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Background: Although it is known that mitral regurgitation (MR) in patients with myocardial infarction 
(MI) may increase the right ventricular (RV) afterload, leading to RV dysfunction, the exact detrimental 
effects on RV function and myocardial peak strain remain unresolved. In this study, we assessed the impact 
of MR on the impairment of RV myocardial deformation in patients with MI and explored the independent 
influential factors of RV peak strain.
Methods: A total of 199 MI participants without or with MR were retrospectively assessed in this study. 
The cardiovascular magnetic resonance examination protocol included a late gadolinium-enhanced (LGE) 
imaging technique and a cine-balanced steady-state free precession sequence. Statistical tests, including two 
independent sample t-test or Mann-Whitney U-test, analysis of variance, Kruskal-Wallis test, and multiple 
linear regression analysis models were performed. 
Results: The MI (MR+) group exhibited significantly lower RV strain parameters in the radial, 
circumferential and longitudinal directions when compared to the control and the MI (MR−) groups (both 
P<0.05). The RV global longitudinal peak strain (GLPS) in the MI group significantly decreased when 
compared with that in the control group (P<0.05). As moderate-severe MR worsened in patients with MI, 
RV myocardial global peak strain and the peak systolic strain rate (PSSR) gradually decreased. Multiple 
linear regression analysis revealed that left ventricular (LV) GLPS, triglycerides, and age were independently 
correlated with RV GLPS (all P<0.05). RV end-systolic volume (RVESV) acted as an independent association 
factor for RV global peak strain.
Conclusions: MR may exacerbate the impairment of RV peak strain and functions in patients with MI. 
LV GLPS was positively correlated with RV GLPS. However, RVESV, triglycerides, and age acted as 
independent risk factors associated with worsening RV GLPS.
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Introduction

Over the past few decades, the prognosis and prompt 
clinical treatment of myocardial infarction (MI) have 
rapidly improved. However, the development of mitral 
regurgitation (MR) in patients with MI poses an increased 
risk of adverse cardiovascular events, including congestive 
heart failure (HF) and long-term mortality (1). Initially, 
the right ventricular (RV) function remains intact in 
patients with MI and MR. However, with the failure of left 
ventricular (LV) functions, the likelihood of pulmonary 
hypertension increases, resulting in an elevated RV 
afterload, which ultimately leads to RV remodeling and 
dysfunction. The RV function has been identified as a 
significant predictor of HF development and mortality in 
patients with MI following LV insufficiency (2). RV systolic 
dysfunction is associated with serious complications in 
the short-term period aftermath of MI (3). Furthermore, 
RV dysfunction plays a crucial role in the development of 
multi-system organ failure and mortality associated with 
HF (4). Currently, the RV strain parameters, as assessed 
using cardiac magnetic resonance feature tracking (CMR-
FT) technology are widely utilized for evaluating various 
cardiac diseases, such as pulmonary hypertension, different 
cardiomyopathies, and connective tissue diseases (5,6). 
However, there is a scarcity of studies investigating RV 
strain in patients with MI by using CMR-FT (7). Magnetic 
resonance imaging provides a more precise evaluation of 
MR severity than echocardiography (8). Therefore, we 
aimed to evaluate global RV deformation and function in 
patients with MI and MR by using CMR-FT. In addition, 
we explored the significant risk factors contributing to RV 
global strain and biventricular interaction effect in patients 
with MI and MR. We present this article in accordance with 
the STROBE reporting checklist (available at https://qims.
amegroups.com/article/view/10.21037/qims-23-1360/rc).

Methods

Study population

T h e  s t u d y  w a s  c o n d u c t e d  i n  a c c o r d a n c e  w i t h 
the Declaration of Helsinki (as revised in 2013). 
Ethical approval for this clinical study was obtained from 

the Biomedical Research Ethics Committee of the West 
China Hospital of Sichuan University (No. 2019-756). 
The requirement for informed consent from patients was 
waived due to the retrospective nature of this study. A total 
of 623 continuous adult participants diagnosed with MI 
from January 2010 to September 2022 were retrospectively 
recruited. The inclusion criteria were the universal 
definition diagnostic criteria for MI (9-11). The exclusion 
criteria included the presence of other valvular heart 
diseases and cardiomyopathy of other causes, arrhythmia, 
renal function insufficiency (glomerular filtration rate  
<30 mL/min/1.73 m2), contraindications for cardiac 
magnetic resonance (CMR), poor image quality for analysis, 
a history of lung disease, and presence of RV MI. We 
employed CMR to diagnose regurgitation of each valve in 
patients with MI. In our study, MI was more often noted 
in patients with multiple valve regurgitation, such as MR, 
tricuspid regurgitation, and aortic regurgitation. Ultimately, 
only 85 patients with MI and MR were included in the 
study. A total of 199 age- and sex-matched patients with 
MI [MI with MR (MR+) vs. MI without MR (MR−): 85 
(71 males) vs. 114 (91 males)] were found to be eligible 
for this study. Another 89 normal participants (64 males 
and 25 females) without a history of cardiovascular and 
other diseases, abnormal results on electrocardiography, 
and individuals who had undergone CMR imaging were 
selected for the control group by using the picture archiving 
and communication system (PACS). The baseline clinical 
characteristics of all participants were collected. The 
laboratory data of patients were acquired at nearly the 
CMR scanning time, which was approximately 1–2 weeks. 
Diabetes mellitus was defined as the fasting plasma glucose 
level of ≥7.0 mmol/L with at least an 8-h fasting or post-
load glucose level of ≥11.1 mmol/L. Hypertension was 
defined as diastolic blood pressure (DBP) ≥90 mmHg 
and/or systolic blood pressure (SBP) ≥140 mmHg for 
≥3 times, not on the same day or including patients with 
antihypertensive medications. Patients with a drinking 
history were defined as those who consumed alcohol.

CMR-scanning protocols

All patients underwent CMR scanning using a 3.0 T 
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Figure 1 Schematic representation of the cardiac volume and function analyses of LV and RV. (A1,A2) The end-diastolic cine images; (B1,B2) 
the end-systolic cine images. The red line outlines the endocardium of LV. The green line outlines the epicardium of LV. The purple lines 
outlines papillary muscles. The yellow line outlines the endocardium of RV. The blue line outlines the epicardium of RV. (C1,C2) Shows the 
left and right ventricular three-dimensional volume model (C1, end-diastole; C2, end-systole). LV, left ventricle; RV, right ventricle. 

whole-body scanner in the supine position (Trio Tim, 
Siemens Medical Solutions, Erlangen, Germany; Skyra, 
Siemens Medical Solutions) with a 32-channel phased-
array body coil. Cine images were acquired under end-
expiratory breath-holding using the steady-state free 
precession sequence technique, including 2-, 3-, and 
4-chamber long-axis cine series of the LV, 2-chamber 
short-axis cine series of the LV, as well as 4-chamber 
long-axis cine series, and a 2-chamber short-axis cine 
series of the RV. Imaging parameters  included a viewing 
area of 240×300 mm2/288×360 mm2, matrix size of 
192×162/208×139, repetition time/echo time of 2.6– 
2.8 msec/1.22–1.23 msec, and flip angle of 42°/50°. 

Late gadolinium-enhanced (LGE) images were obtained 
using the phase-sensitive  inversion  recovery (PSIR) 
sequence technique (field of view 240×300 mm2/288 × 
360 mm2; repetition time/echo time of 750 msec/1.18 msec; 
512 msec/1.24 msec; flip angle 20°/40°) after an intravenous 

administration at 2.5–3.0 mL/s, with a dose of 0.2 mL/kg 
gadolinium-based contrast agent. 

Image and data analysis

All CMR images were analyzed using the semi-automated 
CVI-42 version software (Circle Cardiovascular Imaging, 
Inc., Calgary, Canada) by two experienced radiologists. 
The software was employed to manually delineate the 
endocardial and epicardial traces of RV and LV at end-
diastole and end-systole phases in all LV short-axis 
2-chamber cine images and 4-chamber long-axis cine 
images (Figure 1). Automated calculations were then 
performed to acquire the LV and RV global peak strains 
(GPS), peak diastolic strain rate (PDSR), and peak 
systolic strain rate (PSSR) in radial, circumferential, and 
longitudinal directions. GPS includes global radial peak 
strain (GRPS), global circumferential peak strain (GCPS), 

https://qims.amegroups.org/article/view/116077/html#figure2
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Figure 2 CMR-FT measured the global peak strain of RV in a normal subject. (A,B) Show the trace of the right ventricular endo-and 
epicardium. The yellow line outlines the endocardium of RV. The blue line outlines the epicardium of RV. (C) Shows the pseudocolor image 
of the right ventricular radial myocardial strain. (D) Shows the GPS of a normal subject: GRPS =32.1%; (E) GCPS =−14.8%; (F) GLPS 
=−22.0%. CMR-FT, cardiac magnetic resonance feature tracking; RV, right ventricle; GPS, global peak strain; GRPS, global radial peak 
strain; GCPS, global circumferential peak strain; GLPS, global longitudinal peak strain. 

and global longitudinal peak strain (GLPS). The RV strains 
were delineated on the 2-chamber short-axis and 4-chamber 
long-axis cine images (Figure 2). 

The LV strains were delineated on the 2-chamber short 
axis and 2- and 4-chamber long-axis cine images. Various 
cardiac function parameters were obtained, including the 
stroke volume of the RV (RVSV) and LV (LVSV), mass 
of the LV (LV mass) and RV (RV mass), ejection fraction 
of the LV (LVEF) and RV (RVEF), end-diastolic volume 
of the LV (LVEDV) and RV (RVEDV), and end-systolic 
volume of the LV (LVESV) and RV (RVESV). The RV cine 
sequence comprised 8–12 adjacent short-axis images parallel 
to the plane of the atrioventricular valve. The entire length 
of the RV was covered in these images, with the contour of 
the pulmonary valve visible, but not extending beyond the 
level from the tricuspid annulus to the right apex tracking 
point. We then carefully excluded the RV papillary muscles 
and accommodative tracts, and RV trabeculae were ignored.

Diagnosis of MR was facilitated by observing black 
retrograde blood flow from the LV to left atrium (LA) 

during the LV systole phase on cine images (2-chamber, 
4-chamber long-axis, and short-axis views) (12). Without 
any other valvular regurgitation or shunt, the MR fraction 
(MRF) was calculated using the formula: MRF = (LVSV 
− RVSV)/LVSV × 100%. Based on the MRF results, we 
defined a mild group (28 cases, MRF <30%), a moderate 
group (37 cases, 30%≤ MRF <50%), and a severe group  
(20 cases, MRF ≥50%) (13,14). 

To analyze the MI size of LV, the MI regions were 
categorized into anterior, inferior, and lateral walls based 
on the bull’s eye plot of short-axis images (15). MI diagnosis 
was confirmed according to the presence of signal intensity 
exceeding five standard deviations (SD) above the normal 
myocardium on a short-axis image acquired by using the 
LGE sequence (16). 

Statistical analyses

Statistical analyses for this study were conducted using 
SPSS software version 26.0 (IBM Corporation, Armonk, 

https://qims.amegroups.org/article/view/116077/html#figure2
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NY, USA), and the graphs were generated by using the 
GraphPad Prism version 9 for Windows (GraphPad 
Software Inc., San Diego, CA, USA). 

Categorical data were presented as numbers and 
percentages, with comparisons made using Pearson’s Chi-
squared test. Normally distributed data were expressed as 
mean ± SD, and comparisons were conducted using either 
two independent sample t-test or Bonferroni’s post-hoc test 
after analysis of variance.

For data with skewed distributions, the Mann-Whitney 
nonparametric or Kruskal-Wallis tests were employed, and 
expressed as median (25–75% interquartile range). Pearson’s 
or Spearman’s correlation analysis was utilized to investigate 
factors associated with RV myocardial strain. Multiple linear 
regression analyses were employed to identify independent 
factors associated with RV strain in the MI (MR+) group 
and assess the biventricular interaction. 

Results

Baseline characteristics of participants

In patients with MI, body mass index (BMI) was significantly 
higher than in controls (P<0.05). Significant differences in 
SBP (126.88±18.38 mmHg) and resting heart rate [78.50 
(67.00, 92.00) bpm] were observed in patients with MI 
(MR−) relative to those with the controls. No statistically 
significant differences were noted between the MI group 
and controls for sex and age (P>0.05). The implementation 
of primary percutaneous coronary intervention (PCI) in the 
MI (MR−) group exhibited a significantly higher level than 
the MI (MR+) group (P<0.05). Laboratory tests revealed 
that troponin in patients with MI (MR+) was significantly 
lower than in patients with MI (MR−) (P<0.05). Patients 
with MI and MR exhibited a significantly higher incidence 
of diabetes mellitus [30 cases (35.3%) vs. 17 cases (14.9%)] 
than patients with MI without MR (P<0.05) (Table 1).

Analyses of RV and LV function parameters 

Patients with MI (MR+) exhibited significantly higher 
RVESV [54.58 (38.09, 64.48) Ml] and RV mass [24.46 
(19.47, 28.45) g] than normal participants and patients 
with MI (MR−), whereas RVEDV was similar to that of 
controls. RVEF [48.60 (40.53, 56.28)%] and RVSV (51.65± 
18.19 mL) in patients with MI (MR+) were significantly 
reduced compared to that in patients with MI (MR−) and 

in controls (all P<0.05). Patients with MI (MR+) showed 
significantly higher LVEDV [212.89 (165.62, 264.17) mL], 
LVESV [129.50 (86.51, 188.67) mL], LV mass [114.71 (95.76, 
133.07) g], and lower LVEF (38.46%±13.57%) than patients 
with MI (MR−) and controls (Table 2). The lateral region and 
the infarct size of MI in patients with MR were higher than 
that in patients without regurgitation (all P<0.05, Table 2).

RV and LV peak strain differences between the groups

I n  p a t i e n t s  w i t h  M I  ( M R + ) ,  RV  G P S  ( r a d i a l , 
16.25%±7.74%; c ircumferent ia l ,  −9 .69%±4.33% 
longitudinal, −14.57%±5.16%), PSSR [radial, 0.93±0.43 s−1;  
circumferential, −0.59±0.33 s−1; longitudinal, −1.02 (−1.42, 
−0.81) s−1], and PDSR [radial, −0.78 (−1.07, −0.52) s−1;  
longitudinal, 0.98 (0.72, 1.43) s−1] were significantly reduced 
when compared with that in the MI (MR−) group (all 
P<0.05). RV GPS (radial, 19.64%±8.85%; longitudinal, 
−16.59%±5.58%) of the MI (MR−) group significantly 
decreased when compared with that in the normal group 
(all P<0.05). In the MI (MR−) group, RV PSSR [−1.30 
(−1.62, −0.99) s−1] and PDSR [1.17 (0.88, 1.53)] s−1 increased 
compensatory in the longitudinal direction when compared 
to the controls (all P<0.05). LV GPS in three directions 
(i.e., radial, circumferential, and longitudinal) of the MI 
(MR+) group were all significantly lower than those in the 
control and MI (MR−) groups (all P<0.05, Table 3). Figure 3 
indicates the measurement of RV GPS and the peak strain 
rate parameters in patients with MI with or without MR.

RV strain changes in patients with MI with different 
degrees of MR

Among patients with MI and MR, 33.0% exhibited mild 
MR (28 cases), 43.5% exhibited moderate MR (37 cases), 
and 23.5% exhibited severe MR (20 cases). The global 
PSSR (radial: 0.94±0.42 s−1; circumferential: −0.59±0.35 s−1)  
and PDSR [longitudinal: 0.88 (0.73, 1.48) s−1] of patients 
with MI and moderate MR was significantly reduced 
when compared with those in patients with MI without 
MR. The GPS (radial: 12.36%±7.71%; longitudinal: 
−11.65%±3.50%) and PSSR [radial: 0.66 (0.31, 0.88)  
s−1 and circumferential: −0.47±0.28 s−1] of the MI (MR+, 
severe) group were significantly reduced when compared 
with those in the MI (MR+, mild) and MI (MR−) groups 
(Table 4).

https://qims.amegroups.org/article/view/116077/html#figure2
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Table 1 Clinical baseline characteristics of the normal control group and MI patients with/without MR groups

Characteristics
Normal control subjects 

(n=89)

MI

MR− (n=114) MR+ (n=85)

BMI, kg/m2 22.29 (20.35, 24.65) 24.83±3.43* 25.26 (22.49, 26.06)*

SBP, mmHg 119.96±9.47 126.88±18.38* 117.26±19.89Δ

Male 64 (71.9) 91 (79.8) 71 (83.5)

Age, years 53.68±10.57 55.79±13.17 54.75±13.12

Rest heart rate, bpm 72.54±11.08 78.50 (67.00, 92.00)* 76.00 (67.00, 87.00) 

Time from infarct to CMR, days – 6.66 (3.25, 34.50) 12.41 (3.45, 54.41)

Infarct size, LV hyperenhancement % – 24.63 (14.27, 35.04) 35.70 (23.24, 48.45)*

Pain to balloon time, hours – 8.0 (5.0, 72.0) 18.0 (5.0, 108.0)

Primary PCI 93 (81.6) 59 (69.4)Δ

Fasting plasma glucose, mmol/L – 6.02 (5.23, 7.14) 6.20 (5.46, 8.68)

Total cholesterol, mmol/L – 4.20±1.01 3.80 (3.14, 4.58)

Triglycerides, mmol/L – 1.53 (1.07, 2.26) 1.41 (0.99, 2.17)

Troponin, ng/L – 930.00 (54.75, 2,876.00) 85.90 (18.05, 1,832.00)Δ

Risk factors

Diabetes mellitus – 17 (14.9) 30 (35.3)Δ

Smoking – 72 (63.2) 61 (71.8) 

Hypertension – 58 (50.9) 40 (47.1)

Drinking – 46 (40.4) 25 (29.4) 

Medications drugs

Aspirin/clopidogrel – 103 (90.4) 76 (89.4)

Statins – 101 (88.6) 73 (85.9)

Beta-blocker – 78 (68.4) 54 (63.5)

ACEI/ARB – 53 (46.5) 47 (55.3)

Biguanides – 9 (7.9) 15 (17.6)Δ

Data are presented as mean ± standard deviation, or the median (25th, 75th percentile), or number (percentage). *, MI patients vs. 
controls (P<0.05); Δ, MI (MR+) group vs. MI (MR−) group (P<0.05). MI, myocardial infarction; MR, mitral regurgitation; MR−, without mitral 
regurgitation; MR+, with mitral regurgitation; BMI, body mass index; SBP, systolic blood pressure; CMR, cardiac magnetic resonance; LV, 
left ventricle; PCI, percutaneous coronary intervention; ACEI/ARB, angiotensin-converting enzyme inhibitor/angiotensin II receptor blocker.

Factors influencing RV GPS in patients with MI and MR

Negative correlations were observed among the MRF 
and RV GRPS (r=−0.334, P=0.002), GCPS (r=−0.281, 
P=0.010), and GLPS (r=−0.283, P=0.009) in patients with 
MI and MR. In addition, in patients with MI and MR, 
negative correlations were observed between the MI size 
and RV GPS (GRPS: r=−0.291, P=0.007; GCPS: r=−0.257, 

P=0.018), but there was no significant correlation with 
GLPS (r=−0.072, P=0.515). Moreover, in patients with 
MI and MR, LV GPS (i.e., radial, circumferential, and 
longitudinal) and LVEF were negatively correlated with RV 
GPS (i.e., radial, circumferential, and longitudinal) (Table 5). 

Multivariate linear regression analyses, adjusted for sex, 
resting heart rate, BMI, age, SBP, and included clinical 
baseline data between different MI groups (all P<0.1), as 
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Table 2 Comparison of the function parameters of the left and right ventricle and infarct distribution regions of LV between myocardial 
infarction patients with/without mitral regurgitation and the control groups

Parameters Normal controls (n=89)
MI

MR− (n=114) MR+ (n=85)

RV function

RVEDV, mL 119.21±32.89 107.56±29.23 112.36±31.57

RVESV, mL 52.23±18.76 48.72±17.94 54.58 (38.09, 64.48)*Δ

RVSV, mL 66.98±17.01 58.84±19.35* 51.65±18.19*Δ

RVEF (%) 56.68±5.63 54.75±10.81 48.60 (40.53, 56.28)*Δ

RV mass, g 20.28 (16.51, 24.33) 20.16 (16.46, 24.58) 24.46 (19.47, 28.45)*Δ

LV function

LVEDV, mL 123.03±25.91 162.92±41.30* 212.89 (165.62, 264.17)*Δ

LVESV, mL 42.70 (36.17, 52.68) 86.67±36.15* 129.50 (86.51, 188.67)*Δ

LVSV, mL 77.78±17.37 76.24±19.74 78.97±18.92

LVEF, % 63.00±6.26 50.44 (40.37, 55.50)* 38.46±13.57*Δ

LV mass, g 74.93±18.89 105.89±26.12* 114.71 (95.76, 133.07)*Δ

Infarct distribution regions of LV

Anterior region – 75 (65.8) 53 (62.4)

Lateral region – 32 (28.1) 49 (57.6)*

Inferior region – 52 (45.6) 42 (49.4)

Infarct size, LV hyperenhancement % – 24.63 (14.27, 35.04) 35.70 (23.24, 48.45)*

Data are presented as mean ± standard deviation, or the median (25th, 75th percentile), or number (percentage). A patient has a single, 
two or three-walled myocardial infarction. *, P<0.05, the MI group was compared with the normal control group; Δ, P<0.05, MI (MR+) 
patients were compared with MI (MR−) patients. LV, left ventricle; MI, myocardial infarction; MR−, without mitral regurgitation; MR+, with 
mitral regurgitation; RV, right ventricle; EDV/ESV, end-diastolic/end-systolic volume; SV/EF, stroke volume/ejection fraction. 

well as time from infarct to CMR, MI location, coronary 
artery stent, and risk factors of patients with MI, indicating 
that LV GLPS was an independent indicator of RV GLPS 
(β=0.224, P=0.029) in patients with MI and MR. RVESV was 
an independent indicator of RV GPS (radial, circumferential, 
and longitudinal, all P<0.05) (Table 6).  Age and triglycerides 
acted as independent indicators of RV GLPS (all P<0.05). 
Figure 4  displays a scatter plot demonstrating the 
relationship between LV GPS and RV GPS.

Discussion

In this study, we scrutinized the effects of MR on cardiac 
structure, function, and RV strain in patients with MI. 
Our key findings were as follows: (I) the MI (MR−) 
group exhibited diminished RV stroke volume, radial, 

and longitudinal peak strain before circumferential peak 
strain changes. Longitudinal PSSR and PDSR indicated 
compensatory increases. (II) In patients with MI (MR+), 
RV myocardial strain parameters, including radial and 
circumferential and longitudinal GPS, PDSR (except 
for circumferential PDSR), and PSSR were further 
compromised, accompanied by a significant decrease in 
RVEF. (III) Relative to patients with MI (MR−), RV PSSR 
was significantly impaired in patients with MI (MR+, 
moderate). RV GPS and PSSR in patients with MI (MR+, 
severe) were further reduced when compared to MI (MR−) 
and MI (MR+, mild) groups, exacerbating systolic function 
damage. (IV) LV GLPS was independently correlated 
with RV GLPS in patients with MI and MR. RVESV was 
an independent factor associated with RV GPS. Age and 
triglycerides were independent indicators of RV GLPS.

https://www.annemergmed.com/article/S0196-0644(23)00217-2/fulltext#gr1
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Table 3 Comparison of the strain parameters of LV and RV between MI patients with/without MR and control groups

Parameters Normal controls (n=89)
MI

MR− (n=114) MR+ (n=85)

RV PS, %

Radial 24.92±9.59 19.64±8.85* 16.25±7.74*Δ

Circumferential −12.23±3.59 −11.41±4.27 −9.69±4.33*Δ

Longitudinal −19.24±5.27 −16.59±5.58* −14.57±5.16*Δ

RV PSSR, s−1

Radial 1.25 (0.93, 1.70) 1.10 (0.87, 1.55) 0.93±0.43*Δ

Circumferential −0.69 (−0.95, −0.53) −0.76 (−0.95, −0.62) −0.59±0.33*Δ

Longitudinal −1.00 (−1.25, −0.77) −1.30 (−1.62, −0.99)* −1.02 (−1.42, −0.81)Δ

RV PDSR, s−1

Radial −1.27 (−1.63, −1.03) −0.87 (−1.21, −0.65)* −0.78 (−1.07, −0.52)*Δ

Circumferential 0.69 (0.57, 0.82) 0.59 (0.44, 0.69)* 0.54±0.31*

Longitudinal 1.02 (0.86, 1.27) 1.17 (0.88, 1.53)* 0.98 (0.72, 1.43)Δ

LV PS, %

Radial 37.23±8.56 21.68±8.61* 16.75±7.94*Δ

Circumferential −20.33±2.74 −13.96±5.00* −11.39±4.65*Δ

Longitudinal −14.56±2.89 −9.13±4.39* −7.56±3.42*Δ

Data are presented as mean ± standard deviation, or the median (25th, 75th percentile). *, P<0.05, the MI group was compared with 
the normal control group; Δ, P<0.05, the MI (MR+) group compared with the MI (MR−) group. LV, left ventricle; RV, right ventricle; MI, 
myocardial infarction; MR, mitral regurgitation; MR−, without mitral regurgitation; MR+, with mitral regurgitation; PS, peak strain; PSSR, 
peak systolic strain rate; PDSR, peak diastolic strain rate.

Research status of RV myocardial strain

The intricate anatomy and asymmetric morphology of 
the RV make evaluating RV function and biomechanical 
changes challenging. MR feature tracking enables 
reproducible assessment of myocardial strain of RV 
cardiomyopathy (17). RV GLPS is a robust predictor of RV 
dysfunction with good reproducibility (18). RV longitudinal 
strain holds significant clinical value across various diseases, 
including cardiomyopathies, congenital heart diseases, 
coronary artery disease, and connective tissue diseases (6). 
As HF progresses, both longitudinal and circumferential 
myocardial global strain decline (19). A cutoff value of 
−20% for RV GLPS demonstrates 70% sensitivity and 79% 
specificity in identifying RV dysfunction (18). CMR imaging 
is the reference standard for non-invasive assessment of 
RV functions (20). Myocardial deformation analysis offers 
biomechanical insights into myocardial scarring, with CMR 

imaging increasingly serving as a tool to assess the RV 
structure and function.

Characteristics of RV myocardial strain in patients with MI

RV cell apoptosis markedly increased despite that the RV 
wall was not ischemic in patients with cardiac remodeling 
after acute MI (21). In MI with anterior ST-segment 
elevation, RV dysfunction serves as an independent 
predictor of recurrent MI, cardiogenic shock, long-term 
hospitalization, and mortality (22). 

Antoni et al. reported that RV myocardial strain reduction 
is a robust independent predictor of clinical adverse events 
in patients with MI (23). Our study on the risk factors 
revealed a higher incidence of diabetes mellitus in patients 
with MI (MR+), suggesting potential exacerbation of the 
condition in patients with MI. In addition, our study found 
that the RV stroke volume in patients with MI (MR−) was 
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Figure 3 Measurement of RV GPS and the peak strain rate parameters in MI patients. (A1–A3) A MI (MR−) patient, (A1) GRPS =21.3%; 
(A2) GCPS =−12.0%; (A3) GLPS =−19.3%; (a1–a3) (a1) radial PSSR =1.4 s−1, radial PDSR =−1.0 s−1; (a2) circumferential PSSR =−0.8 s−1,  
circumferential PDSR =0.6 s−1; (a3) longitudinal PSSR =−1.1 s−1, longitudinal PDSR =1.1 s−1. (B1–B3) A MI (MR+) patient, (B1) GRPS 
=15.5%; (B2) GCPS =−8.4%; (B3) GLPS =−13.6%; (b1–b3) (b1) radial PSSR =0.80 s−1, radial PDSR =−0.80 s−1; (b2) circumferential PSSR 
=−0.37 s−1, circumferential PDSR =0.45 s−1; (b3) longitudinal PSSR =−1.00 s−1, longitudinal PDSR =0.50 s−1. RV, right ventricle; GPS, global 
peak strain; MI, myocardial infarction; MR−, without mitral regurgitation; GRPS, global radial peak strain; GCPS, global circumferential 
peak strain; GLPS, global longitudinal peak strain; PSSR, peak systolic strain rate; PDSR, peak diastolic strain rate. 

lower than that in the control participants. On comparing 
the MI (MR−) group with the normal group, the GLPS 
and GRPS of the RV significantly decreased; however, 
the longitudinal peak strain rate of the RV significantly 
increased during the diastolic and systolic phases. Due to 
the RV volume and surface area considerations, a smaller 
inward movement of the RV was often required to achieve 

the same stroke volume. The decrease in the stroke volume 
may be attributed to the impaired radial strain of the RV. 
The deep muscle fibers of the RV were primarily arranged 
longitudinally from the base to the apex, which is potentially 
linked with a compensatory increase in the longitudinal 
strain rate during diastole and systole when the GLPS was 
impaired.
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Table 4 Comparison of the strain parameters between RV and infarct distribution regions of LV in MI patients with different degrees of MR

Indexes
MI (MR−)  
(n=114)

MI (MR+, mild)  
(n=28)

MI (MR+, moderate)  
(n=37)

MI (MR+, severe)  
(n=20)

RV PS, %

Radial 19.64±8.85 17.87±7.92 16.68 (10.32, 23.14) 12.36±7.71*Δ

Circumferential −11.41±4.27 −10.24±4.16 −10.35±4.28 −7.73±4.31*

Longitudinal −16.59±5.58 −16.28±5.52 −14.84±5.08 −11.65±3.50*Δ

RV PSSR, s−1

Radial 1.10 (0.87, 1.55) 1.05±0.39 0.94±0.42* 0.66 (0.31, 0.88)*Δ

Circumferential −0.76 (−0.95, −0.62) −0.72 (−0.88, −0.63) −0.59±0.35* −0.47±0.28*Δ

Longitudinal −1.30 (−1.62, −0.99) −1.04 (−1.45, −0.83) −1.12 (−1.45, −0.84) −0.97±0.40*

RV PDSR, s−1

Radial −0.87 (−1.21, −0.65) −0.82 (−0.99, −0.65) −0.72 (−1.13, 0.44) −0.77±0.39

Circumferential 0.59 (0.44, 0.69) 0.58 (0.45, 0.71) 0.53±0.32 0.48±0.29

Longitudinal 1.17 (0.88,1.53) 1.05 (0.74, 1.43) 0.88 (0.73, 1.48)* 0.98±0.35*

Infarct distribution regions of LV

Anterior region 75 (65.8) 15 (53.6) 25 (67.6) 13 (65.0)

Lateral region 32 (28.1) 13 (46.4) 24 (64.9)* 12 (60.0)*

Inferior region 52 (45.6) 13 (46.4) 15 (40.5) 14 (70.0)

Infarct size, LV hyperenhancement % 24.63 (14.27, 35.04) 29.63 (21.02, 47.53)* 36.03 (24.61, 46.86)* 38.74 (23.85, 53.87)*

Data are presented as mean ± standard deviation, or the median (25th, 75th percentile), or number (percentage). *, P<0.05, MI (MR+, mild/
moderate/severe) vs. MI (MR−) group; Δ, P<0.05, MI (MR+, moderate/severe) group vs. MI (MR+, mild) group. RV, right ventricle; LV, left 
ventricle; MI, myocardial infarction; MR, mitral regurgitation; MR−, without mitral regurgitation; MR+, with mitral regurgitation; PS, peak 
strain; PSSR, peak systolic strain rate; PDSR, peak diastolic strain rate. 

Table 5 Univariate analysis of the correlation between RV peak strain and LV ejection fraction, peak strain, and MR

Indexes
RV GRPS RV GCPS RV GLPS

r P r P r P

LVEF 0.287 0.008 0.290 0.007 0.284 0.009

LV GRPS 0.314 0.004 0.307 0.004 0.301 0.005

LV GCPS 0.367 0.001 0.347 0.001 0.338 0.002

LV GLPS 0.219 0.044 0.223 0.041 0.347 0.001

Infarct size, LV hyperenhancement % −0.291 0.007 −0.257 0.018 −0.072 0.515

MRF, % −0.334 0.002 −0.281 0.010 −0.283 0.009

RV, right ventricle; LV, left ventricle; MR, mitral regurgitation; GRPS, global radial peak strain; GCPS, global circumferential peak strain; 
GLPS, global longitudinal peak strain; LVEF, left ventricle ejection fraction; MRF, mitral regurgitation fraction.
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Table 6 Multivariable analysis for the influencing factors of RV GPS and biventricular interaction in patients with MI and MR

Indexes*
RV GRPS (R2=0.428) RV GCPS (R2=0.425) RV GLPS (R2=0.246)

β P β P β P

Age 0.009 NS 0.038 NS −0.269 0.013

Triglycerides, mmol/L 0.024 NS −0.039 NS −0.306 0.002

LVEF 0.033 NS 0.030 NS −0.006 NS

MRF, % −0.068 NS 0.011 NS −0.073 NS

Infarct size, LV hyperenhancement % −0.065 NS −0.028 NS −0.009 NS

Time from infarct to CMR 0.007 NS 0.042 NS −0.074 NS

Inferior region −0.024 NS −0.004 NS 0.031 NS

Coronary artery stent  0.019 NS −0.031 NS 0.047 NS

LV GRPS 0.095 NS 0.085 NS 0.080 NS

LV GCPS −0.074 NS −0.050 NS −0.084 NS

LV GLPS −0.027 NS −0.032 NS 0.224 0.029

RVESV −0.660 <0.001 −0.657 <0.001 −0.356 0.002

Smoking −0.035 NS −0.058 NS 0.179 NS

Hypertension 0.097 NS 0.138 NS −0.076 NS

Diabetes mellitus 0.110 NS 0.113 NS 0.019 NS

Drinking 0.019 NS 0.028 NS −0.103 NS

*, after adjusting for gender, BMI, SBP, and resting heart rate. RV, right ventricle; GPS, global peak strain; MI, myocardial infarction; MR, 
mitral regurgitation; BMI, body mass index; SBP, systolic blood pressure; GRPS, global radial peak strain; GCPS, global circumferential 
peak strain; GLPS, global longitudinal peak strain; β, the regression coefficient; NS, nonsignificant; LVEF, left ventricular ejection fraction; 
MRF, mitral regurgitation fraction; LV, left ventricle; CMR, cardiac magnetic resonance; RVESV, right ventricular end-systolic volume.

Additive damage effects of MR on RV myocardium in 
patients with MI

In our study, when comparing the MI (MR−) group with 
the MI (MR+) group, despite a larger LV MI size in the MI 
(MR+) group, the cardiac troponin levels were significantly 
lower in the MI (MR+) group (all P<0.05). This observation 
may be linked to variations in the timing of CMR 
administration in patients with MI, with levels fluctuating 
and returning to the baseline concentrations within a few 
days.

Previous research indicates that MR not only induces 
LV dysfunction but also contributes to RV pressure and 
volume overload, resulting in RV dysfunction and non-
ischemic fibrosis (4). MR-associated RV dysfunction is 
primarily correlated with adverse LV remodeling, and 
ischemic MR elevates the risk of RV dysfunction (24). 
Changes in pulmonary circulatory resistance caused by LV 
MI can also impact RV function, leading to decreased RV 

contraction. RV myocardial dysfunction in patients with MI 
may be influenced by neurohormonal activation, potentially 
leading to ventricular remodeling (25). RV systolic function 
is a crucial predictor of mortality, and RV PSSR serves as a 
sensitive marker for detecting early RV systolic dysfunction 
in chronic rheumatic patients with MR (26). Lu et al. 
revealed that RV GLPS exhibited the highest association 
with CMR RVEF (18). In our study, the RV myocardial 
GPS was further impaired in the MI (MR+) group when 
compared to that in the MI (MR−) group. In Table 1, 
although no significant difference was noted, the time 
from infarct to CMR of the MI (MR+) group was relatively 
longer than that for the MI (MR−) group, which potentially 
affected the RV myocardial strain parameters. The global 
PSSR of the RV in the MI group with moderate-to-severe 
MR was further decreased when compared with that in 
the MI (MR−) and MI (MR+, mild) groups, leading to 
aggravated damage to the systolic functions of the RV.
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Figure 4 Correlation between RV GPS and LV GPS in patients with MI (MR+). LV, left ventricle; RV, right ventricle; PS, peak strain; GPS, 
global peak strain; MI, myocardial infarction; MR+, with mitral regurgitation.

Independent factors and LV and RV interaction in patients 
with MI and MR 

Previous studies have demonstrated that age and RV global 
longitudinal strain are independent predictive indicators of 
early mortality, and RVESV has been independently associated 
with RV global longitudinal strain (24,27). RV GLPS serves 
as a robust predictive indicator for RV dysfunction (18). 
Anavekar et al. reported that decreased RV systolic function is 
a significant risk factor for death, stroke, and HF in patients 
with MI (28). Our findings thus indicate that RVESV is 
independently correlated with RV GPS and that age is an 
independent indicator of RV GLPS in patients with MI and 
MR. Triglycerides are associated with RV GLPS, which 
implies a detrimental effect of triglycerides and cholesterol 
remnants on the heart and longitudinal functions (29). GLPS 
is regarded as an early indicator of myocardial dysfunction in 
the majority of cardiac and pulmonary artery diseases (30).

CMR-FT can provide a quantitative assessment of 
the early deformation occurring in both the left and 
right myocardium (31,32). RV dysfunction stands as a 
crucial predictive indicator for adverse cardiac events and  
mortality (33). Subclinical systolic dysfunction in the 
RV has been associated with longitudinal myocardial 
dysfunction in the LV (34). The LV plays a pivotal role in 
contributing to RV ejection, with LV contraction generating 
20–40% of RV stroke volume and pulmonary flow in the 
experimental models (35-37). The anatomic basis for LV 
and RV functional systolic and diastolic interdependence 
involves shared muscle fibers through the interventricular 
septum, shared epicardial circumferential myocytes, and 
the pericardial space (36,38). Ventricular interactions 
during systole and diastole are negatively influenced by 
RV regional inhomogeneity and the prolongation of  
contraction (38). Our study findings demonstrated that LV 
GLPS is an independent factor associated with RV GLPS. 
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In addition, the MR(+) group exhibited lower RVSV, 
indicating a biventricular interaction between the LV and 
RV functions. 

Limitations

Although our study provided valuable insights into the 
associated factors of RV myocardial strain in patients with 
MI and MR, it has some limitations. First, being a single-
center, cross-sectional, and retrospective study, inherent 
biases are evident that may influence the outcomes. In 
addition, the lack of follow-up monitoring for clinical 
endpoints, records of adverse cardiovascular events, and 
prognosis and measurement data related to the pulmonary 
artery are some other disadvantages. Future studies with 
extended follow-up and a focus on the clinical endpoints 
and pulmonary artery pressure measurements are necessary 
to further validate the conclusions of this study.

Conclusions

In conclusion, MR may compound damage to RV 
myocardium deformation, resulting in reduced RV strain 
and cardiac functions in patients with MI. LV GLPS, 
RVESV, triglycerides, and age emerged as independent 
factors that influence RV dysfunction in patients with MI 
and MR. The CMR-FT technology can prove valuable 
in monitoring the progression of RV dysfunction and 
myocardial peak strain damage in patients with MI and MR.
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