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Abstract 

Background:  The microvascular effects of obesity should be considered in diabetic individuals for elucidating under‑
lying mechanisms and developing targeted therapies. This study aims to determine the effect of obesity on myo‑
cardial microvascular function in type 2 diabetes mellitus (T2DM) patients using cardiac magnetic resonance (CMR) 
first-pass perfusion imaging and assessed significant risk factors for microvascular dysfunction.

Materials and methods:  Between September 2016 and May 2018, 120 patients with T2DM (45.8% women [55 of 
120]; mean age, 56.45 ± 11.97 years) and 79 controls (44.3% women [35 of 79]; mean age, 54.50 ± 7.79 years) with 
different body mass index (BMI) scales were prospectively enrolled and underwent CMR examination. CMR-derived 
perfusion parameters, including upslope, time to maximum signal intensity (TTM), maximum signal intensity (MaxSI), 
MaxSI (-baseline), and SI (baseline), and T2DM related risk factors were analyzed among groups/subgroups both in 
T2DM patients and controls. Univariable and multivariable linear and logistic regression analyses were performed to 
assess the potential additive effect of obesity on microvascular dysfunction in diabetic individuals.

Results:  Compared with controls with comparable BMIs, patients with T2DM showed reduced upslope and MaxSI 
and increased TTM. For both T2DM and control subgroups, perfusion function gradually declined with increasing BMI, 
which was confirmed by all perfusion parameters, except for TTM (all P < 0.01). In multivariable linear regression analy‑
sis, BMI (β = − 0.516; 95% confidence interval [CI], − 0.632 to − 0.357; P < 0.001), female sex (β = 0.372; 95% CI, 0.215 
to 0.475; P < 0.001), diabetes duration (β = − 0.169; 95% CI, − 0.319 to − 0.025; P = 0.022) and glycated haemoglobin 
(β = − 0.184; 95% CI, − 0.281 to − 0.039; P = 0.010) were significantly associated with global upslope in the T2DM 
group. Multivariable logistic regression analysis indicated that T2DM was an independent predictor of microvascular 
dysfunction in normal-weight (odds ratio[OR], 6.46; 95% CI, 2.08 to 20.10; P = 0.001), overweight (OR, 7.19; 95% CI, 1.67 
to 31.07; P = 0.008) and obese participants (OR, 11.21; 95% CI, 2.38 to 52.75; P = 0.002).
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Background
Diabetes mellitus (DM) and obesity, which are common 
chronic diseases that often coexist, impact millions of 
individuals worldwide and are contributors to the wors-
ening global health burden [1, 2]. Both DM and obesity 
are associated with an increased overall risk of prema-
ture death due to systemic complications, and cardio-
vascular disease is the primary complication and leading 
cause of death [3–5]. Microvascular myocardial dysfunc-
tion has recently emerged as an additional mechanism of 
myocardial impairment that has important prognostic 
implications [6, 7]. However, several studies investigat-
ing the relationship of microvascular function with DM 
or obesity have focused on the effects of DM and obe-
sity as separate entities, and the contribution of obe-
sity to myocardial microvascular dysfunction in DM 
is not fully understood and clear [8–10]. Elucidation of 
the interaction between DM and obesity can aid in the 
understanding of mechanisms underlying the develop-
ment of microvascular dysfunction and in the identifica-
tion of patient subgroups that can benefit from targeted 
therapies.

Cardiac magnetic resonance (CMR)-derived first-pass 
perfusion imaging is a promising technique to assess 
myocardial perfusion due to its high spatial and temporal 
resolution, and has been increasingly utilised for the non-
invasive evaluation of myocardial microvascular function 
[11, 12]. Therefore, we aimed to determine the effect of 
obesity on myocardial microvascular function in type 2 
DM (T2DM) patients using CMR first-pass perfusion 
imaging and explored significant risk factors contributing 
to microvascular dysfunction in patients with T2DM.

Materials and methods
Study population
Between September 2016 and May 2018, 180 consecu-
tive patients with T2DM were prospectively enrolled in 
our study and eligible for CMR examination. The inclu-
sion criteria were clinically confirmed subjects with 
T2DM in the endocrinology department of our hospital 
according to the current American Diabetes Associa-
tion criteria [13]. Detailed exclusion criteria are shown 
in Fig.  1, including associated primary or secondary 
cardiomyopathy diseases not caused by diabetes and 
obesity [14] (n = 6), coronary artery disease (n = 30), 

myocardial infarction (n = 3), incomplete CMR per-
fusion examination (n = 5), low weight (body mass 
index [BMI] < 18.0  kg/m2) (n = 2), poor CMR image 
quality (n = 3), and unavailable perfusion parameters 
(n = 11). Therefore, 120 T2DM patients (45.8% women 
[55 of 120]; mean age, 56.45 ± 11.97  years) were finally 
included. During the study period, 79 age-, sex-, and 
BMI-matched individuals (44.3% women [35 of 79]; mean 
age, 54.50 ± 7.79  years) were included as controls who 
underwent CMR for health physical examination. The 
aforementioned exclusion criteria for the T2DM group 
also applied to the control group. Moreover, all included 
controls performed the oral glucose tolerance test to rule 
out possible diabetes and prediabetes in the endocrinol-
ogy department of our hospital. The participants were 
divided into the following weight groups according to the 
World Health Organization’s definition for Asian indi-
viduals [15, 16]: normal weight (BMI = 18.0–22.9 kg/m2), 
overweight (BMI = 23.0–24.9  kg/m2), and obese groups 
(BMI > 25 kg/m2). Related clinical and imaging variables 
were collected for all participants.

The Biomedical Research Ethics Committee of our hos-
pital approved this study, and all participants gave written 
informed consent. The participant-sensitive information 
was protected with full confidentiality and was only used 
for the purposes of this study.

CMR protocol
All participants were examined using a 3.0T whole-body 
scanner (Trio Tim; Siemens Medical Solutions, Erlangen, 
Germany) in the supine position at rest. The manufac-
turer’s standard ECG-triggering device and the breath-
hold technique were used to monitor dynamic changes 
in each participant’s ECG findings and breathing. Cine 
images were acquired in two-chamber, three-chamber, 
four-chamber, and short-axis views using a steady-
state free precession sequence (repetition time[TR]/
echo time[TE], 33.22/1.31 ms; flip angle, 39°; slice thick-
ness, 8.0 mm; field of view, 234 × 280 mm2; matrix size, 
208 × 139). A bolus of gadobenate dimeglumine (Multi-
Hance; 0.5  mmol/ml; Bracco, Milan, Italy) was intrave-
nously injected at a dose of 0.2  ml/kg body weight and 
a flow rate of 2.5– 3.0  ml/s. A 20-ml saline flush was 
administered immediately following contrast at a rate of 
3.0  ml/s. First-pass perfusion was acquired concurrent 

Conclusions:  Myocardial microvascular function gradually declined with increasing BMI in both diabetes and non-
diabetes status. T2DM was associated with an increased risk of microvascular dysfunction, and obesity exacerbated 
the adverse effect of T2DM.

Keywords:  Body mass index, Cardiac magnetic resonance first-pass perfusion imaging, Myocardial microvascular 
function, Obesity, Type 2 diabetes mellitus



Page 3 of 13Jiang et al. Cardiovasc Diabetol           (2020) 19:52 	

with intravenous contrast agents in three standard short-
axis slices (the basal, mid-ventricular, and apical slices) 
and performed by inversion recovery prepared echo-
planar sequence (TR/TE, 200/1.1 ms; flip angle, 10°; field 
of view, 270 × 360 mm2; matrix size, 106 × 192). Each set 
of first-pass perfusion images was acquired in 80 cardiac 
cycles. Each participant’s condition was stable and feasi-
ble during the entire examination period.

CMR image analysis
All images of the patients and controls were transferred 
to offline commercial software (CVI42; Circle Cardiovas-
cular Imaging, Inc., Calgary, Canada) and were analyzed 
by two experienced radiologists. For regional analysis, 

a 16-segment model (Bull’s eye plot) was constructed 
on the basis of three standard short-axis slices, and the 
endocardial and epicardial borders of all three slices of 
first-pass perfusion images were delineated manually, 
with exclusion of papillary muscles and trabeculations, 
and a region of interest was drawn in the blood pool as 
contrast (Fig.  2b). The myocardial and blood-pooled 
time–signal intensity curve was obtained for each myo-
cardial segment in all participants (Fig. 2c, d).

CMR-derived perfusion parameters, including upslope, 
time to maximum signal intensity (TTM), maximum sig-
nal intensity (MaxSI), MaxSI (-baseline), and SI (base-
line) were obtained from the myocardial time–signal 
intensity just as in Fig. 2a. In the three short-axis slices, 

Fig. 1  Flow diagram of the cohort study. Of the consecutive 180 patients with T2DM who were enrolled, 46 were excluded before CMR 
examination, and 14 were excluded after CMR examination owing non-available perfusion images. MaxSI maximum signal intensity, SI signal 
intensity, TTM time to maximum signal intensity
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the average perfusion value for each slice was automati-
cally calculated by the software. The global upslope was 
calculated as the average parameter value of 16 segments 
in this study. All parameters reflected myocardial perfu-
sion, which is indirectly related to coronary microvascu-
lar function [8].

LV myocardial mass (LVM) and LV functional param-
eters, including LV end-diastolic volume (LVEDV), LV 
end-systolic volume (LVESV), and LV ejection fraction 
(LVEF), were derived from CMR cine images according 
to current guidelines [17]. In addition, the LV remodeling 
index was applied and calculated as “LVM/LVEDV” [18].

Assessment of the reproducibility of perfusion parameters
To assess intra-observer reproducibility, a radiologist (JL) 
drew endocardial and epicardial borders in three slices of 
the first-pass perfusion images in 60 randomly selected 
participants, including patients with T2DM and con-
trols, in two sessions separated by 2 months. To assess 

inter-observer variability of the perfusion parameters, 
another radiologist (SK) repeated the data processing 
in 55 randomly selected participants, including patients 
with T2DM and controls. Each radiologist was blinded to 
the subject status (T2DM or control) and the findings of 
the other radiologist during the variability assessment.

Statistical analysis
The continuous normally distributed variables are 
expressed as mean ± standard deviation using Student’s 
t test, whereas non-normally distributed variables were 
presented as median and inter-quartile range using 
the Mann–Whitney test. The categorical variables are 
expressed as number (percentage), and were compared 
using Fisher’s exact test. LV myocardial perfusion param-
eters and T2DM related risk factors were compared 
between DM patients and controls using the Student’s 
t-test and were compared among subgroups across dif-
ferent BMI scales using one-way analysis of variance 

Fig. 2  CMR-derived perfusion image analysis. The first-pass perfusion parameters including upslope (a), MaxSI (-baseline) (b), TTM (c), MaxSI (e), 
and SI (baseline) (d) were automatically obtained from time–signal intensity (A); Representative myocardial and blood-pooled time–signal intensity 
curve obtained from left ventricle mid-ventricular slices (B) showed reduced upslope and MaxSI and increased TTM in patient with diabetes (D) 
compared to control (C)



Page 5 of 13Jiang et al. Cardiovasc Diabetol           (2020) 19:52 	

(ANOVA) followed by Bonferroni’s post hoc test. Univar-
iable linear regression analysis was performed to identify 
the predictors of reduced global upslope in patients with 
T2DM. All candidate variables for multivariable models 
were selected based on clinical grounds, guided by uni-
variable analysis with P value < 0.1 and the absence of 
collinearity. The receiver operator characteristic (ROC) 
curve for global upslope was generated to discriminate 
the additive effect of the T2DM status in controls with 
similar BMIs, and the optimal cut-off value based on 
the ROC curve was used to classify abnormal and nor-
mal microcirculation groups within the same BMI scale, 
wherein only the additive effect of T2DM on microcircu-
lation was considered and the effect of BMI was classified 
as the normal group. Further logistic regression analysis 
was performed to determine the effect of T2DM status 
on myocardial microvascular function in individuals with 
different BMI scales. A P value of < 0.05 was regarded to 
indicate statistical significance. All analyses were per-
formed using SPSS (version 24.0; IBM, Armonk, NY, 
USA) and GraphPad Prism® (version 7.0a; GraphPad 
Software, San Diego, CA, USA).

Results
Baseline characteristics
The study cohort comprised 120 patients with T2DM, 
including 51, 29 and 40 normal-weight, overweight and 
obese individuals, respectively, and 79 nondiabetic con-
trols, including 33, 27 and 19 normal-weight, overweight 
and obese individuals. The baseline characteristics of the 
nondiabetic controls and patients with T2DM in differ-
ent BMI scales (normal-weight, overweight and obese 
groups) are presented in Table 1. There were no signifi-
cant statistical differences in age, sex and BMI among the 
subgroups, however, the diabetes subgroup presented 
with higher systolic blood pressure than the control sub-
group with the same BMI scales. Importantly, among the 
cardiac morphological parameters, the left ventricular 
(LV) remodelling index gradually increased with increas-
ing BMI in both the T2DM and control groups (P < 0.05) 
and the mean LV remodeling index was higher in the 
T2DM group than in the control group.

Comparison of the microvascular function 
between the T2DM and control groups
On comparing the T2DM and controls on the same BMI 
scale, the T2DM patients had worse microvascular per-
fusion function in the three short-axis slices, which was 
supported by reduced upslope, reduced MaxSI, and 
increased TTM values in T2DM patients, respectively 
(Fig. 3).

Furthermore, the three short-axis slices involved differ-
ent perfusion functions, and the upslope, MaxSI and SI 

(baseline) values increased gradually from the base to the 
apex in all participants. Nevertheless, there was no sig-
nificant change in the TTM from the base to the apex.

Microvascular function gradually decreases with increasing 
BMI in all patients
The microvascular perfusion parameters of the controls 
and patients with T2DM according to the different BMI 
scales are presented in Table  2. Briefly, microvascular 
function gradually decreased with increasing BMI in 
both the patients with T2DM and the controls, which 
was evident by all perfusion parameters with the excep-
tion of TTM (P < 0.05 for all). Bonferroni’s post hoc test 
revealed that the multi-parameter (upslope, MaxSI and 
MaxSI (-BL)) exhibited a statistically significant differ-
ence between the obese and normal-weight subgroups in 
both the control and T2DM groups (P < 0.017). Moreo-
ver, multiple perfusion parameters (upslope, MaxSI and 
MaxSI (-BL)) were significantly different between the 
overweight and normal-weight subgroups among those 
with T2DM but not among the controls (P < 0.017 for all).

The linear regression analysis of microvascular function 
in all T2DM patients
As shown in Table  3, age, sex, BMI, diabetes duration, 
glycated haemoglobin (HbA1c), plasma triglycerides, 
systolic blood pressure, estimated glomerular filtration 
rate, LV remodelling index and medication history were 
initially screened based on clinical grounds and assessed 
using univariable analysis. The multivariable analysis 
model (R2 = 0.567) showed that female sex had a posi-
tive microcirculation effect (β = 0.372; 95% confidence 
interval[CI], 0.215 to 0.475; P < 0.001) and that BMI 
(β = − 0.516; 95% CI, − 0.632 to − 0.357; P < 0.001), dia-
betes duration (β = − 0.169; 95% CI, − 0.319 to −0.025; 
P = 0.022) and HbA1c (β = − 0.184; 95% CI, − 0.281 to 
− 0.039; P = 0.010) had a negative microcirculation effect.

The ROC curve analysis of individuals on global upslope 
in the same BMI scale for discriminating the additive effect 
of T2DM status
The area under the curve (AUC), sensitivity, specificity 
and optimal cut-off value were determined by the ROC 
curve analysis to assess the additive effect of T2DM on 
global upslope by comparison with the controls in the 
same BMI scale. As shown in Fig. 4, the CMR first-pass 
imaging had a moderate efficiency in identifying the 
additive effect of the T2DM status in all BMI scales (nor-
mal-weight group: AUC 0.721, sensitivity 54.5%, specific-
ity 78.4%, cut-off value 2.81, P = 0.001; overweight group: 
AUC 0.752, sensitivity 59.3%, specificity 79.3%, cut-off 
value 2.26, P = 0.001; obese group: AUC 0.741, sensitivity 
84.2%, specificity 65.0%, cut-off value 1.45, P = 0.003).
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The logistic regression analysis for independent predictors 
of myocardial microvascular dysfunction
The study cohort was categorised into two groups based 
on the optimal cut-off value determined by the ROC 
curve in different BMI scales, and the results of the 
binary univariable and multivariable logistic regression 
analyses are shown in Table 4. The multivariable logistic 
regression analysis indicated that T2DM was an inde-
pendent predictor of microvascular dysfunction in nor-
mal-weight (odds ratio[OR], 6.46; 95% CI, 2.08 to 20.10; 
P = 0.001), overweight (OR, 7.19; 95% CI, 1.67 to 31.07; 
P = 0.008) and obese participants (OR, 11.21; 95% CI, 
2.38 to 52.75; P = 0.002) and that the OR increased with 
increasing BMI.

Intra‑observer and inter‑observer variability
The intra-observer and inter-observer correlation coef-
ficients were considered excellent, and summarized in 
Additional file 1: Table S1.

Discussion
In the current study, we analysed microvascular perfu-
sion in patients with T2DM and nondiabetic controls 
with different BMI scales who were assessed by CMR 
first-pass perfusion imaging. We found that myocardial 
microvascular function exhibited a gradual decline with 
increasing BMI in both the controls and the patients with 
T2DM, and the patients with T2DM had worse rest-
ing microvascular function compared with the controls 

Fig. 3  The perfusion function between T2DM and controls subgroup on the same weight scale. T2DM patients showed significantly worse 
microvascular function in all perfusion parameters when compared with controls on the same weight scale in three standard short-axis slices (basal, 
mid-ventricular and apex slice). MaxSI, maximum signal intensity; TTM, time to maximum signal intensity
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within the same BMI scale. Further logistic regression 
analysis indicated that T2DM was an independent pre-
dictor of microvascular dysfunction in all participants 
and that the risk was higher in obese individuals. Overall, 
these findings indicate that T2DM and obesity may cause 
myocardial microvascular dysfunction even in the rest-
ing state, and that obesity might exacerbate the adverse 
effects of DM on microvascular function.

The combined effects of obesity and diabetes 
on myocardial microvascular damage
Obesity- and T2DM-related cardiac dysfunction have 
shared underlying disease mechanisms as both are meta-
bolic disorders; despite the complex and multifactorial 
pathophysiology of cardiomyopathy related to obesity 
and T2DM, alterations in cardiac energy metabolism and 
subsequently energetics are recognised as major con-
tributors to cardiac dysfunction in both conditions [19, 
20]. As a result of metabolic and energy disorders, both 
structure and function abnormalities are associated with 
coronary microvascular dysfunction [21]. A previous 
study suggested that concomitant diabetes and obesity 

Table 2  Perfusion parameter of controls (n = 79) and DM patients (n = 120) with different BMI

Values are means ± standard deviations

P valueå, P valueß: P values refer to the differences among three subgroups across different BMI scales within controls (å) or DM patients (ß) based on Fisher’s exact test 
or one-way analysis of variance followed by Bonferroni’s post hoc test; *P < 0.017 versus Normal weight group; §P < 0.017 versus overweight group

Controls (n = 79) DM patients (n = 120)

Normal-weight 
(n = 33)

Overweight 
(n = 27)

Obese (n = 19) P valueå Normal-weight 
(n = 51)

Overweight 
(n = 29)

Obese (n = 40) P valueß

Basal

 Upslope 2.26 ± 0.84 1.82 ± 0.55 1.35 ± 0.42* 0.000 1.85 ± 0.53 1.40 ± 0.34* 1.10 ± 0.35* § 0.000

 TTM (sec) 25.22 ± 10.85 32.17 ± 17.42 33.17 ± 14.12 0.084 35.36 ± 17.05 35.75 ± 18.83 35.36 ± 15.52 0.929

 MaxSI 17.24 ± 6.54 16.27 ± 4.14 13.24 ± 3.07* 0.028 16.34 ± 5.18 11.33 ± 3.76* 9.33 ± 3.01* 0.000

 MaxSI (- base‑
line)

15.93 ± 4.26 13.29 ± 4.61 10.62 ± 2.65* 0.000 12.63 ± 4.40 8.06 ± 2.58* 7.31 ± 2.52* 0.000

 SI (baseline) 3.72 ± 1.43 3.35 ± 0.95 2.63 ± 0.80* 0.006 3.13 ± 1.42 2.29 ± 0.87* 2.20 ± 0.95* 0.000

Mid-ventricular

 Upslope 2.93 ± 1.03 2.31 ± 0.72* 1.80 ± 0.60* 0.000 2.37 ± 0.70 1.99 ± 0.54* 1.37 ± 0.41* § 0.000

 TTM (sec) 27.31 ± 13.86 31.68 ± 16.61 33.25 ± 13.83 0.313 34.19 ± 16.14 35.93 ± 20.13 34.26 ± 12.55 0.884

 MaxSI 21.78 ± 7.83 20.59 ± 5.32 16.58 ± 3.96* 0.018 21.29 ± 6.54 15.01 ± 4.14* 12.22 ± 3.91* 0.000

 MaxSI (- base‑
line)

19.63 ± 5.25 16.74 ± 5.41 13.14 ± 3.42* 0.000 16.38 ± 5.39 10.83 ± 3.48* 9.49 ± 3.33* 0.000

 SI (Baseline) 4.83 ± 1.60 4.36 ± 1.51 3.39 ± 0.96* 0.004 4.22 ± 1.73 3.08 ± 1.00* 2.86 ± 1.06* 0.000

Apex

 Upslope 3.69 ± 1.19 2.95 ± 0.85* 2.19 ± 0.62* 0.000 3.03 ± 0.91 2.44 ± 0.70* 1.80 ± 0.57* § 0.000

 TTM (sec) 27.81 ± 13.87 32.43 ± 16.55 35.01 ± 14.62 0.221 34.20 ± 15.75 36.74 ± 19.94 35.26 ± 13.31 0.794

 MaxSI 26.90 ± 10.28 26.67 ± 6.84 20.76 ± 4.42 0.021 24.42 ± 8.50 19.94 ± 5.17* 16.19 ± 4.91* 0.000

 MaxSI (- base‑
line)

24.32 ± 7.72 21.37 ± 5.41 16.50 ± 4.03* 0.000 21.52 ± 7.40 13.82 ± 4.21* 12.68 ± 4.10* 0.000

 SI (baseline) 5.80 ± 2.06 5.27 ± 2.05 4.36 ± 1.47 0.041 5.57 ± 2.16 4.15 ± 1.33* 3.70 ± 1.38* 0.000

Table 3  Univariable and  multivariable linear regression 
analysis of global upslope in all DM patients (n = 120)

BMI body mass index, eGFR estimated glomerular filtration rate, HDL high-
density lipoprotein, SBP systolic blood pressure, TG plasma triglycerides
a  Candidate variables for multivariable model were selected on clinical 
grounds, guided by univariable correlation with P value < 0.10 and the absence 
of collinearity. ∆Age, SBP, and eGFR was included in the multivariable analysis 
model based on clinical grounds. Medication history was included in the 
multivariable model but not listed because there was no significant correlation 
in univariable analysis

Univariable Multivariablea

β P value β P value R2

Age (y)∆ − 0.048 0.501 – – 0.567

Sex (female) 0.351 0.000 0.372 0.000

BMI (kg/m2) − 0.581 0.000 − 0.516 0.000

Diabetes duration (year) − 0.347 0.000 − 0.169 0.022

HbA1c (%) − 0.314 0.000 − 0.184 0.010

TG (mmol/L) − 0.153 0.031 – –

SBP (mm Hg)∆ 0.036 0.727 – –

eGFR (mL/min) ∆ 0.093 0.313 – –

LV remodeling index − 0.270 0.000 – –
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may exacerbate microvascular injury [22]. In the this 
prospective clinical study, consistent with the existing 
mechanism above, we demonstrated not only that T2DM 
or obesity alone can cause myocardial microvascular dys-
function, but also that the obesity status exacerbates the 
adverse effect of T2DM on microcirculatory damage.

The effects of obesity and diabetes alone on myocardial 
microvascular damage
Regarding the effects of obesity on myocardial micro-
vascular function, Schindler et al. found that a high BMI 
was independently associated with abnormal micro-
vascular function based on the gradual impairment of 
vasodilation capacity with increasing BMI [23]. In agree-
ment with that study, we found that there was a gradual 
decline in microvascular function with increasing BMI 
in all participants. These results might be attributable 
to the potential impairment of the endothelium-related 
coronary vasomotion or microcirculatory structure by 

obesity, even under resting conditions. Nevertheless, 
these potential mechanisms require further investiga-
tion. Moreover, our results indicated that the LV remod-
elling index was more pronounced in the study subjects 
with a higher BMI. The LV remodelling, the main pathol-
ogy underlying chronic heart failure and an important 
prognostic indicator [24, 25], was previously reported to 
develop as a direct result of high metabolic activity and 
lipotoxicity in obese individuals [16].

Diabetic cardiomyopathy is a complex condition with 
multiple involved pathways and multiple mechanisms, 
and various factors interact to cause functional and vas-
cular changes in the heart [26]. Previous studies have 
reported obesity, hyperglycaemia, high HbA1c levels 
and a longer diabetes duration as risk factors for the pro-
gression of diabetic cardiomyopathy [27, 28]. Coronary 
microvascular dysfunction as a direct cause of myocar-
dial tissue hypoxia is an important factor involved in the 
development of diabetic cardiomyopathy. In this study, 

Fig. 4  The ROC curve analysis of global upslope between patients with T2DM and controls with comparable BMIs (a, normal-weight group; b, 
overweight group; obese group)

Table 4  Univariable and  multivariable logistic regression analysis in  independent predictors of  myocardial 
microvascular dysfunction

Candidate variables for multivariable model were selected on clinical grounds, guided by univariable correlation with P value < 0.10 and the absence of collinearity. 
^Renal dysfunction: estimated creatinine clearance < 60 mL/min

∆P < 0.1; *P < 0.05; †P < 0.01. CI confidence interval, OR odds ratio

Normal–weight group Overweight group Obese group

Univariable
OR (95% CI)

Multivariable
OR (95% CI)

Univariable
OR (95% CI)

Multivariable
OR (95% CI)

Univariable
OR (95% CI)

Multivariable
OR (95%CI)

Sex (female) 0.40 (0.16–0.99)∆ 0.20 (0.06–0.61)† 0.10 (0.03–0.34)† 0.08 (0.02–0.34)† 0.17 (0.05–0.54)† 0.12 (0.03–0.47)†

Age 1.01 (0.97–1.05) – 1.03 (0.97–1.08) – 0.99 (0.94–1.04) –

Diabetes 3.90 (1.52–10.01)† 6.46 (2.08–20.10)† 5.58 (1.71–18.18)† 7.19 (1.67–31.07)† 8.00 (2.00–31.99)† 11.21 (2.38–52.75)†

Hypertension 3.25 (0.99–10.74) – 3.03 (0.74–12.45) – 1.26 (0.40–3.99) –

Hyperlipidemia 9.20 (1.14–74.25)* – 0.96 (0.28–3.22) – 0.44 (0.12–1.65) –

Renal dysfunction^ 1.75 (0.33–9.27) – 4.50 (0.50–40.26) – 10.85 (1.24–94.97) * –
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consistent with some of the reported risk factors for dia-
betic cardiomyopathy, microvascular dysfunction was 
more likely to be affected by sex, BMI, diabetes duration 
and HbA1c levels, among which BMI is the dominating 
factor. We speculate that the aforementioned mecha-
nisms of microcirculatory damage shared between obe-
sity and diabetes underlie the dominant adverse role 
of BMI in microvascular dysfunction in patients with 
T2DM. Among the risk factors for microvascular dys-
function that were identified in the current study, HbA1c, 
an indicator of blood glucose control in patients with 
DM, was a unique risk factor in the patients with T2DM 
that was independently associated with myocardial 
microvascular function. This finding further supports the 
possibility that intensive glycaemic control may be bene-
ficial for preserving myocardial microcirculation [29, 30].

Other related factors affecting myocardial microcirculation
Glucose-lowering drugs are a fundamental strategy for 
T2DM management. Currently, multiple pharmaco-
logical agents are available for controlling glycaemia, 
which is selected to be individualised according to each 
patient’s needs. Several studies have indicated the rela-
tionship between hypoglycaemic agents and myocardial 
microcirculation and cardiovascular events, but the ben-
efits and possible adverse effects of some medications 
for patients with diabetes, especially in those with heart 
failure, remain controversial [31–33]. In our study, mul-
tiple drugs were recorded and included in the analysis, 
indicating that the drug type had no effect on myocardial 
microcirculation. Further randomised controlled trials 
are needed to determine whether the drug combination 
interferes with the results.

Sexual dimorphism is a very well-established and 
common characteristic of cardiovascular disease, and 
previous studies have indicated that both diabetic car-
diomyopathy and heart failure with preserved ejection 
fraction are more prevalent in females than in males [34, 
35]. However, in the current study, females with diabetes 
were less likely to present with myocardial microvascu-
lar dysfunction, and female sex was a protective factor for 
microcirculation dysfunction. This inconsistency may be 
due to the potential protective effect of oestrogen against 
the apoptosis and necrosis of endothelial cells in micro-
circulation [36].

Consistent with the report on cardiac amyloid light-
chain amyloidosis by Li et al. [12], among the myocardial 
perfusion parameters, a gradient of basoapical increase 
was observed for upslope, MaxSI, MaxSI (-BL) and SI 
(baseline) in both the patients with T2DM and the con-
trols. Furthermore, T2DM and obesity presented lower 
parameter values compared with the corresponding 

controls. Based on the current study results and the pre-
viously published data, we speculate that the LV might 
undergo a gradual variation in organisational structure, 
metabolite deposition and microvascular density distri-
bution from the base to the apex, and that the apex may 
have higher resistance to microvascular injury. Several 
metabolic substances and pathological changes have 
been examined using CMR imaging, and further confir-
mation will be necessary in future studies.

Limitations
The current study has several limitations. First, this was 
a single-centre study and all participants were evaluated 
using one CMR scanner; therefore, the reference values 
may be different than those used with other scanners. 
However, utilising the same CMR scanner eliminates 
differences in results that might arise from the use of 
different scanners. Multi-centre and multivendor stud-
ies should be planned to address this concern. Second, 
because of the contraindications and potential risks 
associated with cardiac stress testing [37, 38], this study 
investigated microcirculation function only at rest. How-
ever, even in the resting state, our study demonstrates 
the additive effect of obesity on myocardial microcir-
culation in diabetic individuals, and the clinical value 
of resting myocardial perfusion examination requires 
more attention and verification. Third, our study did not 
include patients with T2DM who had a low body weight 
(BMI < 18  kg/m2); the metabolic mechanisms of these 
individuals differ from those in patients with a higher 
body weight. Finally, not all participants underwent cor-
onary computed tomographic angiography or invasive 
coronary angiography to exclude coronary artery disease 
in the current study. In the present study cohort, coro-
nary artery disease was deemed to be unlikely based on 
the assessment of the subjects by electrocardiography, 
echocardiography, laboratory examination and clini-
cal history, further supported by the subsequent CMR 
examinations.

Conclusions
There was a gradual decrease in myocardial microvas-
cular function with increasing BMI in both the patients 
with T2DM and the nondiabetic controls, even under 
resting conditions. When T2DM and obesity coexist, 
T2DM increased the risk of microvascular dysfunction, 
and the obesity status exacerbated the effects of T2DM. 
These findings demonstrate the additive effect of obesity 
on myocardial microcirculation in diabetic patients and 
highlight the importance of weight loss in T2DM indi-
viduals with obesity.
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