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Background: Obesity has become an epidemic in China with its increased prevalence, especially in the male 
population. Disparities in fat distribution rather than increasing body mass index (BMI) confer the risk of different 
diseases, including cardiac abnormalities. Therefore, early detection of cardiac abnormalities is important for 
treatment to reverse the progression to heart failure. Nowadays, strain analysis based on cardiac magnetic 
resonance (CMR) imaging has been established to assess myocardial function in diverse cardiac diseases. We 
aimed to assess the relationship between fat distribution and subclinical diastolic dysfunction in obese Chinese 
men assessed by deformation registration algorithm (DRA)-based myocardial strain rate (SR) analysis.
Methods: A total of 115 male participants with different BMI underwent CMR scanning using a 1.5T 
MAGNETOM Aera (Siemens Healthcare, Erlangen, Germany) and computed tomography (CT) scan. 
All the participants were enrolled from September 2017 to April 2018. They were classified into 3 groups 
according to their BMIs with 23 and 27.5 kg/m2 being the cutoff values. A Trufi-Strain prototype software 
(version 2.0, Siemens Healthcare, Erlangen, Germany) was used to quantify SR in both early and late diastole 
from CMR cine images. Ratios of early and late SRs were calculated. Areas of epicardial and pericardial 
adipose tissue (EAT and PAT) were measured on a single 4-chamber-view slice of cine images. Volumes of 
visceral and subcutaneous adipose tissue (VAT and SAT) were acquired semi-automatically from CT images 
using the dedicated software Cardiac Risk2.0 (Siemens Healthcare). Waist and hip circumferences were 
manually measured (WC and HC). Analysis of variance or nonparametric tests, along with correlation and 
stepwise multivariate regression analysis models, was applied for statistical analysis.
Results: Peak late diastolic SRs were higher in obese men compared with their lean counterparts 
[−36.25±10.46 vs. −29.46±8.17, 66.97±18.58 vs. 45.62 (42.44, 55.96), and 56.81±15.07 vs. 41.40±6.41 for 
radial, circumferential, and longitudinal SRs, respectively; P<0.05]. All SR ratios in the obese subgroups were 
lower than those of lean men (3.12±1.14 vs. 4.63±1.24, 2.12±0.58 vs. 2.96±0.62 and 1.63±0.50 vs. 2.20±0.63 
for radial, circumferential, and longitudinal directions, respectively; P<0.05). EAT was a significant predictor 
of diastolic function assessed by radial and circumferential SR ratios (β=−0.439 and −0.337 respectively; all 
P<0.001), while VAT was a significant predictor of circumferential and longitudinal SR ratios (β=−0.216 and 
−0.355, respectively, P<0.05).
Conclusions: Decreased LV diastolic function assessed by DRA-based SR analysis in obesity is associated 
with fat distribution. Furthermore, EAT and VAT might be better predictors of a decrease of diastolic 
function in obese Chinese men than BMI.
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Introduction 

Over the last 2 decades, obesity has become a severe 
epidemic in China, especially in the male population (1). 
Being overweight and obese confer an elevated risk of 
adverse consequences, including hypertension, diabetes, and 
cardiovascular disease (2). Long-term obesity can induce 
left ventricular (LV) structural and functional abnormalities 
(3-6). Hence, early detection of cardiac abnormalities is 
important in reversing the progression to heart failure. 

Body mass index (BMI), the most used index of 
obesity, is associated with documented obesity-related  
comorbidities (2). However, it is often not dependable 
for estimating an individual’s fat distribution due to the 
heterogeneity of obesity (7). Disparities in fat distribution 
confer the risk of different diseases. For instance, an 
individual with “apple” obesity has a higher risk of 
metabolic syndrome than one with “pear” obesity with the 
same BMI (8). Thus, it is important to identify individual 
fat distribution for predicting the risk of comorbidities. 
Unfortunately, although patterns of fat distribution differ 
across race (7), few articles have focused on the Asian or 
Chinese population (9-12). 

Strain is defined as the change during a cardiac cycle 
in fiber length divided by the original length using the 
following equation: ε = (L−L0)/L0; where ε = myocardial 
strain, L = length at end-systole, L0 = initial length 
measured at end-diastole. Myocardial strain reflects 
myocardial deformation and is associated with both myocyte 
metabolism and contractility. Strain rate (SR) describes the 
rate of shortening or lengthening of the myocardium (13). 
Earlier studies have revealed incipient diastolic dysfunction 
in obesity through strain/SR analysis by echocardiography 
(6,14,15). Nowadays, strain/SR analysis based on steady-
state free-precession (SSFP) cine cardiac magnetic 
resonance (CMR) imaging has been employed to assess 
myocardial function in heart diseases (16-18). As a pixel-
based strain/SR analysis tool, the deformation registration 
algorithm (DRA) of cine images has demonstrated better 
reproducibility and accuracy than both widely used CMR 
feature-tracking and echocardiography (19,20). DRA-
based strain analysis has also been proposed for describing 
myocardial motion and function in cardiac diseases (20,21).

This study aimed to assess the relationship between 
fat distribution and subclinical diastolic dysfunction in 
obese Chinese men assessed by DRA-based myocardial SR 
analysis.

Methods

This prospective study was approved by the institutional 
review board, and written informed consent was obtained 
from each participant.

Study population

Between September 2017 and April 2018, 154 male 
volunteers aged from 20 to 79 years old from Shanghai 
initially agreed to participate. Seven of them were excluded 
based on the following exclusion criteria: (I) hypertension 
and/or diabetes mellitus with/without medication (n=7); (II) 
cardiovascular disease, including ischemic and non-ischemic 
cardiomyopathy, heart valve diseases, congenital heart 
disease, and/or any cardiovascular procedures (n=0); (III) 
major systemic disease likely to affecting the myocardium 
such as systemic lupus erythematosus (n=0); (IV) any 
contraindication to CMR (n=0). Then, the remaining  
147 volunteers underwent routine blood chemistry 
analysis and sitting blood pressure measurements. Another  
9 subjects were further excluded because of newly detected 
hypertension and/or dysglycemia defined as below. Some 
participants who had refused computed tomography (CT 
scanning (n=21) owing to radiation exposure were then 
excluded. Most of the remaining patients (n=117) underwent 
both CMR and CT imaging the day after the above tests. 
Another 2 sets of CMR images were not suitable for 
further analysis because of wrap-around artifacts. Finally,  
115 volunteers (median age,  33 years;  age range,  
23–59 years) were involved and grouped based on BMI 
as obese (BMI ≥27.5 kg/m2; n=32), overweight (BMI, 23 
to 27.5 kg/m2; n=60), and lean (BMI <23 kg/m2, n=23) 
subjects, according to criteria suggested by the China 
Physical Fitness Surveillance Center (1). 

Anthropometric parameters and blood pressure 
measurement 

Weight and height were measured in light clothing without 
shoes using a mechanical weighing scale with a height 
rod (Suhong, Jiangsu, China). Waist circumference (WC) 
was measured at the mid-point between the iliac crest 
and the lower rib margin, while hip circumference (HC) 
was measured as the maximum circumference around the 
buttocks posteriorly and the pubic symphysis anteriorly. 
Waist-to-hip ratio (WHR) and BMI (kg/m2) were also 
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calculated.
Blood pressure was measured using an appropriately 

sized cuff after at least a 30-minute rest, and hypertension 
was defined as systolic blood pressure ≥140 mmHg and/or 
diastolic blood pressure ≥90 mmHg.

Biochemical tests

Venous blood samples following 12-hour fasting were 
collected for biochemical analysis on a Beckman Coulter 
AU 5800 (Beckman Coulter, CA, USA). 

Dysl ipidemia was def ined when achieving one 
of following: (I) total cholesterol >5.7 mmol/L, (II) 
triglycerides >1.7 mmol/L, (III) low-density lipoprotein 
cholesterol >4.3 mmol/L, (IV) high-density lipoprotein 
cholesterol <0.8 mmol/L.

Impaired fasting glycemia or dysglycemia was defined as 
fasting glucose ≥6.1 mmol/L. 

Volumetric measurements of visceral and subcutaneous 
adipose tissues (VAT and SAT) 

Subjects underwent 64-slice multidetector abdominopelvic 
( f r o m  t h e  t o p  o f  t h e  d i a p h r a g m  t o  t h e  p u b i c 
symphysis) non-enhanced CT scanning (SOMATOM 
Definition Flash; Siemens Healthcare, Erlangen, Germany) 
in the supine position with the following configuration: 
voltage, 120 kV; pitch, 0.6; gantry rotation, 0.5 s; slice 
thickness, 5 mm; variable mAs using automated dose 
modulation (CARE Dose 4D, Siemens Healthcare). All 
images were reconstructed in 1.0 mm thick slice with 
a medium-smooth kernel (B31f) and body-soft-tissue 
algorithm.

The reconstructed images of all slices were loaded 
into the prototype software (Cardiac Risk Assessment 
2.0, Siemens Healthcare). The abdominal muscular wall 
separating the 2 compartments was manually delineated to 
separate VAT from SAT, and subsequently automatically 
traced with thresholds from −150 to −50 Hounsfield unit of 
fat tissue. SAT and VAT amounts were calculated in cm3 (22). 

Measurement of epicardial and pericardial adipose tissues 
(EAT and PAT) from CMR datasets

Retrospective electrocardiographic gating CMR was 
performed using a 1.5T imager (MAGNETOM Aera, 
Siemens Healthcare, Erlangen, Germany) with a six-
channel phased-array body coil along with a spine coil 

during breath holding. Cine images consisted of a short-
axis stack covering the whole LV, and long-axis images 
(2-, 3-, and 4-chamber views) were acquired according 
to the following standardized protocol: repetition time/
echo time (ms), 46.24/1.22; flip angle, 54°; field of view,  
320–440 mm2; matrix, 192×192; slice thickness, 8 mm 
with a 2-mm gap; mean temporal resolution of 40 ms with  
25 phases per cardiac cycle. 

Epicardial adipose tissue (EAT) was defined as the high-
intensity layer between the myocardium and the visceral 
sheet of the pericardium. Pericardial adipose tissues (PAT) 
was defined as the continuum of thoracic adipose tissue 
outside the parietal pericardium. As in previous studies, 
EAT and PAT areas were measured in a single 4-chamber-
view slice and showed a good correlation with fat volumes 
measured on short-axis images (23-25). The measurement 
was performed on an end-diastolic single 4-chamber-
view cine image with an open-source software named 3D  
Slicer (26). All phases of cine images were inspected to 
identify the pericardium, and then EAT and PAT were 
drawn in different colors. The areas of both EAT and PAT 
were acquired through multiplying the number of pixels 
and pixel size by the 3D slicer.

SR analysis and global morphological and functional 
parameters based on CMR datasets

Since SR was less affected by passive myocardial motions 
than strain and had a uniform distribution throughout the 
whole LV (27), this study was oriented towards SR instead 
of strain. The dedicated DRA-based software (TrufiStrain; 
Siemens Healthcare, Princeton, NJ, USA) was used to 
automatically generate epi- and endocardial contours 
for all short-axis images as previously described (20,28). 
Circumferential and radial strain/SR were assessed with all 
slices of short-axis images using automatic contours (28).  
To calculate longitudinal SR, contours of all long-axis 
images were manually defined in a single end-diastolic 
phase, and automatically propagated through all phases. SR 
analysis, along with global morphological and functional 
parameters, was then assessed. To assess LV diastolic 
function, peak SRs were measured from the strain curve 
including peak early diastolic SRs of radial, longitudinal, 
and circumferential directions (RSRE, LSRE, and CSRE, 
respectively) and those during late diastole (RSRL, 
LSRL, and CSRL respectively). Additionally, to imitate. 
the E/A ratio in echocardiography and to reduce the 
impact of preload on SR values previously reported (27),  
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ratios of early and late diastolic SRs were calculated; 
i.e., REL, CEL, and LEL for radial, circumferential and 
longitudinal, respectively. 

Global morphological and functional parameters 
including end-diastolic volume (EDV), end-diastolic mass 
(EDM), stroke volume (SV), cardiac output (CO), and left 
ventricular ejection fraction (LVEF) were calculated based 
on cine short-axis images by TrufiStrain as described in a 
previous study (29).

Reproducibility of measurements

Since contours were generated automatically on short-
axis images, it was not necessary to assess the inter-
observer variations of circumferential and radial SRs. Inter-
observer variations for longitudinal SRs, EAT, PAT, VAT, 
and SAT were assessed in 30 randomly selected volunteers 
by the intra-class correlation coefficient (ICC) between 
independent radiologists. Two radiologists (Simin Wang 
and Qingrou Wang) conducted the measurements of SAT 
and VAT separately, while EAT, PAT, and longitudinal 
SRs were measured by Shengjia Gu and Lan Zhu. Then, 2 
experienced radiologists performed the measurements for 
all participants (Lan Zhu for EAT, PAT and longitudinal 
SRs; Qingrou Wang or VAT and SAT). Observers (Simin 
Wang and Qingrou Wang) had 6 and 8 years of experience 
in interpreting CT images, while Shengjia Gu and Lan Zhu 
had 10 and 9 years of experience in cardiovascular images, 
respectively.

Statistical analysis

Continuous variables were represented as mean ± standard 
deviation (SD) for normally distributed variables or median 
(25th–75th quartiles) for non-normally distributed variables, 
according to the Kolmogorov-Smirnov test. Categorical 
variables were presented as numbers (proportions, %).

Group differences were compared by one-way analysis 
of variance with the least significant difference or non-
parametric test on k independent samples, with a median 
based on the Levene’s test. 

Pearson’s correlation was used to evaluate the associations of 
fat distribution parameters (weight, BMI, SAT, VAT, EAT, PAT, 
WC, HC, WHR) and morphologically diastolic parameters, 
including EDV, EDM, EDM/V, EDV/body surface area 
(BSA), EDM/BSA, with SR ratio; Spearman’s correlation was 
performed between dyslipidemia and the SR ratio. 

Stepwise multivariate linear regression models were used 

to estimate contributions of morphological features and 
fat distribution parameters to diastolic function. Diastolic 
function varies linearly with age in normal individuals, 
so all regression models forced entry of age, grouped at 
5-year intervals (age group) at the first stage. Dyslipidemia 
was included as a dichotomized variable, while BMI was 
considered a continuous variable. Other selection variables 
of initial fat distribution, including EAT, PAT, SAT, VAT, 
weight, BMI, the status of dyslipidemia, and related 
morphological parameters according to correlation analysis, 
were entered stepwise at the second stage. The final 
regression models included only predictors that reached 
statistical significance. An ICC >0.75 was considered to 
indicate a good agreement (30).

Significance was assumed at P<0.05. All statistical 
analyses were performed with SPSS (SPSS 22.0, Chicago, 
IL, USA) and MedCalc (Medcalc17.9, Medcalc, Mariakerke, 
Belgium). 

Results

The ICCs for measurements by the two radiologists were 
0.998 [95% confidence interval (CI), 0.996–0.999] for VAT, 
0.998 (95% CI, 0.995–0.999) for SAT, 0.927 (95% CI, 
0.849–0.965) for EAT, and 0.980 (95% CI, 0.957–0.990) 
for PAT. DRA-based longitudinal SR exhibited excellent 
agreement with ICCs of 0.966 (95% CI, 0.924–0.985) 
and 0.974 (95% CI, 0.940–0.988) for LSRE and LSRL, 
respectively.

Clinical characteristics and fat distributions among groups

Demographic data and fat distribution indices are summarized 
in Table 1. A total of 115 volunteers were classified into 3 
groups according to criteria reported by the China Physical 
Fitness Surveillance Center (1) as described above.

Age and height were similar among groups. Due to 
grouping criteria, body fat distribution significantly 
increased with BMI (Table 1).

Morphological and functional parameters of left ventricle 
among groups

The results of measurements are shown in Tables 2 and 3. 
For morphological characteristics, obese men exhibited 
significant remodeling with greater EDV and EDM 
compared with both overweight and lean individuals. 
However, no significant differences were found after 
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Table 1 Differences of fat distributions among groups

Variables Group 1 (n=32) Group 2 (n=60) Group 3 (n=23) Test statistic P value

BMI (kg/m2) <23 23, 27.5 ≥27.5 – –

Age (years) 30.5 (28.0, 35.8) 36 (30.3, 49.3) 30 [30, 36] 4.679 0.096

Heart rate (beat/min) 64.10±5.74 67.20±11.36 68.91±9.07 1.834 0.165

Height (cm) 173.68±5.63 173.73±5.58 176.40±5.97 2.071 0.131

Weight (kg) 64.33±6.03 75.58±6.21 101.82±15.58 124.901 <0.001

<0.001* <0.001** <0.001***

VAT (cm3) 1,671.74±823.40 3,405.85±1,244.83 5,066.43±1,006.98 65.266 <0.001

<0.001* <0.001** <0.001***

SAT (cm3) 2,929.34±1,424.35 4,662.67 (3,867.41, 5,503.72) 10,202.67±3,952.17 37.235 <0.001

<0.001* <0.001** <0.001***

EAT (mm2) 321.74 (210.90, 434.63) 510.83 (328.79, 694.28) 731.89±281.60 24.587 <0.001

0.001* 0.012** <0.001***

PAT (mm2) 565.84±282.56 1,095.51±472.91 1,620.54±690.74 32.340 <0.001

<0.001* <0.001** 0.003***

WC (cm) 79.16±5.67 87.00 (85.00, 92.00) 104.89±8.37 74.173 <0.001

<0.001* <0.001** <0.001***

HC (cm) 95.14±4.68 99.92±4.18 112.00±7.79 72.748 <0.001

0.001* <0.001** <0.001***

WHR 0.83±0.05 0.88±0.04 0.94±0.04 44.330 <0.001

<0.001* <0.001** <0.001***

Dyslipidemia (n, %) 5 (15.63%) 39 (65.00%) 23 (100%) 41.158 <0.001

*, P value for differences between Group 1 and Group 2; **, P value for differences between Group 2 and Group 3; ***, P value for 
differences between Group 1 and Group 3. BMI, body mass index; EAT, epicardial fat; HC, hip circumference; PAT, pericardial adipose 
tissue; SAT, subcutaneous adipose tissue; VAT, visceral adipose tissue; WC, waist circumference; WHR, waist-to-hip ratio.

normalization to BSA (P=0.827 and P=0.229 for EDV/BSA 
and EDM/BSA, respectively). For clinical function, the 
elevated hemodynamic state was found in obese individuals 
with higher SV and CO with similar LVEF, and differences 
did not persist after adjustment to BSA (P=0.400 for SV/
BSA and P=0.708 for CO/BSA) (Table 2). 

Additionally, obese men showed decreased diastolic 
function as assessed by SR analysis. During the early 
diastole, RSRE in overweight and obese subjects were lower 
than those of lean counterparts, although similar CSRE 

and LSRE were obtained. Peak late diastolic SRs and all 
SR ratios were significantly different among groups. Lean 
men had lower peak late diastolic SRs and higher SR ratios 
compared with the remaining groups (Table 3 and Figure 1).

Associations of SR ratios and fat distribution with 
morphological characteristics

Related data are shown in Table S1. Diastolic function 
assessed by SR ratio decreased with increasing age (r=−0.360 
for REL; r=−0.526 for CEL; r=−0.502 for LEL, all P<0.001). 
For associations with fat distribution, SR ratio was inversely 
correlated with weight, BMI, and intrathoracic fat (EAT and 
PAT) (REL: r=−0.239 for weight, r=−0.249 for BMI; r=−0.482 
for EAT, r=−0.374 for PAT; CEL: r=−0.325 for weight, 
r=−0.338 for BMI; r=−0.478 for EAT, r=−0.436 for PAT; 
LEL: r=−0.275 for weight, r=−0.306 for BMI; r=−0.319 for 
EAT, r=−0.390 for PAT, all P<0.05). For abdominal fat, SR 
ratio was correlated with VAT and WC (REL: r=−0.412 for 
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Table 2 Differences of general cardiac morphological and functional characteristics among groups

Variables Group 1 (n=32) Group 2 (n=60) Group 3 (n=23) Test statistic P value

BMI <23 23, 27.5 ≥27.5 – –

SV (mL) 77.86±11.76 80.62 (73.50, 91.23) 94.45±12.79 10.974 <0.001

0.094* <0.001** 0.001***

SV/BSA (mL/m2) 44.96±5.80 44.57±6.54 42.73±6.60 0.923 0.400

– – –

EF (%) 59.58±4.81 59.72±5.19 59.72±6.09 0.009 0.991

– – –

CO (L/min) 4.97±0.86 5.56±1.05 6.40 (5.70, 6.67) 24.299 <0.001

0.006* 0.002** <0.001***

CO/BSA (L/min*m2) 2.87±0.86 2.96±0.51 2.93±0.52 0.346 0.708

– – –

EDM (g) 115.75±20.55 132.07±19.45 151.55±26.98 28.689 <0.001

0.002* 0.003** <0.001***

EDM/BSA (g/m2) 66.71±9.78 70.50±9.54 60.38±12.29 1.493 0.229

– – –

EDV (mL) 131.97±18.68 137.76 (125.40, 148.85) 159.83±26.99 11.246 0.001

0.077* 0.006** <0.001***

EDV/BSA (mL/m2) 75.60±8.89 74.94±11.35 72.31±13.12 0.379 0.827

– – –

EDM/V (g/mL) 0.89±0.15 0.95±0.13 0.96±0.18 2.189 0.117

– – –

*, P value for differences between Group 1 and Group 2; **, P value for differences between Group 2 and Group 3; ***, P value for 
differences between Group 1 and Group 3. BMI, body mass index; BSA, body surface area; CO, cardiac output; EDM, end-diastolic mass; 
EDV, end-diastolic volume; EF, ejection fraction; SV, stroke volume.

VAT, r=−0.297 for WC; CEL: r=−0.479 for VAT, r=−0.358 
for WC; LEL: r=−0.449 for VAT, r=−0.319 for WC; all 
P<0.05). Non-significant or weak associations were found of 
SR ratio with SAT and HC, respectively. 

In addition, SR ratio showed weak correlations with 
volume-related remodeling indices, especially EDV/
BSA (r=0.345, 0.265 and 0.205 for REL, CEL and LEL, 
respectively, all P<0.05) and EDM/V (r=−0.289, −0.252 and 
−0.212 for REL, CEL and LEL, respectively, all P<0.05). 
Non-significant associations were found of SR ratio with 
both mass-related indices and EDV. 

Stepwise multivariate linear regression analysis

Table 4 delineates the factors contributing to diastolic 
function as assessed by the SR ratio. The variance inflation 

factors of all models were less than 1.5. The strongest 
correlates of REL were EAT (β=−0.439, P<0.001) and 
EDV/BSA (β=0.286, P<0.001). EAT and VAT accounted for 
most of CEL (β=−0.337, −0.216, all P<0.05). The strongest 
correlates of LEL was VAT (β=−0.355, P<0.001). Notably, 
BMI was not a significant predictor of any SR ratio in these 
models. There was an extreme point in Group 2 (Figure 1).  
A detailed comparison with another participant having 
the same BMI is shown in Figure 2. The lower EAT and 
VAT and higher EDV/BSA might have resulted in the 
comparatively higher REL, CEL, and LEL.

Discussion

This study evaluated the associations of fat distribution 
indices with subclinical diastolic dysfunction in obese 
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Table 3 Differences of strain rate parameters among groups

Variables Group 1 (n=32) Group 2 (n=60) Group 3 (n=23) Test statistic P value

BMI (kg/m2) <23 23, 27.5 ≥27.5 – –

REL 4.63±1.24 2.92 (2.41,4.28) 3.12±1.14 20.667 0.001

<0.001* 0.547** <0.001***

CEL 2.96±0.62 2.45±0.95 2.12±0.58 7.675 0.001

0.005* 0.099** <0.001***

LEL 2.20±0.63 1.83±0.62 1.63±0.50 6.640 0.002

0.007* 0.164** 0.001***

RSRE (/s) −128.66±29.14 −113.63±32.68 −104.99±26.77 4.397 0.015

0.027* 0.253** 0.006***

CSRE (/s) 139.89±17.48 135.31±28.73 135.16±29.79 0.355 0.702

– – –

LSRE (/s) 88.36±18.11 84.10±19.26 86.96±18.20 0.589 0.557

– – –

RSRL(/s) −29.46±8.17 −36.95±12.92 −36.25±10.46 4.842 0.010

0.003* 0.803** 0.030***

CSRL (/s) 45.62 (42.44, 55.96) 61.16±19.78 66.97±18.58 20.144 <0.001

<0.001* 0.166** <0.001***

LSRL (/s) 41.40±6.41 48.32±10.29 56.81±15.07 14.240 <0.001

0.003* <0.001** <0.001***

*, P value for differences between Group 1 and Group 2; **, P value for differences between Group 2 and Group 3; ***, P value for 
differences between Group 1 and Group 3. BMI, body mass index; CEL, ratio of circumferential early and late diastolic strain rate; CSRE, 
peak early diastolic circumferential strain rate; CSRL, peak late diastolic circumferential strain rate; LEL, ratio of longitudinal early and late 
diastolic strain rate; LSRE, peak early diastolic longitudinal strain rate; LSRL, peak late diastolic longitudinal strain rate; REL, ratio of radial 
early and late diastolic strain rate; RSRE, peak early diastolic radial strain rate; RSRL, peak late diastolic radial strain rate.

Chinese men assessed by DRA-based myocardial SR 
analysis. Morphological and functional parameters 
indicated compensatory elevated hemodynamic state and 
LV remodeling in obesity. Moreover, diastolic function 
assessed by SR ratios exhibited a significant decrease in 
obese men. Instead of BMI, we found that EAT and VAT 
were potentially better predictors of subclinical diastolic 
dysfunction assessed by SR ratios in obesity. 

Decreased diastolic function with increasing BMI has 
been described using both speckle-tracking and tissue 
Doppler imaging (TDI) (4,6,31,32). In addition, BMI and/
or duration of obesity are predictors of impaired cardiac 
function (33,34). Different from previous studies that 
focused on the global cardiac function of obesity, this study 
was oriented towards patterns of LV deformation during 

both early and late diastole. We found that obesity had an 
unequal effect on fibers in diverse directions in different 
diastolic periods. Only RSRE showed a significant decrease, 
while late SRs significantly increased in subjects with higher 
BMI. These findings indicate that diastolic dysfunction 
caused by obesity might start with increasing stiffness 
of the myocardium, which is considered to contribute 
to heart failure progression with preserved EF (35).  
Comparable results were also reported by Barbosa et al. 
(32,36,37). However, Peterson et al. reported a significant 
decrease in early diastolic myocardial velocity instead 
of an increase of late velocity in obesity using TDI (4). 
Other studies demonstrated changes of both E and A 
waves, indicating impairment of both active relaxation 
and passive stiffness of the myocardium in obesity (6,38). 
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These studies all examined non-Chinese population using 
a cut-off value of BMI recommended by the World Health 
Organization (WHO), which might be responsible for these 
discrepancies. For another, the SR was not completely the 
same principle as the E or A wave in echocardiology (13). 

Further investigations with a larger Chinese population 
using SR analysis are required to confirm our present 
results.

Notably, previous studies have reported a decrease of 
E/A ratio in obesity (4,6,32,38). In the current study, we 
also found that all SR ratios, to some extent, similar to E/
A, exhibited a significant decrease in both overweight and 
obese groups compared with lean individuals. In addition, 
the load increase in obesity might contribute more than 
mass to diastolic function assessed by SR ratios. EDV/
BSA, SV/BSA, and the remodeling index (EDM/V) were 
correlated with all SR ratios. Meanwhile, EDV/BSA was 
the only morphological determinant of REL and CEL. No 
SR ratios showed a significant correlation with myocardial 
mass. This might indicate that the motion of myocardial 
fibers might be more vulnerable to increasing load/volume 
in obesity.

BMI is a global measurement rather than reflecting 
fat distribution in obesity. Therefore, it might be limited 
in evaluating the effect of obesity on certain organs. In 
this study, we have discussed the correlation between fat 
distributions and diastolic function and found VAT and 
EAT contributed more to change of the latter than BMI. 
SR ratios were correlated with most fat distribution indices. 
In addition, EAT was found to be the common predictor 
of REL and CEL, while VAT also contributed to CEL and 
LEL. Instead of BMI, which has been widely considered 
in most literatures (32,33), our results suggested EAT and 
VAT were a better predictor of diastolic cardiac function 

Figure 1 Boxplots for ratios of strain rate among the 3 groups. 
Groups 1, 2, 3 consisted of lean, overweight, and obese participants 
(BMI: <23, 23 to 27.5, ≥27.5 kg/m2, respectively). CEL, ratio of 
circumferential early and late diastolic strain rate; LEL, ratio of 
longitudinal early and late diastolic strain rate; REL, ratio of radial 
early and late diastolic strain rate. *, outliers in Group 2. 

Table 4 Multiple stepwise regression analysis of the diastolic function

Independent 
variables

Factors in models R square
Adjusted R 

square
B SD β P value

Partial 
correlation

VIF

REL Age group 0.377 0.360 −0.819 0.298 −0.211 0.007 −0.253 1.043

EAT −0.003 <0.001 −0.439 <0.001 −0.483 1.018

EDV/BSA 0.044 0.012 0.286 <0.001 0.337 1.029

CEL Age group 0.479 0.460 −0.700 0.057 −0.362 <0.001 −0.432 1.095

EAT −0.001 <0.001 −0.337 <0.001 −0.394 1.190

VAT <0.001 <0.001 −0.216 0.007 −0.254 1.301

EDV/BSA 0.011 0.005 0.142 0.047 0.188 1.061

LEL Age group 0.311 0.298 −0.491 0.117 −0.343 <0.001 −0.370 1.080

VAT <0.001 <0.001 −0.355 <0.001 −0.381 1.080

BSA, body surface area; CEL, ratio of circumferential early and late diastolic strain rate; EAT, epicardial fat; EDV, end-diastolic volume; 
LEL, ratio of longitudinal early and late diastolic strain rate; REL, ratio of radial early and late diastolic strain rate; VAT, visceral adipose 
tissue.
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Figure 2 Two participants with the same BMI but different fat distribution and SR ratios. Endo-myocardial (green line), epi-myocardial 
(yellow line), and part of the pericardium contour (arrow and blue line) were shown on mid-ventricular short-axis, 4-chamber, and 3-chamber 
images. (A) End-diastolic images of a 24-year-old male with BMI of 23.39 kg/m2. Part parameters were as follows: VAT =1,005.28 cm3; SAT 
=3,912.80 cm3; EAT =111.93 mm2; PAT =184.53 mm2; EDV/BSA =80.28 mL/m2; REL =13.64; CEL =4.53; LEL =3.46. (B) End-diastolic 
images of a 35-year-old male with a BMI of 23.39 kg/m2. Part parameters were as follows: VAT =3,666.76 cm3; SAT =3,982.33 cm3; EAT 
=716.86 mm2; PAT =1,395.42 mm2; EDV/BSA =69.70 mL/m2; REL =2.06; CEL =2.08; LEL =1.70. BSA, body surface area; CEL, ratio of 
circumferential early and late diastolic strain rate; EAT, epicardial adipose tissue; EDV, end-diastolic volume; LEL, ratio of longitudinal 
early and late diastolic strain rate; PAT, pericardial adipose tissue; REL, ratio of radial early and late diastolic strain rate; SAT, subcutaneous 
adipose tissue; SR, strain rate; VAT, visceral adipose tissue.

in obesity, and thus they might be of great significance in 
both making individual medical treatment and longitudinal 
follow-up after therapy in severe obesity.

Furthermore, no mass-associated indices participated in 
these models. This is in disagreement with the notion that 
myocardial stiffness and thus decreased diastolic function is 
caused by hypertrophy (39). The current findings indicate 
that myocardial diastolic dysfunction, especially stiffness, 
might be influenced not only by hypertrophy but also by 
metabolic dysfunction or inflammatory changes of the 
myocardium as a result of increased VAT and EAT. Previous 
studies have demonstrated that VAT and EAT function not 
only as lipid-storing tissues but also constitute metabolically 
active and inflammatory tissues secreting cytokines and 
chemokines that affect cardiac morphology and function 
(40-44). Putatively, free fatty acids (FFA) released from 
hypertrophied adipocytes in EAT could diffuse directly 
into the myocardium, together with myocardial uptake of 
plasma FFA, exacerbating myocardial steatosis, lipotoxicity, 
and even fibrosis, and hence a spectrum of structurally and 

functionally cardiac changes (39). Since few reports have 
assessed SR ratios, future studies are needed to confirm our 
hypothesis. 

Moreover, as a result of excessive fat in obesity, larger 
SV, CO, EDV, and EDM were found with higher BMI, 
indicating both a functionally absolute increase in total 
blood volume and CO and morphological LV dilation 
and hypertrophy. Similarly, SV/BSA, CO/BSA, EDV/
BSA, and EDM/BSA among the groups implied both 
functional and morphological changes were all within 
complete compensatory range. Previous studies have 
reported a similar tendency of change in obesity using 
echocardiography (4,6,32,33). 

This study has limitations. Firstly, since obesity is 
the main risk factor for obstructive sleep apnea and 
adipokines, and FFA easily diffuses from EAT into the right 
ventricle (RV) (15,45), it is also important to explore RV 
dysfunction in obesity. Unfortunately, SR analysis of RV 
was not performed. Secondly, the female population was 
not included, although obese women are at higher risk for 

B

A
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developing heart failure (46). In addition, fat distribution 
patterns in women are different (7) and should be discussed 
in further studies. Finally, our results need to be validated 
by echocardiography or other similar image processing 
techniques, which could not be included this time. 

Conclusions 

Decreased LV diastolic function assessed by DRA-based 
SR analysis in obesity is associated with fat distribution. 
Furthermore, EAT and VAT might be better predictors 
than BMI of decreased diastolic function in Chinese men 
with obesity. 
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Table S1 Correlation of strain rate ratios with fat distributions and morphological factors

Variables
REL CEL LEL

r P value r P value r P value

Age (years) −0.360 (−0.509, −0.189) <0.001 −0.526 (−0.647, −0.379) <0.001 −0.502 (−0.628, −0.352) <0.001

Weigh (kg) −0.239 (−0.405, −0.059) 0.031 −0.325 (−0.479, −0.150) 0.001 −0.275 (−0.436, −0.065) 0.003

BMI (kg/m2) −0.249 (−0.413, −0.069) 0.007 −0.338 (−0.490, −0.165) <0.001 −0.306 (−0.463, −0.131) 0.001

VAT (cm3) −0.412 (−0.553, −0.247) <0.001 −0.479 (−0.609, −0.324) <0.001 −0.449 (−0.584, −0.290) <0.001

SAT (cm3) −0.173 (−0.345, 0.011) 0.065 −0.166 (−0.339, 0.018) 0.076 −0.178 (−0.350, 0.005) 0.057

EAT (mm2) −0.482 (−0.611, −0.328) <0.001 −0.478 (−0.608, −0.323) <0.001 −0.319 (−0.474, −0.144) <0.001

PAT (mm2) −0.374 (−0.521, −0.205) <0.001 −0.436 (−0.573, −0.275) <0.001 −0.390 (−0.535, −0.223) <0.001

WC (cm) −0.297 (−0.456, −0.121) 0.001 −0.358 (−0.508, −0.188) <0.001 −0.319 (−0.475, −0.145) 0.001

HC (cm) −0.192(−0.362, −0.009) 0.040 −0.245 (−0.410, −0.065) 0.008 −0.198 (−0.368, −0.016) 0.034

WHR −0.338(−0.491, −0.1651) <0.001 −0.391 (−0.536, −0.224) <0.001 −0.370 (−0.518, −0.201) <0.001

dyslipidemia −0.389 (−0.534, −0.221) <0.001 −0.400 (−0.543, −0.234) <0.001 −0.361 (−0.511, −0.191) <0.001

EF (%) −0.127 (−0.303, 0.057) 0.175 −0.012 (−0.195, 0.172) 0.899 0.072 (−0.112, 0.252) 0.443

EDV (mL) 0.158 (0.026, 0.332) 0.092 0.045 (−0.139, 0.226) 0.632 0.027 (−0.157, 0.209) 0.774

EDV/BSA (mL/m2) 0.345 (0.173, 0.497) <0.001 0.265 (0.087, 0.428) 0.004 0.205 (0.023, 0.374) 0.028

EDM (g) −0.124 (−0.300, 0.060) 0.187 −0.172 (−0.344, −0.011) 0.066 −0.156 (−0.329, 0.028) 0.097

EDM/BSA (g/m2) 0.006 (−0.177, 0.189) 0.948 −0.002 (−0.185, 0.181) 0.981 −0.001 (−0.193, 0.174) 0.684

EDM/V (g/mL) −0.289 (−0.448, −0.111) 0.002 −0.252 (−0.416, −0.072) 0.007 −0.212 (−0.381, −0.030) 0.023

BMI, body mass index; BSA, body surface area; CEL, ratio of circumferential early and late diastolic strain rate; EAT, epicardial adipose 
tissue; EDM, end-diastolic mass; EDV, end-diastolic volume; EF, ejection fraction; HC, hip circumference; LEL, ratio of longitudinal early 
and late diastolic strain rate; PAT, pericardial adipose tissue; REL, ratio of radial early and late diastolic strain rate; SAT, subcutaneous 
adipose tissue; VAT, visceral adipose tissue; WC, waist circumference; WHR, waist-to-hip ratio.
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