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Abstract
Background  Patients with concomitant type 2 diabetes mellitus (T2DM) and aortic regurgitation (AR) can present 
with right ventricular (RV) dysfunction. The current study aimed to evaluate the impact of AR on RV impairment 
and the importance of ventricular interdependence using cardiac magnetic resonance feature tracking (CMR‑FT) in 
patients with T2DM.

Methods  This study included 229 patients with T2DM (AR−), 88 patients with T2DM (AR+), and 122 healthy controls. 
The biventricular global radial strain (GRS), global circumferential strain (GCS), and global longitudinal peak strain (GLS) 
were calculated with CMR‑FT and compared among the healthy control, T2DM (AR−), and T2DM (AR+) groups. The RV 
regional strains at the basal, mid, and apical cavities between the T2DM (AR+) group and subgroups with different AR 
degrees were compared. Backward stepwise multivariate linear regression analyses were performed to determine the 
effects of AR and left ventricular (LV) strains on RV strains.

Results  The RV GLS, LV GRS, LV GCS, LV GLS, interventricular septal (IVS) GRS and IVS GCS were decreased gradually 
from the controls through the T2DM (AR−) group to the T2DM (AR+) group. The IVS GLS of the T2DM (AR−) and T2DM 
(AR+) groups was lower than that of the control group. AR was independently associated with LV GRS, LV GCS, LV GLS, 
RV GCS, and RV GLS. If AR and LV GLSs were included in the regression analyses, AR and LV GLS were independently 
associated with RV GLS.

Conclusion  AR can exacerbate RV dysfunction in patients with T2DM, which may be associated with the 
superimposed strain injury of the left ventricle and interventricular septum. The RV longitudinal and circumferential 
strains are important indicators of cardiac injury in T2DM and AR. The unfavorable LV-RV interdependence supports 
that while focusing on improving LV function, RV dysfunction should be monitored and treated in order to slow the 
progression of the disease and the onset of adverse outcomes.
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Background
Type 2 diabetes mellitus (T2DM) and its related cardio-
vascular diseases have extensive effects on the health and 
economies of communities [1]. Recently, the mortality 
rate of patients with T2DM has been decreasing, and the 
prevalence of diabetes has been increasing [2]. Therefore, 
the lifetime accumulation of T2DM complications and 
morbidities will increase worldwide [3]. Meanwhile, with 
the increased aging population, chronic aortic regurgi-
tation (AR) can accompany T2DM. However, it is often 
overlooked due to its low frequency [4, 5]. Both T2DM 
and AR can lead to cardiac dysfunction and eventually 
heart failure [6, 7]. Previous studies commonly focused 
on left ventricular (LV) and right ventricular (RV) struc-
tural and functional impairments in patients with T2DM. 
These conditions can cause cardiovascular-related mor-
tality [8, 9]. Notably, RV impairment can be a component 
of ventricular interdependence in diabetic cardiomyopa-
thy [10]. Therefore, the synergistic effects of T2DM and 
AR on ventricular interdependence should be evaluated.

Echocardiography is a noninvasive technique fre-
quently used in the examination of RV function, which 
is inhibited by the complex anatomical structure of the 
right ventricle, its reliance on operator skills, and limited 
spatial resolution [11, 12]. Cardiac magnetic resonance 
(CMR) imaging can quantitatively evaluate myocardial 
structure and function because of a high temporal and 
soft tissue resolution [13, 14]. In particular, CMR feature 
tracking (CMR-FT) can detect subclinical myocardial 
dysfunction. Hence, it can be an effective and feasible 
approach for assessing RV function and investigating the 
interactions between the right and left ventricles [15, 16]. 
In relation to this, the current study aimed to investigate 
the right ventricular structural and functional charac-
teristics of patients with diabetes who present with AR 
and the mediating effects of LV dysfunction on RV strain 
using CMR-FT.

Methods
Study population
This study was approved by the Biomedical Research 
Ethics Committee of our hospital and was conducted in 
accordance with the Declaration of Helsinki.The need 
for informed consent was waived given the retrospective 
design of the study.

The study cohort comprised patients diagnosed with 
T2DM based on the current American Diabetes Associa-
tion guidelines who underwent CMR examination at our 
institution between January 2015 and October 2023. The 
patients were divided into the healthy control, T2DM 

(AR−), and T2DM (AR+) groups. The exclusion criteria 
were as follows: patients with ischemic heart disease, 
rheumatic heart disease, congenital heart disease, pri-
mary cardiomyopathy, coexistence of other significant 
valvular disease, acute AR, and previous history of aor-
tic valve surgery; those with incomplete clinical data; and 
those with CMR contraindications, poor image quality, 
and incomplete scans. Finally, 317 patients, including 
229 with T2DM (AR−) and 88 with T2DM (AR+), were 
eligible for this study. Based on the echocardiographic 
findings, the T2DM (AR +) group was further classified 
into three subgroups, which were as follows: the mild AR 
(n = 41, 44.6%), moderate AR (n = 25, 28.4%), and severe 
AR (n = 22, 25%) groups. The healthy control group com-
prised patients who underwent cardiac MRI but did not 
present with a previous history of cardiac disease or 
symptoms and T2DM or impaired fasting glucose levels 
and inadequate cardiac MRI image quality (n = 122).

Data on the demographic characteristics, clinical his-
tory, cardiovascular risk factors, and laboratory test 
results of the patients were recorded in the Hospital 
Information System and Laboratory Information Man-
agement System.

MRI protocol
All patients were placed in the supine position, and they 
underwent imaging using a 3.0-T whole-body magnetic 
resonance scanner (TrioTim or MAGNETOM Skyra, Sie-
mens Medical Solutions, Erlangen, Germany) equipped 
with 32-channel body-phased array coils and standard 
ECG trigger equipment. Balanced steady-state free pre-
cession cine images were obtained during breath-holding 
at the end of expiration with retrospective cardiac gat-
ing. Moreover, they comprised standard long-axis views 
and a short-axis stack that encompassed the entirety of 
the left and right ventricles. The following parameters 
were used for the two scanners: temporal time = 39.34/40 
ms; echo time = 1.22/1.20 ms; slice thickness = 8.0  mm; 
field of view = 234 × 280/250 × 300 mm2; matrix 
size = 208 × 139/256 × 166 pixels; and flip angle = 40°/50°.

Image analysis
The CMR images were uploaded to an offline commercial 
software (Cvi42, v.5.11.2; Circle Cardiovascular Imag-
ing, Calgary, Canada). Next, they were analyzed by two 
radiologists who were blinded to the clinical data of the 
participants. Both radiologists had > 3 years of experience 
in CMR imaging. The endo- and epicardial contours of 
both ventricles were automatically delineated at the end-
diastolic and end-systolic phases on the short-axis cine 
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images in the short three-dimensional module. Then, the 
two investigators manually adjusted the borders layer 
by layer, and the morphological and functional param-
eters, including LV and RV end-diastolic volume (EDV), 
end-systolic volume (ESV), stroke volume (SV), ejection 
fraction (EF), and myocardial masses (MM), were calcu-
lated automatically. The papillary muscle and trabeculae 
were excluded from MM but included in the ventricu-
lar volume analyses. The LV remodeling index and RV 
remodeling index were calculated as LVMM/LVEDV and 
RVMM/RVEDV, respectively.

The short-, long-axis four- and two-chamber cine 
images were used to evaluate the myocardial strain of 
both ventricles using the tissue tracking module. The 
endocardium and epicardium of both ventricles were 
manually outlined at the end diastole after cautious 
exclusion of the papillary muscles and trabeculae. The 
biventricular and interventricular septal (IVS) global 
radial (GRS), circumferential (GCS) and longitudinal 
peak strains (GLS), RV regional peak strain (including 
the basal, middle, and apical cavities), and LV regional 
peak strain were generated automatically (Fig. 1). The 2, 
3, 8, 9, and 14 LV segments represented the area of the 

Fig. 1  Examples of evaluations of left and right ventricular global strains using CMR-FT. A–C, the endo- and epicardial contours of the left and right ven-
tricles are delineated on standard cardiac short-axis, two-chamber, and four-chamber planes in end diastole D–I, global longitudinal strains of the left 
(D–F) and right (G–I) ventricles among control, T2DM (AR−) group, and T2DM (AR+) group. The yellow and blue curves represent the endo- and epicardial 
contours of the right ventricle, and the red and green curves represent those of left ventricle. T2DM, type 2 diabetes mellitus; AR, aortic regurgitation; LV, 
left ventricular; RV, right ventricular
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interventricular septum, according to the 16-segment 
model of the AHA. The interventricular septum thick-
ness (IVST) on each patient’s CMR was measured using 
the four-chamber long-axis view at the midway between 
the base and apex of the left ventricle at the end diastole 
(Additional file 1).

Reproducibility analysis
To assess the intraobserver variability of the RV global 
and regional strains, 50 participants selected randomly 
were evaluated by comparing two measurements con-
ducted by LT.S. and taken 1 month apart. Interob-
server variability was assessed by comparing the two 

measurements of all participants, which were conducted 
by LT.S. and K.S. double-blindly and independently.

Statistical analysis
All statistical analyses were performed using the Sta-
tistical Package for the Social Sciences software (ver-
sion 23.0, IBM, Armonk, New York, USA). Continuous 
variables with a normal distribution were presented as 
mean ± standard deviation. Meanwhile, variables with 
a non-normal distribution were expressed as median 
(interquartile range: 25–75%). One-way analysis of vari-
ance with Bonferroni post hoc correction was used to 
compare data with a normal distribution, and the Krus-
kal–Wallis test was used to compare data with a non-
normal distribution among the healthy control, T2DM 
(AR−), and T2DM (AR+) groups. Categorical variables 
were expressed as frequencies (percentages) and ana-
lyzed using the chi-square test or the Fisher’s exact test 
based on the data distribution.

The associations between RV global strain, IVS global 
strain, RVEF, and LV geometric parameters and strains 
were assessed via Pearson’s or Spearman’s correlation 
coefficient analysis, as appropriate. Multivariate linear 
regression models adjusted for statistically significant 
parameters in the univariate analysis (p < 0.05) and tra-
ditional clinical risk factors (age, sex, body mass index, 
hyperlipidemia, fasting plasma glucose and hemoglobin 
A1c [HbA1c] levels, and diabetes duration) were used 
to determine the predictors of both ventricular global 
strains in the populations with T2DM and the inde-
pendent effects of LV strains on RV strains. The intrao-
bserver and interobserver variabilities of RV global and 
regional deformation were analyzed using the intraclass 
correlation coefficient. Two-tailed p values of < 0.05 were 
considered statistically significant.

Results
Clinical characteristics of the participants
The current study included 329 individuals. Among 
them, 229 presented with T2DM (AR−), 88 patients with 
T2DM (AR+), and 122 healthy controls. The three groups 
did not significantly differ in terms of sex, diastolic blood 
pressure, and lipid parameters (all p > 0.05). The rest-
ing heart rate and HbA1c) level of the T2DM (AR−) 
and T2DM (AR+) groups were higher than those of the 
control group (all p < 0.05). The T2DM (AR+) group was 
remarkably older and had a significantly higher systolic 
blood pressure than the T2DM (AR−) and healthy con-
trol groups (all p ≤ 0.001). Table 1 shows the demographic 
and clinical characteristics of the participants.

Characteristics of the biventricular volumetrics
Table 2 shows the comparisons of the left and right ven-
tricular volumetric parameters. The LV MM and LV RI 

Table 1  Baseline characteristics of the study population
Normal
(n = 122)

T2DM 
with-
out AR 
(n = 229)

T2DM with AR 
(n = 88)

P 
value

Age, years 50.4 ± 11.1 58 ± 11.7* 64.6 ± 12.1*§ < 0.001
Gender, female 
(%)

46(37.7) 86 (37.6) 32(36.4) 0.648

BMI, kg/m2 23.5 ± 3.2 24.7 ± 3 24.7 ± 3.7* 0.007
Rest heart rate, 
bmp

74.8 ± 12.9 76.2 ± 13.6* 79.9 ± 16.1* 0.027

SBP, mmHg 121.5 ± 13.1 126.1 ± 18.1 130.2 ± 19 *§ 0.001
DBP, mmHg 79.8 ± 9.9 80 ± 13.6 78 ± 13.4 0.459
FPG, mmol/L 5.38 ± 1.35 8.97 ± 3.64 8.4 ± 3.3* < 0.001
HbA1c, % 5.6 ± 0.5 7.5 ± 1.73* 7 ± 0.9* < 0.001
Years with dia-
betes, years

- 8(3, 11) 8(4, 12) 0.246

TG, mmol/L 1.6 ± 0.86 1.45(0.99, 
2.14)

1.39 (1.11, 1.77) 0.194

TC, mmol/L 4.32 ± 0.89 4.21 ± 1.31 4.22 ± 1.89 0.322
HDL, mmol/L 1.18 ± 0.28 1.19 ± 0.46 1.21 ± 0.35 0.805
LDL, mmol/L 2.39 ± 0.76 2.3 ± 0.91 2.26 ± 0.77 0.485
Medication, n 
(%)
Biguanides - 77(33.6) 44(50) -
Sulfonylureas - 43(18.8) 15(17.1) -
α-Glucosidase 
inhibitor

- 46(20.1) 14(15.9) -

GLP-1recep-
torandDPP-
4inhibitors

- 15(6.6) 10(11.4) -

Insulin - 29(12.7) 5(5.6) -
Others - 19(8.2) 0 -
AR degree, n (%)
Mild - - 41(46.6) -
Moderate - - 25(28.4) -
Severe - - 22(25) -
Values are mean ± standard deviation or median (interquartile range) 
appropriately, numbers in the brackets are percentage. T2DM, type 2 diabetes 
mellitus; AR, aortic regurgitation; BMI, body mass index; SBP, systolic blood 
pressure; DBP, diastolic blood pressure; FPG, fasting plasma glucose; HbA1c, 
glycated hemoglobin; TG, triglycerides; TC, total cholesterol; HDL, high-density 
lipoprotein; LDL, low-density lipoprotein
*p < 0.05 vs. controls; §P < 0.05 vs. T2DM without AR
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of the T2DM (AR−) and T2DM (AR+) groups were sig-
nificantly higher than those of the healthy control group 
(all p < 0.05). The T2DM (AR+) group had a lower RV 
EF and LVEF than the T2DM (AR−) and control groups 
(45% ± 19.6% vs. 58.9% ± 13.4% vs. 61.2% ± 9.15%; 44.7% 
± 16.6% vs. 58% ± 12.1% vs. 61.6% ± 6.5%, respectively; 
all p < 0.001). There was no significant difference in the 
RV ESD, RV EDV, and LV SV among the three groups (all 
p > 0.05). The T2DM (AR+) group had a higher IVST than 
the T2DM (AR−) and control groups (10.35[8.22, 12.5] 
vs. 9.4 [7.5–1.11] vs. 7.5[6.3, 8.5] mm).

Characteristics of the global biventricular and IVS strains
The RV GLS, LV GRS, LV GCS, LV GLS, IVS GRS and 
IVS GCS were decreased gradually from the controls 
through T2DM (AR−) group to the T2DM (AR+) group 
(all p < 0.001). The RV GRS and RV GCS did not signifi-
cantly differ among the three groups (all p > 0.05). The 
IVS GLS of the T2DM (AR−) and T2DM (AR+) groups 
was lower than that of the control group (all p < 0.05) (Fig. 
2).

Regional RV strain in patients in the T2DM group with 
different AR degrees
As shown in Table  3, patients with T2DM who did not 
present with AR and those with mild AR had decreased 
RV longitudinal strains in the mid and apical cavities 
compared with the healthy controls. However, the results 
did not significantly differ between the two groups. 
Patients with T2DM who presented with moderate AR 
had a lower RV mid and basal circumferential and basal 
longitudinal strains than healthy controls, patients with 
T2DM who did not present with AR, and those with 
T2DM with mild AR (all p < 0.05). Patients with T2DM 
who presented with severe AR had a significantly lower 
RV apical and basal longitudinal strains and RV api-
cal, mid, and basal circumferential strains than healthy 
controls, patients with T2DM who did not present with 
AR, and those with mild AR (all p < 0.05). The RV mid 
longitudinal strain did not significantly differ among the 
T2DM subgroups.

Association between RV strains and LV and IVS function
In patients with T2DM (Additional file 2, Fig. 3), RVEF 
was significantly associated with AR (r = − 0.202), LVEF 
(r = 0.379), LVEDV (r = − 0.279), LVESV (r = − 0.377), 
LVGRS (r = 0.402), LVGCS (r = − 0.478), and LVGLS 
(r = − 0.293). RVGLS was significantly associated with AR 
(r = 0.215), LVEF (r = − 0.295), LVEDV (r = 0.256), LVESV 
(r = 0.263), LVGCS (r = 0.25), and LVGLS (r = 0.374). In 
addition, RVEF and RVGLS were associated with all IVS 
global strains. All RV radial and circumferential global 
strains were associated with LV and IVS global strains 
and AR.

Associations between the biventricular strains and clinical 
variables in patients with T2DM
After adjusting for age, sex, body mass index, heart rate, 
triglyceride, cholesterol, high-density lipoprotein, low-
density lipoprotein, FPG, and HbA1c levels, and diabetes 
duration, AR was found to be independently associated 
with LV GRS (β = − 0.385, p < 0.001, model R2 = 0.207), 
GCS (β = 0.430, p < 0.001, model R2 = 0.258), GLS 
(β = 0.348, p < 0.001, model R2 = 0.199), RV GCS (β = 0.149, 
p = 0.018, model R2 = 0.071), GLS (β = 0.220, p < 0.001, 
model R2 = 0.138), but not with RV GRS, in patients with 
T2DM (Table 4). When AR and LV GLS were included in 
the regression analyses, both AR and LV GLS (β = 0.146 
and 0.214, p = 0.022 and < 0.001, model R2 = 0.174) were 
found to be independently associated with RV GLS 
(Table 4).

Intra- and interobserver variability in RV strain 
measurement
As depicted in Additional file 3, based on these results, 
the reproducibility of the global and regional RV strain 

Table 2  Comparison of right and left volumetric parameters 
among groups

Normal(n = 122) T2DM 
without 
AR(n = 229)

T2DM with 
AR(n = 88)

P 
value

RV 
parameters
EDV, mL 118.4 ± 29.9 118.5 ± 33.9 108.8(91.7, 

139.2)
0.982

ESV, mL 55.6 ± 19.8 51.8(40.97, 
63.9)

60.7(40.9, 
84.8)

0.004

SV, mL 63.5 ± 20.33 60.1 ± 21.9 50.6 (33, 
64)*

< 0.001

EF, % 61.2 ± 9.15 58.9 ± 13.4 45 ± 19.6*§ < 0.001
MM, g 27.1 ± 8.42 27.2 ± 8.8 31.2 ± 13.6* 0.002
Remodeling 
index, g/mL

0.23 ± 0.06 0.23 ± 0.07 0.27 ± 0.08* < 0.001

IVST, mm 7.6 ± 0.18 9.4(7.5, 1.11) 10.61 ± 0.31* 0. 012
LV 
parameters
EDV, mL 131.4 ± 30 133.9 ± 52.9 138.1(125.7, 

263.3)*
< 0.001

ESV, mL 60.4 ± 14.8 66.8(52.1, 
94.8)

86.4(55.6, 
179.4)*§

< 0.001

SV, mL 71 ± 20.1 75.3(60, 
90.2)

72.8 ± 29.3 0.139

EF, % 61.6 ± 6.5 58 ± 12.1 44.7 ± 16.6*§ < 0.001
MM, g 76.9 ± 20 93.3(74.6, 

114.6)*
106.2(84.3, 
114.1)*§

< 0.001

Remodeling 
index, g/mL

0.59 ± 0.14 0.57 ± 0.32* 0.55(0.47, 
0.68)*

< 0.001

Values are mean ± standard deviation or median (interquartile range) 
appropriately.LV left ventricular, RV right ventricular, EDV end diastolic volume, 
ESV end systolic volume, SV stroke volume, EF ejection fraction, MM myocardial 
mass, IVST interventricular septum thickness
*p < 0.05 vs. controls; §p < 0.05 vs. T2DM without AR
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Table 3  Comparison of regional strain of RV in T2DM group with different AR degree
Normal(n = 122) T2DM without 

AR(n = 229)
T2DM with mild 
AR
(n = 41)

T2DM with moder-
ate AR(n = 25)

T2DM with severe 
AR(n = 22)

P
value

RV PS−R (%)
Basal cavity 50.22(30.99,59.84) 46.03 ± 29.23 40.45 ± 20.53 31.49 ± 27.81 30.23 ± 21.33*§ 0.048
Mid cavity 32.64 ± 16.9 32.54(21.56, 41.42) 31.93 ± 18.24 30.23(14.17, 44.55) 24.4 ± 19.86 0.328
Apical cavity 26.96 ± 17.38 23.25(16.65, 34.76) 28.22 ± 18.45 23.07(16.81, 33.39) 15.67 ± 10.78 0.492
RV PS−C(%)
Basal cavity  −8.13 ± 4.62  −7.24 ± 4.04 −8.08 ± 5 −3.94(−6.06, −2.75)*§& −3.61(−4.94, −1.94)*§& < 0.001
Mid cavity −15.53 ± 5.53 −13.7 ± 5.62* −13.58 ± 4.93* −10.63 ± 5.34*§& −8.3 ± 4.62*§& < 0.001
Apical cavity −17.73 ± 5.92 −16.11 ± 5.94 −16.19 ± 5.16 −13.68 ± 7.13*§ −12.68 ± 7.89*§& < 0.001
RV PS−L(%)
Basal cavity −11.08 ± 4.6 −11.61 ± 5.72 −10 ± 5.77 −8.65 ± 4.64*§& −6.61 ± 3.17*§& < 0.001
Mid cavity −13.79 ± 5.09 −12.18 ± 5.16* −10.88 ± 5.41* −10.09 ± 4.53* −9.29 ± 3.21* < 0.001
Apical cavity −16.26 ± 4.66 −14.41 ± 6.32* −14.54 ± 4.2* −12.03 ± 5.9* −10.18 ± 6.56*§& < 0.001
RV right ventricular, PS peak strain, R radial, C circumferential, L longitudinal, T2DM, type 2 diabetes mellitus; AR, aortic regurgitation
*p < 0.05 vs. controls
§p < 0.05 vs. T2DM without AR
&p < 0.05 vs. T2DM with mild AR

Fig. 2  Comparing LV-, IVS- and RV strains among controls, T2DM (AR−) group, and T2DM (AR+) group. T2DM, type 2 diabetes mellitus; AR, aortic re-
gurgitation; LV, left ventricular; IVS, interventricular septum; RV, right ventricular; GRS, global radial strain; GCS, global circumferential strain; GLS, global 
longitudinal strain
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Fig. 3  Regression plots of the correlation between RV PS and LV PS. (a) RV GRS vs. LV GRS; (b) RV GCS vs. LV GCS; (c) RV GLS vs. LV GLS; (d) RVEF vs. IVS 
GRS; (e) RVEF vs. IVS GCS; (f) RVEF vs. IVS GLS. LV, left ventricular; RV, right ventricular; IVS, interventricular septum; GRS, global radial strain; GCS, global 
circumferential strain; GLS, global longitudinal strain
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measurement was excellent in both intraobserver and 
interobserver assessments (all intraclass correlation 
coefficients > 0.7).

Discussion
The current study used the CMR-FT technique to evalu-
ate the effect of AR on global and regional RV myocar-
dial strains in patients with T2DM and to explore the 
association between the RV and LV and IVS function. 
Results showed that the RV GLS, IVS GRS, IVS GCS, and 
LV global strains decreased significantly in patients with 
T2DM. Moreover, they were further deteriorated by AR. 
Deteriorating AR may aggravate the RV regional longitu-
dinal and circumferential strains. The RV global strains 
were associated with that of the LV and IVS global strains 
in patients with T2DM. LV GLS impairment superim-
posed by coexisting AR was independently associated 
with RV GLS in patients with T2DM, which indicates an 
adverse interaction between ventricles.

RV dysfunction and pathophysiological mechanisms in 
T2DM
Several studies have revealed that the T2DM group had a 
significantly lower RV GLS than the control group. Fur-
ther, RV dysfunction was an important component of 
diabetic cardiomyopathy [10, 17]. In the current study, 
the T2DM (AR−) group had a low RV global and regional 
longitudinal strain. However, their LVEF and RVEF were 
still within normal ranges. This phenomenon cold be 
explained by the synergistic effect of abnormally elevated 
glucose and lipid levels that leads to a decrease in the 
contractile function of the RV myocardium [18]. Recent 
evidence showed the role of myocardial lipotoxic injury 
from lipid oversupply in the development of diabetic 
heart disease [19]. Due to the predominance of longitu-
dinal subendocardial myocytes, longitudinal shortening 

accounts for approximately 75% of RV contractions [20, 
21]. Therefore, the RV longitudinal strain was a good 
indicator of RV dysfunction and good reproducibility in 
patients with diabetes combined with circumferential 
strain [10, 22, 23]. Further, another study found that the 
deterioration of RV performance was observed in the 
basal and apical segments of the RV free wall in asymp-
tomatic patients with diabetes [19]. However, our study 
revealed a decreased RV longitudinal strain in the mid 
and apical segment, and we hypothesized that it is caused 
by different technical algorithms and endpoints [24–26].

AR aggravates RV dysfunction in T2DM
When AR occurs in patients with T2DM, few researches 
reported the additive damage to heart. Both T2DM and 
AR lead to myocardial dysfunction that do not often 
exhibit evident symptoms in the early stage but pro-
gresses to irreversible cardiac dysfunction in the absence 
of timely and adequate treatment [9, 27]. AR leads to 
increased LV filling pressure, with increased pulmonary 
venous and arterial pressure, thereby increasing RV after-
load [28, 29]. The assessment of RV strain can be a useful 
adjunct to conventional clinical indices and LV function 
assessment in the timing of surgery in asymptomatic 
patients with severe AR [30, 31]. Our study found that 
the T2DM (AR+) group had a lower RV GLS, IVS GRS, 
and IVS GCS but a higher IVST than the T2DM (AR−) 
group, which indicates that coexisting AR further exacer-
bates RV and IVS dysfunction in T2DM.

In the RV, myocytes are arranged circumferentially in 
the superficial layer (approximately 25% of wall thick-
ness) and longitudinally in the subendocardial layer 
(approximately 75% of wall thickness) [21]. Moreover, the 
orientation of RV apical myofibers is oblique at the sub-
endocardium as compared to the basal region that pre-
serves a more longitudinal orientation [32]. This could 

Table 4  Multivariate association of AR with both ventricular strains in all patients with T2DM adjusted for age, sex, BMI, heart rate, 
triglyceride, cholesterol, HDL, LDL, FPG, HbA1c and years with diabetes
Module GRS GCS GLS

Coefficient (95%CI) R2 Coefficient (95%CI) R2 Coefficient (95%CI) R2

Module 1
AR −0.385 ( −13.937 to −7.558)* 0.207 0.430 (4.203 to 7.112) * 0.258 0.348 (2.497 to 4.95) * 0.199

Module 2
AR - 0.029 0.149 (0.292 to 3.130) * 0.071 0.220 (1.196 to 4.009) * 0.138

Module 3
AR - 0.049 - 0.117 0.146 (0.252 to 3.189) * 0.174
LV strain - LV GCS: 0.249 (0.103 to 0.332) * LV GLS: 0.214 (0.102 to 0.372) *

Abbreviation of AR, T2DM, BMI, HDL, LDL and FPG are shown in Table 1; GRS, GCS and GLS are shown in Table 2

Module 1: Association of AR with LV strains

Module 2: Association of AR with RV strains

Module 3: Association of AR and LV strains with RV strains

* p < 0.05, values are standardized estimate coefficients (B) and 95% confident interval (CI)

Variables with p < 0.1 were included in the multivariable regression analyses

Additional fle 2 Correlation between MRI-derived RV parameters and LV and IVS function parameters in patients with T2DM
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explain why only longitudinal strain damage in the api-
cal and mid cavity occurred in the T2DM groups without 
AR and mild AR. The role of the RV apex may be main-
taining a smooth and continuous blood flow rather than 
contributing to ejection because of a smooth curved path 
from the inflow to the outflow along the septum circum-
venting the RV apex [32, 33]. Another study revealed that 
the RV GCS plays an important role in maintaining nor-
mal RVEF when RV GLS was reduced [34]. In patients 
with T2DM who did not present with AR and those with 
mild AR, the longitudinal RV strain in the apex and mid 
segment decreased. However, the RVEF was maintained 
due to the compensation of the circumferential RV strain. 
As AR progressed to moderate or severe degree, these 
patients had a remarkable reduction in regional RV cir-
cumferential strain and the RVEF came to decreased. 
Thus, the regional RV strain should be evaluated to 
understand the progression of AR and provide timely 
interventions before the regional circumferential strain 
decreases in patients with T2DM.

Ventricular interdependence in patients with T2DM
Ventricular interdependence has been considered as an 
RV function associated with LV function via a common 
IVS and myocardial fibers and limited pericardial flex-
ibility [35, 36]. The left ventricle is an important con-
tributor to RV ejection, and LV contraction generates 
20–40% of both RV SV and pulmonary flow [20]. Sev-
eral animal and human studies have shown that changes 
in IVS function can be a sign of RV dysfunction. There-
fore, RV dysfunction can primarily be a consequence of 
subclinical LV dysfunction [35, 37]. The current study 
found that the RV global strains were closely associated 
with LV and IVS global strains in all patients with T2DM. 
Further, the decreased RV GLS was associated with the 
superimposed impairment of LV GLS by the coexisting 
AR. The RV function is impaired under the influence 
of LV filling and contraction and IVS displacement and 
hypofunction caused by T2DM and AR [38]. It means the 
RV longitudinal and circumferential strain are indispens-
able parameters to reflect deterioration of LV systolic and 
diastolic function. Studies also found that patients with 
HF with concomitant ventricular interdependence expe-
rience worse cardiovascular outcomes [39]. Therefore, 
early intervention for LV and IVS dysfunction would be 
important for minimizing the detrimental impact on 
the right ventricle resulting from adverse ventricular 
interdependence.

Limitations
The current study had several limitations. First, although 
the sample size was adequate to support our conclusion, 
this was a single-center study. Therefore, a larger or mul-
ticenter study should be conducted in the future. Second, 

long-term follow-up data were unavailable. Therefore, 
further research must be performed to investigate the 
prognostic value of RV strain parameters in cardio-
vascular events. However, these studies could provide 
important information for preventing and improving 
RV dysfunction. Third, the current CMR data is insuffi-
cient to assess the severity of AR, which will be further 
improved in prospective studies. Finally, our study did 
not perform animal experiments, and future studies 
must assess the relevant pathological mechanisms of RV 
dysfunction.

Conclusions
AR can exacerbate RV dysfunction in patients with 
T2DM, which may be associated with the superimposed 
strain injury of the left ventricle and interventricu-
lar septum. Both RV longitudinal and circumferential 
strains are indispensable indicators of LV dysfunction in 
T2DM patients with AR.The unfavorable LV-RV inter-
dependence supports that while focusing on improving 
LV function, RV dysfunction should be monitored and 
treated in order to slow the progression of the disease 
and the onset of adverse outcomes.
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