractional flow reserve
(FFR) is the current standard for the invasive evaluation of cor-
onary flow limitation, but FFR is not capable of assessing the
microvascular function. CMD remains a diagnostic challenge for
non-invasive imaging [6]. Prior studies reported the coexistence
of CMD with atherosclerotic plaques in most patients
with coronary artery disease (CAD), resulting in the further dif-
ficulty in discriminating the cause of ischemia by non-invasive
imaging modalities [2]. Following recent trials, coronary com-
puted tomography angiography (CCTA) has been recommended
as a gatekeeper for the assessment of stable chest pain in patients
with low to intermediate risk of CAD [7, 8]. The atherosclerotic
burden or disease extent in entire epicardial coronary arteries
obtained by CCTA provides prognostic information in patients
with CAD [9, 10]. CCTA also provides the qualitative and quan-
titative assessment of the individual component of atherosclerotic
plaque and the entire vessel, as well as cardiac mass and epicar-
dial and pericoronary fat assessments [10–13]. However, there
has been limited data regarding the prevalence of CMD in pa-
tients who underwent the first-line CTCA examination for chest
pain and subsequently underwent invasive coronary physiologi-
cal measurements for intermediate lesions [14]. Although this
patient population is one of the typical contemporary clinical
scenarios, it is unknown if CCTAprovides characteristic findings
or diagnostic information regarding CMD.

Therefore, the present study sought to (1) assess the prev-
alence of CMD in patients with intermediate coronary risk and
a single de novo intermediate stenosis in the left anterior de-
scending artery (LAD) on CCTA by stratifying using FFR and
the index of microcirculatory resistance (IMR), and (2) ex-
plore the CCTA-derived lesion-, vessel-specific, and cardiac
fat–related findings associated with CMD.

Materials and methods

Study design and patient population

The present study is the substudy of the multicenter study
CCTA-FFR Registry for Risk Prediction, Clinical Trial
Registration Information: NCT04037163, and the study pop-
ulation was derived from the institutional CCTA registry of
Tsuchiura Kyodo General Hospital, one of the cardiac centers
that participated in the aforementioned international multicen-
ter registry. For this study, we retrospectively investigated
lesions with angiographically intermediate stenosis (30–80
% diameter stenosis in LAD by visual estimation on
CCTA). Cases with a single de novo proximal lesion on
CCTA were included and assessed in the present study. All
data except for the epicardial and pericoronary fat analysis
were collected at the core laboratories, and independent
screening and analyses were performed for angiographic and
CCTA data. The patients with depressed left ventricular sys-
tolic function (ejection fraction < 35 %), previous coronary
artery bypass graft surgery (CABG), chronic renal disease,
chronic total occlusion lesions, left main disease, abnormal
epicardial coronary flow (TIMI flow < 3), or planned CABG
after diagnostic angiography were excluded. The indication of
CCTA was in accordance with the Appropriate Use Criteria
for Cardiac Computed Tomography [15]. Thus, a total of 177
LAD in 177 patients were retrospectively studied in the pres-
ent study (Fig. 1). All these patients underwent invasive cor-
onary physiological assessment within 90 days after CCTA.
This study was conducted in compliance with the institutional
ethics committee guidelines and received its approval. The
present study also complied with the Declaration of Helsinki
for investigation in human beings, and all patients provided
written informed consent for future data utilization before
enrollment.

CCTA and analysis of plaque characteristics

All CCTAs were performed according to the Society of
Cardiovascular Computed Tomography guidelines [16]. The
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CCTA images were analyzed at a core laboratory in a blinded
manner (Severance Cardiovascular Hospital) to obtain quali-
tative and quantitative stenosis and plaque features by expert
CCTA readers. CCTA analysis was performed in 3 steps.
First, qualitative plaque characteristics were analyzed accord-
ing to the definitions from previous studies [17–19]. Second,
cross-sectional quantitative analysis of target stenosis, includ-
ing minimum lumen area (MLA), plaque burden, and area
stenosis, was performed as previously described [19]. Third,
the 3-dimensional (3-D) plaque quantification was performed
for target stenosis and target vessels [20, 21], using
semiautomated plaque analysis software (QAngioCT
Research Edition version 2.1.9.1, Medis Medical Imaging
Systems) with appropriate manual correction [22]. For plaque
quantification in the whole vessel, total plaque volume
and fibrofatty and necrotic component (FFNC) volume were

selected as clinically relevant parameters from previous stud-
ies [20, 23, 24].

Epicardial fat, pericoronary fat, and pericoronary fat
attenuation (FAI)

ECFV and ECFA were measured offline from CCTA images
using cardiac risk analysis software (VirtualPlace, AZE Inc.) as
previously described [25]. In brief, ECFV was assessed by
manual tracing of the pericardial sac as an outer border in axial
planes from the right pulmonary artery to the apex of the heart
for quantification. CT attenuation range of epicardial fat was set
between −190 and −30 Hounsfield Unit (HU). After the 3-D
reconstruction, ECFV was automatically calculated by the soft-
ware program. ECFA was automatically calculated by the soft-
ware (VirtualPlace, AZE Inc.) as mean Hounsfield Units of all

Fig. 1 Study flow diagram.
CCTA, coronary computed
tomography angiography; CAG,
coronary angiography; PCI,
percutaneous coronary
intervention; FFR, fractional flow
reserve; FAI, pericoronary fat
attenuation; LAD, left anterior
descending artery
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pixels defined as ECFV. Representative images are shown in
Fig. 2. Pericoronary fat attenuation (FAI) analysis was per-
formed using a dedicated workstation (Aquarius iNtuition
Edition version 4.4.13.P3; TeraRecon Inc.). A detailed descrip-
tion of the CCTA acquisition and the CCTA analysis is pre-
sented in the Supplemental Materials.

Invasive coronary angiography and physiological
assessments

Physiological parameters including FFR, IMR, and coro-
nary flow reserve (CFR) were obtained using a single
0.014-inch PressureWire™ (Abbott Vascular). (The
details are shown in Supplemental Table.) After wire cali-
bration, the intracoronary pressure distal to the coronary
stenosis was measured. Subsequently, 3 mL room-
temperature saline was administered three times, and the
resting mean transit time (Tmn) was determined. For both
measurements, maximal hyperemia was induced by intra-
venous infusion of adenosine 5′-triphosphate (160 μg·kg−1·
min−1). FFR was calculated as the ratio of mean distal cor-
onary to aortic pressure (Pd/Pa) during maximum hyper-
emia. CFR was defined as resting Tmn divided by hyper-
emic Tmn. IMR was defined as hyperemic (Pa × Tmn ×
([1.35 × Pd / Pa] − 0.32) [26]. Physiological assessments
were performed by five board-qualified cardiologists who
had at least 300 cases of FFR/IMR measurements and

analyzed by two independent doctors in Tsuchiura Kyodo
General Hospital (M.H. and T.S.) who were blinded to the
patients’ data including baseline characteristics, angio-
graphic, and CCTA findings.

Statistical analysis

The statistical analysis was performed using SPSS version
25.0 (SPSS, Inc.) and R version 3.5.3. Categorical data
were expressed as numbers and percentages and com-
pared by chi-square or Fisher’s exact tests, as appropriate.
The normality of the distribution of the values was
assessed by Shapiro-Wilk statistics. Continuous data were
expressed as mean ± standard deviation (SD) or median
(interquartile range [IQR]) and analyzed using the Mann–
Whitney test and the variance for variables with non-
normal distribution and normal distribution, respectively.
Clinical characteristics, CCTA-derived qualitative and
quantitative data, and physiological indices were com-
pared between 4 groups classified by FFR and IMR cut-
offs (FFR = 0.80, IMR = 25, respectively) using the
Kruskal-Wallis test. Receiver operating characteristics
(ROC) curve analysis was performed to assess the best
cutoff values for predicting FFR ≤ 0.80 and IMR ≥ 25.
The optimal cutoff value was calculated using the Youden
index. Univariable and multivariable linear regression
analyses were performed to determine predictive factors

Fig. 2 A representative case of CCTA assessment. Lesions were
classified according to IMR values. a CMD: Lesion with IMR ≥ 25. b
Non-CMD: Lesion with IMR < 25. c FAI in lesion with CMD. d FAI in
lesion with non-CMD. e ECFV and ECFA in lesion with CMD. f ECFV

and ECFA in lesion with non-CMD. IMR, index of microcirculatory
resistance; CMD, coronary microvascular dysfunction; ECFV,
epicardial fat volume; ECFA, epicardial fat attenuation; FFNC,
fibrofatty and necrotic component. Other abbreviations as in Fig. 1
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of IMR values. Univariable and multivariable logistic re-
gression analysis was performed to identify the predictive
factors of IMR ≥ 25 [27]. A collinearity index was used to
evaluate the linear collinearity between covariates with
the Akaike information criterion to avoid overfitting.
The associated variables in univariable analyses (p <
0.10) were entered into the multivariable model. The
Hosmer-Lemeshow statistic was applied to assess model
calibration. The prediction models for IMR ≥ 25 were
constructed to determine the incremental discriminatory
and reclassification performance of clinical risk factors
and CT variables using relative integrated discrimination
improvement (IDI) and category-free net reclassification
index (NRI). As a baseline reference, clinical model 1
included clinical characteristics such as age, sex,
hypertension, diabetes mellitus, and hyperlipidemia; then,
we tested CCTA variables added to the clinical model. A
2-tailed value of p < 0.05 was considered statistically
significant.

Results

Baseline patient characteristics, angiographic,
physiological, and CCTA findings

Baseline clinical, angiographic, physiological, and CCTA
findings in 4 groups stratified by the cutoff values of FFR =
0.80 and IMR = 25 are summarized in Tables 1 and 2. In a
total cohort, the median age was 68 (62–74) years, and 132/
177 (74.6 %) were male. The median % diameter stenosis,
FFR, CFR, and IMR were 51.4 (37.7–61.0) %, 0.77 (0.69–
0.84), 2.25 (1.51–3.51), and 19.0 (13.7–27.7), respectively.
The prevalence of CMD was 32.8 % (58/177). The coexis-
tence of CMD and functionally significant stenosis was 34.3
% (37/108). In contrast, CMD in nonsignificant intermediate
stenosis was 30.4 % (21/69), indicating no significant differ-
ence in the prevalence of CMD regardless of the presence or
absence of functionally significant stenosis (p = 0.716). No
significant relationship was detected between FFR and IMR
(p = 0.882). Of note, ECFV and FAI showed an inverse rela-
tionship (Fig. 3a). ECFV and ECFA similarly showed the
inverse relationship (Fig. 3b). There was a significant linear
relationship between FAI and ECFA (Fig. 3c).

CCTA findings and the presence of CMD

The results of univariable and multivariable linear regression
analyses to predict IMR values are shown in Table 3. On
multivariable analysis, whole vessel lumen volume, remodel-
ing index, and ECFV remained significant. A significant albeit
weak relationship was observed between IMR and ECFV (R =

0.181, p = 0.017). The calcium score of LAD showed no
significant relationship with IMR.

CMD was significantly associated with smaller whole ves-
sel volume, greater whole vessel lumen volume, greater lesion
remodeling index, lesion FFNC volume, and greater ECFV,
but not with FAI. On multivariable regression analysis, whole
vessel volume (odds ratio [OR] 0.996, p = 0.017), whole ves-
sel lumen volume (OR 1.01, p = 0.003), remodeling index
(OR 2.89, p = 0.029), ECFV (OR 1.01, p = 0.020), and lesion
FFNC volume (OR 1.01, p = 0.007) were independent predic-
tors of CMD (Table 4). Hosmer-Lemeshow statistic indicated
a significant fitness of this model (p = 0.834).

Discrimination capability of CCTA findings for CMD

The addition of CCTA-derived factors to the risk model based
on clinical characteristics significantly improved the predic-
tive ability of the presence of CMD (Table 5). Further consid-
eration of ECFV provided the significant incremental predic-
tive capability for the presence of CMD (Table 5).

ROC analysis revealed the best cutoff values for predicting
CMD as follows: remodeling index ≥ 1.36 (area under the
curve [AUC] 0.588, 95 % confidence interval [CI] 0.496–
0.679, p = 0.056), lesion FFNC volume ≥ 107.8 mm3 (AUC
0.601, 95 % CI 0.512–0.689, p = 0.030), and ECFV ≥
129.6 mm3 (AUC 0.601, 95 % CI 0.511–0.690, p = 0.030).
When the total cohort was divided into four groups according
to the numbers of the aforementioned CCTA-derived risk fac-
tors of CMD, considering the numbers of risks assessed by
each best cutoff values of remodeling index, lesion FFNC
volume, and ECFV, the territories with all of these CMD risk
factors showed 100 % prevalence of CMD. In contrast, the
territories without these factors presented a significantly re-
duced prevalence of CMD (p < 0.001; Fig. 4).

Discussion

The current study investigated the prevalence of CMD in the
patients with a single de novo intermediate lesion (30–80 %
by CCTA visual estimation) in LAD. The first-line non-inva-
sive imaging test was CCTA as the guideline-recommended
contemporary routine practice, indicating the typical cohort
who subsequently underwent invasive or non-invasive func-
tional testing. The main findings were as follows: (1) the prev-
alence of CMD in the total cohort was 32.8 %; (2) the coex-
istence of CMD and functionally significant stenosis was 34.3
%, whereas the prevalence of CMD in patients with nonsig-
nificant LAD stenosis was 30.4 % (p = 0.716, vs. CMD with
significant stenosis); (3) CCTA-derived characteristic features
including vessel volume, lumen volume, remodeling index,
ECFV, and FFNC volumewere identified to be independently
associated with the presence of CMD; (4) the integrated
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assessment of CCTA may help identify or discriminate the
presence of CMD in the present study population.

To our knowledge, this is the first study to explore the
characteristic CCTA findings to be associated with the pres-
ence of CMD. The present study also assessed the prevalence
of CMD in relation to the presence or absence of functionally
significant epicardial stenosis evaluated by FFR in patients
with stable CAD with intermediate stenosis in LAD.

Our results indicated that about one-third of the patients
with functionally significant stenosis in LAD treated with
subsequent percutaneous coronary intervention (PCI) accord-
ing to the current guidelines showed the coexistence of CMD.
Recent evidence strongly suggests the coexistence of CMD
and atherosclerosis in patients with CAD [2]. However, no
specific therapeutic strategy for CAD patients has been pro-
posed according to the presence or absence of the coexisting
CMD. After successful PCI, anginal symptoms may still

sustain in patients by the remaining CMD. It has been
reported that, even in the presence of functionally signifi-
cant epicardial stenosis, CMD holds prognostic informa-
tion [3]. A recent study has reported that CMD is rela-
tively rare in the absence of obstructive disease in the
symptomatic population with suspicion of stable CAD
[28]. The authors concluded that CMD was closely asso-
ciated with the presence of epicardial coronary atheroscle-
rosis in patients with suspected CAD, demonstrating that
88 % of the patients with CMD had evidence of athero-
sclerosis, and 59 % showed evidence of the coexistence of
obstructive CAD. However, FFR measurement was per-
formed only in selected cases. A recent study using an
intracoronary pressure wire has also reported that
nonobstructive CAD was not uncommon (39 %) in symp-
tomatic patients with suspicion or known CAD [29]. Our
results are in line with these results. Given the reported

Fig. 3 Correlation analysis between epicardial fat and FAI. Correlation analyses between ECFV and FAI (a), ECFV and ECFA (b), and ECFA and FAI
(c). Abbreviations as in Figs. 1 and 2

Table 3 Univariable and
multivariable linear regression
analysis for IMR

Univariable analysis Multivariable analysis

β 95% CI p value β 95% CI p value

Age − 0.10 − 0.28 to 0.09 0.298

Male 0.95 − 2.97 to 4.78 0.634

BMI 0.35 − 0.16 to 0.86 0.180

Whole vessel volume 0.01 − 0.000 to 0.011 0.051 − 0.01 − 0.02 to 0.002 0.092

Whole lumen volume 0.01 0.002–0.017 0.009 0.02 0.004–0.032 0.010

Remodeling index 6.42 2.35–10.50 0.002 7.40 3.36–11.44 < 0.001

ECFV 0.05 0.01–0.08 0.017 0.05 0.012–0.09 0.010

Lesion FFNC volume 0.51 0.07–0.95 0.023

CI confidence interval. Other abbreviations as in Tables 1 and 2. Bolded p values indicate statistical significance
(p < 0.05)
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significant association of risk factors between CMD and
atherosclerosis, it is plausible to consider that the patients
with functionally significant stenosis may also have CMD
[30, 31].

CMD has been increasingly recognized and showed a
broad spectrum as coexistence with coronary atherosclerosis
[32]. There is growing evidence that the presence of CMD and
its severity may be linked with worse outcomes [32].
Revascularization may not impact on the natural course of
CMD. The severity of CMD and epicardial functional severity
of CAD evaluated FFR may be distributed in a broad spec-
trum. The combined effects of epicardial stenosis and CMD
and their impact on prognosis may shed light on the manage-
ment of CAD patients and guidance of the therapeutic benefit
of revascularization [32]. The impact of the remaining CMD
after revascularization of the significant lesions on symptoms
and prognosis should be studied in the large prospective trials.
Further studies are needed to facilitate the specific therapeutic

strategy in these patients with the coexistence of CMD and
coronary artery stenosis.

The association between CCTA characteristics and
microvascular dysfunction

The underlying mechanisms leading to atherosclerosis devel-
opment in patients with CAD are likely to be multifactorial.
Both structural and functional abnormalities of the coronary
microcirculation may also be involved. A previous study re-
vealed that coronary segments in arteries with abnormal mi-
crovascular function exhibited lower endothelial shear stress
(ESS) than in arteries with normal microvascular function
[33]. Since coronary regions exposed to low ESS are associ-
ated with high-risk plaque phenotype [34, 35], lesions with
CMD might coexist with vulnerable plaque features such as
positive remodeling and FFNC volume identified as CCTA-
derived characteristics relevant to CMD in the present study.

Table 4 Univariable and
multivariable logistic regression
analysis of predicting lesion with
IMR ≥ 25

Univariable analysis Multivariable analysis

OR 95% CI p value OR 95% CI p value

Age 0.97 0.94–1.01 0.115

Male 1.71 0.79–3.68 0.171

BMI 1.06 0.97–1.17 0.217

Hypertension 2.22 1.06–4.68 0.036

Whole vessel volume 1.00 1.00–1.00 0.026 0.996 0.993–0.999 0.017

Whole lumen volume 1.00 1.00–1.00 0.009 1.01 1.00–1.01 0.003

Remodeling index 2.80 1.24–6.31 0.013 2.89 1.11–7.52 0.029

ECFV 1.01 1.00–1.02 0.025 1.01 1.00–1.02 0.020

Lesion FFNC volume 1.01 1.00–1.01 0.011 1.01 1.00–1.02 0.007

OR odds ratio. Other abbreviations as in Tables 1 to 3. Bolded p values indicate statistical significance (p < 0.05)

Table 5 Prediction model for
CMD Prediction model C statistics p value IDI p value NRI p value

Clinical model 1 0.605 - Reference - Reference -

Clinical model 2 0.717 0.011 0.124 < 0.001 0.545 < 0.001

Clinical model 3 0.744 0.002 0.162 < 0.001 0.601 < 0.001

Clinical model 2 0.717 - Reference - Reference -

Clinical model 3 0.744 0.214 0.038 < 0.001 0.519 < 0.001

Clinical model 1 (age + male + hypertension + diabetes mellitus + hyperlipidemia)

Clinical model 2 (age + male + hypertension + diabetes mellitus + hyperlipidemia + CCTA vessel and plaque
findings)

Clinical model 3 (age + male + hypertension + diabetes mellitus + hyperlipidemia + CCTA vessel and plaque
findings + epicardial fat volume)

CMD coronary microvascular dysfunction, IDI integrated discrimination improvement, NRI net reclassification
index, CCTA coronary computed tomography angiography

CCTA vessel and plaque findings; whole vessel volume + whole lumen volume + lesion FFNC volume +
remodeling index
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Our findings are in accordance with the reports mentioned
above and further demonstrated that ECFV and FFNC
volume could be associated with the presence of CMD.
Several studies have shown the ECFV may be a strong risk
factor for CAD [36]. Nappi et al reported, in patients with
suspected CAD, ECFV predicts hyperemic myocardial blood
flow and reduced myocardial perfusion reserve, confirming
that pericardial fat may influence coronary vascular function
[37]. Thus, the present study demonstrated that epicardial fat
evaluation has a potential role in identifying CMD, although
our results are hypothesis-generating. Since this study is cross-
sectional, these results may only suggest the inter-relationship
of risk factors between CAD and CMD. Further studies are
needed to confirm the relationship between epicardial fat and
coronary microvascular dysfunction.

The invasive measurement of IMR as a marker of
microvascular dysfunction

IMR is an additional invasive metric that has been proposed to
examine the presence of microvascular dysfunction (MVD),
and it has been defined as distal coronary pressure divided by
the inverse of the hyperemic mean transit time (a correlate to
absolute flow). Fearon et al reported IMR correlates with a
standard experimental method for measuring microcirculatory
resistance [38]. Lee et al [27] reported that about a quarter of
vessels with FFR ≤ 0.80 have elevated IMR, consistent with
MVD diagnosis and in accordance with our results (30.4 % in
the present study). Lee also reported that, in patients with
nonobstructive LAD, CMD defined as elevated IMR was
found to be 20 % [39]. Kobayashi et al reported that clinical
factors and epicardial coronary disease severity are not predic-
tors of the extent of CMD in the 3-vessel IMR studies [40].
Our results are in accordance with these results, and extended
further that CCTA-derived CMD characteristic features are

present and may help identify patients at high risk for CMD-
related worse outcomes.

The clinical implication of CCTA in CMD assessment

Following the recent trials [7, 8], CCTA has been recom-
mended as a gatekeeper of the non-invasive testing for the
assessment of stable CAD. However, these trials mainly stud-
ied epicardial stenosis, and no evaluation of CMD has not
been performed. Therefore, the prevalence of CMD in the
study population or the prevalence of CMD with or without
functionally significant stenosis is unknown. Although signif-
icant factors to predict MVD using CCTA were identified in
the present study, our results indicated that predictingMVD is
still challenging with a c statistics of 0.74 by the integrated
CCTA assessment. Currently, no diagnostic capability was
reported by CCTA combined with clinical baseline character-
istics, echocardiography, and electrocardiography for identi-
fying elevated IMR in patients with CAD showing no obstruc-
tive epicardial CAD [27]. Our results are first to suggest the
capability of CCTA to help determine the presence of MVD
independent of functional severity defined by FFR values.
The advantage of CCTA is its wide availability and the accu-
rate predictability of FFR. Our results suggest that CCTAmay
help CMD detection by the currently used routine protocol.
Further extensive studies are needed to test our hypothesis-
generating results and evaluate the prognostic information of
CCTA-derived characteristics of CMD independent of epicar-
dial functional stenosis significance.

Limitations

This study was a retrospective post hoc analysis of existing
data, and the influence of potential selection bias could not be

Fig. 4 The prevalence of vessels
with CMD according to the CMD
risk score. According to the
numbers of CCTA-derived risk
factors of CMD, using the cutoff
values of epicardial fat volume,
FFNC volume, and remodeling
index, the CMD risk score was
calculated (score, 0–3). As the
CMD risk score increased, the
prevalence of vessels with CMD
significantly increased.
Abbreviations as in Figs. 1 and 2
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excluded. However, our study’s strength is that all data were
performed by the same CT modality (320 detector row), and
data analysis was managed by the independent core laborato-
ries. Because of the limited number of the entire population of
the present study which would preclude extensive subgroup
analysis, we tried to exclude reported confounders for IMR-
and CT-derived attenuation values. The previous reports dem-
onstrated the difference in microvascular resistance according
to the cardiac mass [41]. The difference in IMR according to
the lesion location has been also reported [42]. FAI values
have been reported to be highest in left circumflex artery [43].
Considering all these reasons, we limited the present assess-
ment in cases with LAD lesions. Therefore, it remains elusive
if our findings can be extrapolated to other coronary arteries.
A control group of patients without chest pain or evidence of
atherosclerosis was not included in the present study.
Therefore, the prevalence of CMD in asymptomatic patients
without atherosclerosis cannot be compared with the results of
the present study population.

Conclusion

The current study investigated the prevalence of CMD in the
patients with a single de novo intermediate lesion (30–80 %
by visual estimation) detected by CCTA in LAD. About one-
third of the present cohort showed the coexistence of CMD
and functionally significant stenosis, whereas the prevalence
of CMD in patients with nonsignificant stenosis was also not
uncommon. CCTA-derived characteristic features associated
with CMD may help identify the presence of CMD.
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