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Microvascular Myocardial Ischemia in Patients With 
Diabetes Without Obstructive Coronary Stenosis and 
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Objective: To investigate the incidence of microvascular myocardial ischemia in diabetic patients without obstructive coronary 
artery disease (CAD) and its relationship with angina. 
Materials and Methods: Diabetic patients and an intermediate-to-high pretest probability of CAD were prospectively 
enrolled. Non-diabetic patients but with an intermediate-to-high pretest probability of CAD were retrospectively included as 
controls. The patients underwent dynamic computed tomography-myocardial perfusion imaging (CT-MPI) and coronary 
computed tomography angiography (CCTA) to quantify coronary stenosis, myocardial blood flow (MBF), and extracellular 
volume (ECV). The proportion of patients with microvascular myocardial ischemia, defined as any myocardial segment with a 
mean MBF ≤ of 100 mL/min/100 mL, in patients without obstructive CAD (Coronary Artery Disease–Reporting and Data 
System [CAD-RADS] grade 0–2 on CCTA) was determined. Various quantitative parameters of the patients with and without 
diabetes without obstructive CAD were compared. Multivariable analysis was used to determine the association between 
microvascular myocardial ischemia and angina symptoms in diabetic patients without obstructive CAD.
Results: One hundred and fifty-two diabetic patients (mean age: 59.7 ± 10.7; 77 males) and 266 non-diabetic patients 
(62.0 ± 12.3; 167 males) were enrolled; CCTA revealed 113 and 155 patients without obstructive CAD, respectively. For 
patients without obstructive CAD, the mean global MBF was significantly lower for those with diabetes than for those without 
(152.8 mL/min/100 mL vs. 170.4 mL/min/100 mL, P < 0.001). The mean ECV was significantly higher for diabetic patients 
(27.2% vs. 25.8%, P = 0.009). Among the patients without obstructive CAD, the incidence of microvascular myocardial ischemia 
(36.3% [41/113] vs. 10.3% [16/155], P < 0.001) and interstitial fibrosis (69.9% [79/113] vs. 33.3% [8/24], P = 0.001) were 
significantly higher in diabetic patients than in the controls. The presence of microvascular myocardial ischemia was 
independently associated with angina symptoms (adjusted odds ratio = 3.439, P = 0.037) in diabetic patients but without 
obstructive CAD.
Conclusion: Dynamic CT-MPI + CCTA revealed a high incidence of microvascular myocardial ischemia in diabetic patients 
without obstructive CAD. Microvascular myocardial ischemia is strongly associated with angina.
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against invasive FFR [15]. However, it remains unclear 
whether this technique is useful for delineating the 
underlying impairment of the myocardial microvasculature 
in diabetes. 

In this study, we hypothesized that the stress MBF 
quantified using dynamic CT-MPI may capture diabetic 
microvascular myocardial ischemia. Therefore, we aimed 
to investigate the usefulness of the combination of 
dynamic CT-MPI and CCTA in the diagnosis of microvascular 
myocardial ischemia in patients with diabetes without 
obstructive CAD and the relationship between microvascular 
myocardial ischemia and angina symptoms. 

MATERIALS AND METHODS

Patient Population
The hospital ethics committee of Shanghai General 

Hospital approved this prospective study (approval number: 
2021-049), and all patients provided informed consent. We 
consecutively enrolled T2D patients with intermediate-to-high 
pretest probability of CAD between April 2021 and January 
2022. The inclusion criteria were: 1) patients with clinically 
confirmed T2D (defined as treatment with oral hypoglycemic 
agents or insulin; or fasting glucose ≥ 7.0 mmol/L) [16]; 
2) patients with intermediate-to-high pretest probability of 
CAD according to the updated Diamond-Forrester score. The 
exclusion criteria were as follows: 1) patients with known 
obstructive CAD; 2) patients with a history of myocardial 
infarction or revascularization; 3) patients with cardiac 
devices, such as pacemakers, implantable cardioverter, and 
defibrillators or receiving cardiac resynchronization therapy; 
4) patients with impaired renal function; 5) age of < 18 years; 
and 6) patients with concomitant cardiomyopathies. All 
enrolled patients were referred for combined dynamic CT-
MPI and CCTA, and their angina symptoms were evaluated 
using the Canadian Cardiovascular Society grading system.

We also retrospectively included patients without diabetes 
who underwent dynamic CT-MPI with CCTA as controls. Part 
of the retrospective cohort has been previously reported 
[17]. Between January 2018 and December 2020, 1937 
patients without diabetes but with an intermediate-to-high 
pretest probability of CAD were evaluated at an outpatient 
clinic. Of them, 310 patients referred for dynamic CT-MPI 
with CCTA were retrospectively included. The exclusion 
criteria were as follows: 1) history of myocardial infarction 
or revascularization, 2) concomitant cardiomyopathies, and 
3) severely impaired CT image quality.

See the invited Editorial by Kitagawa, in volume 
24(11) on page 1057 to 1058, https://doi.
org/10.3348/kjr.2023.0779.

INTRODUCTION

The prevalence of diabetes mellitus has progressively 
increased over the last two decades [1]. Type 2 diabetes 
mellitus (T2D) is a strong independent risk factor for 
coronary atherosclerosis and heart failure and has a poor 
prognosis [2]. Diabetic heart disease comprises a series 
of pathological changes ranging from macrovascular 
complications to impaired cardiac microstructure and 
function [3]. 

Coronary computed tomography angiography (CCTA) 
is widely used and valuable for accurately ruling out 
obstructive coronary stenosis in epicardial artery disease [4]. 
The initial CCTA strategy in patients with suspected coronary 
artery disease (CAD) results in better prognoses than the 
standard care strategy [5]. The diagnostic value of CCTA for 
diabetic coronary atherosclerosis lies in its non-invasive 
plaque characterization [6], usefulness in monitoring 
treatment outcomes [7], and risk stratification [8]. Moreover, 
with the technical advances in computational fluid dynamics 
[9], computed tomography (CT) fractional flow reserve (CT-
FFR) has become useful in identifying hemodynamically 
significant stenosis in patients with diabetes [10]. 

Microvascular myocardial ischemia and myocardial 
fibrosis are the two major pathological features of diabetic 
cardiomyopathy. An autopsy study of patients with 
diabetes revealed a decrease in the number of capillaries 
and arterioles and increased arteriolar wall thickness [11]. 
A biopsy study also confirmed increased deposition of 
interstitial collagen types I and III in diabetic hearts [12]. 
Microvascular myocardial ischemia and myocardial fibrosis 
are strongly associated with unfavorable clinical outcomes 
[13], and it is clinically important to accurately detect 
them in patients with diabetes. However, neither CCTA nor 
CT-FFR can assess microvascular function, leading to an 
underestimation of diabetic microvascular ischemia.

CT myocardial perfusion imaging (CT-MPI) combined with 
CCTA has recently been introduced for the comprehensive 
quantitative assessment of coronary anatomy, myocardial 
perfusion, and myocardial fibrosis [14]. Dynamic CT-MPI 
offers absolute quantification of myocardial blood flow 
(MBF), and its diagnostic performance has been validated 

https://doi.org/10.3348/kjr.2023.0779
https://doi.org/10.3348/kjr.2023.0779
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Acquisition Protocol for Dynamic CT-MPI with CCTA
All patients underwent third-generation dual-source CT 

(SOMATOM Force; Siemens Healthineers). For the prospective 
diabetic cohort, the dynamic CT-MPI with CCTA strategy used 
a comprehensive protocol combining the calcium score, pre-
contrast scan, dynamic stress CT-MPI, CCTA, and a 5-minute 
delayed post-contrast scan (Supplementary Fig. 1). Adenosine 
triphosphate was used as the stressor, with continuous 
intravenous infusion at 160 g/kg/min for 3 min before 
dynamic CT-MPI was triggered. A fixed volume of 50 mL of 
contrast medium was used for CT-MPI, whereas a dosage of 
1.4 mL/kg was used for CCTA [18]. Details of the CT acquisition 
and reconstruction settings are provided in the Supplementary 
Material. For the retrospective non-diabetic control group, 43 
patients underwent CT examination using the same protocol 
for the diabetic group, whereas 223 patients underwent CT-
MPI with CCTA without pre-contrast and delayed post-contrast 
scans. 

Image Analysis of CCTA
The CCTA data were reconstructed using a smooth kernel 

(BV40) and an iterative reconstruction technique (strength 
3, ADMIRE, Siemens Healthineers). The reconstructed 
images with the best image quality for either of the systolic 
or diastolic phases were transferred to a dedicated plaque 
analysis software (Coronary Plaque Analysis, version 4.3, 
Siemens Healthineers) for further analysis. 

Diameter stenosis was manually measured, and the Coronary 
Artery Disease–Reporting and Data System (CAD-RADS) 
[19] was recorded for patient-based analysis of the extent 
of stenosis. CAD-RADS grades 0–2 were considered non-
obstructive, whereas CAD-RADS grades 3–5 were regarded as 
obstructive. Conventional high-risk plaque (HRP) features, 
including low-attenuation plaque, spotty calcification (SC), 
positive remodeling (PR), and napkin ring sign (NRS), were 
also recorded as previously defined [20]. Any lesion with at 
least two HRP features was considered an HRP [19,21]. 

All the above parameters were independently analyzed 
by two cardiovascular radiologists (with 14 and 4 years of 
experience in cardiac imaging) who were blinded to the 
clinical history and CT-MPI results. Disagreements were 
resolved by consensus. 

Image Analysis of Dynamic CT-MPI
The CT-MPI images were reconstructed using a dedicated 

kernel (Qr36) to reduce iodine beam-hardening artifacts. 
All images were transferred to a CT-MPI software package 

(SyngoVia, version VB20A, VPCT, Siemens Healthineers) 
to quantify the MBF using a previously reported hybrid 
deconvolution model [22]. 

MBF was measured using a short-axis view of the left 
ventricle. A region of interest was placed at each segment 
of the left ventricle, excluding the apical segment, while 
avoiding the endocardial and epicardial interface according 
to the 17-segment model [23]. Previous studies have 
reported a cutoff value of 100 mL/min/100 mL to diagnose 
myocardial ischemia with reference to the invasive FFR 
[15] and 105 mL/min/100 mL as the lower limit of the 
normal range [24]. Therefore, the current study used 100 
mL/min/100 mL as the cutoff value to differentiate ischemic 
from normal myocardium. In patients with CAD-RADS grades 
0–2, microvascular ischemia was considered present if at 
least one myocardial segment had a mean MBF of ≤ 100 
mL/min/100 mL. Other quantitative perfusion parameters, 
including myocardial blood volume (MBV), time to peak 
(TTP), and tissue transit time (TTT) were measured similarly. 

The four image stacks of late iodine enhancement (LIE) 
were averaged to one final image stack using non-rigid 
registration to reduce image noise [25]. This was displayed as 
the short-axis view of the left ventricle for further analysis. 
The LIE was visually assessed and all segments with positive 
enhancement were recorded.

The extracellular volume (ECV) was evaluated using a 
previously reported method [26]. The pre-contrast, CCTA, 
and post-contrast dataset was loaded into a research 
software (Cardiac Function Analysis, version 2.0.7, Siemens 
Healthineers) for ECV quantification according to the 
following formula: ECVCT = (1 - hematocrit) × (ΔHUmyo /
ΔHUblood), where ΔHU is the change in Hounsfield unit 
attenuation between the pre and post-contrast scans [27]. The 
ECV results were displayed as a 17-segment polar map, which 
also showed a segment-based ECV and global ECV. A previous 
study of CT-quantified ECV in non-diseased patients revealed 
a normal mean value of 26.1 ± 2.0%, ranging from 22.6% to 
30% [25]. Therefore, we used 30% as the cut-off value for the 
definite detection of segments with increased ECV.

The MBF, LIE, and ECV were independently analyzed by two 
cardiovascular radiologists (with 14 and 4 years of experience 
in cardiac imaging) who were blinded to the clinical history 
and CCTA results. All perfusion data were evaluated separately 
from the CCTA data at a minimum interval of 2 weeks. 
Disagreements were resolved by consensus.
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multivariable analysis were selected based on the statistical 
significance of the univariable analysis and clinical 
relevance, while avoiding multicollinearity. Intra- and 
interobserver agreements for all parameters were measured 
using intraclass correlation coefficients (ICCs). Statistical 
significance was denoted by two-sided P-values of < 0.05. 
Statistical analyses were performed using SPSS statistical 
software (version 26.0; IBM Corp.).

RESULTS

Clinical Characteristics
Between April 2021 and January 2022, 190 patients 

with T2D and intermediate-to-high pretest probabilities 
of CAD were initially screened. Of these, 38 were excluded 
for various reasons (Fig. 1). One hundred and fifty-two 
patients (mean age: 59.7 ± 10.7, 77 males) were referred 
for dynamic CT-MPI with CCTA and enrolled in the diabetes 
group. In addition, 310 patients without diabetes but with 
an intermediate-to-high pre-test probability of CAD who 
underwent dynamic CT-MPI with CCTA were retrospectively 
reviewed. Forty-four patients were excluded based on the 
exclusion criteria (Fig. 1). Finally, 266 (mean age: 62.0 ± 
12.3, 167 males) patients without diabetes were included as 
controls. The detailed demographic data of the two groups 
are presented in Supplementary Table 1.

Sample Size Calculation
The sample size for the prospective diabetes cohort was 

calculated based on our preliminary data. We retrospectively 
reviewed the dynamic CCTA with CT-MPI results of 30 
patients with diabetes and 30 without (not included in the 
current study) before enrollment in the current study. The 
incidence of microvascular myocardial ischemia was 20.0% in 
patients with diabetes and 6.6% in those without diabetes. 
Given the above findings, 260 patients were required to 
achieve 90% power to observe a significant difference in the 
incidence of microvascular ischemia between diabetic and 
non-diabetic patients at a two-sided significance level of 
0.05. Ultimately, 418 patients were enrolled, providing more 
than 90% of the power to meet the primary endpoint.

Statistical Analysis
A one-sample Kolmogorov–Smirnov test was used to 

determine the normality of the data distribution. Continuous 
variables with normal distribution were expressed as mean ± 
standard deviation, while median and interquartile range 
were used otherwise. Student’s t-test or the Mann-Whitney 
U test was used to compare continuous variables, and chi-
squared or Fisher’s exact test for categorical data was used 
as appropriate. Univariable and multivariable analyses were 
performed using binary logistic regression, with angina 
symptoms as the dependent variable. Variables for the 

T2D patients with intermediate-to- 
high pretest probability of CAD 

(n = 190)

Non-diabetic patients with intermediate-to- 
high pretest probability of CAD 

(n = 1937)

Patients referred for dynamic 
CT-MPI + CCTA (n = 310)

Patients referred for dynamic 
CT-MPI + CCTA (n = 152)

Diabetes group 
(n = 152)

CAD-RADS 0-2 
(n = 113)

CAD-RADS 0-2 
(n = 155)

CAD-RADS 3-5 
(n = 39)

CAD-RADS 3-5 
(n = 111)

Control group 
(n = 266)

  1. ‌�History of MI or revascularization (n = 33)
  2. Cardiomyopathy (n = 7)
  3. ‌�Severely impaired CT image quality 

(n = 4)

  1. ‌�Known CAD (n = 21)
  2. ‌�Hitory of MI or revascularization (n = 10)
  3. ‌�Impaired renal function (n = 5)
  4. ‌�< 18-year old (n = 2)

Fig. 1. Flow chart for the inclusion and exclusion of diabetic patients and non-diabetic controls of the present study. T2D = type 2 
diabetes, CAD = coronary artery disease, MI = myocardial infarction, CT-MPI = CT myocardial perfusion imaging, CCTA = coronary computed 
tomography angiography, CT = computed tomography, CAD-RADS = Coronary Artery Disease–Reporting and Data System
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The median dose of contrast agent used was 100 mL 
(range, 80–100 mL) for all the patients. The mean effective 
radiation dose for CT examination was 7.41 (5.71–9.71) mSv 
when using 0.014 as the conversion factor. All CT-derived 
parameters had high inter- and intra-observer reproducibility 
(ICC > 0.75, P < 0.001 for all) (Supplementary Tables 2, 3). 

CCTA Findings in Patients with and without Diabetes
CCTA revealed 39 patients with (CAD-RADS 3-5) and 

113 patients without (CAD-RADS 0-2) obstructive CAD in 
the diabetes group (Fig. 1). For the non-diabetic cohort, 
111 and 155 patients had and did not have obstructive 
CAD, respectively (Fig. 1). The clinical characteristics of 
the patients without obstructive CAD are shown in Table 1. 
Overall, HRP was not frequent in the diabetic (14.5%, 22/152) 

or non-diabetic (20.3%, 54/266, P = 0.137) group. Subgroup 
analysis of the patients without obstructive stenosis showed 
that the incidence of HRP, NRS, SC, and PR among the 
patients with and without microvascular ischemia were not 
statistically different (Supplementary Table 4).

Microvascular Myocardial Ischemia without Obstructive 
CAD in Patients with and without Diabetes

For patients without obstructive stenosis, the mean MBFs 
of the apical, middle, and basal segments were significantly 
lower for the patients with diabetes than for those without 
(Table 2, Figs. 2, 3). In addition, the mean TTP of the 
apical, middle, and basal segments of the patients with 
diabetes was markedly greater than that of the controls 
(Table 2). However, there were no differences between the 
two groups related to other perfusion parameters, such as 
MBV and TTT (P > 0.05 for all). 

Using 100 mL/min/100 mL as the cutoff value, 
microvascular myocardial ischemia was observed in 
41 (36.3%) of the 113 patients with diabetes without 
obstructive stenosis. In contrast, the incidence of 
microvascular ischemia was significantly lower for the 
participants with diabetes (10.3%, 16/155, P < 0.001). 
Among the patients with microvascular ischemia, there was 
no significant difference between those with and without 
diabetes relative to the number of ischemic segments per 
patient (Table 2). 

In addition, various clinical and imaging parameters 
of the microvascular ischemia (+) and (-) subgroups of 
diabetes were compared. Anginal symptoms were more 
frequently observed in patients with ischemia, along with 
decreased MBV and prolonged TTP (Supplementary Table 5). 

Interstitial Fibrosis in Patients with and without 
Diabetes without Obstructive CAD

LIE and CT-quantified ECV were performed for all 113 
patients with diabetes without obstructive stenosis and 
24 patients without diabetes and obstructive stenosis. 
According to the visual analysis, only nine patients in the 
diabetes group had a positive LIE (Supplementary Table 6). 
In contrast, focal or diffuse ECV increase (increased ECV in at 
least one myocardial segment) was more commonly observed 
in the patients with diabetes than in those without (69.9% 
[79/113] vs. 33.3% [8/24], P = 0.001), indicating a high 
prevalence of subtle interstitial fibrosis in diabetes. The mean 
global ECV measured using CT was also higher for the patients 
with diabetes (27.2 ± 2.6%) than for the controls (25.8 ± 

Table 1. Characteristics of patients without obstructive CAD 

DM 
(n = 113)

Non-DM 
(n = 155)

P 

Age, yr   58.3 ± 10.3   59.4 ± 12.7 0.449
Sex, male 54 (47.8) 89 (57.4) 0.119
Other risk factors    

Hypertension 58 (51.3) 69 (44.5)  0.270
Dyslipidemia 68 (60.2) 51 (32.9) < 0.001
Current smoker 31 (27.4) 28 (18.1)  0.068

BMI, kg/m2   24.3 ± 3.8   24.5 ± 3.1 0.551
Symptom 0.432

Asymptomatic 87 (77.0) 128 (82.6)
CCS I 24 (21.2) 26 (16.8)
CCS II 2 (1.8) 1 (0.7)

Dyspnea 28 (24.8) 29 (18.7) 0.231
Pretest probability 0.720

15–85 110 (97.3) 153 (98.7)
≥ 85 3 (2.7) 2 (1.3)

CACS 0.165
0 67 (59.3) 104 (67.1)
1–100 37 (32.7) 33 (21.3)
100–400 7 (6.2) 12 (7.7)
> 400 2 (1.8) 6 (3.9)

CAD-RADS category 0.003
CAD-RADS 0 24 (21.2) 26 (16.8)
CAD-RADS 1 35 (31.0) 80 (51.6)
CAD-RADS 2 54 (47.8) 49 (31.6)

HR increment, beats/min   12.8 ± 6.5   14.0 ± 9.9 0.249

Values are presented as mean ± standard deviation or n (%) unless 
otherwise indicated.
CAD = coronary artery disease, DM = diabetes mellitus, BMI = body 
mass index, CCS = Canadian Cardiovascular Society, CACS = Coronary 
Artery Calcium Scoring, CAD-RADS = Coronary Artery Disease–
Reporting and Data System, HR = heart rate
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Table 2. Comparison of CT-MPI parameters for evaluating myocardial perfusion between DM and control patients without obstructive CAD

           Characteristics DM (n = 113) Non-DM (n = 155) P 

MBFapex, mL/min/100 mL 153.1 ± 30.9 168.4 ± 36.7 < 0.001
MBFmiddle, mL/min/100 mL 156.4 ± 30.6 174.8 ± 35.2 < 0.001
MBFbase, mL/min/100 mL 149.0 ± 26.1 167.9 ± 33.8 < 0.001
MBVapex, mL/100 mL 19.9 ± 3.9 19.3 ± 3.3 0.173
MBVmiddle, mL/100 mL 20.3 ± 3.8 19.9 ± 3.2 0.359
MBVbase, mL/100 mL 19.5 ± 3.3 19.3 ± 3.0 0.606
TTTapex, sec 15.4 ± 1.7 15.3 ± 1.7 0.804
TTTmiddle, sec 15.3 ± 1.6 15.1 ± 1.7 0.436
TTTbase, sec 15.6 ± 1.5 15.3 ± 1.5 0.212
TTPapex, sec 11.2 ± 2.6   9.9 ± 1.9 < 0.001
TTPmiddle, sec 11.0 ± 2.4   9.7 ± 1.8 < 0.001
TTPbase, sec 11.0 ± 2.4   9.7 ± 1.8 < 0.001
Microvascular ischemia, n (%)*    41 (36.3)    16 (10.3) < 0.001
Number of ischemic segments†   4.6 ± 4.2   4.2 ± 4.1 0.749

Values are presented as mean ± standard deviation unless otherwise indicated. All quantitative parameters were given in the mean values 
of basal (segment #1 to #6), middle (segment #7 to #12), and apical (segment #13 to #16) segments according to 17-segment model.
*Microvascular ischemia was diagnosed if at least one myocardial segment had mean MBF ≤ 100 mL/min/100 mL in patients without 
obstructive stenosis, †Number of ischemic segments in patients with myocardial ischemia.
CT-MPI = computed tomography myocardial perfusion imaging, DM = diabetes mellitus, CAD = coronary artery disease, MBF = myocardial 
blood flow, MBV = myocardial blood volume, TTT = tissue transit time, TTP = time to peak

Fig. 2. Quantitative analysis of myocardial perfusion and interstitial fibrosis in patients with and without diabetes without obstructive 
stenosis. A: Representative case of a 65-year-old diabetic female with exertional chest pain. CCTA revealed mild atherosclerosis of the 
coronary arteries without obstructive stenosis. MBF diffusely decreased (ranging from 77.6 mL/min/100 mL to 95.9 mL/min/100 mL) 
(white and black arrows) whereas ECV diffusely increased (global ECV = 30.3%), indicating the presence of microvascular ischemia 
and interstitial fibrosis. LIE did not show evident enhancement. B: Representative case of a 63-year-old male patient with diabetes 
and exertional chest pain. CCTA revealed normal coronary vasculature. MBF of the basal lateral and inferior segments was significantly 
reduced (ranging from 69.0 mL/min/100 mL to 75.3 mL/min/100 mL) (white arrows) whereas ECV was within the normal range (global 
ECV = 24.6%), indicating the presence of microvascular ischemia and absence of interstitial fibrosis. LIE did not show evident 
enhancement. C: Representative case of a 60-year-old male patient with diabetes but without angina symptoms. MBF (mean MBF = 175.7 
mL/min/100 mL) and ECV (global ECV = 24.4%) were within the normal range, indicating the absence of microvascular ischemia and 
interstitial fibrosis. LIE did not show evident enhancement. RCA = right coronary artery, LAD = left anterior descending artery, LCx = left 
circumflex artery, MBF = myocardial blood flow, MBV = myocardial blood volume, TTP = time to peak, TTT = tissue transit time, LIE = late 
iodine enhancement, ECV = extracellular volume, CCTA = coronary computed tomography angiography, Hct = hematocrit

A

B

C

RCA LAD LCx MBF (mL/min/100 mL) MBV (mL/100 mL) TTP (seconds) TTT (seconds) LIE ECV (%)

60.0

60.0

0.0

0.0

Hct = 0.35
Mean = 30.3

Hct = 0.42
Mean = 24.6

Hct = 0.41
Mean = 24.4

0.0

60.0
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1.7%, P = 0.009). Moreover, the patients with diabetes had 
more involved segments with CT-ECV of ≥ 30% (5.1 ± 4.2 vs. 
2.1 ± 0.6, Supplementary Table 6).

In addition, interstitial fibrosis is more prevalent in 
patients with diabetes than microvascular ischemia. In the 
present cohort without obstructive stenosis, 28 patients 
with diabetes had microvascular ischemia and segment-
based ECV elevation, 51 had segment-based ECV elevation 
without ischemia, and 13 had microvascular ischemia and 
normal ECV.

Association of Microvascular Myocardial Ischemia and 
Interstitial Fibrosis with Angina Symptoms in Diabetes 
without Obstructive CAD

Among the patients with diabetes but without obstructive 

stenosis, microvascular angina was considered in 26 patients 
with symptoms. Stratified by the presence of microvascular 
angina, the incidence of microvascular ischemia, number 
of ischemic segments, global MBF, and global MBV were 
significantly higher for patients with diabetes than for 
those without. Further details are presented in Table 3.

Univariable logistic regression analysis revealed that 
microvascular myocardial ischemia, global MBF, and MBV 
were significantly associated with angina. Multivariable 
logistic regression analysis showed that the presence of 
microvascular ischemia was the only parameter strongly 
associated with microvascular angina (adjusted odds ratio = 
3.439, P = 0.037). Details of the logistic regression analysis 
are presented in Table 4. 

MBVapexMBFapex MBVmiddleMBFmiddle MBVbaseMBFbase

  DM     Non-DM  DM     Non-DM

P = 0.173
P < 0.001

P = 0.359
P < 0.001

P = 0.606
P < 0.001
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Fig. 3. Comparison of the CT-MPI parameters for evaluating myocardial perfusion stratified by DM in patients without obstructive 
stenosis. A-D: Differences in MBF, MBV, TTT, and TTP of the apex, middle, and base segments in the patients with and without diabetes 
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DISCUSSION

This study had two major findings. First, the incidence of 
microvascular myocardial ischemia without obstructive CAD 
was significantly higher among patients with diabetes than 
among the controls. In addition, microvascular myocardial 
ischemia was strongly associated with angina in patients 
with diabetes without obstructive CAD.

Growing evidence suggests that diabetes and prediabetic 
states contribute considerably to important alterations in 
coronary microvascular regulation. Rats with T2D exhibit 
deteriorating coronary circulation, which is directly 
correlated with the severity of coronary arteriolar structural 
remodeling during the development of early diabetic 
microangiopathy [28]. Reduced cardiac expression of 

proangiogenic vascular endothelial growth factor and its 
receptors leads to reduced angiogenesis, which, together 
with impaired coronary endothelial function and increased 
microvascular stiffness, results in microvascular ischemia 
and sustained diabetes [29]. 

Positron emission tomography (PET) and cardiac magnetic 
resonance (CMR) are two noninvasive imaging modalities 
used to quantify MBF and myocardial perfusion reserve 
[30]. However, their clinical values in the evaluation of 
diabetic microvascular ischemia are limited due to the sheer 
functional assessment and inability to rule out obstructive 
stenosis. Dynamic CT-MPI with CCTA has emerged as an ideal 
method for the anatomical and functional evaluation of CAD 
[17], indicating its potential role in the diagnosis of diabetic 
microvascular ischemia. A previous study revealed reduced 

Table 3. Characteristics of patients with diabetes without obstructive CAD stratified by angina symptom

Angina (+) (n = 26) Angina (-) (n = 87) P 
Age, yr 61.5 ± 9.8 57.3 ± 10.3 0.063
Sex, male 15 (57.7) 39 (44.8)  0.249
Hypertension 14 (53.8) 44 (50.6)  0.770
Dyslipidemia 18 (69.2) 50 (57.5)  0.282
Current smoker 8 (30.8) 23 (26.4)  0.562
CACS 0.00 (0.00–16.65) 0.00 (0.00–9.80) 0.359
DM duration, yr 10.7 ± 8.3 8.2 ± 6.6 0.103
BMI, kg/m2 24.70 ± 4.09 24.16 ± 3.75 0.533
HbA1c, % 8.10 (6.98–9.80) 8.10 (7.10–10.00) 0.705
Fast glucose, mmol/L 6.36 (5.67–8.31) 6.80 (5.42–8.94) 0.637
With insulin treatment 15 (57.7) 56 (64.4) 0.537
Presence of microvascular myocardial ischemia 18 (64.3) 23 (27.1) < 0.001
Number of ischemia segments* 6.6 ± 5.5 3.0 ± 1.8 0.006
Global MBF, mL/min/100 mL 134.2 ± 27.6 158.4 ± 26.7 < 0.001
Global MBV, mL/100 mL 18.5 ± 3.5  20.3 ± 3.5 0.019
Global TTT, sec 15.3 ± 1.7 15.4 ± 1.5 0.760
Global TTP, sec 11.5 ± 2.3 10.9 ± 2.5 0.290
Any HRP 1 (3.8) 4 (4.6)  > 0.999
Any LAP 1 (3.8) 5 (5.7) > 0.999
Any NRS 1 (3.8) 0 (0.0) 0.519
Any SC 0 (0.0) 2 (2.3) > 0.999
Any PR 5 (19.2) 22 (25.3) 0.525
CT-ECV, %                               27.0 ± 2.3 27.3 ± 2.6 0.578
Number of segments of CT-ECV ≥ 30%† 4.7 ± 4.1 5.2 ± 4.3 0.630
Presence of elevated ECV 17 (68.0) 62 (70.5) 0.813

Values are presented as mean ± standard deviation, n (%), median (interquartile range) unless otherwise indicated.
*Number of ischemic segments in patients with myocardial ischemia, †Number of segments with CT-ECV ≥ 30% in patients with elevated 
ECV.
CAD = coronary artery disease, CACS = Coronary Artery Calcium Scoring, DM = diabetes mellitus, BMI = body mass index, HbA1c = 
hemoglobin A1c, MBF = myocardial blood flow, MBV = myocardial blood volume, TTT = tissue transit time, TTP = time to peak, HRP = high-
risk plaque, LAP = low attenuation plaque, NRS = napkin-ring sign, SC = spotty calcification, PR = positive remodeling, CT = computed 
tomography, ECV = extracellular volume
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global MBF in patients with diabetes, as demonstrated 
by dynamic CT-MPI [31]. Nevertheless, ECV analysis was 
not performed in this study with a small sample size, and 
no specific criteria were used to identify microvascular 
ischemia. 

In this study, we compared various segment-based 
perfusion parameters of patients with and without diabetes. 
The mean MBFs of the apical, middle, and basal segments 
were significantly lower for the group with diabetes than 
for the controls. In addition, using 100 mL/min/100 mL 
as the cutoff value to differentiate between ischemic and 
normal myocardium [15,24], the incidence of myocardial 
ischemia without obstructive stenosis was markedly 
higher among the patients with diabetes than among the 
controls (36.3% vs. 10.3%, P < 0.001). These suggest that 
diabetes has a significant impact on the development of 
microvascular ischemia, which is commonly present before 
progression to obstructive CAD. Moreover, the presence 
of myocardial ischemia was the only parameter that was 
strongly associated with angina pectoris in patients with 
diabetes without obstructive stenosis. Thus, these findings 
highlight the clinical significance of using dynamic CT-MPI 
with CCTA to identify this important pathology and target 
a specific diabetic population that may benefit from anti-

anginal and anti-ischemic medication [24]. In addition to 
microvascular ischemia, interstitial fibrosis is an important 
pathological feature of diabetic heart disease [32]. In the 
present study, diabetes was associated with a more frequent 
occurrence of LIE and a higher mean global ECV, indicating 
that this metabolic disorder leads to more severe and diffuse 
fibrosis. Nevertheless, this finding needs to be validated in 
further prospective studies due to the limited number of 
cases in the control group. 

Advanced coronary atherosclerosis is another hallmark 
of diabetes-related heart disease, and HRP is commonly 
encountered in asymptomatic patients with T2D [33]. 
The current study also investigated coronary anatomy and 
plaque characteristics in diabetes. According to the present 
findings, the majority of the patients with T2D had CAD-
RADS grades 0–2 with an intermediate-to-high pretest 
probability of CAD. HRP was only sporadically observed 
in the non-obstructive group, and its incidence was 
significantly lower than that of microvascular ischemia. This 
suggests that myocardial ischemia may develop earlier than 
advanced atherosclerosis.

Based on these results, the clinical implications of the 
present study are as follows. Microvascular ischemia and 
interstitial fibrosis are two early pathological changes that 

Table 4. Analysis of the association of various variables with angina symptom in DM patients without obstructive CAD

Univariable analysis Multivariable analysis 

Odds ratio 95% CI P 
Adjusted 
odds ratio 

95% CI P 

Age (per + 1 year) 1.046 0.999–1.101 0.067 1.039 0.987–1.100 0.157
Sex, male 1.678 0.697–4.150 0.252
DM duration (per + 1 year) 1.051 0.989–1.117 0.107
Hypertension 1.140 0.473–2.779 0.770
Dyslipidemia 1.665 0.670–4.438 0.285
Current smoking 1.237 0.455–3.164 0.664
BMI (per + 1 kg/m2) 1.037 0.923–1.160 0.529
Fast glucose (per + 1 mmol/L) 0.661 0.796–1.139 0.961
HbA1c (per + 1%) 0.965 0.778–1.173 0.729
Any HRP 0.830 0.041–5.934 0.870
With insulin treatment 0.755 0.310–1.876 0.537
Presence of microvascular myocardial ischemia 6.261   2.471–17.140 < 0.001 3.439   1.090–11.438 0.037
MBF (per + 1 mL/100 mL/min) 0.965 0.944–0.983 < 0.001 0.981 0.957–1.005 0.137
MBV (per + 1 mL/100 mL) 0.832 0.704–0.963 0.021 0.963 0.802–1.135 0.671
TTT (per + 1 sec) 0.956 0.719–1.279 0.758
TTP (per + 1 sec) 1.092 0.919–1.287 0.293
CT-ECV (per + 1%) 0.951 0.794–1.130 0.574

DM = diabetes mellitus, CAD = coronary artery disease, CI = confidence interval, BMI = body mass index, HbA1c = hemoglobin A1c, HRP = 
high-risk plaque, MBF = myocardial blood flow, MBV = myocardial blood volume, TTT = tissue transit time, TTP = time to peak, CT = computed 
tomography, ECV = extracellular volume
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precede advanced coronary atherosclerosis. Myocardial 
ischemia without obstructive stenosis is closely related 
to angina pectoris, which occurs in a large proportion of 
patients with T2D. Accurate diagnosis of this etiology helps 
target a specific cohort that may benefit from anti-anginal 
and anti-ischemic treatments. In addition, dynamic CT-MPI 
with CCTA may be a valuable alternative for the assessment 
of microvascular ischemia and myocardial fibrosis in patients 
with diabetes. It allows the comprehensive evaluation of 
epicardial vessel anatomy, myocardial perfusion, and ECV 
quantification, especially in patients with diabetes with 
contradictions for other functional imaging modalities.

Despite these valuable findings, this study had several 
limitations. First, this was a cross-sectional observational 
study without long-term follow-up. It remains unclear 
whether CT-quantified MBF and ECV can predict the prognosis 
of patients with diabetes without obstructive CAD. Therefore, 
future longitudinal studies are required to determine the 
prognostic value of these quantitative CT parameters in a 
diabetic cohort. In addition, there were no imaging data on 
cardiac function; therefore, we were unable to assess the 
impact of left ventricular remodeling on MBF as quantified 
by CT-MPI. Moreover, despite the prospective enrollment 
of patients with diabetes, the controls were included from 
an existing retrospective cohort in the current study. 
This resulted in discrepancies in clinical characteristics 
between the two groups. Finally, myocardial perfusion 
reserve quantified by PET or CMR, which is the reference 
standard for diagnosing microvascular dysfunction [34], 
was not available in the current study. Stress in MBF may be 
insufficient to depict microvascular dysfunction. Therefore, 
further studies incorporating PET or CMR are warranted for 
precise evaluation of microvascular dysfunction. 

In conclusion, dynamic CT-MPI with CCTA revealed a 
higher incidence of microvascular myocardial ischemia 
in patients with diabetes without obstructive CAD than 
in those without. In addition, microvascular myocardial 
ischemia is strongly associated with angina in patients with 
diabetes without obstructive CAD.

Supplement

The Supplement is available with this article at  
https://doi.org/10.3348/kjr.2023.0297.

Availability of Data and Material
The datasets generated or analyzed during the study are 

available from the corresponding author on reasonable 
request.

Conflicts of Interest
The authors have no potential conflicts of interest to 
disclose.

Author Contributions
Conceptualization: Jiayin Zhang, Xiaoying Ding. Data 
curation: Yarong Yu, Wenli Yang. Formal analysis: Yarong 
Yu, Wenli Yang, Xu Dai, Ziting Lan. Funding acquisition: 
Jiayin Zhang. Investigation: Yarong Yu, Wenli Yang, Xu Dai, 
Ziting Lan, Jiayin Zhang. Methodology: Yarong Yu, Wenli 
Yang. Project administration: Jiayin Zhang, Xiaoying Ding. 
Resources: Jiayin Zhang, Xiaoying Ding. Software: Yarong 
Yu, Wenli Yang. Supervision: Jiayin Zhang, Xiaoying Ding. 
Validation: Jiayin Zhang, Xiaoying Ding. Visualization: Lihua 
Yu, Ziting Lan. Writing—original draft: Yarong Yu, Jiayin 
Zhang. Writing—review & editing: Jiayin Zhang, Yarong Yu.

ORCID IDs
Yarong Yu

https://orcid.org/0000-0001-8070-0055
Wenli Yang

https://orcid.org/0009-0008-6555-8722
Xu Dai

https://orcid.org/0009-0007-3490-7152
Lihua Yu

https://orcid.org/0009-0005-2751-5594
Ziting Lan

https://orcid.org/0000-0002-1275-5537
Xiaoying Ding

https://orcid.org/0000-0001-6290-8485
Jiayin Zhang

https://orcid.org/0000-0001-7383-7571

Funding Statement
This study is supported by The National Key Research 
and Development Program of China (Grant No.: 
2021YFF0501402), Shanghai Committee of Science and 
Technology (Grant No.: 21ZR1452200) and Shanghai 
Municipal Education Commission-Gaofeng Clinical Medicine 
Grant Support (Grant No.: 20161428).

REFERENCES

1.	Cho NH, Shaw JE, Karuranga S, Huang Y, da Rocha Fernandes 



1091

Microvascular Myocardial Ischemia in Diabetes

https://doi.org/10.3348/kjr.2023.0297kjronline.org

JD, Ohlrogge AW, et al. IDF diabetes atlas: global estimates 
of diabetes prevalence for 2017 and projections for 2045. 
Diabetes Res Clin Pract 2018;138:271-281

2.	Valensi P, Prévost G, Pinto S, Halimi JM, Donal E. The 
impact of diabetes on heart failure development: the 
cardio-renal-metabolic connection. Diabetes Res Clin Pract 
2021;175:108831

3.	Ritchie RH, Abel ED. Basic mechanisms of diabetic heart 
disease. Circ Res 2020;126:1501-1525

4.	Haase R, Schlattmann P, Gueret P, Andreini D, Pontone G, 
Alkadhi H, et al. Diagnosis of obstructive coronary artery 
disease using computed tomography angiography in patients 
with stable chest pain depending on clinical probability and 
in clinically important subgroups: meta-analysis of individual 
patient data. BMJ 2019;365:l1945

5.	Newby DE, Adamson PD, Berry C, Boon NA, Dweck MR, Flather 
M, et al. Coronary CT angiography and 5-year risk of myocardial 
infarction. N Engl J Med 2018;379:924-933

6.	Halon DA, Lavi I, Barnett-Griness O, Rubinshtein R, Zafrir 
B, Azencot M, et al. Plaque morphology as predictor of late 
plaque events in patients with asymptomatic type 2 diabetes: 
a long-term observational study. JACC Cardiovasc Imaging 
2019;12(7 Pt 2):1353-1363

7.	Kim U, Leipsic JA, Sellers SL, Shao M, Blanke P, Hadamitzky 
M, et al. Natural history of diabetic coronary atherosclerosis 
by quantitative measurement of serial coronary computed 
tomographic angiography: results of the PARADIGM study. 
JACC Cardiovasc Imaging 2018;11:1461-1471

8.	Malik S, Zhao Y, Budoff M, Nasir K, Blumenthal RS, Bertoni 
AG, et al. Coronary artery calcium score for long-term risk 
classification in individuals with type 2 diabetes and metabolic 
syndrome from the multi-ethnic study of atherosclerosis. JAMA 
Cardiol 2017;2:1332-1340

9.	Coenen A, Kim YH, Kruk M, Tesche C, De Geer J, Kurata A, et 
al. Diagnostic accuracy of a machine-learning approach to 
coronary computed tomographic angiography–based fractional 
flow reserve: result from the MACHINE consortium. Circ 
Cardiovasc Imaging 2018;11:e007217

10.	Mrgan M, Nørgaard BL, Dey D, Gram J, Olsen MH, Gram J, et 
al. Coronary flow impairment in asymptomatic patients with 
early stage type-2 diabetes: detection by FFRCT. Diab Vasc Dis 
Res 2020;17:1479164120958422

11.	Di Carli MF, Janisse J, Grunberger G, Ager J. Role of chronic 
hyperglycemia in the pathogenesis of coronary microvascular 
dysfunction in diabetes. J Am Coll Cardiol 2003;41:1387-1393

12.	Shimizu M, Umeda K, Sugihara N, Yoshio H, Ino H, Takeda 
R, et al. Collagen remodelling in myocardia of patients with 
diabetes. J Clin Pathol 1993;46:32-36

13.	Jespersen L, Hvelplund A, Abildstrøm SZ, Pedersen F, Galatius S, 
Madsen JK, et al. Stable angina pectoris with no obstructive 
coronary artery disease is associated with increased risks of 
major adverse cardiovascular events. Eur Heart J 2012;33:734-
744

14.	Deux JF, Nouri R, Tacher V, Zaroui A, Derbel H, Sifaoui I, et 

al. Diagnostic value of extracellular volume quantification and 
myocardial perfusion analysis at CT in cardiac amyloidosis. 
Radiology 2021;300:326-335

15.	Li Y, Yu M, Dai X, Lu Z, Shen C, Wang Y, et al. Detection of 
hemodynamically significant coronary stenosis: CT myocardial 
perfusion versus machine learning CT fractional flow reserve. 
Radiology 2019;293:305-314

16.	American Diabetes Association. 2. Classification and diagnosis 
of diabetes: standards of medical care in diabetes—2020. 
Diabetes Care 2020;43(Suppl 1):S14-S31 

17.	Xu Y, Yu L, Shen C, Lu Z, Zhu X, Zhang J. Prevalence and 
disease features of myocardial ischemia with non-obstructive 
coronary arteries: insights from a dynamic CT myocardial 
perfusion imaging study. Int J Cardiol 2021;334:142-147

18.	Ohta Y, Kishimoto J, Kitao S, Yunaga H, Mukai-Yatagai N, 
Fujii S, et al. Investigation of myocardial extracellular volume 
fraction in heart failure patients using iodine map with rapid-
kV switching dual-energy CT: segmental comparison with MRI 
T1 mapping. J Cardiovasc Comput Tomogr 2020;14:349-355

19.	Cury RC, Abbara S, Achenbach S, Agatston A, Berman DS, 
Budoff MJ, et al. CAD-RADS(TM): coronary artery disease - 
reporting and data system: an expert consensus document 
of the Society of Cardiovascular Computed Tomography 
(SCCT), the American College of Radiology (ACR) and the 
North American Society for Cardiovascular Imaging (NASCI). 
Endorsed by the American College of Cardiology. J Am Coll 
Radiol 2016;13(12 Pt A):1458-1466.e9

20.	Motoyama S, Sarai M, Harigaya H, Anno H, Inoue K, Hara 
T, et al. Computed tomographic angiography characteristics 
of atherosclerotic plaques subsequently resulting in acute 
coronary syndrome. J Am Coll Cardiol 2009;54:49-57

21.	Conte E, Annoni A, Pontone G, Mushtaq S, Guglielmo M, 
Baggiano A, et al. Evaluation of coronary plaque characteristics 
with coronary computed tomography angiography in patients 
with non-obstructive coronary artery disease: a long-term 
follow-up study. Eur Heart J Cardiovasc Imaging 2017;18:1170-
1178

22.	Bamberg F, Klotz E, Flohr T, Becker A, Becker CR, Schmidt 
B, et al. Dynamic myocardial stress perfusion imaging using 
fast dual-source CT with alternating table positions: initial 
experience. Eur Radiol 2010;20:1168-1173

23.	Cerqueira MD, Weissman NJ, Dilsizian V, Jacobs AK, Kaul S, 
Laskey WK, et al. Standardized myocardial segmentation 
and nomenclature for tomographic imaging of the heart. 
A statement for healthcare professionals from the Cardiac 
Imaging Committee of the Council on Clinical Cardiology of 
the American Heart Association. Circulation 2002;105:539-542

24.	Yu L, Tao X, Dai X, Liu T, Zhang J. Dynamic CT myocardial 
perfusion imaging in patients without obstructive coronary 
artery disease: quantification of myocardial blood flow 
according to varied heart rate increments after stress. Korean J 
Radiol 2021;22:97-105

25.	Kurita Y, Kitagawa K, Kurobe Y, Nakamori S, Nakajima H, 
Dohi K, et al. Estimation of myocardial extracellular volume 



1092

Yu et al.

https://doi.org/10.3348/kjr.2023.0297 kjronline.org

fraction with cardiac CT in subjects without clinical coronary 
artery disease: a feasibility study. J Cardiovasc Comput Tomogr 
2016;10:237-241

26.	Scully PR, Patel KP, Saberwal B, Klotz E, Augusto JB, Thornton 
GD, et al. Identifying cardiac amyloid in aortic stenosis: ECV 
quantification by CT in TAVR patients. JACC Cardiovasc Imaging 
2020;13:2177-2189

27.	Nacif MS, Kawel N, Lee JJ, Chen X, Yao J, Zavodni A, et 
al. Interstitial myocardial fibrosis assessed as extracellular 
volume fraction with low-radiation-dose cardiac CT. Radiology 
2012;264:876-883

28.	Yu Y, Ohmori K, Kondo I, Yao L, Noma T, Tsuji T, et al. 
Correlation of functional and structural alterations of the 
coronary arterioles during development of type II diabetes 
mellitus in rats. Cardiovasc Res 2002;56:303-311

29.	Sharma A, Rizky L, Stefanovic N, Tate M, Ritchie RH, Ward KW, 
et al. The nuclear factor (erythroid-derived 2)-like 2 (Nrf2) 
activator dh404 protects against diabetes-induced endothelial 
dysfunction. Cardiovasc Diabetol 2017;16:33

30.	Zorach B, Shaw PW, Bourque J, Kuruvilla S, Balfour PC Jr, 
Yang Y, et al. Quantitative cardiovascular magnetic resonance 
perfusion imaging identifies reduced flow reserve in 
microvascular coronary artery disease. J Cardiovasc Magn Reson 

2018;20:14
31.	Vliegenthart R, De Cecco CN, Wichmann JL, Meinel FG, Pelgrim 

GJ, Tesche C, et al. Dynamic CT myocardial perfusion imaging 
identifies early perfusion abnormalities in diabetes and 
hypertension: insights from a multicenter registry. J Cardiovasc 
Comput Tomogr 2016;10:301-308

32.	Huynh K, McMullen JR, Julius TL, Tan JW, Love JE, Cemerlang 
N, et al. Cardiac-specific IGF-1 receptor transgenic expression 
protects against cardiac fibrosis and diastolic dysfunction 
in a mouse model of diabetic cardiomyopathy. Diabetes 
2010;59:1512-1520

33.	Heinsen LJ, Pararajasingam G, Andersen TR, Auscher S, 
Sheta HM, Precht H, et al. High-risk coronary artery plaque 
in asymptomatic patients with type 2 diabetes: clinical risk 
factors and coronary artery calcium score. Cardiovasc Diabetol 
2021;20:164

34.	Kunadian V, Chieffo A, Camici PG, Berry C, Escaned J, 
Maas AHEM, et al. An EAPCI expert consensus document 
on ischaemia with non-obstructive coronary arteries in 
collaboration with European Society of Cardiology Working 
Group on Coronary Pathophysiology & Microcirculation 
Endorsed by Coronary Vasomotor Disorders International Study 
Group. Eur Heart J 2020;41:3504-3520

 




