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Abstract
Aims  To investigate the correlation of impairment in skeletal muscle and heart in spontaneous type 2 diabetes mellitus 
(T2DM) rhesus monkeys using magnetic resonance image (MRI).
Methods  Fifteen T2DM monkeys and fourteen healthy control (HC) monkeys were included. The microcirculation of skeletal 
muscle [skeletal muscle blood flow (SMBF), skeletal muscle oxygen extraction fraction (SMOEF)] and the function and 
strain of heart were evaluated by MRI. Three regions of interests were chosen on the soleus muscle (SOL), gastrocnemius 
muscle (GAS) and tibialis anterior muscle (TA) for image analysis.
Results  Eight T2DM monkeys and eight HC monkeys were obtained the full data. The SMBF reserves and SMOEF reserves 
were found significantly decreased in T2DM during inflation in SOL, GAS and TA muscles (all p < 0.05), and the SMBF 
reserves decreased during hyperemia in GAS and TA muscles (all p < 0.05). In these monkeys, the global peak longitudinal 
strain (longitudinal PS), peak systolic longitudinal strain rate (longitudinal PSSR) and peak diastolic longitudinal strain rate 
(longitudinal PDSR) were seen significantly different in T2DM compared to HC monkeys (all p < 0.05). The longitudinal 
PSSR was found negatively correlated with SMBF reserves in SOL, GAS and TA during inflation in all monkeys.
Conclusions  The impaired microcirculation of skeletal muscle and the myocardial deformation were found in T2DM mon-
keys with normal ejection fraction. And a negative correlation was existed in the longitudinal PSSR and the SMBF reserves.
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Introduction

Type 2 diabetes mellitus (T2DM) is associated with long-
term damage and dysfunction of vessels and cells [1], affect-
ing the skeletal muscle and myocardium, leading to the 

development of diabetic lower extremities and diabetic car-
diomyopathy and then resulted in the amputation and heart 
failure [2, 3]. It is reported that one of four patients with 
diabetic wounds had an amputation [4], and 30.9 per 1000 
person diabetic patients had heart failure [5]. The insidious 
onset, the delayed diagnosis, treatment difficult and poor 
prognosis of the complications are all of the reasons [5, 6]. 
In previous studies, much evidence points toward the chronic 
heart failure accompanied with the skeletal muscle altera-
tions [7–9]. Therefore, gaining an insight into the impair-
ments of skeletal muscle and cardiac muscle and finding 
the correlations of these impairments may play an important 
role in early diagnosis of the complications of T2DM, and 
outcomes prediction. However, in our knowledge, there are 
few noninvasive image studies to explore whether there are 
the correlations between the impairments of skeletal muscle 
and cardiac muscle.
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Magnetic resonance image (MRI) is a powerful visualiza-
tion method that provides the unique capability to not only 
detect the organic dysfunction, but also quantitatively char-
acterize examined tissue [10]. Lots of studies have explored 
the changes of heart in T2DM in both human and animals 
[10–12]. The perfusion and oxygenation MR techniques 
were attempted in limited volunteers and patients mixed 
Type 1 and T2DM [13–15], as well. In this study, consider-
ing the complicated diabetes duration, individual medical 
history in patients and the huge value of spontaneous T2DM 
monkeys in investigating the basis of complications arising 
from T2DM, efficacy of diagnosis and treatments as well as 
drug development [16, 17], the study evaluated the function 
and strain of the heart and the microcirculation of skeletal 
muscle in spontaneous T2DM rhesus monkeys to character-
ize the impaired skeletal muscle and heart, and then to inves-
tigate the relationship for different sites (skeletal muscle and 
heart) in T2DM.

Materials and methods

Animals

Fifteen spontaneous T2DM rhesus monkeys and fourteen 
age-matched, healthy control (HC) monkeys with well-con-
trolled glucose level were included. The criteria used for the 
monkey selections were guided by previous works [12, 18], 
and none of the monkeys had a history of medical treatment. 
The animals had ad libitum access to a standard monkey diet 
(calories provided from protein, 17%; from fat, 30%; and 
from carbohydrates, 53%).

MRI

All monkeys underwent 3.0T clinical MRI (Magnetom Trio; 
Siemens Healthcare, Malvern, Pa) with a 32-channel cardiac 
coil and a surface soft coil for leg. An air cuff was placed 
on the mid-thigh above the right knee to provoke ischemic/
reperfusion of skeletal muscle. Ischemia was achieved by 
using manual inflation of the cuff to an occlusion pressure of 
45 mmHg above the individual branchial systolic blood pres-
sure. The MRI surface coil was covered over the calf. Three 
slices including the largest cross section in the calf were 
chosen to image. An arterial spin-labeling (ASL) method 
was adapted for the skeletal muscle blood flow (SMBF) 
using the following parameters: gradient-echo acquisition; 
repetition time (TR) = 2.8 ms, echo time (TE) = 1.2 ms; 10 
T1-weighted images (T1WI) for each T1 measurement; 
flip angle = 5°; field of view (FOV) = 160 × 112 mm2; slice 
thickness = 8 mm; data acquisition matrix = 128 × 90; data 
average = 3; acquisition time = 60 s. There were a total of 
12 SMBF measurements for 1 min per time point. The 

MRI method for skeletal muscle oxygen extraction frac-
tion (SMOEF) measurement was employed to acquire 
multiple T1WI for SMOEF measurements at the same 
slice location as the ASL measurements. The imaging 
parameters are: TR = 4 s; TE1/TE2/TE3 = 44/62/80 ms; 
FOV = 160 × 140 mm2; matrix size = 64 × 56 and interpo-
lated to 128 × 112; and single slice thickness = 8 mm. The 
SMOEF scan lasted for 4 min, yielding a rate of SMOEF 
imaging of 4 min per time point, for a total of 3 SMOEF 
measurements. For cardiac MRI, the imaging protocols 
consisted of balanced steady-state free precession retro-
spective electrocardiographically gated (ECG-gated) breath-
hold sequences acquired in expiration in the two-chamber, 
four-chamber views and short-axis images with the follow-
ing sequence parameters: TR = 16.85 ms, TE = 1.44 ms, 
FOV = 136 × 160 mm2, slice thickness = 6 mm, phases = 25. 
Late gadolinium enhancement (LGE) images were obtained 
using ECG-gated breath-hold inversion recovery Turbo 
FLASH sequence in three short-axis slices at the base, mid-
dle and apex of the left ventricle (LV), and in two-chamber, 
four-chamber views. The MRI scan interval between heart 
and leg was not more than 24 h. Details of the image scheme 
are seen in Fig. 1.

Image analysis

SMBF and SMOEF

SMBF maps and SMOEF maps were created using custom-
made software written in MATLAB (MathWorks, Natick, 
MA) according the previous studies [15] by two radiologists 
(C.Y.S. and G.F.B.) with 6 years and 15 years of experience, 
respectively, in radiology diagnosis and an MRI specialist 
(Z.J.) with 20 years of image analysis. Three ROIs (soleus 
muscle, SOL; gastrocnemius muscle, GAS; and tibialis 
anterior muscle, TA) were selected as shown in Fig. 1. The 
resting and inflation SMBF were averaged over four meas-
urements (4 min), and hyperemia SMBF was averaged over 
two measurements immediately after cuff deflation since the 
hyperemia period last approximately 2 min, according to the 
previous studies [19]. All SMBF and SMOEF were normal-
ized by respective resting SMBF and SMOEF for the SMBF 
reserves and SMOEF reserves.

Function and strain characteristics

LV volumes, function, strain and tissue characteristics were 
performed offline with cmr42® software (Circle Cardiovas-
cular Imaging, Calgary, Canada) by three radiologists (C.W., 
Z.Y. and Z.T.) with 10 years and 3 years of experience in 
cardiac MRI diagnosis. Global strains were analyzed as fol-
lows: the global peak radial strain (radial PS), the global 
peak circumferential strain (circumferential PS), global 
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peak longitudinal strain (longitudinal PS), peak systolic 
radial strain rate (radial PSSR), peak systolic circumferential 
strain rate (circumferential PSSR), peak systolic longitudinal 
strain rate (longitudinal PSSR), peak diastolic radial strain 
rate (radial PDSR), peak diastolic circumferential strain rate 
(circumferential PDSR), peak diastolic longitudinal strain 
rate (longitudinal PDSR), peak torsion (°) and peak torsion 
rate (°/s).

Histology

Two T2DM monkeys were killed after MRI scanning, and 
the histologic slices from the myocardium and skeletal 
muscle were harvested, fixed in methanol and embedded in 
paraffin. After dehydration and embedding, the slices were 
subjected to the Masson staining, hematoxylin and eosin 
(HE) staining and CD31 staining using anti-CD31 poly-
clonal antibody (Abcam Singapore Pte., Ltd.) according to 
standard protocols and analyzed under a light microscope 
(DM500; Leica, Wetzlar, Germany) by a pathologist (T.C.) 
with 7 years of experience in pathology, blinded to the MR 
images.

Statistical analysis

Statistical analysis was performed using SPSS 19.0 soft-
ware (SPSS Inc., Chicago, IL, USA) and Prism 6 (Graph-
Pad Software Inc., La Jolla, California). Data are reported 
as mean ± standard deviation. The comparison between 
the HC and T2DM groups was made using independent 

samples T tests. The comparisons among resting, inflation 
and reactive hyperemia, as well as among different muscle 
compartments, were determined by one-way analysis of vari-
ance (ANOVA) and following post hoc as appropriate. The 
correlations between cardiac MR parameters and SMBF or 
SMOEF were assessed using Pearson’s correlation analysis 
or Spearman method. For all comparisons, p < 0.05 was con-
sidered statistically significant.

Results

Eight T2DM monkeys and eight HC monkeys were finally 
used for analysis due to the motion artifacts, arrhythmia in 
the heart or the metal artifacts in the leg in the other monkeys. 
The general information of the 16 monkeys is seen in Table 1. 
No difference was found in age and body weight. The mean 
diabetes duration was 2.43 ± 1.18 years. The fasting plasma 
glucose (FPG, 7.16 ± 1.46 vs. 4.48 ± 0.30 mmol/L, p < 0.01) 
and glycated hemoglobin (HbA1c, 6.1 ± 1.95 vs. 4.09 ± 0.06, 
p < 0.05) were higher in T2DM monkeys. No difference was 
found with regard to total cholesterol, triglycerides, low-
density lipoprotein and high-density lipoprotein.

Microcirculation characteristics in skeletal muscle

As shown in Fig.  2, there were significant decreases in 
SMBF reserves (T2DM vs. HC: 0.98 ± 0.34 vs. 1.38 ± 0.18 in 
SOL, p < 0.04; 0.74 ± 0.32 vs. 1.14 ± 0.19 in GAS, p < 0.03; 
0.71 ± 0.27 vs. 1.15 ± 0.20 in TA, p = 0.01) and in SMOEF 

Fig. 1   MRI scheme. All rhesus monkeys were scanned by MRI as the imaging scheme. R resting, I inflation, H hyperemia, D deflation, ROI 1 
soleus muscle, ROI 2 gastrocnemius muscle, ROI 3 tibialis anterior muscle
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reserves (T2DM vs. HC: 1.17 ± 0.04 vs. 1.41 ± 0.17 in SOL, 
p < 0.02; 1.05 ± 0.08 vs. 1.41 ± 0.16 in GAS, p < 0.001; 
1.12 ± 0.13 vs. 1.32 ± 0.08 in TA, p < 0.02) in all muscles dur-
ing the inflation phase when compared T2DM to HC. The 
SMBF reserves also decreased during the hyperemia phase in 
both GAS and TA (T2DM vs. HC: 1.18 ± 0.30 vs. 1.64 ± 0.28 
in GAS, p < 0.03; 1.19 ± 0.34 vs. 1.63 ± 0.15 in TA, p < 0.03). 
Within T2DM or HC group, the SMBF reserve during the 
hyperemia was significantly higher in the SOL than that in the 
GAS or TA (Fig. 2). But for the SMBF and SMOEF, there is 
no significant difference between T2DM and HC groups in all 
muscles during each phase, except SMBF in GAS at resting 
phase and SMOEF in SOL and GAS at resting phase (Table 2).  

Myocardial deformation

Table 3 presented the baseline cardiac MRI characteristics of 
the monkeys with T2DM and HC groups. No significant dif-
ference was observed in the ejection fraction (66.8 ± 7.81% 
vs. 67.5 ± 7.83%, p = 0.58), as well as end-diastolic volume 
index, end-systolic volume index, stroke volume and cardiac 
output. LGE were negative in both groups. The myocardial 
strain assessment revealed the significant differences in the 
longitudinal PS (− 9.55 ± 2.77 vs. − 13.59 ± 1.97, p < 0.05), 
longitudinal PSSR (− 1.00 ± 0.31 vs. − 1.51 ± 0.38, p < 0.05) 
and longitudinal PDSR (0.91 ± 0.20 vs. 1.36 ± 0.23, p < 0.05) 
between T2DM and HC. No significant differences were 
seen in other strain parameters in this study (Table 3).

Correlation between microcirculation of skeletal 
muscle and myocardial strain

Longitudinal PSSR had negative correlation with SMBF 
reserves in SOL (r = − 0.672, p = 0.004), in GAS (r = − 0.577, 
p = 0.019) and in TA (r = − 0.607, p = 0.013) during inflation 
stage (Fig. 2) in all monkeys.

Histology

The vacuoles in myocytes, perivascular and interstitial 
fibrosis, and inflammatory cell infiltration were confirmed 
in heart in the two T2DM monkeys. Myocytolysis and vacu-
oles were also present in skeletal muscle, accompanied by 
nuclear translocation. The number of muscle capillaries 
(CD31-positive vessel) in the skeletal muscle was sparse 
and different to the myocardium (Fig. 3).

Table 1   Baseline characteristics of study subjects

Data given as mean ± standard deviation or n. Statistical significance 
was set at p < 0.05
FPG fasting plasma glucose, HbA1c glycated hemoglobin, HDL 
serum high-density lipoprotein, LDL serum low-density lipoprotein, 
T2DM type 2 diabetes mellitus, TC serum total cholesterol, TG serum 
triglyceride

Characteristic T2DM HC p value

Number (n) 8 8
Male sex 7 (1) 8
Mean age (years) 13.54 ± 1.66 13.87 ± 0.74 NS
Mean body weight (kg) 10.31 ± 1.99 11.23 ± 1.28 NS
Mean diabetes duration (years) 2.43 ± 1.10 0 < 0.01
FPG (mmol/l) 7.16 ± 1.46 4.48 ± 0.30 < 0.01
HbA1c (%) 6.1 ± 1.95 4.09 ± 0.06 < 0.05
TC (mmol/l) 3.25 ± 0.43 2.99 ± 0.58 NS
TG (mmol/l) 0.67 ± 0.32 0.43 ± 0.10 NS
LDL (mmol/l) 1.38 ± 0.43 1.21 ± 0.17 NS
HDL (mmol/l) 1.43 ± 0.38 1.86 ± 0.59 NS

Fig. 2   The changes of SMBF reserves and SMOEF reserves between 
T2DM and HC, and their relationships with the longitudinal PSSR. a, 
c The changes of SMBF reserves and SMOEF reserves during infla-
tion stage among SOL, GAS and TA between T2DM and HC; b, d 

the changes of SMBF reserves and SMOEF reserves during hyper-
emia stage among SOL, GAS and TA between T2DM and HC. e–g 
Negative correlations between the longitudinal PSSR and the SMBF 
reserves in SOL, GAS and TA during inflation stage, respectively
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Discussion

In the present study, from all of the MR characteristics of 
the skeletal muscle and heart, only the longitudinal PSSR 
were negatively correlated with the SMBF reserves when 
the skeletal muscles were blocked by a cuff compression. 
Namely, the absolute values of longitudinal PSSR decreased, 
and the SMBF reserve in all of the muscle decreased. It 
is sparse in the previous studies to investigate the relation-
ship between the impairment of skeletal muscle and heart by 

radiology in T2DM. One study by Scheuermann-Freestone 
et al. [20] found that the T2DM patients with apparently nor-
mal cardiac function had impaired myocardial and skeletal 
muscle energy metabolism related to changes in circulating 
metabolic substrates. But other studies mainly observed the 
relationship between the derangements in the skeletal mus-
cle and heart dysfunction in the heart failure [8], myocar-
dial infarction [21] and older adults [22], and the values in 
predicting the major cardiovascular events [23]. Therefore, 
this study initially reported the image relationship between 
the microcirculation impairment in skeletal muscle and the 
myocardial deformation in T2DM.

There are three reasons to explain why only the longitu-
dinal PSSR, in this study, was observed negative correlation 
with the SMBF reserve. First of all, the pathophysiological 
studies helped understanding the impairment between skele-
tal muscle and heart in T2DM. Extensive studies have found 
that the T2DM is characterized by insulin resistance and ele-
vated plasma glucose concentrations [24], with the skeletal 
muscle as the major site of glucose uptake and then resulted 
that the mitochondrial dysfunction and microcirculation 
dysfunction were the etiology of type 2 diabetes [25], fol-
lowing the myocardium and skeletal muscle damaged. Sec-
ondly, previous studies and this study found that the SMBF 
reserves were the most sensitive parameters, compared to the 
absolute SMBF and SMOEF values and SMOEF reserves, 
to detect the impairment of the microcirculation of skeletal 
muscle in diabetes. This might be resulted from the follow-
ing reasons: the impaired capillary structure, the impaired 
capillary response for stimulus [6, 26] and the impaired 
lower limb skeletal muscle oxidative capacity [27]. In addi-
tion, for the SMOEF reserves, although the SOL in human 
and monkey was proven to mainly compose by slow oxida-
tive type I fibers, which has a higher capillary density and 
therefore a higher blood volume than fast-twitch glycolytic 
type II fibers (GAS and TA) [28, 29], the SMOEF reserves 
were unable to differentiate the impaired in SOL, GAS and 
TA in T2DM monkeys (Table 2, Fig. 2) and diabetic patients 

Table 2   The dynamic changes of the absolute SMBF and SMOEF values

Statistically significant between HC and T2DM, * for SMBF, p < 0.05; # for SMOEF, p < 0.05
SMBF skeletal muscle blood flow, SMOEF skeletal muscle oxygen extraction fraction, SOL soleus muscle, GAS gastrocnemius muscle, TA tibi-
alis anterior muscle, HC healthy control, T2DM type 2 diabetes mellitus

Resting Inflation Hyperemia

SOL GAS TA SOL GAS TA SOL GAS TA

SMBF
 HC 0.10 ± 0.05 0.10 ± 0.03 0.14 ± 0.09 0.14 ± 0.06 0.12 ± 0.03 0.15 ± 0.08 0.21 ± 0.10 0.16 ± 0.03 0.23 ± 0.15
 T2DM 0.13 ± 0.03 0.15 ± 0.03* 0.17 ± 0.06 0.12 ± 0.04 0.11 ± 0.04 0.11 ± 0.06 0.22 ± 0.08 0.19 ± 0.08 0.20 ± 0.11

SMOEF
 HC 0.18 ± 0.01 0.19 ± 0.01 0.19 ± 0.01 0.26 ± 0.04 0.26 ± 0.03 0.26 ± 0.01 0.18 ± 0.02 0.19 ± 0.02 0.20 ± 0.01
 T2DM 0.21 ± 0.004# 0.21 ± 0.01# 0.22 ± 0.03 0.25 ± 0.01 0.24 ± 0.01 0.24 ± 0.01 0.20 ± 0.01 0.21 ± 0.01# 0.20 ± 0.02

Table 3   Function and strain characteristics

EDV end-diastolic volume index, ESV end-systolic volume index, 
SV stroke volume, CO cardiac output, EF ejection fraction, LGE late 
gadolinium enhancement, PS global peak strain, PSSR global peak 
systolic strain rate, PDSR global peak diastolic strain rate

T2DM HC p value

EDV 16.71 ± 3.90 15.96 ± 5.28 NS
ESV 5.62 ± 1.99 5.19 ± 2.52 NS
SV 11.09 ± 2.63 10.77 ± 3.69 NS
CO 1.36 ± 0.31 1.22 ± 0.52 NS
EF (%) 66.80 ± 7.81 67.50 ± 7.83 NS
MyoMass_diast 15.13 ± 4.22 14.62 ± 2.59 NS
MyoMass_syst 20.06 ± 4.82 19.07 ± 3.19 NS
LGE (–) (–)
Radial PS (%) 23.71 ± 14.07 26.37 ± 11.79 NS
Circumferential PS (%) − 15.12 ± 5.48 − 16.01 ± 3.05 NS
Longitudinal PS (%) − 9.55 ± 2.77 − 13.59 ± 1.97 < 0.05
Radial PSSR (1/s) 2.49 ± 1.50 2.46 ± 1.63 NS
Circumferential PSSR (1/s) − 1.67 ± 0.67 − 1.36 ± 0.48 NS
Longitudinal PSSR (1/s) − 1.00 ± 0.31 − 1.51 ± 0.38 < 0.05
Radial PDSR (1/s) − 3.19 ± 2.18 − 3.31 ± 1.47 NS
Circumferential PDSR(1/s) 1.72 ± 0.75 1.82 ± 0.39 NS
Longitudinal PDSR (1/s) 0.91 ± 0.20 1.36 ± 0.23 < 0.05
Peak torsion (°) 4.01 ± 1.10 6.04 ± 2.95 NS
Peak torsion rate (°/s) 140.13 ± 69.77 132.82 ± 61.16 NS
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[15]. Thirdly, the cardiac function and myocardial deforma-
tion characteristics of T2DM patients were manifested as 
the circumferential and longitudinal strains and strain rates 
decreased [10, 12, 18]. Previous studies found that the lon-
gitudinal myocardial fibers were predominantly located in 
the sub-endocardium, and this wall layer was most suscep-
tible to microvascular ischemia; thus, the changes can lead 
to a reduction in longitudinal LV mechanics in T2DM, even 
in an early stage [10, 30]. And LV longitudinal myocardial 
systolic dysfunction (LVSD) was suggested to be the first 
marker of a preclinical form of DM-related cardiac dys-
function detected with the echocardiography strain analysis 
[31, 32]. In this study, we investigated that the longitudinal 
strain or strain rate, no matter systolic or diastolic, was the 
major myocardial dysfunction. Therefore, the findings in this 
study suggest that the impairment of skeletal muscle and 
heart occurs early in the pathophysiology of T2DM and the 
myocardial function associated with the microcirculation in 
skeletal muscle.

However, our study has several limitations. Firstly, the 
sample size is small. The time-consuming screening makes 
the number of the spontaneous; T2DM rhesus monkeys were 
rare. 3 to 4 years were needed generally to confirm the diabetic 
condition of the monkeys. Further, human studies with a large 
sample size are warranted. In another, the rare T2DM monkey 
model led to the limited pathology tissue; thus, it is impos-
sible to quantify the relationship between MRI and pathology. 
Secondly, the temporal resolution (~ 4 min) for the SMOEF 

measurement and the signal-to-noise ratio of cardiac MRI per-
fusion images and T1 mapping sequences is needed to improve 
to get more important information in the further studies [19].

In conclusion, this study firstly found that the impaired 
skeletal muscle and cardiac dysfunction occurred in an early 
stage of the T2DM with a negative correlation existed in the 
myocardial longitudinal PSSR and the SMBF reserves. These 
findings suggested that paying the same attention about the 
impairment of the heart and skeletal muscle in T2DM is help-
ful for the early diagnosis and prognosis evaluation.
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Fig. 3   Histology from two T2DM monkeys. The changed myocardium and skeletal muscle confirmed by HE staining, Masson staining and 
CD31 staining (× 400)
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