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Background: Obesity often exists alongside comorbidities and increases the risk of heart failure and 
cardiovascular mortality. However, the specific effects of obesity on cardiac structure and function have not 
been clarified. This study set out to evaluate left ventricular (LV) geometric and functional changes using 
cardiovascular magnetic resonance imaging (CMR) in adults with uncomplicated obesity.
Methods: Forty-eight patients with uncomplicated obesity [body mass index (BMI) mean ± SD: 29.8±2.1 kg/m2]  
and 25 healthy controls were included in this study. CMR was used to assess LV geometry, global systolic 
function, and strains, and to quantify epicardial adipose tissue (EAT). Body composition was measured by 
dual X-ray absorptiometry. 
Results: Compared with healthy controls, patients with obesity had increased LV size, mass, and 
myocardial thickness, and impaired myocardial contractility, with lower global radial, circumferential, and 
longitudinal peak strains (PS), and circumferential and longitudinal peak diastolic strain rates (PDSR; all 
P<0.05). Multivariable linear regression showed that BMI was independently associated with LV maximum 
myocardial thickness (LVMMT) (β=0.197, P=0.016). Visceral adipose tissue (VAT) was independently 
associated with LV global longitudinal PS (β=–2.684, P=0.001), and both longitudinal (β=–0.192, P=0.002) 
and circumferential (β=–0.165, P=0.014) PDSR. Homeostasis model assessment of insulin resistance 
(HOMA-IR) was mildly correlated with BMI (r=0.327) and body fat percentage (BF%) (r=0.295) in patients 
with obesity (all P<0.05). HOMA-IR was independently associated with LV global circumferential PS  
(β=–0.276, P=0.04) and PDSR (β=–0.036, P=0.026).
Conclusions: Extensive LV geometric remodeling and marked changes in cardiac strains were observed in adults 
with obesity. Tissue tracking with CMR can reveal subclinical impaired ventricular function with preserved LV 
ejection fraction in such patients. BMI was independently related to LV remodeling in obesity. HOMA-IR and 
VAT are potentially superior to BMI as predictors of subclinical dysfunction, assessed by strain, in obesity.
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Introduction

The global prevalence of overweight and obesity has 
increased markedly in recent decades. Since the beginning 
of the 21st century, obesity has become an epidemic in 
China, with an estimated increase of 0.32% per year in 
young and middle-aged adults (1). Being overweight or 
obese increases the risk of cardiovascular disease and 
heart failure. One study showed that elevated body mass 
index (BMI) was associated with an increased risk of heart 
failure in the absence of a threshold (2). Obesity-related 
comorbidities, such as hypertension, diabetes, and coronary 
heart disease, are major contributors to heart failure. 
However, even in the absence of any clinically apparent 
cardiovascular risk factors, individuals with obesity exhibit 
notable subclinical structural and functional changes that 
predispose them to future heart failure (3-5).

Ejection fraction is the most widely used parameter to 
evaluate global ventricular systolic function. However, 
it may not be an optimal marker for the evaluation of 
cardiac dysfunction in the obese population. Kenchaiah 
et al. (2) found that approximately half of their obese  
patients with heart failure had a preserved left ventricular 
ejection fraction (LVEF), as assessed by echocardiography. 
In another study with 5,098 participants, LVEF was also 
found to be insensitive to myocardial changes related 
to obesity (6). It is worth noting that most studies to 
investigate the effects of obesity on cardiac structure and 
function have used echocardiography (5,7,8). However, 
because acoustic windows become more limited as BMI 
increases, echocardiography may have reduced accuracy in 
patients with obesity. Furthermore, the measurement of left 
ventricular (LV) morphology based on Simpson’s biplane 
method has limitations in terms of computing LV mass and 
volume (9). Cardiovascular magnetic resonance imaging 
(CMR) based on three-dimensional (3D) cine images of the 
heart aids in assessing ventricular geometry and function 
with high accuracy and reproducibility (10). Currently, 

CMR tissue tracking is widely used to identify subclinical 
myocardial dysfunction, owing to its high sensitivity in 
measuring global and regional cardiac mechanics through 
the tracking of myocardial motion (11). Early detection of 
subclinical cardiac changes resulting from obesity is critical 
for the initiation of management to prevent the progression 
of cardiac failure.

The aims of this study were to use CMR to explore 
changes in cardiac geometry and function in individuals 
with obesity unaccompanied by any clinically apparent 
cardiovascular risk factors, and to determine the association 
between adiposity distribution and cardiac changes.

We present the following article in accordance with the 
Materials Design Analysis Reporting (MDAR) checklist 
(available at https://dx.doi.org/10.21037/qims-21-724).

Methods

Study population

Forty-eight individuals with obesity (defined as BMI  
≥27.5 kg/m2; range, 27.5–34.9 kg/m2) and 25 healthy 
controls (HCs; BMI <23 kg/m2) were prospectively recruited 
to the study between September 2019 and February 
2021. Individuals were excluded if they had any of the 
following: hypertension, diabetes (based on an oral glucose 
tolerance test), a history of cardiovascular diseases or any 
cardiovascular procedures, major systemic diseases that 
could affect the myocardium (e.g., connective tissue diseases 
and sarcoidosis), endocrine diseases (e.g., hyperthyroidism 
and hypothyroidism), metabolic diseases (e.g., a history of 
alcohol abuse and amyloidosis), obstructive sleep apnea, 
and/or any contraindication to CMR.

This study complied with the Declaration of Helsinki 
(as revised in 2013) and was approved by the Institutional 
Review Board of the West China Hospital in Sichuan 
University. Written informed consent was obtained from all 
study participants.

Trial Registry: This study has been registered with the Chinese Clinical Trial Registry (ID: ChiCTR1900026476; 

Effect of lifestyle intervention on metabolism of obese patients based on smart phone software).
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Baseline data collection

Baseline data were collected for all participants and 
included a medical history, anthropometric measurements 
(weight and height), heart rate, and blood pressure (BP). 
BP was measured twice by an experienced researcher using 
an automatic oscillometric cuff sphygmomanometer in the 
sitting position after 15 minutes’ rest. The mean of two 
consecutive readings was calculated. Heart rate was assessed 
using a 12-lead electrocardiogram (ECG) and recorded 
on a Vitaport system (Temec Instruments BV, Kerkrade, 
the Netherlands) at 256 Hz at rest. Fasting blood glucose 
(FBG) and serum lipid profiles, including total cholesterol, 
triglycerides, high-density lipoprotein (HDL), and low-
density lipoprotein (LDL), were also measured. 

Mean arterial pressure (MAP; mmHg) was calculated as 
follows: MAP = (SBP + 2DBP)/3, where SBP and DBP are 
systolic and diastolic BP, respectively. Fasting insulin (FINS) 
was measured in 45 participants with obesity. 

Homeostasis model assessment of insulin resistance 
(HOMA-IR) was calculated as follows: HOMA-IR = [FBG 
(mmol/L) × FINS (mU/L)]/22.5.

Assessment of obesity 

Waist circumference (WC) was measured midway between 
the last rib and the iliac crest, and hip circumference was 
measured at the largest diameter of the hip. WC and hip 
circumference were measured to the nearest 0.5 cm. The 
waist-to-hip ratio (WHR) and the waist-to-height ratio 
(WHtR) were calculated. WC, WHR, and WHtR are 
indices predictive of central obesity. BMI was calculated 
as weight (kg) divided by height squared (m2). According 
to the Chinese criteria (1), BMI was categorized into 
three groups: healthy weight (BMI 18.5–23.0 kg/m2), 
overweight (BMI 23.0–27.5 kg/m2), and obese (BMI 
≥27.5 kg/m2). Total fat, visceral adipose tissue (VAT), and 
body fat percentage (BF%) were measured by dual X-ray 
absorptiometry (Lunar iDXA; GE Medical Systems Lunar, 
Madison, WI, USA). Body surface area was calculated 
using the Du Bois formula (12).

CMR protocol

Participants underwent CMR examination in a supine 
position. CMR images were acquired using a 3-T whole-
body scanner (MAGNETOM Skyra; Siemens Healthcare, 

Erlangen, Germany) with an 18-channel phased-array body 
coil. With a standard ECG-triggering device, data were 
acquired during the end-inspiratory breath-hold period. A 
segmented breath-hold balanced steady-state free precession 
(bSSFP) sequence was used to obtain 8–14 continuous 
cine images from the base to the apex in the short-axis 
view, and LV two- and four-chamber cine images in the 
long-axis view. The bSSFP parameters were as follows: 
TR/TE 3.3/1.22 ms; flip angle 41°; slice thickness 8 mm; 
field of view 360 mm × 320 mm; and matrix size 208×166. 
Contrast medium (gadobenate dimeglumine; MultiHance; 
0.5 mmol/mL; Bracco, Milan, Italy) was injected into 
the right antecubital vein with a power injector (Stellant; 
MEDRAD) at a flow rate of 3.0 mL/s, which was followed 
by injection of 20 mL saline. Late gadolinium enhancement 
(LGE) images were obtained after contrast injection using a 
segmented phase-sensitive inversion recovery (PSIR) turbo 
FLASH sequence over a mean duration of 10–15 minutes. 
The PSIR sequence parameters were as follows: TR/TE 
3.0/1.24 ms; flip angle 40°; slice thickness 8 mm; field of 
view 340 mm × 284 mm; and matrix size 256×184.

CMR image analysis

All CMR data were imported into a commercially 
available software program (cvi42 version 5.11.3; Circle 
Cardiovascular Imaging, Calgary, Canada). Two radiologists 
with more than 3 years of experience (JL and LQP) 
analyzed the measurements while blinded to participant 
status (i.e., obesity vs. control group).

Quantification of epicardial adipose tissue (EAT)

EAT is represented by regions of high signal intensity 
between the myoepicardium and parietal pericardium. 
To acquire quantitative EAT, short-axis and long-axis 
four-chamber cine slices were imported into the tissue 
char module in cvi 42. EAT volume was measured on 
the short-axis cine slices during the end-diastolic phase. 
The myoepicardial and parietal pericardial contours 
were manually delineated per slice, extending from the 
mitral valve hinge down to the ventricular apex. The EAT 
area was measured on the single four-chamber view cine 
images during the end-diastolic phase. Regions of high 
signal intensity between the myoepicardium and parietal 
pericardium were semi-automatically traced and calculated 
after the exclusion of blood vessels (Figure 1A-1C). 
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Geometry and global systolic function

The endo- and epicardial contours of the LV myocardium 
on the short-axis cine images were manually traced 
during the end-diastolic and end-systolic phases of 
the cvi42 short-3D module. Parameters of LV global 
systolic function and geometry, namely LVEF, LV end-
diastolic volume (LVEDV), LV end-systolic volume 
(LVESV), stroke volume (SV), cardiac output (CO), and 
LV mass at end-diastole, were computed automatically. 
LV mass was indexed to height2.7 [LV mass index  
(LVMI); g/m2.7] (13). Concentricity was calculated as the 
ratio of LV mass to LVEDV (g/mL). Mean LV regional 
values for 16 myocardial segment thicknesses (excluding 
the apex) were also automatically computed [American 
Heart Association standard 17-segment model (14);  
Figure 1D-1F]. Finally, the LV maximum myocardial 
thickness (LVMMT) was calculated.

Myocardial strains

The long-axis two- and four-chamber and short-axis cine 
slices were uploaded into the 3D tissue-tracking module 
for LV myocardial strain analysis. The endo- and epicardial 
contours were manually delineated per slice during the 
end-diastolic phase in all series, with the papillary muscles 
and moderator bands excluded. LV global myocardial 
strain parameters were acquired automatically, and 
included the radial, circumferential, and longitudinal peak 
strains (PS), peak systolic strain rates (PSSR), and peak 
diastolic strain rates (PDSR). LV strain is defined as the 
degree of myocardial deformation from the initial length 
of the myocardium (L0; in end-diastole) to its maximum 
length (L; in end-systole), and is calculated using the 
following formula: Myocardial strain = (L – L0)/L0. Strain 
rate represents the rate of shortening of length (15).  
Longitudinal, circumferential, and radial strain and strain 

Figure 1 Quantification of epicardial adipose tissue (EAT) and left ventricular (LV) myocardial thickness. The EAT area is delineated on (A) 
a short-axis steady-state free precession (SSFP) image with blood vessels excluded, (B) a four-chamber view in an individual with obesity, and 
(C) in a normal-weight individual. (D) Three-dimensional LV thickness was acquired using short-axis SSFP images. (E,F) Representative 
images of myocardial thickness in healthy (E) and obese (F) individuals. 
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rate can be calculated for different dimensions of myocardial 
deformation.

Reproducibility

Intra- and interobserver variability in indices of EAT, LV 
geometry, traditional function, and myocardial strain were 
analyzed in 20 randomly selected participants (obesity 
group, n=12; HCs, n=8). To determine intraobserver 
variability, one radiologist (JL) measured the same image 
twice within a period of 1 month. To evaluate interobserver 
variability, a second radiologist (HXP), who was blinded to 
the measurements made by the first observer, reanalyzed 
the measurements. 

Statistical analysis

All statistical analyses were performed with SPSS version 
23 (IBM, Armonk, NY, USA). Normally distributed 
continuous data from the obesity and HC groups were 
expressed as the mean ± SD and compared using Student’s 
t-tests. Binary variables were analyzed using crosstab chi-
square tests. Pearson’s correlation coefficient was used to 
determine correlations between adiposity (estimated by 
BMI, total fat, VAT, BF%, EAT volume, EAT area, WC, 
WHR, and WHtR), insulin resistance, and parameters of LV 
geometry, function, and strain. Correlations between cardiac 
geometry and BP, as well as relationships between cardiac 
geometry, function, and ventricular strain were also assessed 
in patients with obesity. Multivariable linear regression was 
used to estimate the association between insulin resistance 
and adiposity (BMI, BF%, VAT, WC, and WHR) and LV 
geometry, global systolic function, and strain. Adjustments 
were made to the basic unadjusted model. Model 1 included 
age and sex for BMI, and age, sex, and height for insulin 
resistance, BF%, VAT, WC, and WHR. In Model 2, to 
determine the association between obesity and cardiac 
remodeling and function independent of BP, MAP was added 
to the outcomes to adjust for BP. HOMA-IR was also added 
to assess the association of adiposity with cardiac remodeling 
and function. Intraclass correlation coefficients (ICCs) were 
used to evaluate both inter- and intraobserver variability. 
Two-sided P<0.05 was considered statistically significant. 

Results

Baseline characteristics

This study included 48 individuals with obesity (BMI 

29.8±2.1 kg/m2) and 25 HCs (BMI 21.2±1.3 kg/m2), the 
baseline characteristics of whom are presented in Table 1. 
The mean age, height, proportion of males, FBG, serum 
lipid profiles, and heart rate were comparable between the 
two groups. Compared with the HCs, participants with 
obesity had higher BP, but the BP values were still within 
the normal range. Furthermore, the obesity group had 
greater adiposity (EAT volume and area, total fat, BF%, 
VAT, WC, hip circumference, WHR, and WHtR) than the 
HC group. 

Comparison of CMR findings between the obesity and HC 
groups

Parameters of LV geometry (LVEDV, LVESV, LV mass, 
LVMI, and LVMMT) were greater, but the LV mass/volume 
ratio was similar, in the obesity group compared with the 
HC group (Table 2). With regard to global systolic function, 
individuals with obesity had an increased SV (98.6±18.5 vs. 
83.6±15.2 mL; P<0.001) and CO (7.3±1.8 vs. 6.1±1.4 L/min; 
P<0.001), but similar LVEF (62.6%±4.6% vs. 62.3%±4.5%, 
P=0.779), compared with the HCs. Regarding LV strain, the 
obesity group had lower global PS in three spatial directions 
and circumferential and longitudinal PDSRs than the HC 
group (Figure 2).

Associations between cardiac geometry and BP in obese 
individuals

In the obesity group, MAP was positively correlated with 
LVEDV, LVESV, LV mass, and LVMMT, but not with 
LVMI or the LV mass/volume ratio (Table 3). 

Associations between cardiac geometry, function, and 
ventricular strain in individuals with obesity

In individuals with obesity, there was a weak positive 
correlation between LVEF and radial PS (r=0.297; P=0.041), 
whereas negative correlations were observed between radial 
PS and LVEDV, LVESV, and LV mass. Further, LVMMT 
and LV mass were negatively correlated with longitudinal 
PS. No cardiac geometric or functional parameters were 
correlated with circumferential PS (Table 4).

Association between HOMA-IR and adiposity in 
individuals with obesity

Pearson’s correlation was used to evaluate associations 
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Table 1 Baseline characteristics of the study cohort

Characteristics HC group (n=25) Obesity group (n=48) P value

Demographic variables

Male sex 12 (48.0) 26 (54.2) 0.510

Age (years) 33.3±10.4 32.6±8.9 0.739

Height (cm) 166.4±8.0 167.5±9.4 0.646

Weight (kg) 58.8±7.2 83.7±11.0 <0.001

BMI (kg/m2) 21.2±1.3 29.8±2.1 <0.001

BSA (m2) 1.7±0.2 2.0±0.2 <0.001

Hemodynamic variables

Heart rate (b.p.m.) 73.3±12.7 73.7±9.7 0.879

SBP (mmHg) 116.7±11.7 123.3±10.2 0.014

DBP (mmHg) 72.9±7.5 78.8±6.5 0.001

MAP (mmHg) 87.5±9.6 93.7±6.8 0.001

Laboratory data

FBG (mmol/L) 5.2±0.9 5.5±0.6 0.178

Plasma TG (mmol/L) 1.4±0.9 2.0±1.4 0.053

TC (mmol/L) 4.4±0.9 4.9±1.1 0.076

HDL (mmol/L) 1.4±0.5 1.3±0.3 0.352

LDL (mmol/L) 2.6±0.7 2.7±0.9 0.719

FINSA – 16.4±8.4 –

HOMA-IRA – 4.0±2.0 –

Adiposity measures

EAT volumeB
 (cm3) 32.9±10.1 48.2±14.5 <0.001

EAT areaC
 (cm2) 4.5±1.7 6.3±2.1 <0.001

Total fat (m3) 13.4±3.1 29.3±4.8 <0.001

BF% 26.1±5.5 35.1±5.7 <0.001

VAT (m3) 0.2±0.1 1.5±0.7 <0.001

WC (cm) 71.1±4.0 100.1±11.4 <0.001

Hip circumference (cm) 91.5±2.6 107.3±4.3 <0.001

WHtR 0.4±0.1 0.6±0.1 <0.001

WHR 0.8±0.1 0.9±0.1 <0.001

Unless indicated otherwise, data are given as mean ± SD or n (%). A, fasting insulin (FINS) was not measured in 3 of the 48 participants 
in the obesity group and in none of the healthy controls (HCs); consequently, these individuals were not included in homeostasis model 
assessment of insulin resistance (HOMA-IR) analysis. B, epicardial adipose tissue (EAT) volume was obtained from short-axis cine slices. 
C, EAT area was obtained from a single long-axis four-chamber cine slice. BF%, body fat percentage; BMI, body mass index; BSA, body 
surface area; DBP, diastolic blood pressure; FBG, fasting plasma glucose; HDL, high-density lipoprotein; LDL, low-density lipoprotein; 
MAP, mean arterial pressure; SBP, systolic blood pressure; TC, total cholesterol; TG, triglycerides; VAT, visceral adipose tissue; WC, waist 
circumference; WHR, waist-to-hip ratio; WHtR, waist-to-height ratio.
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Table 2 Cardiac geometry and functional and strain parameters in the obesity and healthy control groups

Characteristics HC group (n=25) Obesity group (n=48) P value

Cardiac geometry

LVEDV (mL) 134.1±22.6 158.2±28.3 <0.001

LVESV (mL) 50.4±10.3 59.6±13.6 0.004 

LV mass (g) 78.3±23.8 90.1±20.0 0.028

LVMI (g/m2.7) 19.3±5.3 22.2±3.6 0.006

LV mass/volume ratio (g/mL) 0.6±0.1 0.6±0.1 0.688

LVMMT (mm) 7.0±1.2 8.0±1.3 0.003

Cardiac function

LVEF (%) 62.3±4.5 62.6±4.6 0.779

LVSV (mL) 83.6±15.2 98.6±18.5 0.001

LVCO (L/min) 6.1±1.4 7.3±1.8 0.007

PS (%)

Radial 35.7±5.1 32.1±5.5 0.009

Circumferential –21.0±2.1 –19.6±2.0 0.006

Longitudinal –15.1±1.9 –13.5±2.9 0.016

PSSR (s−1)

Radial 2.0±0.4 1.9±0.4 0.130

Circumferential –1.1±0.2 –1.0±0.2 0.177

Longitudinal –0.9±0.2 –0.7±0.3 0.084

PDSR (s−1)

Radial –2.8±0.7 –2.6±0.6 0.081

Circumferential 1.5±0.3 1.3±0.2 0.004

Longitudinal 1.0±0.2 0.8±0.3 0.005

Unless indicated otherwise, data are given as mean ± SD. HC, healthy control; LV, left ventricle; LVCO, LV cardiac output; LVEDV, LV 
end-diastolic volume; LVEF, LV ejection fraction; LVESV, LV end-systolic volume; LVMI, LV mass index; LVMMT, LV maximum myocardial 
thickness; LVSV, LV stroke volume; PDSR, peak diastolic strain rate; PS, peak strain; PSSR, peak systolic strain rate.

between HOMA-IR and indices of adiposity (BMI, total 
fat, VAT, BF%, EAT volume, EAT area, WC, WHR, and 
WHtR) in 45 participants with obesity. HOMA-IR was only 
mildly correlated with BMI (r=0.327, P<0.05) and BF% 
(r=0.295, P<0.05), and shared no significant correlations 
with any of the other indices of adiposity.

Associations between HOMA-IR and LV geometry, 
function, and strain in individuals with obesity

Of all the LV geometry, function, and strain parameters, only 
HOMA-IR was inversely associated with circumferential PS 

(P<0.05) in the unadjusted model. Multivariate regression 
analysis showed that, even after adjusting for age, sex, height, 
and MAP (Model 2), HOMA-IR was inversely associated 
with both circumferential PS (β=–0.276; 95% CI: –0.540 to 
–0.013; P=0.04) and circumferential PDSR (β=–0.036; 95% 
CI: –0.068 to –0.005; P=0.026; Table 5).

Associations between adiposity and LV geometry, function, 
and strain in individuals with obesity

Pearson’s correlation showed that BMI was positively 
correlated with LVMMT and the LV mass/volume ratio 
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Figure 2 Strain and strain rates in individuals with obesity and healthy controls. (A) Global radial, (B) circumferential, and (C) longitudinal 
peak strain (PS). (D) Circumferential and (E) longitudinal peak diastolic strain rate (PDSR). 

Table 3 Association (correlation coefficients) between cardiac geometry and mean arterial pressure in adults with obesity

LVEDV LVESV LV mass LVMI LV mass/volume ratio LVMMT

MAP 0.381** 0.308* 0.501** –0.065 0.245 0.469**

*, P<0.05; **, P<0.01. LV, left ventricle; LVEDV, LV end-diastolic volume; LVESV, LV end-systolic volume; LVMI, LV mass index (end-diastolic 
mass indexed to height2.7); LVMMT, LV maximum myocardial thickness; MAP, mean arterial pressure.

in the obesity group. In contrast, BF% was negatively 
correlated with parameters of LV geometry (LV mass, LV 
mass/volume ratio, LVMMT, LVEDV, and LVESV) and SV. 
VAT was positively correlated with LV mass, the LV mass/
volume ratio, and LVMMT, but negatively correlated with 

longitudinal PS, longitudinal PDSR, and circumferential 
PDSR. Furthermore, WC was positively correlated with 
LVMMT. The WHR showed positive correlations with 
LVMMT and the LV mass/volume ratio (Table 6).

Regression analysis demonstrated that BMI was positively 
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Table 4 Association (correlation coefficients) between cardiac geometry, function, and strains in adults with obesity

Radial PS Circumferential PS Longitudinal PS

LVEF 0.297* 0.216 0.140

LVEDV –0.375** –0.150 –0.150

LVESV –0.463** –0.247 –0.202

LVSV –0.233 –0.047 –0.081

LVCO 0.060 0.130 –0.069

LVMMT –0.209 –0.138 –0.294*

LV mass –0.342* –0.173 –0.308*

LVMI 0.109 –0.037 0.012

LV mass/volume ratio –0.063 –0.072 –0.269

*, P<0.05; **, P<0.01. LV, left ventricle; LVCO, LV cardiac output; LVEDV, LV end-diastolic volume; LVEF, LV ejection fraction; LVESV, LV 
end-systolic volume; LVMI, LV mass index; LVMMT, LV maximum myocardial thickness; LVSV, LV stroke volume; PS, peak strain.

Table 5 Association between HOMA-IR and left ventricular strains in adults with obesity (n=45) using multivariable linear regression

HOMA-IR
Circumferential PS Circumferential PDSR

β 95% CI P value β 95% CI P value

Crude model –0.282 –0.537, –0.027 0.031 –0.028 –0.059, 0.002 0.066

Model 1 –0.280 –0.537, –0.024 0.033 –0.039 –0.070, –0.008 0.016

Model 2 –0.276 –0.540, –0.013 0.04 –0.036 –0.068, –0.005 0.026

Model 1 was adjusted for age, sex and height. Model 2 was adjusted for Model 1 plus mean arterial pressure. HOMA-IR, homeostasis 
model assessment of insulin resistance; CI, confidence interval; PDSR, peak diastolic strain rate; PS, peak strain.

correlated with LVMMT and the LV mass/volume ratio 
in the unadjusted model. This association persisted even 
after adjusting for age and sex (Model 1; LVMMT, β=0.2, 
95% CI: 0.066–0.344, P=0.004; LV mass/volume ratio, 
β=0.013, 95% CI: 0.003–0.024, P=0.015). After adjustment 
for age, sex, MAP, and HOMA-IR, only the relationship 
between BMI and LVMMT remained significant (Model 2; 
β=0.197; 95% CI: 0.039–0.355; P=0.016; Figure 3A). BF%, 
VAT, WC, and WHR were not significantly associated 
with parameters of cardiac remodeling after adjustment for 
different variables in Model 1 or Model 2 (Table 7).

Regression analysis revealed that, after adjusting for 
age, sex, height, MAP, and HOMA-IR (Model 2), VAT 
was independently associated with LV global longitudinal 
PS (β=–2.684; 95% CI: –4.084 to –1.213; P=0.001), 
longitudinal PDSR (β=–0.192; 95% CI: –0.311 to –0.074; 
P=0.002), and circumferential PDSR (β=–0.165; 95% CI: 
–0.293 to –0.036; P=0.014; Table 8; Figure 3B-3D).

Intra- and interobserver variability

Intra- and interobserver variability for EAT quantification, 
cardiac geometry, function, and strain is summarized in 
Table 9. The ICCs for intra- and interobserver variability 
were 0.883 and 0.790, respectively, for EAT volume, and 
0.945 and 0.929, respectively, for EAT area. Good intra- 
and interobserver agreement was observed for cardiac 
geometry measurements, global systolic function (ICC 
0.919–0.997 and 0.843–0.989, respectively) and LV strains 
(ICC 0.750–0.942 and 0.769–0.919, respectively).

Discussion

In the present study, we compared LV geometric and 
functional characteristics, determined using CMR, between 
individuals with obesity in the absence of clinically apparent 
cardiovascular risk factors and HCs. Although their LVEF 
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Table 6 Association (correlation coefficients) between adiposity distribution and left ventricular geometry, function, and strain in adults with obesity

BMI Total fat BF% VAT EAT volumeA EAT areaB WC WHtR WHR

Cardiac geometry

LV mass 0.182 –0.005 –0.599** 0.306* 0.163 0.087 0.229 –0.101 0.168

LVMI 0.083 –0.179 –0.287 0.061 0.164 0.092 0.031 –0.064 0.031

LV mass/volume 0.286* –0.051 –0.401** 0.453** 0.169 0.228 0.249 0.103 0.308*

LVMMT 0.313* 0.033 –0.519** 0.539** 0.134 0.183 0.404** 0.121 0.403**

LVEDV –0.041 –0.014 –0.451** 0.003 0.073 –0.036 0.071 –0.227 –0.028

LVESV –0.044 –0.096 –0.474** –0.040 –0.024 –0.089 0.023 –0.266 –0.067

Cardiac function

LVEF 0.099 0.197 0.264* 0.033 0.207 0.111 0.018 0.144 0.047

LVSV –0.031 0.052 –0.339* 0.036 0.129 0.011 0.091 –0.151 0.007

LVCO –0.101 –0.092 –0.294 0.028 0.168 0.054 –0.017 –0.171 0.011

PS (%)

Radial 0.021 0.068 0.209 0.039 0.101 0.279 0.038 0.120 0.070

Circumferential –0.052 –0.136 0.067 0.171 –0.009 0.197 –0.092 –0.010 –0.051

Longitudinal –0.187 –0.152 0.189 –0.543** –0.036 0.148 –0.118 0.019 –0.076

PSSR (s−1)

Radial –0.014 0.000 –0.104 0.168 0.062 0.232 0.162 0.087 0.162

Circumferential 0.017 –0.066 –0.103 0.182 0.101 0.245 0.038 –0.001 0.005

Longitudinal –0.182 –0.046 0.006 –0.069 0.004 0.203 –0.045 –0.083 –0.042

PDSR (s−1)

Radial 0.138 0.179 0.330 0.166 –0.028 –0.066 –0.026 0.113 –0.058

Circumferential –0.110 –0.089 –0.025 –0.462** –0.253 –0.257 –0.072 –0.051 –0.112

Longitudinal –0.098 0.039 0.280 –0.477** –0.116 –0.016 –0.199 –0.049 –0.237

*, P<0.05; **, P<0.01. A, epicardial adipose tissue (EAT) volume was obtained from short-axis cine slices; B, EAT area was obtained from 
a single long-axis four-chamber cine slice. BF%, body fat percentage; BMI, body mass index; LV, left ventricle; LVCO, LV cardiac output; 
LVEDV, LV end-diastolic volume; LVEF, LV ejection fraction; LVESV, LV end-systolic volume; LVMI, LV mass index; LVMMT, LV maximum 
myocardial thickness; LVSV, LV stroke volume; PDSR, peak diastolic strain rate; PS, peak strain; PSSR, peak systolic strain rate; VAT,  
visceral adipose tissue; WC, waist circumference; WHR, waist-to-hip ratio; WHtR, waist-to-height ratio.

was within the normal range, compared to the HCs, 
participants in the obesity group had impaired myocardial 
contractility, with diminished PS and PDSR, and myocardial 
remodeling, as evidenced by increased LV size, myocardial 
mass, and thickness. Adiposity was correlated with cardiac 
geometry and functional measurements in individuals with 
obesity, with BMI independently related to LV remodeling 
and VAT independently correlated with strain assessment in 
adjusted models. VAT was potentially a better predictor of 
subclinical dysfunction than BMI in individuals with obesity. 

Further, HOMA-IR was found to be inversely correlated 
with circumferential PS and PDSR in the obesity group, 
even after adjustment for age, sex, height, and MAP. This 
study has demonstrated the deleterious effects of obesity on 
myocardial geometry and subclinical LV dysfunction.

LV remodeling in obesity

Cardiac remodeling is defined as molecular, cellular, and 
interstitial changes resulting from genomic expression, as 
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Table 7 Association between body mass index and cardiac geometry in adults with obesity using multivariable linear regression

BMI
LVMMT LV mass/volume ratio

β 95% CI P value β 95% CI P value

Crude 0.202 0.020–0.384 0.030 0.013 0.000–0.025 0.049

Model 1 0.200 0.066–0.334 0.004 0.013 0.003–0.024 0.015

Model 2 0.197 0.039–0.355 0.016 0.012 –0.001–0.025 0.072

Model 1 was adjusted for age and sex. Model 2 was adjusted for Model 1 plus mean arterial pressure and HOMA-IR. BMI, body 
mass index; CI, confidence interval; LV, left ventricle; LVMMT, LV maximum myocardial thickness; HOMA-IR, homeostasis model  
assessment of insulin resistance.

Figure 3 Association between adipose distribution and left ventricular (LV) cardiac geometry and strain in the obesity group. (A) Body mass 
index (BMI) was correlated with LV maximum thickness. (B-D) Visceral adipose tissue (VAT) was correlated with longitudinal peak strain (PS; 
B), longitudinal peak diastolic strain rate (PDSR; C), and circumferential PDSR (D). 

well as clinical manifestations of changes in size, shape, 
and heart function from cardiac load or injury (16). In 
the present study, the chamber size (LVEDV, LVESV), 
myocardial mass, and wall thickness were greater in 
the obesity group than the HC control group, which is 
consistent with the results of previous echocardiography 
and CMR studies (3,17-19). However, one study that used 
echocardiography reported that LVMI and chamber size 
did not differ significantly between an uncomplicated 
obesity group and a lean group (8). Accurate LV geometry 

evaluations using echocardiography are limited due to 
their dependence on operator experience, minimal acoustic 
windows, and low spatial resolutions. Furthermore, the 
geometric assumptions based on Simpson’s method are 
compromised, especially under conditions of deformed 
ventricular dimensions and geometries (9). CMR is a 
3D imaging modality with superior reproducibility and 
better imaging quality compared to echocardiography. 
Therefore, it is the preferred technique for evaluating 
parameters of ventricular geometry, particularly in non-

12

9

6

3

LV
 m

ax
im

um
 th

ic
kn

es
s,

 m
m

BMI, kg/m2

r=0.313
P=0.03

25                    30                    35                    40

20

16

12

8

4

Lo
ng

itu
di

na
l P

S
, %

Visceral adipose tissue, L

r=–0.543
P<0.001

0                1                2                3                4

2.0

1.5

1.0

0.5

C
irc

um
fe

re
nt

ia
l P

D
S

R
, s

−
1

Visceral adipose tissue, L

r=–0.462
P=0.002

0                1                2                3                4

1.6

1.2

0.8

0.4

0.0

Lo
ng

itu
di

na
l  

P
D

S
R

, s
−

1

Visceral adipose tissue, L

r=–0.477
P=0.001

0                1                2                3                4

A

C

B

D



2046 Liu et al. LV remodeling and subclinical dysfunction in obesity

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2022;12(3):2035-2050 | https://dx.doi.org/10.21037/qims-21-724

Table 8 Multivariable association between visceral adipose tissue and left ventricular strains in adults with obesity 

VAT
Longitudinal PS Longitudinal PDSR Circumferential PDSR

β 95% CI P value β 95% CI P value β 95% CI P value

Crude –2.371 –3.513, –1.229 <0.001 –0.164 –0.255, –0.074 0.001 –0.157 –0.251, –0.063 0.002

Model 1 –2.887 –4.157, –1.167 <0.001 –0.185 –0.290, –0.080 0.001 –0.198 –0.315, –0.080 0.002

Model 2 –2.684 –4.084, –1.213 0.001 –0.192 –0.311, –0.074 0.002 –0.165 –0.293, –0.036 0.014

Model 1 was adjusted for age, sex, and height. Model 2 was adjusted for Model 1 plus mean arterial pressure and HOMA-IR. CI,  
confidence interval; PDSR, peak diastolic strain rate; PS, peak strain; HOMA-IR, homeostasis model assessment of insulin resistance.

Table 9 Comparison of inter- and intraobserver variability for epicardial adipose tissue, cardiac geometry, and peak strains

Characteristics
Intraobserver variability (n=20) Interobserver variability (n=20)

ICC 95% CI ICC 95% CI

Epicardial adipose tissue

Volume 0.883 0.705–0.957 0.790 0.577–0.923

Area 0.945 0.919–0.965 0.929 0.859–0.955

Cardiac geometry

LV mass 0.988 0.964–0.996 0.949 0.857–0.982

LVMMT 0.997 0.993–0.999 0.989 0.970–0.996

LVEF 0.919 0.741–0.973 0.843 0.588–0.943

PS (%)

Radial 0.909 0.759–0.967 0.877 0.684–0.955

Circumferential 0.942 0.845–0.979 0.840 0.599–0.941

Longitudinal 0.851 0.627–0.945 0.819 0.555–0.933

PSSR (s−1)

Radial 0.889 0.711- 0.960 0.774 0.474–0.914

Circumferential 0.917 0.779–0.970 0.919 0.784–0.971

Longitudinal 0.750 0.553–0.849 0.769 0.455–0.913

PDSR (s−1)

Radial 0.782 0.490–0.917 0.840 0.609–0.941

Circumferential 0.794 0.513–0.922 0.773 0.468–0.914

Longitudinal 0.778 0.482–0.916 0.788 0.505–0.920

All P<0.001. CI, confidence interval; ICC, intraclass correlation coefficient; LV, left ventricle; LVEF, LV ejection fraction; LVMMT, LV  
maximum myocardial thickness; PDSR, peak diastolic strain rate; PS, peak strain; PSSR, peak systolic strain rate.

symmetric ventricles (20). In 1986, Messerli proposed that 
increased body mass needed higher CO and intravascular 
volumes to meet the increased metabolic demands (21).  
Recently, another study reported that increased CO 
result ing from a higher BMI was affected by SV 
independent of heart rate in young adults (22). In the 

present study, an elevated hemodynamic state was found 
in the obesity group, with higher SV and CO, which is 
concordant with previous studies (4,19,22). In individuals 
with obesity, a state of chronic volume overload can cause 
a compensatory increase in cardiac preload. Also, in the 
present study, BP was higher in the obesity group than the 
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HC group, indicating increased LV afterload. Generally, 
higher BP, even within the normal range, can contribute 
to myocardial remodeling (6). Our data showed that MAP 
was moderately correlated with LV chamber size, mass, 
and wall thickness. Similarly, Alpert et al. reported that 
cardiac load conditions were associated with LV chamber 
dilation and hypertrophy (myocardial mass and wall 
thickness) (18). 

Obesity and cardiac dysfunction

The present study did not find any significant differences 
in LVEF between adults with uncomplicated obesity and 
HCs, which is consistent with results of previous reports 
(4,5,23). However, impaired LV contractility was detected 
during strain analysis, with global radial, circumferential, 
and longitudinal PS being lower in the obesity group than 
the HC group. These results indicate that PS has higher 
sensitivity than LVEF as marker for subclinical myocardial 
contractile dysfunction. Similar results were reported by 
Homsi et al. (23), who reported that their obesity group 
had lower mean LV longitudinal and circumferential strain 
on CMR than their non-obesity group. However, previous 
echocardiographic studies revealed decreased longitudinal 
strain, increased or decreased radial strain, and reduced or 
no marked changes in circumferential strain among children 
with obesity (24,25). The apparent inconsistencies between 
earlier studies and the present study may be attributable to 
differences in the study populations, sample sizes, and the 
different imaging modalities used. Also, obese individuals 
had decreased subclinical diastolic function with lower 
global longitudinal and circumferential PDSR than HCs. In 
contrast, subclinical systolic function, represented by PSSR, 
was not significantly different between the two groups. 
In children, it has also been demonstrated that although 
circumferential PDSR is decreased in obesity, there are 
no significant changes in PSSR on CMR imaging (3).  
Previous studies have also confirmed that obesity is 
associated with decreased diastolic function, as evidenced 
by an increase in the half-time of mitral valve pressure, 
left atrial diameter, and LV end-diastolic pressure, and a 
reduced deceleration slope with preservation of systolic 
function (7,19). However, a recent echocardiography study 
indicated that both diastolic function (early diastolic strain 
rate) and systolic function (global systolic longitudinal strain 
rate) were decreased in obese adolescents who were either 
metabolically healthy or unhealthy (BMI 35–40 kg/m2) (26). 
The differences between that echocardiographic study and 

the present study are that our study population was older 
and had a lower BMI, and we also used a different imaging 
modality (CMR) to scan the patients. Together, the findings 
reported above indicate that cardiac dysfunction caused 
by mild to moderate obesity in adults can lead to impaired 
diastolic function.

In this study, impaired LV contractility, as evidenced 
by reduced radial and longitudinal PS, was negatively 
correlated with LV myocardial remodeling parameters, 
including cardiac cavity size and hypertrophy (myocardial 
mass and myocardial thickness). Previous studies have 
also shown that myocardial dysfunction is caused by an 
increased LV load and hypertrophy (7,17,18,27,28). Diffuse 
myocardial fibrosis observed on T1-weighted mapping was 
also found to have adverse effects on ventricular function 
(23,29). In the present study, none of the participants in the 
obesity group had LGE in the myocardial LV. However, 
quantitative assessment of ventricular fibrosis using T1-
weighted mapping CMR is more sensitive compared with 
LGE (30); thus, we could not determine whether a fibrotic 
change of the LV myocardium was the main factor in the 
present study. Moreover, the EAT volume and area were 
greater in the obesity group than the HC group. EAT 
located within the pericardium was recognized as VAT 
with a putative paracrine function that directly affects 
the myocardium through the uptake and release of free 
fatty acids and the release of adipokines and cytokines, 
and sharing the same coronary microcirculation. Previous 
studies have shown that increased EAT is associated with 
lipotoxicity, myocardial steatosis, and interstitial myocardial 
fibrosis, and thereby affects cardiac structure and function 
(27,29). 

Subclinical LV dysfunction in individuals with obesity 
may also be explained by insulin resistance. In this study, 
insulin resistance was greater with increased BMI, and 
was associated with circumferential PS and PDSR even 
after adjustment for age, sex, height, and MAP. A study of 
sucrose-fed rats suggested that insulin resistance directly 
induced cardiac contractility impairment (31), whereas 
a clinical study in women showed that the link between 
insulin resistance and myocardial fatty acid metabolism 
could reduce myocardial contractile function in obesity (32).

Associations between adiposity distribution and cardiac 
remodeling and dysfunction

BMI is used as a measure of general adiposity; however, 
there are limitations to its use in evaluating the effects of 
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obesity on specific organs (6). Therefore, in this study, 
we also analyzed the correlations of various parameters 
of adiposity with cardiac remodeling and dysfunction in 
the obesity group. These analyses showed that BMI was 
independently associated with myocardial thickness in 
adults with obesity, even after adjusting for age, sex, MAP, 
and HOMA-IR. This finding is consistent with that of 
a CMR obesity study conducted in children (3). Among 
the adiposity indices, VAT was independently associated 
with LV subclinical dysfunction, represented by global 
longitudinal PS, as well as longitudinal and circumferential 
PDSR. This observation is consistent with one in a previous 
report, in which VAT was demonstrated to be a better 
predictor of LV diastolic cardiac function than BMI (4). 
The results suggest that VAT may be a better indicator 
of LV subclinical dysfunction in individuals with obesity 
than BMI, and it may be an important indicator in both 
determining initial treatment strategies and evaluating the 
efficacy of treatment. The present findings may be explained 
by the fact that VAT is a metabolically active tissue that can 
affect cardiac morphology and function by secreting various 
cytokines and chemokines (33).

Study limitations

This study has several limitations. First, the study was 
a cross-sectional in design. It is still unclear whether 
LV remodeling and subtle contractile impairment can 
cause heart failure with the progression of obesity, and 
whether these changes can be reversed. Therefore, 
longitudinal studies to explore dynamic cardiac changes 
and factors potentially involved in the reversal of these 
changes in individuals with obesity are needed in future. 
Second, previous studies have reported that various 
key inflammatory markers and insulin resistance are 
consistently associated with obesity and obesity-related 
comorbidities (34-38). In the present study, FINS was not 
measured in 3 of the 48 participants in the obesity group 
and in none of the HCs; consequently, these individuals 
were not included in the HOMA-IR analysis. Moreover, 
because of data incompleteness, we could not include or 
analyze inflammatory markers in the present study. Third, 
although this study evaluated myocardial fibrosis based on 
LGE images, quantitative T1-weighted mapping values 
are more sensitive indicators of interstitial fibrosis. In 
future studies, these values should be measured to gain an 
understanding of the mechanisms underlying myocardial 
damage in obesity.

Conclusions

Extensive LV geometric remodeling and marked changes in 
cardiac strains were observed in adults with obesity in the 
absence of clinically apparent cardiovascular risk factors. 
Tissue tracking with CMR revealed subclinical impairment 
of ventricular function with preserved LVEF in these 
individuals. BMI was found to be independently related to 
LV remodeling in individuals with obesity. Finally, HOMA-
IR and VAT were found to be potentially superior to BMI 
as predictors of subclinical dysfunction, as assessed by 
strain, in obesity.
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