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Abstract 

Background Diabetic peripheral neuropathy (DPN) has been shown to be independently associated 
with cardiovascular events and mortality. This study aimed to evaluate changes in left ventricular (LV) microvascular 
perfusion and myocardial deformation in type 2 diabetes mellitus (T2DM) patients with and without DPN, as well 
as to investigate the association between myocardial perfusion and LV deformation.

Methods Between October 2015 and July 2022, one hundred and twenty‑three T2DM patients without DPN, 
fifty‑four patients with DPN and sixty age‑ and sex‑matched controls who underwent cardiovascular magnetic 
resonance imaging were retrospectively analyzed. LV myocardial perfusion parameters at rest, including upslope, 
time to maximum signal intensity (TTM), max signal intensity (max SI), and myocardial strains, including global 
radial, circumferential and longitudinal strain (GRS, GCS and GLS, respectively), were calculated and compared 
among the groups with One‑way analysis of variance. Univariable and multivariable linear regression analyses were 
performed to explore the independent factors influencing LV myocardial perfusion indices and LV strains in diabetes.

Results The LV GLS, upslope and max SI were significantly deteriorated from controls, through patients without DPN, 
to patients with DPN (all P < 0.001). Compared with controls, TTM was increased and LV GRS and GCS were decreased 
in both patient groups (all P < 0.05). Multivariable regression analyses considering covariates showed that DPN 
was independently associated with reduced upslope, max SI and LV GLS (β = − 0.360, − 2.503 and 1.113, p = 0.021, 
0.031 and 0.010, respectively). When the perfusion indices upslope and max SI were included in the multivariable 
analysis for LV deformation, DPN and upslope (β = 1.057 and − 0.870, p = 0.020 and 0.018, respectively) were 
significantly associated with LV GLS.

Conclusion In patients with T2DM, there was more severe LV microvascular and myocardial dysfunction in patients 
with complicated DPN, and deteriorated subclinical LV systolic dysfunction was associated with impaired myocardial 
circulation.
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Background
As one of the cardiovascular complications of diabetes, 
diabetic cardiomyopathy leads to an increased incidence 
of heart failure and mortality in the general population 
[1]. Diabetic peripheral neuropathy (DPN) is the most 
prevalent microvascular complication in individuals 
with diabetes and is a significant cause of disability 
and loss of quality of life [2, 3]. It has been shown to be 
independently associated with cardiovascular events and 
mortality [4, 5]; however, the mechanisms behind this 
link are still not clear. Although previous studies have 
shown that there are abnormalities in cardiac structures 
and function in diabetic rats and T1DM patients with 
neuropathy [6, 7], whether there is cooccurrence of 
myocardial microvascular dysfunction and its association 
with myocardial function in T2DM patients with DPN is 
unclear.

Cardiovascular magnetic resonance (CMR) imaging 
has been increasingly used to comprehensively evaluate 
myocardial microcirculation as well as cardiac structure 
and function with high reproducibility. First-pass CMR 
imaging provides the ability to noninvasively evaluate 
myocardial perfusion during the transit of gadolinium 
and has been increasingly used in recent years to detect 
microvascular dysfunction [8, 9]. The recently developed 
technology of CMR feature tracking (CMR-FT) can 
reliably quantify myocardial strain with tissue voxel 
motion tracking [10]. It has been well established as 
a sensitive technique for evaluating subclinical left 
ventricular (LV) systolic dysfunction than LV ejection 
fraction (LVEF) [10–12] and can predict all-cause 
mortality and composite cardiovascular endpoints in 
patients with various heart diseases [13].

Therefore, this study aimed to quantitively evaluate 
myocardial microcirculation and LV function using CMR 
first-pass perfusion and CMR-FT technologies in T2DM 
patients with and without DPN, as well as to investigate 
the association between myocardial perfusion and LV 
strains.

Methods
Study population
From October 2015 to July 2022, 558 T2DM patients 
who had undergone CMR examinations were 
initially screened. Patients were diagnosed with 
T2DM according to the diagnostic criteria of the 
American Diabetes Association guideline (2019) 

[14], and DPN was diagnosed clinically based on the 
2017 diagnostic methods proposed by the American 
Diabetes Association [15]. The main exclusion criteria 
were as follows: (1) myocarditis, symptoms of heart 
failure or LVEF < 50% based on echocardiography or 
CMR imaging; (2) known cardiomyopathy, congenital 
heart disease, coronary artery disease (CAD) or 
moderate to severe valvular heart disease (confirmed 
by electrocardiogram, echocardiography, angiography, 
coronary computed tomographic angiography or 
CMR); (3) severe renal failure (estimated glomerular 
filtration rate, eGFR < 30  mL/min/1.73   m2); (4) other 
causes of peripheral neuropathy (including chronic 
inflammatory demyelinating polyradiculoneuropathy, 
mononeuropathy, or conditions caused by vitamin B 
deficiency and thyroid dysfunction); and (5) incomplete 
clinical record or poor CMR image quality that affecting 
LV measurements. Finally, one hundred seventy-seven 
T2DM patients, including 123 patients without DPN 
(69 males and 54 females, mean age 56.5 ± 9.7 years) and 
54 patients with DPN (35 males and 19 females, mean 
age 56.2 ± 9.5), were eligible for this study. A detailed 
flow chart of the present study is presented in Fig.  1. 
Additionally, 60 age- and sex-matched individuals (30 
males and 30 females; mean age 55.9 ± 9.9  years) were 
enrolled to serve as the control group. They underwent 
the same CMR examination for health physical 
examination, and did not have hypertension, diabetes, 
impaired glucose tolerance as well as the aforementioned 
exclusion for T2DM.

This study complied with the Declaration of Helsinki 
and was approved by the Biomedical Research Ethics 
Committee of our hospital. Written informed consent 
was waived due to the retrospective nature of the study.

CMR protocol
CMR imaging was performed with a 3 T MRI imaging 
unit MAGNETOM Skrya or TrioTim (Siemens Medical 
Solutions, Erlangen, Germany). With subjects in the 
supine position, respiratory and electrocardiography 
gating were used throughout the scanning process. 
The short-axis cine images from apex to the base of the 
heart and long axis 4- and 2-chamber cine images were 
acquired with a balanced steady-state free precession 
sequence (repetition time [TR] = 3.4  ms or 2.81  ms, 
echo time [TE] = 1.22  ms, flip angle = 50° or 40°, slice 
thickness = 8 mm, field of view [FOV] = 340 × 285  mm2 
or 250 × 300  mm2, matrix size = 256 × 166 or 208 × 139). 

Keywords Type 2 diabetes mellitus, Diabetic peripheral neuropathy, Left ventricular strains, Perfusion, Magnetic 
resonance imaging
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Twenty-five frames were reconstructed per breath-hold 
acquisition.

The first-pass myocardial perfusion images 
were acquired from three short-axis slices (basal, 
midventricular, and apical level) and a long-axis 
4-chamber image with inversion recovery-prepared 
echo-planar sequence (TR/TE, 163.7/1.12  ms; flip 
angle, 10°; FOV, 270  mm × 360  mm; matrix size, 
106 × 192) after intravenous injection of 0.2  mL/
kg gadolinium contrast through the cubital vein at 
a rate of 2.5–3.0  mL/s, followed by 20  mL of saline. 
Then, late gadolinium enhancement (LGE) images in 
the entire LV short-axis stack and from the 2-, 3- and 
4-chamber views were acquired to exclude patients 
with infarct LGE and identify patients with non-infarct 
LGE after 10–15  min of contrast administration by 
segmented-turbo-FLASH–phase-sensitive inversion 
recovery (PSIR) sequence (TR/TE, 300  ms/1.44  ms or 
750  ms/1.18  ms, flip angle, 40°, slice thickness, 8  mm, 
FOV, 275 × 400  mm or 400 × 270  mm, and matrix 
size = 256 × 184).

CMR image analysis
LV volumetric and functional analysis
The offline commercial software  (cvi42, v.5.11.2; Circle 
Cardiovascular Imaging, Inc., Calgary, Canada) was 
utilized to analyze the CMR images by two radiologists 
with more than 5 years of experience in CMR who were 
blinded to the clinical data. First, the LV endo- and 
epicardial contours were semi-automatically delineated 
at end-diastole and end-systole on a stack of short-
axis cine images, and then LV cardiac geometry and 
function were automatically calculated, including end-
diastolic volume (EDV), end-systolic volume (ESV), 
stroke volume (SV), LVEF and LV mass (LVM). LVM, 
LVEDV, LVESV, and LVSV were indexed to body 
surface area (BSA) and represented as LVMI, LVEDVI, 
LVESVI and LVSVI, respectively. The papillary muscles 
and moderator bands were excluded from LVM and 
included in LV volume. The LV remodeling index was 
calculated as the ratio of LV mass to LVEDV.

Fig. 1 Flowchart of the cohort study. T2DM type 2 diabetes mellitus, CMR cardiac magnetic resonance, DPN diabetes peripheral neuropathy, LVEF 
left ventricular ejection fraction
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LV microvascular perfusion analysis
For microvascular perfusion analysis, the endo- and 
epicardial contours and a region of interest in the 
LV blood pool were manually drawn in the first-pass 
perfusion images of the basal, middle and apical short-
axis slices (Fig. 2A1, B1, C1). Subsequently, a myocardial 
signal intensity-time curve was generated, and the 
LV semiquantitative perfusion parameters, including 
upslope, maximum signal intensity (max SI) and time 
to maximum signal intensity (TTM), were automatically 
obtained (Fig. 2A2, B2, C2) for each myocardial segment 
(16 segments, based on the Bull’s eye plot). Subsequently, 
the global myocardial perfusion indices were calculated 
for each subject by averaging the regional values of the 16 
myocardial segments. The LGE images was categorized 
by 2 observers in combination into 3 patterns, that is 
none, infarct, or non-infarct patterns [16].

LV strain analysis
For LV myocardial deformation analysis, the endo- and 
epicardial contours of the left ventricle were semi-
automatically outlined at the end diastolic phase in the 
short-axis and long-axis 2- and 4-chamber cine images 
in the 3-dimensional (3D) tissue tracking module 
by the above software. The LV global radial (GRS), 
circumferential (GCS) and longitudinal (GLS) strain were 

obtained automatically (Fig.  2A3–5, B3–5, C3–5). The 
radial strain had a positive value, as it reflects myocardial 
thickening, while circumferential and longitudinal strain 
was negative due to myocardium shortening when the 
chamber wall contracted.

Reproducibility of LV strain and first‑pass myocardial 
perfusion parameters
After 1  month, 45 randomly selected cases were 
remeasured by an experienced original investigator to 
determine the intraobserver variability in LV global strain 
and first-pass myocardial perfusion parameters. The 
same population was evaluated by another investigator 
who was blinded to the results of the first investigator and 
clinical data to determine the interobserver variability.

Statistical analysis
Continuous variables were examined for normality with 
the Shapiro‒Wilk test. Normally distributed variables 
are expressed as the mean ± standard deviation (SD) and 
nonnormal variables as the median (25–75% interquartile 
range). The differences among the three groups were 
assessed using one-way analysis of variance (ANOVA) 
with post hoc Bonferroni correction or Kruskal‒Wallis 
tests. The duration of T2DM and HbA1c levels were 
compared between the patient groups by Mann–Whitney 

Fig. 2 Representative first‑pass myocardial perfusion MR images (A1, B1 and C1), signal intensity‑time curves (A2, B2 and C2) obtained 
from the left mid‑ventricular slice, and longitudinal stain pseudocolour images (A3–4, B3–4, C3–4) and curves (A5, B5, C5) in a normal control 
(A1–5), a T2DM patient without DPN (B1–5), and a T2DM patient with DPN (C1–5). A3, B3 and C3 end diastole; A4, B4 and C4 end systole; A5, B5, 
C5 LV global longitudinal peak strain curve. T2DM type 2 diabetes mellitus, DPN diabetic peripheral neuropathy, max SI maximum signal intensity, 
TTM time‑to‑maximum signal intensity, GLS global longitudinal strain
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U test. Categorical variables are expressed as numbers 
(percentages) and were compared using Fisher’s exact 
test or the chi-square test as appropriate. Univariable 
analysis was conducted to identify the variables related 
to LV microcirculation and deformation. Variables with 
a p value < 0.1 in univariable analysis as well as diabetes 
duration were included in multivariable linear regression 
analyses to determine the effects of imaging and clinical 
variables on myocardial circulation and cardiac systolic 
function in patients with T2DM. Diabetes duration 
was categorized as long (> 5 years) and short (≤ 5 years) 
term duration when it was included in the univariable 
and multivariable analysis. Inter- and intraobserver 

agreements were determined by the evaluation of 
intraclass correlation coefficients (ICCs). All statistical 
analyses were performed with SPSS version 23.0 (IBM, 
Armonk, New York, USA), and two-tailed p values < 0.05 
were considered statistically significant.

Results
Bassline participant characteristics
The main clinical characteristics of the T2DM patients 
and control subjects are shown in Table  1. The diabetic 
duration was significantly longer and HbA1c level 
was significantly higher in the patients with DPN than 
in those without DPN (all p < 0.05), and there was a 

Table 1 Baseline characteristics of the study cohort

The values are the mean ± SD, numbers in the brackets are percentages

T2DM type 2 diabetes mellitus, DPN diabetic peripheral neuropathy, BMI body mass index, BSA body surface area, HR heart rate, CKD chronic kidney disease, FBG 
fasting blood glucose, HbA1c glycated hemoglobin, HDL high-density lipoprotein cholesterol, LDL low-density lipoprotein cholesterol, eGFR estimated glomerular 
filtration rate, ACEI angiotensin converting enzyme inhibitor, ARB angiotensin II receptor blocker, GLP-1 glucagon-like peptide-1, DPP-4 dipeptidyl peptidase-4

*p < 0.05 versus controls
& P < 0.05 versus T2DM (DPN−) group

Controls (n = 60) T2DM (DPN−) (n = 123) T2DM (DPN+) (n = 54)

Male, n (%) 30 (50.0) 69 (56.1) 35 (64.8)

Age (years) 55.9 ± 9.9 56.5 ± 9.7 56.2 ± 9.5

BMI (kg/m2) 22.81 ± 2.38 24.62 ± 3.48* 24.49 ± 3.31*

BSA  (m2) 1.72 ± 0.19 1.71 ± 0.16 1.73 ± 0.17

Rest HR (beats/min) 71.6 ± 11.5 73.9 ± 11.2 75.1 ± 9.9

Systolic blood pressure (mmHg) 118 (106, 123) 127 (119, 140) * 128 (120, 144)*

Diastolic blood pressure (mmHg) 73.4 ± 8.9 80.4 ± 10.2* 79 (73, 85)*

Diabetic duration (years) NA 5 (2, 10) 8 (3, 14.7)&

Dyslipidemia, n (%) NA 50 (40.7) 33 (61.1)&

Retinopathy, n (%) NA 6 (4.9) 18 (33.3)&

CKD, n (%) NA 17( 13.8) 12 (22.2)&

Laboratory data

 FBG (mmol/L) 5.11 (4.79, 5.72) 7.32 (6.10, 8.88)* 7.60 (6.20, 11.4)*

 HbA1c (%) NA 6.6 (6.2, 7.7) 7.25 (6.8, 9.25)&

 Plasma triglycerides (mmol/L) 1.20 (0.99, 1.79) 1.27 (0.91, 1.97) 1.24 (1.00, 2.00)

 Total cholesterol (mmol/L) 4.55 ± 0.79 4.32 ± 0.92 4.25 (3.66, 5.27)

 HDL (mmol/L) 1.29 (1.09, 1.63) 1.17 (1.00, 1.49) 1.23 (0.92, 1.44)

 LDL (mmol/L) 2.48 (1.93, 3.03) 2.56 (2.18, 3.14) 2.43 (1.88, 3.48)

 eGFR (mL/min/1.73  m2) 91.44 ± 18.74 91.40 ± 18.32 93.29 ± 21.67

Medications, n (%)

 Statin NA 29 (23.6) 21 (38.9)&

 Biguanides NA 72 (58.5) 34 (63.0)

 Sulfonylureas NA 30 (24.4) 15 (27.8)

 α‑Glucosidase inhibitor NA 48 (39.0) 26 (48.1)

 GLP‑1/DDP‑4 inhibitor NA 11 (8.9) 7 (13.0)

 Insulin NA 27 (22.0) 32 (59.3)&

 ACEI/ARB NA 33 (26.8) 11 (20.4)

 β‑Blocker NA 12 (9.8) 5 (9.3)

 Calcium channel blocker NA 35 (28.5) 15 (27.8)
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significantly higher incidence of dyslipidemia (61.1% 
vs. 40.7%, p = 0.0014), retinopathy (33.3% vs. 4.9%, 
p < 0.001) and chronic kidney disease (CKD) (23.0% vs. 
13.0%, p < 0.001) in patients with DPN. No significant 
differences in triglyceride, total cholesterol, high-density 
lipoprotein, low-density lipoprotein or eGFR levels were 
detected among the three groups. In addition, statin and 
insulin use were significantly higher in the patient group 
with DPN (p = 0.013 and < 0.001, respectively) than in 
those without DPN.

Comparison of CMR findings among groups
As demonstrated in Table  2, the LVM (p < 0.001 
and = 0.005, respectively), LVMI (p < 0.001 and = 0.005, 
respectively) and LV remodeling index (p < 0.001 and 
= 0.005, respectively) were significantly higher in both 
patient groups than in the controls (all P < 0.05), while 
they were not significantly different the patient groups 
(all p > 0.05). The incidence of non-infarct LGE was 
significantly higher in patients with DPN than those 
without DPN (37.0% vs. 17.9%, p = 0.008). All the other 

LV geometric parameters were not significantly different 
among the three groups (all p > 0.05).

The LV upslope and max SI significantly and gradually 
deteriorated from controls to patients without DPN to 
patients with DPN (upslope: 2.69 ± 1.19 vs. 2.25 ± 1.18 vs. 
17.6 ± 0.60, p < 0.001; Max SI: 22.83 ± 8.41 vs. 19.97 ± 7.81 
vs. 16.04 ± 4.88, p < 0.001). In addition, the TTM was 
higher in both patient groups than in the controls (all 
P < 0.05), but it was not different between the patient 
groups (p > 0.05).

The LV GLS declined significantly from controls, to 
patients without DPN, to patients with DPN (p < 0.001). 
Compared with the control group, LV GRS and GCS 
were decreased in both patient groups (both p < 0.05) but 
were not different between the groups (all p > 0.05).

Association between first‑pass perfusion parameters 
and risk factors in T2DM patients
The results of univariable and multivariable linear 
regression analyses for perfusion parameters in T2DM 
patients are shown in Table  3. In the multivariable 
analyses after considering covariates, both DPN 

Table 2 Comparison of CMR findings among T2DM patients with/without DPN and normal controls

The values are mean ± SD, numbers in the brackets are percentages

T2DM type 2 diabetes mellitus, DPN diabetic peripheral neuropathy, LV left ventricular, EDV end diastolic volume, ESV end systolic volume, SV stroke volume, EF 
ejection fraction, M mass, I indexed to BSA, LGE late gadolinium enhancement, GRS global radial strain, GCS global circumferential strain, GLS global longitudinal strain, 
TTM time to maximum signal intensity, Max SI max signal intensity

*p < 0.05 versus controls
& P < 0.05 versus T2DM (DPN−) group

Controls T2DM (DPN−) T2DM (DPN+)

LV geometry

 LVEDV (mL) 123.80 ± 23.27 127.27 ± 26.70 131.81 ± 31.58

 LVEDVI (mL/m2) 72.20 ± 11.53 74.54 ± 14.55 75.77 ± 16.20

 LVESV (mL) 42.96(33.16, 51.85) 45.86 (37.39, 55.16) 43.73 (36.02, 54.63)

 LVESVI (mL/m2) 25.17 (21.27, 29.29) 26.40 (21.67, 31.22) 24.60 (21.68, 30.69)

 LVSV (mL) 79.98 ± 16.19 80.85 ± 17.75 84.13 ± 20.24

 LVSVI (mL/m2) 46.71 ± 8.56 47.29 ± 9.49 48.43 ± 10.38

 Cardiac index (L/min/m2) 3.34 ± 0.86 3.49 ± 0.82 3.59 ± 0.74

 LVEF (%) 64.66 ± 6.38 63.70 ± 7.02 64.12 ± 7.59

 LVM (g) 68.13 (59.61, 82.62) 79.42 (66.53, 95.12)* 90.96 (68.37, 109.01)*

 LVMI (g/m2) 41.25 (37.73, 46.46) 46.81 (38.41, 53.89)* 49.21 (40.73, 59.78)*

 LV remodeling index (g/mL) 0.58 (0.51, 0.64) 0.63 (0.55, 0.74)* 0.66 (0.55, 0.80) *

 Non‑infarct LGE, n (%) NA 22 (17.9) 20 (37.0)&

Myocardial strain

 GRS (%) 36.94 ± 7.21 33.42 ± 7.04* 32.02 ± 9.77*

 GCS (%) − 21.13 ± 2.53 − 19.99 ± 2.34* − 19.39 ± 3.25*

 GLS (%) − 15.07 ± 2.56 − 13.24 ± 2.46* − 11.92 ± 3.29*&

Myocardial perfusion

 Upslope 2.69 ± 1.19 2.25 ± 1.18* 1.76 ± 0.60*&

 TTM (s) 25.73 ± 9.71 31.57 ± 13.39* 31.68 ± 12.86*

 Max SI 22.83 ± 8.41 19.97 ± 7.81* 16.04 ± 4.88*&
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(β = − 0.360, p = 0.021 and β = − 2.503 and p = 0.031, 
respectively) and CKD (β = − 0.399, p = 0.043 and 
β = − 4.057 and p = 0.005, respectively) were significantly 
associated with reduced upslope and max SI. In addition, 
dyslipidemia was significantly associated with max SI 
(β = − 2.569, p = 0.018), and it was not associated with 
upslope (β = − 0.114, p = 0.104).

Association of DPN and first‑pass perfusion with LV GLS 
in T2DM patients
The results of univariable and multivariable linear 
regression analyses for LV GLS in T2DM patients are 
shown in Table 4. In the univariable regression analysis, 
DPN, retinopathy, CKD, sex, smoking, LVM, β-blocker 
and all the perfusion parameters were significantly 
correlated with LV GLS (all p < 0.05). In the multivariable 
analysis including covariates of risk factors, LVM, 
β-blocker and diabetic duration, DPN (β = 1.113, 
p = 0.010), CKD (β = 1.223, p = 0.032), sex (β = 1.646, 
p = 0.001) and were significantly associated with LV GLS. 

When the perfusion parameters upslope and max SI were 
added to the multivariable analysis, it showed that DPN 
(β = 1.057, p = 0.020), CKD (β = 1.539, p = 0.009), sex 
(β = 1.798, p < 0.001) and upslope (β = − 0.870, p = 0.018) 
were significantly associated with LV GLS.

Intra‑observer and inter‑observer variability
Table  5 demonstrates the intra- and interobserver 
variability for LV deformation and first-pass myocardial 
perfusion analysis. As demonstrated, the ICCs for 
intra- and interobserver variabilities were 0.913–0.947 
and 0.901–0.913, respectively, for LV deformation and 
0.935–0.947 and 0.901–0.937, respectively, for first-pass 
myocardial perfusion, suggesting excellent agreements 
for both techniques.

Discussion
In this study, we found some important results as follows. 
LV myocardial perfusion and myocardial deformation 
were worse in T2DM patients without DPN than in the 

Table 3 Univariable and multivariable analysis between first‑pass perfusion parameters and clinical indices in T2DM patients

Variables with p < 0.1 in the univariable analysis as well as diabetic duration were included in the multivariable liner regression model

Abbreviations as in Tables 1 and 2; long = 1 means patients with long term duration > 5 years
*  p < 0.1

Upslope Max SI TTM (s)

Univariable Multivariable Univariable Multivariable Univariable Multivariable

r β p r β p r β p

DPN − 0.487* − 0.360 0.021 − 3.934* − 2.503 0.031 − 0.115

Retinopathy − 0.289 − 1.374 2.617

CKD − 0.402* − 0.399 0.043 − 4.741* − 4.057 0.005 − 4.388

Dyslipidemia − 0.296* − 0.114 0.104 − 3.092* − 2.569 0.018 1.317

Age (years) 0.002 0.031 − 0.057

Sex (male = 1) − 0.840* − 0.885 < 0.001 − 4.159* − 3.556 0.001 8.352* 11.073 < 0.001

BMI (kg/m2) − 0.051* − 0.057 0.007 − 0.252 − 0.045

HR (beats/min) 0.028* 0.025 < 0.001 0.065 − 0.397* − 0.346 0.001

SBP (mmHg) 0.002 0.026 − 0.130* − 0.138 0.022

Smoking − 0.427* 0.058 0.449 − 1.106 5.263* − 0.093 0.291

LVM (g) − 0.013* 0.015 0.861 − 0.069* 0.005 0.951 0.087* 0.020 0.833

HbA1c (%) − 0.007 0.272 1.121* 0.093 0.224

Diabetic duration (long = 1) − 0.202 − 0.053 0.438 0.412 − 0.094 0.197 − 2.096 0.076 0.319

Statin − 0.027 − 1.894 − 0.144

Biguanides 0.178* − 0.093 0.171 − 2.590* − 0.104 0.151 2.689

Sulfonylureas − 0.310* − 0.074 0.285 − 1.860 2.223

α‑Glucosidase inhibitor − 0.449* − 0.492 0.001 − 2.908* − 2.388 0.025 2.569

GLP‑1/DDP‑4 inhibitor 0.157 0.406 1.211

Insulin − 0.265 − 1.794 0.788

ACEI/ARB − 0.001 0.886 − 2.900

β‑Blocker 0.227 0.770 − 6.094* − 0.042 0.579

Calcium channel blocker 0.120 0.451 − 3.590

R2 0.364 0.235 0.273
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controls, and they were further deteriorated in patients 
with DPN. Impaired myocardial microcirculation and 
DPN were independently associated with subclinical LV 
systolic dysfunction in patients with T2DM.

The pathophysiology of cardiomyopathy related to 
T2DM is complex and multifactorial. Among these, 
coronary microvascular abnormalities, are considered 
a comprehensive result of endothelial dysfunction, 
microvascular rarefaction, and perivascular collagen 
and AGE deposition [1]. A previous study quantifying 
myocardial perfusion with PET by Murthy et  al. 
demonstrated that microvascular dysfunction carries 
significant independent prognostic significance for both 
patients with and without diabetes [17]. The perfusion 
parameters calculated with CMR perfusion imaging 
are validated against microsphere measurements and 
can objectively reflect the degree of microvascular 
dysfunction [18]. In this study, significantly reduced 
first-pass resting myocardial perfusion was observed in 
both T2DM patients without and with DPN compared 
with controls. In addition, some previous studies have 
also reported decreased resting perfusion [19, 20], while 
others showed increased resting myocardial perfusion 

Table 4 Association of DPN and first‑pass perfusion with LV GLS in patients with type 2 diabetes mellitus

Abbreviations as in Tables 1 and 2; long = 1 means patients with long term duration > 5 years
a Variables with P < 0.1 in the univariable analysis as well as diabetic duration were included in the multivariable analysis
b The perfusion parameters upslope and max SI were added as covariates in the multivariable analysis

Univariable Multivariable Multivariable

r p βa p βb p

DPN 1.32 0.004 1.113 0.010 1.057 0.020

Retinopathy 1.496 0.015 0.088 0.235 0.077 0.299

CKD 1.818 0.001 1.223 0.032 1.539 0.009

Dyslipidemia − 0.18 0.671

Age (years) − 0.01 0.651

Sex (male = 1) 1.99 < 0.001 1.646 0.001 1.798 < 0.001

BMI (kg/m2) 0.065 0.300

HR (beats/min) − 0.003 0.873

SBP (mmHg) 0.016 0.228

Smoking 1.313 0.006 0.032 0.687 0.011 0.890

LVM (g) 0.044 < 0.001 0.018 0.068 0.136 0.118

HbA1c (%) 0.12 0.321

Diabetic duration (long = 1) 0.05 0.187 0.091 0.196 0.113 0.116

Statin − 0.027 0.954

Biguanides 0.178 0.680

Sulfonylureas 0.276 0.571

α‑Glucosidase inhibitor − 0.069 0.874

GLP‑1/DDP‑4 inhibitor − 0.066 0.925

Insulin 0.340 0.450

ACEI/ARB 0.741 0.130

β‑Blocker 1.552 0.030 1.324 0.045 1.527 0.025

Calcium channel blocker − 0.172 0.716

Upslope − 0.808 < 0.001 − 0.870 0.018

Max SI − 0.078 0.009 0.095 0.066

R2 0.264 0.270

Table 5 Intra‑ and inter‑ observer variability of perfusion 
parameters and myocardial strains

ICC intraclass correlation coefficient, CI confidence interval; other abbreviations 
as in Table 2

Intra‑observer Inter‑observer

ICC 95% CI ICC 95% CI

Upslope 0.947 0.913–0.986 0.937 0.903–0.987

TTM (s) 0.936 0.902–0.978 0.901 0.895–0.943

Max SI 0.935 0.825–0.957 0.912 0.903–0.946

LV GRS 0.913 0.911–0.963 0.902 0.834–0.912

LV GCS 0.934 0.905–0.952 0.901 0.869–0.925

LV GLS 0.947 0.913–0.957 0.913 0.898–0.952
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[21–23]. This discrepancy may be due to different study 
populations, investigation modalities, and relatively 
modest sample sizes.

DPN can be considered a part of the continuum of 
disease-related microvascular complications, which 
include peripheral neuropathy, nephropathy, retinopathy 
and diabetic cardiomyopathy, and indicate a systemic 
rather than organ-specific disease [3, 7, 24]. All 
microvascular complications of diabetes arise early, and 
they are related to each other via complex pathological 
mechanisms [25, 26]. Univariable and multivariable 
regression analyses revealed that both DPN and chronic 
kidney disease (CKD) were associated with perfusion 
impairment, this suggests that the characteristics of the 
CMR findings observed in this study are not specific 
to patients with DPN, but may be present in a group of 
patients with diabetic microvascular complications. It 
has been well established that microvascular dysfunction 
plays an important role in the development of DPN [27], 
and there is substantial evidence of severer microvascular 
impairment in T2DM with peripheral neuropathy than 
those without [28]. Our results demonstrated that 
T2DM patients with DPN had significantly decreased 
myocardial perfusion compared with both controls 
and patients without DPN even in the resting state, and 
more non-infarct LGE in those with DPN, indicating 
severer myocardial microcirculatory dysfunction in 
patients with DPN. The study by Baltzis reported that 
patients with DPN had a higher risk of myocardial 
ischemia than those without DPN with single-photon 
emission computed tomographic (SPECT) imaging 
[29]. In addition, Jende et  al. conducted the first study 
to find a strong association of hsTNT with measures of 
diffusion-weighted neuroimaging that codifies structural 
nerve integrity as well as with clinical neuropathy 
scores and electrophysiological data in T2DM patients 
with neuropathy [30], which supports the hypothesis 
that decreased neural blood supply contributes to the 
deterioration of axons and Schwann cells in diabetic 
neuropathy [2, 31]. All these results may strongly 
indicate that cardiac microangiopathy exists in parallel 
with peripheral microangiopathy, which is an important 
contributor to DPN in T2DM.

Epidemiologic studies have provided substantial 
evidence that there is worsened cardiac function and 
higher cardiovascular mortality in patients with DPN. 
In a diabetic rat model, there was co-occurrence of 
myocardial dysfunction and peripheral insensate 
neuropathy [6]. We found that the subclinical LV systolic 
dysfunction represented by LV GLS was further reduced 
in T2DM patients complicated with DPN despite 
comparable LVEF. These results suggested that there 
was more severe subclinical LV systolic dysfunction 

in diabetic patients with DPN. We postulated that the 
mechanisms for the deterioration of cardiac function 
in patients with DPN may be attributed to more severe 
pathological abnormalities in the myocardium, such as 
various neurohormonal and metabolic abnormalities 
(e.g., apoptosis, inflammation, oxidative stress and 
fibrosis), and abnormalities in microvasculature and 
cardiac remodeling [1–3]. Furthermore, we found 
that LV GLS, not GRS or GCS, was further reduced in 
patients with comorbid DPN. This may be because the 
myocardium producing longitudinal strain mainly exists 
in the subendocardium and is more sensitive to these 
pathological changes, causing early and more severe 
myocardial dysfunction in the subendocardium [10, 13].

Coronary microvascular dysfunction, as a direct cause 
of myocardial tissue hypoxia, is an important factor 
involved in the development of diabetic cardiomyopathy. 
Multivariable regression analyses showed negative 
association between DPN and LV myocardial perfusion 
and myocardial function. The negative association 
between DPN and LV GLS suggested that DPN was an 
important indicator of LV systolic dysfunction. We found 
that worsened microvascular dysfunction associated with 
DPN was negatively associated with LV systolic function 
in patients with T2DM, which was in line with previous 
results [9, 32]. In addition, some other studies have 
found that lower myocardial perfusion reserve on CMR 
imaging was associated with LV dysfunction [33] and 
impaired exercise capacity [34]. All these results indicate 
that there may be a possible mechanistic link between 
myocardial perfusion impairment and progressive 
changes in cardiac strain and function in T2DM patients, 
which may be explained as the disturbance of myocardial 
microcirculation compromising oxygen delivery and 
energy utilization, reducing myocardial contractility, 
and finally limiting LV systolic function [1, 32]. 
Further trials into medications to increase myocardial 
microvasculature to prevent heart failure are required.

Limitations
There are several limitations in our study. First, the 
sample size in our retrospective study was relatively 
small, and the results should be verified by studies with 
larger cohorts or involving multiple centers. Second, 
invasive coronary angiography and coronary computed 
tomography angiography were not performed in all 
patients. However, significant CAD was deemed to be 
unlikely by comprehensive evaluation of the patients’ 
clinical history, laboratory results, electrocardiogram 
and echocardiography, which was supported by the CMR 
examinations. Third, Considering the contraindications 
and potential risks associated with cardiac stress test, 
our study solely evaluated microcirculation function 
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at rest. However, even in the resting state, our results 
showed impaired myocardial microcirculation in both 
T2DM patients without and with DPN, and the clinical 
significance of resting myocardial perfusion assessment 
warrants further attention and validation. Finally, we 
could not determine the causal relationship between LV 
myocardial dysfunction and microvascular dysfunction 
due to the cross-sectional nature of the study. Further 
longitudinal studies are needed to explore the potential 
prognostic value of impaired myocardial perfusion and 
deformation in T2DM patients with disease complicated 
by DPN.

Conclusions
In T2DM patients, there was more severe myocardial 
microvascular impairment and deformation dysfunction 
in patients with complicated DPN, and deteriorated 
subclinical LV systolic dysfunction was associated with 
myocardial microvascular dysfunction.
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