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Background: This study aimed to explore the value of cardiac magnetic resonance tissue tracking (CMR-
TT) technology in evaluating heart failure with preserved ejection fraction (HFpEF) in patients with chronic 
myocardial infarction (CMI). 
Methods: Between June 2016 and March 2022, we included a consecutive series of 92 patients with CMI 
and 40 healthy controls in this retrospective study. The CMI patients enrolled were divided into different 
subgroups [HFpEF-CMI group (n=54) and non- heart failure (HF)-CMI group (n=38)] according to the 
Heart Failure Association (HFA)-PEFF (step 1: P, pre-test assessment; step 2: E, echocardiography and 
natriuretic peptide score; step 3: F1, functional testing; step 4: F2, final aetiology) diagnostic algorithm. 
CMR scan was performed at the First Hospital of China Medical University. Quantitative measurements of 
myocardial damage, such as myocardial strain parameters of both ventricles derived by CMR-TT and infarct 
size and transmurality by late gadolinium enhancement (LGE), were assessed. One-way analysis of variance, 
independent samples t-test, and rank sum test were used to compare myocardial impairment among groups. 
Pearson or Spearman correlation coefficient was used to measure correlations between left ventricular 
(LV) strains and clinical and functional parameters. Logistic regression analysis and receiver operating 
characteristic (ROC) curve were performed to identify the best parameter for diagnosing HFpEF-CMI. 
Results: HFpEF-CMI patients demonstrated significantly impaired LV strains and strain rates in all 
of the three directions (radial, circumferential and longitudinal) compared to non-HF-CMI patients and 
healthy controls (P<0.001 for all), whereas only global longitudinal strain (GLS) was significantly impaired 
in HFpEF-CMI patients vs. controls for right ventricular strain parameters (P<0.001). LV strains showed 
moderate correlation with N-terminal pro-brain natriuretic peptide (radial, circumferential and longitudinal 
strain, R=−0.401, R=0.408, R=0.407, respectively, P<0.001 for all). LV strains in the three directions (radial, 
circumferential and longitudinal) [area under ROC curve (AUC) =0.707, 95% confidence interval (CI): 
0.603–0.797; AUC =0.708, 95% CI: 0.604–0.798; AUC =0.731, 95% CI: 0.628–0.818; respectively, P<0.01 
for all] were discriminators for HFpEF-CMI and non-HF-CMI. LV strains and myocardial infarction 
volume were independent factors in multi-logistic regression analysis after adjusting for body mass index, 
age, and sex (P<0.05 for all). 
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Introduction

As a heterogeneous clinical syndrome with complex 
pathophysiological characteristics, heart failure (HF) is the 
final stage of multiple cardiovascular diseases. According 
to the most recent international recommendations, HF is 
classified as HF with reduced ejection fraction (HFrEF) [left 
ventricular ejection fraction (LVEF) ≤40%], HF with mid-
range ejection fraction (HFmrEF) (40%< LVEF <50%), 
and HF with preserved ejection fraction (HFpEF) (LVEF 
≥50%) (1). HFpEF has the same adverse outcomes as 
HFrEF and is increasingly recognized as a significant cause 
of higher morbidity, mortality, and rehospitalization in 
patients with HF (2,3). Contrary to the increasing incidence 
of HFpEF, the number of clinical trials focusing on HFpEF 
is obviously less than on HFrEF (4). Established ischemic 
heart disease (IHD) is an important underlying pathogenic 
and prognostic factor in all types of HF (5). HFpEF with 
chronic myocardial infarction (HFpEF-CMI) and non-
HF-CMI may display different clinical, radiological, and 
pathological characteristics, outcomes, and prognoses. 
Diagnostic techniques are needed with accurate quantitative 
results and better indicators for diagnosing HF patients (6).

Cardiac magnetic resonance tissue tracking (CMR-TT) 
is a validated tool that provides incremental information in 
assessing patients with HF (7) and patients with CMI (8).  
Additionally, studies have indicated that CMR often identifies 
new pathology and better establishes specific diagnoses than 
echocardiography in HFpEF patients (6). Therefore, we 
hypothesize that CMR-TT technology could detect the 
subtle difference in cardiac dysfunction between HFpEF-
CMI patients, non-HF-CMI patients, and healthy controls 
and provide more effective imaging parameters for diagnosing 
HFpEF-CMI. We present the following article in accordance 
with the STARD reporting checklist (available at https://qims.
amegroups.com/article/view/10.21037/qims-22-793/rc).

Methods

Study population

We retrospectively analyzed the CMI patients enrolled in a 
long-term multi-disciplinary cooperation (Department of 
Radiology, Ultrasound, and Cardiology) myocardial infarction 
(MI) study which began in June 2016. The experimental data 
were collected until March 2022. The inclusion criteria were: 
(I) patients had suffered a prior MI as defined by the Fourth 
Universal Definition of Myocardial Infarction (9); (II) had 
undergone CMR and echocardiography at 6–12 months’ 
follow-up in the First Hospital of China Medical University. 
The exclusion criteria were: (I) lower CMR quality image; 
(II) lack of clinical data; (III) LVEF <50%. We included a 
consecutive series of 92 patients with CMI in this study. All 
patients enrolled had complete clinical data and laboratory 
examinations. The follow-up echocardiography and CMR 
scan were performed on the same day. 

The CMI patients enrolled were divided into different 
subgroups [HFpEF-CMI group (n=54) and non-HF-
CMI group (n=38)] according to clinical symptoms and 
the Heart Failure Association (HFA)-PEFF (step 1: P, 
pre-test assessment; step 2: E, echocardiography and 
natriuretic peptide score; step 3: F1, functional testing; step 
4: F2, final aetiology) diagnostic algorithm, a consensus 
recommendation from the HFA of the European Society of 
Cardiology (ESC) (10). The inclusion criteria of HFpEF-
CMI were: (I) typical HF symptoms and/or signs; (II) LVEF 
≥50%; (III) at least one additional evidence below: (i) left 
ventricular (LV) diastolic dysfunction, (ii) left ventricular 
hypertrophy (LVH) and/or left atrial enlargement (LAE); 
(IV) a total score ≥5 or a score of 2–4 but confirmed to be 
HFpEF through invasive hemodynamic measurements. The 
inclusion criteria of non-HF-CMI were: (I) LVEF ≥50%; (II) 
having a score of 0–1 or an intermediate score (2–4 points) 
but confirmed to be normal through invasive hemodynamic 
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measurements. Eight patients in the HFpEF-CMI group 
and eleven in the non-HF-CMI group had an invasive 
hemodynamic assessment to reach the final diagnosis. 
Forty healthy subjects ≥18 years of age, without evidence of 
known cardiac disease in clinical symptoms, routine cardiac 
physical examination, electrocardiograph (ECG), and CMR 
examination were recruited as the control group. The 
study was conducted in accordance with the Declaration of 
Helsinki (as revised in 2013). This study was approved by 
the institution ethics review board of the First Hospital of 
China Medical University (No. KT2021213). All subjects 
provided written informed consent.

CMR acquisition

CMR studies were performed on 3.0T (Magnetom Verio, 
Siemens Medical, Erlangen, Germany). The CMR images 
were acquired using the protocol reported previously (8), 
including short-axis (SAX) balanced steady-state free 
precession (SSFP) cine imaging and late gadolinium 
enhancement (LGE). SSFP cine images were acquired 
with ECG gated during brief periods of breath-holding 
at the end of a shallow expiration in the following planes: 
LV 2-chamber views, 4-chamber views, and SAX planes 
covering the entire left ventricle from base to the apex. 
The scan was performed using the following parameters: 
Cine-SSFP: repetition time (TP) =40.4 ms, echo time (TE)  
=2.4 ms, flip angle 12°, and generalized auto-calibrating partial 
parallel acquisition (GRAPPA) with a parallel acceleration 
factor of 2. LGE: TR =750 ms, TE =1.6 ms, inversion time 
(TI) =300 ms, flip angle 20°, and bandwidth =465 Hz/pixel. 
At 8–10 minutes after bolus administration of gadolinium-
diethylenetriamine penta-acetic acid (Gd-DTPA), phase-
sensitive inversion recovery (PSIR) was acquired.

CMR image analysis

CMR imaging data were analyzed by two radiologists with 
more than 6 years of diagnostic experience without knowing 
other measurements and clinical information. If there was 
disagreement, the senior radiologists adjudicated. The 
acquired magnetic resonance (MR) images were processed 
on CVI42 (Version 5.3.4, Circle Cardiovascular Imaging, 
Canada). CMR-TT algorithms were performed on the cine 
sequence, including the SAX and three long-axis (LAX) 
views (2-, 3-, and 4-chamber). The SAX views comprised a 
stack of contiguous SAX slices covering the entire LV and 
right ventricular (RV) from base to apex, excluding slices 

that included the outflow tract or the mitral valve planes. 
The endocardium and epicardium were automatically 
detected on cine images in the end-diastolic and end-
systolic phases at each SAX and LAX level. The trabecula 
was excluded from the endocardial contour. Contours were 
manually adjusted by the observer for accurate tracking 
if required. The movement of tissue voxels in the plane 
throughout the cardiac cycle (25 frames/cardiac cycle) was 
then automatically tracked by the software to quantify the 
movement of the RV free-wall and LV entire myocardium 
(free-wall + septum). Longitudinal strain parameters 
were calculated from images of 2-, 3- and 4-chamber cine 
sequences Circumferential and radial strain parameters 
were calculated on SAX Cine CMR covering the whole 
heart. The myocardial strain was defined as the percentage 
of myocardial fiber shortening at the end of contraction 
versus the end of diastole. Myocardial strain rate is defined 
as the changes in myocardial strain over time. The observer 
manually identified systolic, early, and late diastolic peaks 
from each strain rate curve derived from the software. 
The peak early diastolic strain rate (PEDSR) and peak late 
diastolic strain rate (PLDSR) were defined as the first and 
second peaks in strain rate seen in diastole, with the second 
peak coinciding with atrial contraction (Figure S1) (11). 
The global peak strain, peak systolic strain rate (PSSR), and 
diastolic strain rate (including PEDSR and PLDSR) in the 
three directions of both ventricles were obtained. Infarct 
size and transmurality were analyzed on the LGE sequence. 
According to the 2002 American Heart Association, 
17 segments were obtained. The infarct segment and 
corresponding distal normal segment were identified from 
17 segment images. MI was identified on LGE images and 
quantified at a threshold of mean + 5 standard deviation (SD) 
intensity of the distal myocardium. Infarct transmurality 
was calculated from data provided by the software. It was 
determined along 100 equally spaced chords on each slice 
as percentage of infarct area. Averaging the infarct of all 
chords with ≥1% scar extent, we would acquire the mean 
transmurality rate. Examples of measurements in Cine and 
LGE are shown in Figure 1.

Data reproducibility

The intra-observer variability of TT-derived strain 
parameters was assessed by intragroup correlation 
coefficient (ICC) in 20 randomly selected patients from 
the three groups, with a time interval of 2 weeks between 
analyses. The interobserver reliability was assessed in 

https://cdn.amegroups.cn/static/public/QIMS-22-793-Supplementary.pdf
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the same 20 patients by comparing the results from two 

professional and independent observers (H Li and H Huo) 

without knowing other results and clinical information.

Statistical analysis

Statistical analyses were performed using SPSS Statistics 
(version 25, IBM, Armonk, NY, USA), MedCalc Statistical 

Strain from Cine CMR
H

Fp
E

F-
C

M
I

N
on

-H
F-

C
M

I

Raw Processed LV-GRS LV-GCS

Myocardial infarction from LGE CMR

Raw Processed Transmurality MI size

H
Fp

E
F-

C
M

I
N

on
-H

F-
C

M
I

20.00

−20.00

20.00

−20.00

Peak radial strain, % 

89.7 mm (AHA)

Peak circumferential  strain, % 

89.7 mm (AHA)

Peak radial strain, % 
104.2 mm (AHA)

Peak Circumferential  strain, % 
104.2 mm (AHA)

20.00

−20.00

20.00

−20.00

Enhanced area, % 
7/7 (8) s1.: 75.5 (64.8) mm 
Slice thickness 9 mm

100.00%

0.00%

100.00%

0.00%
Enhanced area, % 
75.5 mm (AHA) 

Enhanced Area, % 
8/8 (8) s1.: 68.2 (61.2) mm 
Slice thickness 7 mm

Enhanced area, % 
86.6 mm (AHA) 

100.00%

0.00%

100.00%

0.00%

A

B

Figure 1 Imaging analysis procedure at CVI42 of a patient with HFpEF-CMI (male, 61 years old) and a patient with non-HF-CMI (male, 
53 years old). (A) Strain analysis at CMR by using tissue tracking was performed on short-axis views; (B) Transmurality and MI size analysis 
by using LGE was performed on short-axis views. AHA, American Heart Association; HFpEF, heart failure with preserved ejection fraction; 
CMI, chronic myocardial infarction; HF, heart failure; LV, left ventricular; GRS, global radial strain; GCS, global circumferential strain; 
LGE, late gadolinium enhancement; MI, myocardial infarction; CMR, cardiac magnetic resonance.
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Software (version 19.6.4 MedCalc Software Ltd.; 
Ostend, Belgium), and the “PredictABEL” package in R 
software (version 3.6.3; R Foundation, Vienna, Austria). 
Measurement data were expressed as mean ±SD, and 
count data were expressed as median (interquartile range) 
or counts (percentages). One-way analysis of variance 
(ANOVA), independent samples t-test, rank sum test, 
Chi-square test, and Fisher’s exact test were used to assess 
variables among the groups according to different types 
of data. Pearson or Spearman correlation coefficient was 
used to measure correlations between strain parameters 
and clinical and functional parameters. A receiver operating 
characteristic (ROC) curve and pairwise comparisons of 
ROC curves were performed to identify the best parameter 
or model for diagnosing HFpEF-CMI. Logistic regression 
was performed to determine independent contributors of 
HFpEF-CMI versus non-HF-CMI. Three multivariable 
logistic regression models for diagnosing HFpEF-CMI were 
created manually, selecting the clinical variables [age, sex, 
and body mass index (BMI)] and CMR marker (MI sizes) 
combined with one of the LV strains in three directions. The 
comparisons of models were performed with the R software 
by calculating the net reclassification index (NRI). A P value 
<0.05 was used to determine statistical significance.

Sample size calculation

The sample size of the current study was calculated using 
the Power Analysis and Sample Size Software (PASS.15.0.5, 
NCSS, LLC. Kaysville, Utah) according to the tests for one 
ROC curve (12,13). The statistical power was set as 0.90, and 
the α=0.05. We assumed that the numbers of HFpEF patients 
and non-HF patients were equal (N+ = N−). The one-sided 
test was used. The null hypothesis was that AUC0 [area under 
the ROC curve (AUC), H0] =0.50. The alternative hypothesis 
was that AUC1 (H1) = 0.70, which was determined by the 
diagnostic accuracy of strain parameters reported in previous 
literatures (14,15). Finally, PASS software indicated that the 
minimum sample size should be 33 cases in each group.

Results

Baseline characteristics and anthropometric variables

A total of 132 subjects who underwent CMR were included 
in this study, including 92 CMI patients (average age, 
59.1±11.0 years; range, 34–89 years; 88.0% male) and 
40 healthy controls (average age, 55.5±8.6 years; range,  

39–71 years; 62.5% male). According to the ESC guidelines (2),  
54 HFpEF-CMI patients (58.7%) and 38 non-HF-CMI 
patients (41.3%) were divided into two subgroups. The 
flowchart of the study population is shown in Figure 2. The 
baseline clinical characteristics of subjects are summarized 
in Table 1. Patients with HFpEF-CMI and non-HF-CMI 
were older than the healthy controls (P<0.01 for all). There 
were more male patients in the HFpEF-CMI group (85.2% 
male) and the non-HF-CMI group (92.1% male) than 
the control group (P<0.01 for all). Patients with HFpEF-
CMI (P<0.01) and non-HF-CMI (P<0.001) had a higher 
BMI than the control subjects. There was no significant 
difference in heart rate and hemoglobin among the groups. 
HFpEF-CMI patients had a higher level of N-terminal pro-
brain natriuretic peptide (NT-proBNP) than non-HF-CMI 
[414.80 (271.40–977.90) vs. 55.74 (34.07–105.75) pg/mL, 
P<0.001]. No significant differences were found between 
the two subgroups in smoking, alcohol drinking history, 
and the incidence of hypertension, diabetes mellitus, and 
hyperlipidemia. A trend toward a more frequent use of loop 
diuretics was noted in HFpEF-CMI patients.

Basic cardiac function parameters

The basic cardiac function parameters derived from CMR 
and transthoracic echocardiography (TTE) are presented 
in Table 2. The control group has a significantly lower left 
ventricular end-diastole volume index (LVEDVi) than 
HFpEF-CMI patients and non-HF-CMI patients (P<0.001 
for all). The right ventricular ejection fraction (RVEF) 
in non-HF-CMI patients was significantly lower than 
in the control group (P<0.05). There was no significant 
difference in the right ventricular end-diastole volume 
index (RVEDVi) among the three groups. HFpEF-CMI 
patients had significantly larger MI sizes than non-HF-CMI 
patients (13.5%±9.4% vs. 9.6%±6.6%, P<0.05). Additionally, 
HFpEF-CMI patients had significantly higher LV mass 
index (LVMI) (P<0.001) and left atrial volume index (LAVI) 
(P<0.05) than non-HF-CMI patients. Comparison among 
HFpEF-CMI, non-HF-CMI, and controls regarding the 
echocardiographic finding showed that HFpEF-CMI 
patients and non-HF-CMI patients had significantly lower 
LVEF than healthy controls (P<0.001 for all). There was a 
significant difference in the LA dimension (P<0.05) but no 
significant difference in E/e’ ratio (the ratio of mitral peak 
velocity of the early filling to mean eary diastolic mitral 
annular velocity), e’ septal velocity, and e’ lateral velocity 
between patients with HFpEF-CMI and non-HF-CMI.
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LV strains and strain rates

LV strains and strain rates quantified by cine CMR are 
summarized in Table 3 and Figure 3. The absolute values of LV 
strains and strain rates, including global radial strain (GRS), 
global circumferential strain (GCS), global longitudinal strain 
(GLS), and PSSR in three directions were all significantly 
reduced in the HFpEF-CMI group as compared with the non-
HF-CMI group, and in two test subgroups as compared with 
the control group (P<0.01 for all). Compared to non-HF-CMI 
patients, HFpEF-CMI patients showed significantly reduced 
deformation in radial PEDSR, circumferential PEDSR, and 
longitudinal PLDSR (P<0.05 for all).

RV strains and strain rates

Group comparisons of RV strains and strain rates are 
listed in Table 4 and Figure 3. There were few statistically 
significant differences among the groups in the RV strain 

values except GCS, GLS, and longitudinal PLDSR. Non-
HF-CMI patients had a lower absolute value of RV-GCS 
than healthy controls (P<0.01). Two test subgroups had 
a lower absolute value of RV-GLS than healthy controls 
(P<0.001 for all). The HFpEF-CMI patients had a higher 
longitudinal PLDSR than non-HF-CMI patients (P<0.05).

Correlation of strain parameters with CMR variables and 
laboratory markers

To evaluate the correlations between strain parameters and 
other CMR variables, and NT-proBNP, a related laboratory 
index, Pearson or Spearman correlation coefficient was 
applied. The results are shown in Figure 4. Among all groups, 
there were significant correlations between LVEF and LV 
strain parameters (GRS: R=0.468, GCS: R=−0.469, GLS: 
R=−0.314, P<0.01 for all). The LV strain parameters were 
weakly correlated with MI sizes (GRS: R=−0.381, GCS: R= 
0.393, GLS: R=0.264, P<0.05 for all). The NT-proBNP 

June 2016–March 2022, patients with CMI underwent follow-up CMR exam: 

n=152
Controls invited: n=40

Lower CMR quality images (n=9)

Lack of clinical data (n=22)
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Figure 2 Patient flowchart. The flowchart shows the involvement of patients and controls. CMI, chronic myocardial infarction; CMR, 
cardiac magnetic resonance, HF, heart failure; HFpEF, HF with preserved ejection fraction; LVEF, left ventricular ejection fraction; LVH, 
left ventricular hypertrophy; LAE, left atrial enlargement; HFA, Heart Failure Association; PEFF, step 1: P, pre-test assessment; step 2: E, 
echocardiography and natriuretic peptide score; step 3: F1, functional testing; step 4: F2, final aetiology. 
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was moderately correlated with LV strain parameters (GRS: 
R=−0.401, GCS: R=0.408, GLS: R=0.407, P<0.001 for all). 
Furthermore, there is no significant correlation between 
transmurality and LV strain parameters, and RV strain 
parameters showed no significant correlation with any other 
parameters.

ROC curve analysis of LV and RV parameters for 
differentiating HFpEF-CMI from non-HF-CMI group

ROC curves reflect the diagnostic performance of TT-
derived biventricular strain parameters in identifying 
HFpEF-HF and non-HF-CMI (Figure 5). Among the 
strain parameters, LV-GRS [area under the ROC curve 
(AUC) =0.707, 95% confidence interval (CI): 0.603–0.797; 
P=0.001], LV-GCS (AUC =0.708, 95% CI: 0.604–0.798; 
P=0.001), and LV-GLS (AUC =0.731, 95% CI: 0.628–0.818; 

P<0.001) were good discriminators for HFpEF-CMI and 
non-HF-CMI. The ROC curve of LV-GLS showed the 
largest AUC, lowest sensitivity value, and highest specificity 
value among the strain parameters. However, there was 
no statistically significant difference found in the pairwise 
comparison of ROC curves except for LV-GLS vs. RV-GLS 
(AUC =0.731, 95% CI: 0.628–0.818 vs. AUC =0.566, 95% 
CI: 0.458–0.669; P=0.032) (Table S1). The optimal cutoff 
value for LV-GRS was 24.4% (sensitivity, 63.0%; specificity, 
84.2%), for LV-GCS was −15.2% (sensitivity, 61.1%; 
specificity, 84.2%), and for LV-GLS was −11.5% (sensitivity, 
48.1%; specificity, 92.1%).

Logistic regression analysis for the association of CMR 
makers with HFpEF-CMI

We enrolled the parameters which showed significant 

Table 1 Baseline clinical characteristics

Characteristics HFpEF-CMI patients (n=54) Non-HF-CMI patients (n=38) Controls (n=40) P

Age (years) 60.6±11.7‡ 57.0±9.6‡ 55.5±8.6 0.045

Male sex, n (%) 46 (85.2)‡ 35 (92.1)‡ 25 (62.5) 0.002

Body mass index (kg/m2) 23.60 (21.49–25.69)† 25.99 (23.31–27.94)‡ 23.30 (21.60–24.55) <0.001

Heart rate (bpm) 66.00 (59.75–73.00) 68.00 (62.75–74.75) 67.50 (59.25–75.00) 0.572

NT-proBNP (pg/mL) 414.80 (271.40–977.90) 55.74 (34.07–105.75) – <0.001

Hemoglobin (g/L) 120.7±27.0 124.8±26.0 – 0.588

HF symptoms, n (%) 54 (100.0) 13 (34.2) – <0.001

Smoking habits, n (%) 27 (50.0) 24 (63.2) – 0.211

Alcohol drinking habits, n (%) 23 (42.6) 11 (28.9) – 0.182

Hypertension, n (%) 35 (64.8) 21 (55.3) – 0.355

Diabetes mellitus, n (%) 35 (64.8) 17 (44.7) – 0.056

Hyperlipidemia, n (%) 26 (48.1) 15 (39.5) – 0.410

Medications, n (%)

Aspirin 39 (72.2) 34 (89.5) – 0.044

ACEI/ARB 22 (40.7) 11 (28.9) – 0.246

Beta-blocker 45 (83.3) 34 (89.5) – 0.405

Statin 43 (79.6) 36 (94.7) – 0.041

Loop diuretics 22 (40.7) 4 (10.5) – 0.002

Clopidogrel 15 (27.8) 16 (42.1) – 0.152

Values are mean ± standard deviation, n (%), or median (interquartile range). †, P<0.05 vs. non-HF-CMI patients; ‡, P<0.05 vs. controls. 
HFpEF, heart failure with preserved ejection fraction; HF, heart failure; CMI, chronic myocardial infarction; NT-proBNP, N-terminal pro-brain 
natriuretic peptide; ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker.

https://cdn.amegroups.cn/static/public/QIMS-22-793-Supplementary.pdf
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Table 2 Basic cardiac function parameters of CMR and TTE

Characteristics HFpEF-CMI patients (n=54) Non-HF-CMI patients (n=38) Controls (n=40) P

CMR parameters

LVEDVi (mL/m2) 72.55 (59.53–84.77)‡ 67.20 (56.74–75.44)‡ 54.02 (49.78–54.02) <0.001

RVEF (%) 47.0±11.1 43.6±9.0‡ 48.9±7.2 0.046

RVEDVi (mL/m2) 57.1±14.6 61.0±12.1 59.1±12.3 0.375

MI volume (%LV) 13.5±9.4 9.6±6.6 – 0.028

Transmurality (%) 39.24 (31.46–49.83) 38.21 (27.86–46.06) – 0.430

LV mass index (g/m2) 63.90 (51.44–73.18) 50.37 (43.03–61.33) – <0.001

LA volume index (mL/m2) 42.6±12.2 38.3±7.9 – 0.044

Echocardiography parameters

LVEF (%) 57.9±4.8‡ 59.0±5.6‡ 64.0±4.9 <0.001

LA anteroposterior diameter (mm) 39.9±5.2 36.8±5.2 – 0.017

E/e’ ratio 9.4 (7.9–12.7) 10.0 (8.9–11.5) – 0.668

e’ septal (cm/s) 5.4±1.5 5.7±1.2 – 0.404

e’ lateral (cm/s) 8.7±2.0 9.2±2.0 – 0.451

Values are mean ± standard deviation, n (%), or median (interquartile range). ‡, P<0.05 vs. controls. HFpEF, heart failure with preserved 
ejection fraction; HF, heart failure; CMI, chronic myocardial infarction; CMR, cardiac magnetic resonance; TTE, transthoracic 
echocardiography; LVEDVi, left ventricular end-diastole volume index; RVEF, right ventricular ejection fraction; RVEDVi, right ventricular 
end-diastole volume index; MI, myocardial infarction; LV, left ventricular; LA, left atrial; LVEF, left ventricular ejection fraction; E, the mitral 
peak velocity of the early filling; e’, early diastolic mitral annular velocity; E/e’, the ratio of E to mean eary diastolic mitral annular velocity.

Table 3 CMR-TT derived LV strains and strain rates

Variables HFpEF-CMI patients (n=54) Non-HF-CMI patients (n=38) Controls (n=40) F P

GRS, % 22.67±9.04†‡ 28.07±5.83‡ 42.99±10.34 64.549 <0.001

GCS, % −14.18±4.12†‡ −16.87±2.54‡ −21.39±2.93 52.582 <0.001

GLS, % −12.17 (−14.34 to −9.84) †‡ −14.61 (−16.01 to −12.62)‡ −18.76 (−20.75 to −17.22) – <0.001

Radial PSSR, s−1 1.05 (0.77–1.43)†‡ 1.27 (1.14–1.56)‡ 2.15 (1.77–2.56) – <0.001

Circumferential PSSR, s−1 −0.69 (−0.8 to −0.55)†‡ −0.83 (−0.94 to −0.70)‡ −1.05 (−1.26 to −0.91) – <0.001

Longitudinal PSSR, s−1 −0.63 (−0.78 to −0.50)†‡ −0.73 (−0.84 to −0.63)‡ −1.02 (−1.16 to −0.90) – <0.001

Radial PEDSR, s−1 −1.08±0.62 −1.33±0.51 – – 0.041

Radial PLDSR, s−1 −0.62 (−0.81 to −0.44) −0.63 (−0.99 to −0.48) – – 0.407

Radial PEDSR/PLDSR 1.68±1.22 2.05±0.83 – – 0.104

Circumferential PEDSR, s−1 0.57±0.25 0.66±0.17 – – 0.041

Circumferential PLDSR, s−1 0.53±0.21 0.56±0.17 – – 0.475

Circumferential PEDSR/PLDSR 1.11 (0.71–1.51) 1.25 (1.01–1.51) – – 0.247

Longitudinal PEDSR, s−1 0.50±0.21 0.57±0.14 – – 0.074

Longitudinal PLDSR, s−1 0.53 (0.44–0.66) 0.62 (0.56–0.75) – – 0.001

Longitudinal PEDSR/PLDSR 0.90 (0.64–1.22) 0.89 (0.71–1.02) – – 0.631

Values are mean ± standard deviation or median (interquartile range). †, P<0.05 vs. non-HF-CMI patients; ‡, P<0.05 vs. controls. CMR, 
cardiac magnetic resonance; TT, tissue tracking; LV, left ventricular; HFpEF, heart failure with preserved ejection fraction; HF, heart failure; 
CMI, chronic myocardial infarction; GRS, global radial strain; GCS, global circumferential strain; GLS, global longitudinal strain; PSSR, 
peak systolic strain rate; PEDSR, peak early diastolic strain rate; PLDSR, peak late diastolic strain rate. 
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Figure 3 Comparison of strain parameters among HFpEF-CMI, non-HF-CMI, and control subjects. Boxplot of strain parameters in HFpEF-
CMI, non-HF-CMI, and control subjects. (A) LV-GRS; (B) LV-GCS; (C) LV-GLS; (D) RV-GRS; (E) RV-GCS; (F) RV-GLS. **, statistically 
significant difference, P<0.01. LV, left ventricular; RV, right ventricular; GRS, global radial strain; GCS, global circumferential strain; GLS, 
global longitudinal strain; HFpEF, heart failure with preserved ejection fraction; HF, heart failure; CMI, chronic myocardial infarction.

differences between the HFpEF-CMI group and the non-
HF-CMI group into univariate analyses, parameters used in 
HFA-PEFF diagnostic algorithm were excluded. LV strain 
parameters were converted to categorical variables according 
to the cutoff values. In the univariate logistic regression 
analysis, all variables were significantly associated with 
the diagnosis of HFpEF-CMI, including BMI ≥25 kg/m2,  
MI volume ≥9.3% LV, LV-GRS ≤24.4%, LV-GCS 
≥−15.2%, LV-GLS ≥−11.5% (Table 5). The result of multi-
logistic stepwise regression analysis with these significant 
variables and adjustment for confounding factors (age and 
sex) are shown in Figure 6. In three multivariable models, 
LV strains and MI volume ≥9.3% LV were independently 

significantly associated with the diagnosis of HFpEF-CMI 
with adjustment for age, sex, and BMI (P<0.05 for all). 
However, there was no significant difference between these 
models (Table S2).

Data reproducibility

Global LV and RV strains were reproducible at the intra- 
and interobserver levels. The ICC for the strain parameters 
was summarized in Table 6. For intra- and interobserver 
reliability, all strain parameters showed good ICC (>0.75). 
RV-GRS was the least reproducible global measurement 
for intraobserver reliability (ICC =0.767). RV-GCS was the 
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Table 4 CMR-TT derived RV strains and strain rates

Variables HFpEF-CMI patients (n=54) Non-HF-CMI patients (n=38) Controls (n=40) F P

GRS, % 27.15 (19.54–31.70) 21.57 (15.51–28.98) 23.80 (20.59–29.58) – 0.076

GCS, % −14.06±3.82 −12.36±4.30‡ −15.47±2.96 6.76 0.002

GLS, % −22.87 (−25.61 to −19.04)‡ −21.27 (−23.89 to −17.80)‡ −27.21 (−30.08 to −23.18) – <0.001

Radial PSSR, s−1 1.32 (1.03–1.70) 1.20 (0.88–1.50) 1.30 (1.04–1.62) – 0.208

Circumferential PSSR, s−1 −0.75 (−0.94 to −0.59) −0.74 (−0.96 to −0.60) −0.84 (−1.01 to −0.68) – 0.194

Longitudinal PSSR, s−1 −1.29 (−1.60 to −1.04) −1.34 (−1.87 to −1.13) −1.43 (−1.96 to −1.14) – 0.409

Radial PEDSR, s−1 −1.06 (−1.36 to −0.80) −1.10 (−1.31 to −0.75) – – 0.994

Radial PLDSR, s−1 −0.72±0.36 −0.60±0.31 – – 0.107

Radial PEDSR/PLDSR 1.60 (0.98–2.60) 1.93 (1.40–3.04) – – 0.091

Circumferential PEDSR, s−1 0.53±0.20 0.59±0.25 – – 0.224

Circumferential PLDSR, s−1 0.51±0.25 0.46±0.19 – – 0.230

Circumferential PEDSR/PLDSR 1.07 (0.76–1.82) 1.33 (0.95–1.77) – – 0.236

Longitudinal PEDSR, s−1 0.93 (0.59–1.22) 0.74 (0.57–1.11) – – 0.292

Longitudinal PLDSR, s−1 1.27 (1.08–1.57) 1.05 (0.75–1.33) – – 0.008

Longitudinal PEDSR/PLDSR 0.58 (0.47–0.89) 0.74 (0.47–1.12) – – 0.233

Values are mean ± standard deviation or median (interquartile range). ‡, P<0.05 vs. controls. CMR, cardiac magnetic resonance; TT, tissue 
tracking; RV, right ventricular; HFpEF, heart failure with preserved ejection fraction; HF, heart failure; CMI, chronic myocardial infarction; 
GRS, global radial strain; GCS, global circumferential strain; GLS, global longitudinal strain; PSSR, peak systolic strain rate; PEDSR, peak 
early diastolic strain rate; PLDSR, peak late diastolic strain rate.

least reproducible global measurement for interobserver 
reliability (ICC =0.759).

Discussion

The principal findings are as follows: (I) TT-derived 
LV strain parameters  demonstrated s ignif icant ly 
intramyocardial impaired deformation in HFpEF-
CMI compared to non-HF-CMI and controls in three 
directions; (II) compared to healthy controls, only GLS 
was significantly impaired in two test subgroups among 
RV strain parameters; (III) LV strain parameters were 
significantly correlated with LVEF, NT-proBNP, and MI 
sizes. (IV) LV strain parameters were good discriminators 
of HFpEF-CMI from non-HF-CMI, and the reduction of 
LV-GRS, GCS, and GLS remain independent diagnostic 
markers after adjusting BMI, age, and sex.

We retrospectively studied a cohort of participants with 
HFpEF and non-HF post-CMI and performed assessments 
of LV mechanics using CMR-TT techniques. As an aging 
population and effective treatment of acute coronary 

syndrome resulting in reduced myocardial impairment and 
remodeling, the impact of IHD on HF and its subtypes is 
evolving. This was further underscored by a study detecting 
the trend of HF post-IHD events, increasingly favoring 
HFmrEF and HFpEF compared with HFrEF (16). In 
HFpEF, series studies have demonstrated worse survival 
among patients with IHD than those without, as myocardial 
ischemia causes both diastolic and systolic dysfunction. 
Moreover, patients with new IHD events were more likely 
to transition to a lower EF category over time (5,17,18).

HFpEF-CMI patients were clinically considered to have 
recovered cardiac function, but the cardiac reserve and 
pumping capacity were significantly reduced compared 
with the non-HF-CMI group and control group. Despite 
being defined as diastolic dysfunction and preserved 
ejection fraction, HFpEF is characterized by mild systolic 
dysfunction and significant limitations in systolic reserve 
capacity (19). The strain and strain rate of HFpEF-CMI 
and non-HF-CMI patients was gradually decreased and 
significantly lower than that of healthy controls. HFpEF 
patients with IHD had a higher risk of changing to HF 
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Figure 4 Correlation of strain parameters with other CMR variables and laboratory markers. Scatter plot between CMR variables and 
laboratory markers. (A) LV strain parameters and LVEF; (B) LV strain parameters and MI; (C) LV strain parameters and NT-proBNP. LVEF, 
left ventricular ejection fraction; NT-proBNP, N-terminal pro-brain natriuretic peptide, MI, myocardial infarction; LV, left ventricular; 
GRS, global radial strain; GCS, global circumferential strain; GLS, global longitudinal strain; CMR, cardiac magnetic resonance; HFpEF, 
heart failure with preserved ejection fraction; CMI, chronic myocardial infarction.

phenotypes with lower EF (5). In the past decades, previous 
studies have also highlighted that the clinical symptoms of 
HFpEF are not caused by diastolic dysfunction only. There 
are many hypotheses regarding the potential pathophysiology 
of HFpEF, including the damage of systolic reserve capacity 
and heart rate reserve (19,20), myocardial fibrosis and 
ventricular remodeling (21-23), atrial dysfunction (24),  
myocardial adipose deposition (25,26), pulmonary 
hypertension, impaired vasculature (27), abnormalities in the 
periphery, comorbidity-driven systemic inflammation (28). 
These factors are associated with HFpEF and contribute 
to the differences between patients with HFpEF and 
others (29). In the early stage of the disease, the myocardial 
mechanics’ state can predict the evolution of different HF 
phenotypes (30). Earlier recognition of subtle abnormalities 

in at-risk individuals made an earlier intervention of HFpEF 
patients possible, especially those with a history of CMI.

The reduced radial PEDSR and circumferential 
PEDSR of LV demonstrated the impaired early diastolic 
function of HFpEF-CMI patients, which was thought to 
be related to impaired active early relaxation and reduced 
compliance from increased ventricular stiffness (31). In 
addition, the diastolic function is an early hallmark of 
myocardial ischemia as early active relaxation is highly 
energy-dependent (32). The present study corroborated 
previous findings that LV longitudinal PLDSR was also 
significantly decreased in HFpEF patients (14). A higher RV 
longitudinal PLDSR in HFpEF-CMI group than in non-
HF-CMI group was observed in current study. The patients 
with HFpEF-CMI were more likely to have a lower ratio 
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of PEDSR and PLDSR than non-HF-CMI. However, no 
difference that reaching statistical significance between the 
ratios was found in the results, which may be linked with 
sample size.

CMR was recommended for specialized diagnostic tests 
for patients with chronic HF to detect reversible/treatable 
causes of HF in conjunction with other non-invasive 
and invasive testing (2). As a feasible and reproducible 

technique for assessing LV myocardial deformation, 
especially at the global level (33), CMR-TT is a validated 
non-invasive diagnostic tool for HFpEF patients (34). It 
provides multidimensional parameters for patients with 
HF. The incremental value of GCS, GLS, LVEF, and LGE 
in reflecting diastolic and systolic dysfunction in HFpEF 
was proved in many studies (20,35-38). Additionally, their 
combined prognostic value was assessed in a large-scale 
cohort of 539 patients (39). In the present study, the LV 
parameters significantly correlated with LVEF and NT-
proBNP. NT-proBNP and BNP are essential metrics for 
the diagnosis of HF. Lower NT-proBNP levels in HFpEF 
relate more closely to muscle mass and are the most valuable 
prognostic factor (40-42). In summary, the correlations 
and respective unique roles of these values make them 
useful in future risk stratification of patients with HFpEF. 
Compared to a study targeting HFpEF with essential 
hypertension (HFpEF-HTN) patients, we got a relatively 
lower correlation coefficient between LVEF and LV strain 
parameters than their study (15). This difference may be 
caused by the LVEF derived from different examinations; 
they are from CMR, while ours are from TTE. We attempt 
to systematically measure the correlations between LV 
strain parameters and transmurality, MI sizes. Nevertheless, 
we found that transmurality was not statistically significantly 
correlated with LV strain parameters. The MI sizes has 
more reference value in evaluating the heart function than 
transmurality but is still weakly correlated with the LV 
strain parameters. 

Despite being widely used for subclassifying HF 
phenotypes, LVEF is not a sensitive marker of subtle 
damage in myocardial function (1). LV-GLS is increasingly 
thought to be a valuable prognostic parameter in patients 
with HFpEF, which appears to have a superior prognostic 
value to LVEF (43). In the present study, LV-GLS showed 
the highest specificity and the biggest AUC among the 
strain parameters. However, no significant difference was 
shown in the comparison of ROC curves of LV strain 
parameters. LV-GLS, LV-GCS, LV-GRS, and MI sizes were 
the independent contributors to the diagnosis of HFpEF-
CMI in the multi-logistic analysis models. GLS derived 
from TTE is one of the minor criteria parameters of the 
HFA-PEFF diagnostic algorithm (10). CMR-TT derived 
LV strain parameters may become essential indices in a new 
diagnostic model or algorithm to assess cardiac dysfunction 
in all patients with HF. The combined multivariable models 
of clinical variables and CMR parameters had incremental 
diagnostic value. Prospective studies are needed to detect 

Figure 5 ROC curve analysis of CMR-TT derived LV and RV 
parameters for differentiating HFpEF-CMI from non-HF-CMI 
group. CMR, cardiac magnetic resonance; TT, tissue tracking; LV, 
left ventricular; RV, right ventricular; AUC, area under ROC curve; 
GRS, global radial strain; GCS, global circumferential strain; GLS, 
global longitudinal strain; ROC, receiver operating characteristic; 
HFpEF, heart failure with preserved ejection fraction; HF, heart 
failure; CMI, chronic myocardial infarction.
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Table 5 Univariable association with HFpEF-CMI

Variables OR (95% CI) P

BMI ≥25 kg/m2 3.73 (1.56–8.94) 0.003

MI volume ≥9.3% LV 3.34 (1.40–7.95) 0.006

LV-GRS ≤24.4% 9.07 (3.23–25.45) <0.001

LV-GCS ≥−15.2% 10.37 (3.49–30.79) <0.001

LV-GLS ≥−11.5% 10.83 (2.97–39.52) <0.001

HFpEF, heart failure with preserved ejection fraction; HF, heart 
failure; CMI, chronic myocardial infarction; OR, odds ratio; CI, 
confidence interval; BMI, body mass index; MI, myocardial 
infarction; LV, left ventricular; GRS, global radial strain; GCS, 
global circumferential strain; GLS, global longitudinal strain.
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Figure 6 Diagnostic value of multiple regression model for HFpEF-CMI. (A) Model 1; (B) Model 2; (C) Model 3. Statistical significance 
was considered achieved at a P value <0.05. BMI, body mass index; MI, myocardial infarction; LV, left ventricular; OR, odds ratio; CI, 
confidence interval; GRS, global radial strain; GCS, global circumferential strain; GLS, global longitudinal strain; HFpEF, heart failure with 
preserved ejection fraction; HF, heart failure; CMI, chronic myocardial infarction.

Table 6 Intra- and interobserver reproducibility for strain parameters

Variables
Intraobserver Interobserver

ICC 95% CI ICC 95% CI

LV-GRS 0.942 0.860–0.977 0.976 0.872–0.982

LV-GCS 0.952 0.882–0.981 0.819 0.540–0.929

LV-GLS 0.953 0.886–0.981 0.985 0.956–0.994

RV-GRS 0.767 0.503–0.900 0.957 0.894–0.983

RV-GCS 0.863 0.689–0.943 0.759 0.382–0.905

RV-GLS 0.888 0.742–0.954 0.947 0.867–0.979

LV, left ventricular; RV, right ventricular; GRS, global radial strain; GCS, global circumferential strain; GLS, global longitudinal strain; ICC, 
intraclass correlation coefficient; CI, confidence interval.
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models providing risk stratification, especially in patients 
with HFpEF. 

In the present study, we included the CMI patients, which 
may introduce an overall selection bias. There is a high 
proportion of males (85%) in our experimental group, similar 
to a multicenter study performed by Gatzoulis et al. (44), in 
that 86.2% of preserved HF patients post-MI were men. 
IHD is an underlying pathogenic factor in HF, increasing 
the risk of HF 8-fold and with a population-attributable 
risk of 65% in men and 48% in women (45), and poorer 
prognosis due to IHD were experienced by men than 
women (46). Furthermore, we divided the HFpEF-CMI 
group into different subgroups according to gender, and 
there were no differences in both LV and RV strain values 
between males and females (Table S3).

Limitations

As an observational analysis with relatively small samples, 
the present study cannot provide more information on 
the prognostic value of CMR parameters. The causality 
between the causes of the change of strain values and 
preserved EF cannot be inferred. Further prospective 
clinical trials with larger sample sizes and sophisticated 
data are needed. In addition, HFpEF-CMI patients with a 
high proportion of males may not be the typical cohort for 
HFpEF. Therefore, our findings may not be generalizable 
to all patients with HFpEF but give evidence for further 
studies.

Conclusions

CMR-TT provides clinicians with useful additional imaging 
parameters to facilitate the assessment of CMI patients 
with HFpEF. LV strain parameters can detect early cardiac 
insufficiency in patients with HFpEF-CMI and have potential 
value for discriminating between HFpEF and non-HF patients 
post-CMI. Early detection and ongoing monitoring of CMI 
patients with HFpEF based on CMR-TT could be necessary. 
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Supplementary

Figure S1 Representative example of image analysis for a single participant with LV-strain and strain rate graphs in the three directions. LV, 
left ventricular; 2D, two-dimensional; SA, short-axis; LA, long-axis; PSSR, peak systolic strain rate; PEDSR, peak early diastolic strain rate; 
PLDSR, peak late diastolic strain rate.

Table S1 Comparison of ROC curves of strain parameters for diagnosis of HFpEF-CMI

Variables AUC (95% CI) Z statistic P

LV-GRS 0.707 (0.603–0.797) – –

LV-GCS 0.708 (0.604–0.798) vs. LV-GRS: 0.049 vs. LV-GRS: 0.961

LV-GLS 0.731 (0.628–0.818) vs. LV-GRS: 0.049 vs. LV-GRS: 0.627

vs. LV-GCS: 0.475 vs. LV-GCS: 0.634

RV-GRS 0.624 (0.517–0.723) vs. LV-GRS: 1.172 vs. LV-GRS: 0.241

vs. LV-GCS: 1.188 vs. LV-GCS: 0.234

vs. LV-GLS: 1.442 vs. LV-GLS: 0.149

RV-GCS 0.621 (0.514–0.720) vs. LV-GRS: 1.206 vs. LV-GRS: 0.228

vs. LV-GCS: 1.219 vs. LV-GCS: 0.222

vs. LV-GLS: 1.498 vs. LV-GLS: 0.134

RV-GLS 0.566 (0.458–0.669) vs. LV-GRS: 1.852 vs. LV-GRS: 0.064

vs. LV-GCS: 1.855 vs. LV-GCS: 0.064

vs. LV-GLS: 2.149 vs. LV-GLS: 0.032

Statistical significance was considered achieved at a P value <0.05. ROC, receiver operating characteristic; HFpEF, heart failure with 
preserved ejection fraction; HF, heart failure; CMI, chronic myocardial infarction; AUC, area under the ROC curve; CI, confidence interval; 
LV, left ventricular; RV, right ventricular; GRS, global radial strain; GCS , global circumferential strain; GLS, global longitudinal strain.
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Table S2 The reclassification table between different models using the Model 1 as reference model (the cut-off probability for high risk was set as 
0.73)

Model 1: LV-GLS

Model 2: LV-GCS Model 3: LV-GRS

Low 
risk

High 
risk

% Reclassified
Category NRI 

(95% CI)
P value

Low 
risk

High 
risk

% Reclassified
Category NRI  

(95% CI)
P value

HFpEF-CMI Model 2 vs. 
Model 1: 0.011 
(−0.134, 0.156)

0.88 Model 3 vs.  
Model 1: −0.008 
(−0.148, 0.132)

0.91

Low risk 17 6 26 18 5 22

High risk 4 27 13 4 27 13

Non-HF-CMI

Low risk 35 2 5 35 2 5

High risk 1 0 100 1 0 100

LV, left ventricular; CI, confidence interval; GRS, global radial strain; GCS, global circumferential strain; GLS, global longitudinal strain; 
HFpEF, heart failure with preserved ejection fraction; HF, heart failure; CMI, chronic myocardial infarction; NRI, net reclassification 
improvement. 

Table S3 Comparison of the strains of different gender in the HFpEF-CMI group

Variables Male (n=46) Female (n=8) P

LV-GRS, % 21.98±8.90 26.67±9.34 0.178

LV-GCS, % −13.86±4.11 −16.00±3.88 0.178

LV-GLS, % −11.92±3.22 −12.64±4.26 0.581

RV-GRS, % 27.85 (18.59–32.07) 24.92 (23.73–29.02) 0.990

RV-GCS, % −13.91±3.96 −14.90±2.96 0.504

RV-GLS, % −22.43 (−24.58 to −19.04) −25.07 (−27.06 to −15.01) 0.306

Values are mean ± standard deviation or median (interquartile range). Statistical significance was considered achieved at a P value <0.05. 
HFpEF, heart failure with preserved ejection fraction; HF, heart failure; CMI, chronic myocardial infarction; LV, left ventricular; RV, right 
ventricular; GRS, global radial strain; GCS, global circumferential strain; GLS, global longitudinal strain. 


