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Abstract
Background  Left ventricular (LV) myocardial contraction patterns can be assessed using LV mechanical dispersion 
(LVMD), a parameter closely associated with electrical activation patterns. Despite its potential clinical significance, 
limited research has been conducted on LVMD following myocardial infarction (MI). This study aims to evaluate the 
predictive value of cardiac magnetic resonance (CMR)-derived LVMD for adverse clinical outcomes and to explore its 
correlation with myocardial scar heterogeneity.

Methods  We enrolled 181 post-MI patients (median age: 55.7 years; 76.8% male) who underwent CMR examinations. 
LVMD was calculated using the CMR-feature tracking (CMR-FT) technique, defined as the standard deviation (SD) of 
the time from the R-wave peak to the negative strain peak across 16 myocardial segments. Entropy was quantified 
using an algorithm implemented with a generic Python package. The primary composite endpoints included sudden 
cardiac death (SCD), sustained ventricular arrhythmias (VA), and new-onset heart failure (HF).

Results  Over a median follow-up of 31 months, LVMD and border zone (BZ) entropy demonstrated relatively high 
accuracy for predicting the primary composite endpoints, with area under the curve (AUC) values of 0.825 and 0.771, 
respectively. Patients with LVMD above the cut-off value (86.955 ms) were significantly more likely to experience the 
primary composite endpoints compared to those with lower LVMD values (p < 0.001). Multivariable analysis identified 
LVMD as an independent predictor of the primary composite endpoints after adjusting for entropy parameters, 
strain, and left ventricular ejection fraction (LVEF) (hazard ratio [HR]: 1.014; 95% confidence interval [CI]: 1.003–1.024; 
p = 0.010). A combined prediction model incorporating LVMD, BZ entropy, and LVEF achieved the highest predictive 
accuracy, with an AUC of 0.871 for the primary composite endpoints. Spearman rank correlation analysis revealed 
significant linear correlations between LVMD and entropy parameters (p < 0.001 for all).
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Introduction
According to the Annual Report on Cardiovascular 
Health and Diseases in China (2021), cardiovascular dis-
ease is one of the largest single causes of death among 
Chinese residents. The incidence of myocardial infarc-
tion (MI) is rising, with a growing trend among younger 
individuals. This increase in hospitalization and mortality 
rates has become a significant medical and societal chal-
lenge, profoundly impacting people’s health and quality 
of life [1]. Although the widespread adoption of percu-
taneous coronary intervention (PCI) technology has sig-
nificantly lowered MI-related mortality, the long-term 
prognosis for MI patients remains poor. Patients with MI 
face an increased risk of primary combined endpoints 
due to the gradual and extensive loss of myocardial tissue 
post-infarction, accompanied by structural and electro-
physiological remodeling, which can lead to heart failure 
(HF) and sustained ventricular arrhythmias (VA) [2].

The current guidelines recommend implanting 
implantable cardioverter defibrillator (ICD) to prevent 
sudden cardiac death (SCD) in post-MI patients with 
New York Heart Association (NYHA) class II–III and 
reduced left ventricular ejection fraction (LVEF) < 35%. 
For NYHA class I patients, ICD therapy should be con-
sidered if LVEF ≤ 30%. In addition, ICD implantation is 
recommended for patients with LVEF ≤ 40% despite ≥ 3 
months of optimal medical therapy and non-sustained 
ventricular tachycardia (NSVT), if they are inducible for 
sustained monomorphic ventricular tachycardia (SMVT) 
by programmed electrical stimulation (PES) [3]. How-
ever, recent studies have demonstrated that screening 
patients for ICD placement based on a single metric of 
LVEF is not ideal, as a recent multicenter study showed 
that 875 (13%) of 6822 patients with LVEF ≥ 35% devel-
oped primary combined endpoints over a median follow-
up of 707 days [4].

Cardiac magnetic resonance (CMR) is the gold stan-
dard imaging technique for assessing myocardial remod-
eling after myocardial infarction (MI). Most current 
studies emphasize myocardial fibrosis, primarily evalu-
ated through late gadolinium enhancement (LGE). LGE 
entropy, which has emerged in recent years, is a new 
parameter that reflects the tissue and structural hetero-
geneity of fibrotic regions of myocardial ischemic injury 
[5]. Based on varying levels of ischemia and pathophysi-
ological distinctions, the ventricular myocardium is 

categorized into three regions: the infarct core (IC), the 
border zone (BZ), and the remote non-infarcted myo-
cardium. BZ, which consists of a mixture of surviving 
myocardium and fibrous tissue, increases the degree of 
inhomogeneous anisotropy. This leads to a heightened 
risk of electrolytic coupling, the formation of regions 
with conduction block and slow conduction, thereby 
creating a favorable environment for the development 
of sustained VA [6]. These three regions can be Identi-
fied on LGE images, and entropy values can reflect the 
regional structural heterogeneity.

Since the LV myocardial contraction pattern corre-
lates with its electrical activation pattern, this apparent 
inhomogeneous activation can be detected through left 
ventricular mechanical dispersion (LVMD) [7]. How-
ever, research on LVMD following MI remains limited, 
with most existing studies relying on echocardiographic 
evaluations [8]. CMR allows highly reproducible tracking 
of myocardial deformation, making it more suitable than 
echocardiography for LVMD evaluation [9]. A study in 
2016 showed that LVMD not only reflects electrophysi-
ologic remodeling, but also has a association with myo-
cardial fibrosis, with increased LVMD correlating with 
the degree of myocardial fibrosis observed with CMR 
[10]. The aim of this study was to investigate the predic-
tive value of CMR-derived LVMD for outcomes after MI, 
as well as its correlation with LGE entropy.

Methods
Study population
For this retrospective study, consecutive participants 
(age > 18 years) with previous MI more than 3 months 
ago were recruited between September 2017 and August 
2022. Inclusion criteria were: (a) previous MI, immedi-
ate coronary angiography showing ≥ 70% stenosis in ≥ 1 
coronary artery or ≥ 50% stenosis of the left main stem, 
(b) had undergone CMR examination 3–6 months after 
MI and myocardial scar in an ischaemic distribution 
(subendocardial or transmural hyperintensity distrib-
uted in the coronary supply territory), and (c) NYHA 
class ≤ III. Exclusion criteria were: (a) myocardial scar due 
to another original and secondary cardiomyopathy, or (b) 
history of VAs, or (c) any contraindication to CMR, or (d) 
poor CMR image quality, or (e) incomplete clinical data.

The primary combined endpoints were defined as 
the combination of SCD, sustained VA or/and ICD 

Conclusions  Myocardial heterogeneity, as assessed by LVMD and BZ entropy, represents reliable and reproducible 
parameters reflecting cardiac remodeling following MI. LVMD has independent prognostic value, and the 
combination of LVMD and BZ entropy with the guideline-recommended LVEF as a unified model enhances the 
accuracy of forecasting the risk of primary combined endpoints in patients after MI.
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implantation, and newly emerging heart failure (CHF). 
SCD was defined as sudden death of cardiac origin, 
occurring within 1 h of the onset of symptoms in a wit-
nessed case and within 24  h of the last surviving case. 
Death records with medical records were required. VAs 
for this analysis referred to the occurrence of a first SVT 
or VF event [11]. Patients underwent ICD therapy at the 
discretion of the cardiologist based on current guidelines. 
New CHF was determined as the first episode of cardiac 
decompensation requiring hospital re-admission.

The outcome data were collected from patients or first-
degree relatives and hospitalization records. Demograph-
ics, echocardiography, and relevant medical examination 
data were determined by an investigator (SY.J.) blinded to 
CMR information up to October 2023. The study com-
plied with the Declaration of Helsinki and was approved 
by the Chinese Clinical Trial Registry ​(​​​h​t​t​p​s​:​/​/​w​w​w​.​c​h​i​c​
t​r​.​o​r​g​.​c​n​​​​​, Registration ID: ChiCTR2200055158, registra-
tion date: January 2, 2022), written informed consents 
were obtained from all participants.

CMR images acquisition
All images were acquired with a 3.0-T MR scanner 
(Achieva, Philips Medical System, the Netherlands) using 
an 18-channel body phased-array surface coil together 
with electrocardiographic gating techniques. High-
resolution cine images of short-axis (SAX), 2-chamber, 
3-chamber, and 4-chamber long-axis were performed 
using steady-state free precession sequence with rep-
etition time (TR) = 3.1 ms, echo time (TE) = 1.54ms, flip 
angle (FA) = 45°, temporal resolution = 40 ms, slice thick-
ness = 8  mm, field of view (FOV) = 350  mm×350  mm, 
and voxel size = 1.8  mm×1.4  mm×8.0  mm. LGE images 
were obtained at 15  min after a bolus injection of con-
trast agent gadoteridol (Gd-HP-DO3A, ProHance, 
BIPSO GmbH, Berlin, Germany) at a dose of 0.1mmol/
kg with a flow rate of 2.5mL/s. LGE images were opti-
mized using an inversion recovery gradient-echo imag-
ing sequence, and the imaging parameters were as 
follows: TR = 5.0msec, TE = 2.4msec, FA = 25°, slice 
thickness = 6  mm, FOV: 320  mm×320  mm, and voxel 
size = 1.8 mm×1.4 mm×8.0 mm.

LV strain analysis
All image post-processing procedures were performed 
using the commercially available post-processing soft-
ware CVI 42 (Circle Cardiovascular Imaging Inc®, v5.1.4, 
Calgary, Canada). The endocardium and epicardium of 
SAX, 2-chamber, 3-chamber and 4-chamber long-axis 
images were tracked using a semi-automated tracking 
algorithm throughout the entire cardiac cycle. To ensure 
accuracy of the endocardial and epicardial contours, 
the performance of the software was visually reviewed 

by observers and manually adjusting the contours if 
necessary.

The definition of end-diastole relies on the closure 
time of the mitral valve. Functional parameter LVEF, LV 
end-diastolic volume index (LVEDVI), LV end-systolic 
volume index (LVESVI) were automatic acquisition via 
standard volumetric techniques on pre-contoured SAX 
images. Cardiac index (CI) was calculated by cardiac out-
put (CO) /body surface area (BSA) as defined in a previ-
ous study [12].

Three-dimensional (3D) feature tracking analysis was 
automatically performed using the ‘strain’ module in pre-
contoured SAX, 2-chamber, 3-chamber, and 4-chamber 
long-axis images. All contours were initially assessed 
using a visual estimation to ensure accurate tracking 
of the left ventricular wall. Manual adjustments were 
made when necessary. The software algorithm automati-
cally calculated 3D peak strains, subsequently the global 
strain parameters including global radial strain (GRS), 
global circumferential strain (GCS), and global longitu-
dinal strain (GLS) were automatically acquired by aver-
aging the peak values of the 16 segments. Global systolic 
radial strain rate (GRSRd), global systolic circumferential 
strain rate (GCSRd), global systolic longitudinal strain 
rate (GLSRd), global diastolic radial strain rate (GRSRd), 
global diastolic circumferential strain rate (GCSRd), 
global diastolic longitudinal strain rate (GLSRd) values 
were acquired as the mean of all segmental strain rate. 
LVMD was defined as the standard deviation (SD) of the 
time from the peak of the R wave and the negative 3D 
strain peak in 16 segments and can be generated auto-
matically by the software (Fig. 1). This strain analysis was 
undertaken by two separate observers (XY.Z., and L.Z.) 
who had more than 3 years of CMR experience and were 
blinded to patients’ clinical data.

Infarct quantification and entropy calculation
LV endocardial and epicardial borders were manually 
delineated in SAX for detection and quantification of 
infarct areas. Normal myocardium was manually delin-
eated sufficiently far from the infarct area for reference. 
LGE segments containing infarction areas were defined 
using the SDs approach. The signal intensity (SI) thresh-
olds of over 3 SDs and over 2 SDs were chosen, 3 for IC, 2 
for entire infarct-related myocardium (BZ + IC, expressed 
as IBZ), between 2SDs and 3SDs for BZ. After applying 
semi-automated infarct area detection and performing a 
visual accuracy review, manual adjustments were made 
as required.

Entropy calculation was performed using the algorithm 
executed in Python (MathWorks, version 3.8, Natick, 
MA). With the use of the CVI 42 workstation, SAX LGE 
images in infarcted layers with endocardial and epi-
cardial borders as well as labeling of infarct areas were 
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exported in DICOM format. Meanwhile, original images 
in the same layers were exported without any labeling in 
DICOM format. An automated procedure was used to 
obtain SI per voxel of the myocardium, and the formula 
below was used to calculate entropy [13]. For the purpose 
of assessing the reliability of infarct quantification and 
entropy calculation, all patients were assessed separately 
by XY.Z., and L.Z. who were blinded to the demographic 
information, baseline, and outcome data.

Statistical analysis
Statistical analyses were performed using SPSS (version 
25, Chicago IL, USA), R software (version 4.0.2, Vienna, 
Austria), Prism GraphPad (version 9.3.1, La Jolla, CA, 
USA), and MedCalc (version 20.1.0, Ostend, Belgium). 
Continuous data were expressed as mean ± SD or median 
(interquartile range, (IQR)) according to the normality of 
frequency distribution, evaluated using Shapiro-Wilk’s 

test. Categorical data were summarized as frequencies 
or percentages. Mann–Whitney test was conducted for 
continuous variables and the Chi-square test or Fisher’s 
exact test was conducted for categorical variables to 
compare parameters’ differences between subgroups. For 
comparisons of Inter- and intraobserver measurement 
agreement, the interclass correlation efficiency (ICC) of 
subjects was calculated. Spearman rank correlation was 
used to identify correlations between myocardial entropy 
and LVMD.

In order to validate the prognostic performance of the 
LVMD, Receiver Operator Characteristic (ROC) curves 
were drawn to calculate areas under the curve (AUCs). 
The cumulative incidence of primary combined end-
points during follow-up was estimated with the use of 
the Kaplan-Meier survival analyses with LVMD above 
cut-off value versus below, and survival curves were com-
pared with the use of the log-rank test. Univariable and 

Fig. 1  LVMD (A and B, the horizontal axis is time and the vertical axis is strain) and LGE extent of patients (a and b), A and a for patient 1, B and b for pa-
tient 2. Patient 1, male, 52 years old, LVMD = 92ms, BZ%=7.62%, IC%=20.80%, IBZ%=28.42%, respectively. During the 29-month follow-up period, patients 
developed VA. Patient 2, male, 47 years old, LVMD = 33ms, BZ%=2.67%, IC%=8.83%, IBZ%=11.50%, respectively. During the 34-month follow-up period, 
no endpoint events occurred
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multivariable Cox proportional hazards regression analy-
sis with stepwise variable selection was used to investi-
gate the association between variabilities and primary 
combined endpoints risk. For all analyses, a two-sided 
p-value < 0.05 was considered statistically significant.

Results
Demographic and clinical characteristics
Of 247 post-MI patients screened, a total of 181 patients 
(median age 55.7 years, 76.8% males) were involved 
in this study (Fig.  2). According to the prognosis of the 
median follow-up of 31 months, 42 patients experienced 
primary combined endpoints. 2 patients died of SCD, 24 
developed VAs and among them, 9 received ICD implan-
tation, 16 developed CHF. The subjects were dichoto-
mized into primary combined endpoints (+) and primary 
combined endpoints (-) groups (Table 1). MI patients in 
the primary combined endpoints (-) group were more 

probably with NYHA class I than patients with primary 
combined endpoints (p = 0.040). Whereas, there was no 
statistically significant difference between the two groups 
in terms of age, gender, BMI, proportion of hyperlipid-
emia, hypertension, smoking, and diabetes (p > 0.050 for 
all). In addition, MI type, culprit arteries, and secondary 
medical prevention discharge therapy did not signifi-
cantly differ in the two study groups (p > 0.050 for all).

CMR parameters
As presented in Table  1, compared with the patients 
in the primary combined endpoints(-) group, the pri-
mary combined endpoints (+) group had higher LVMI, 
LVEDVI, LVESVI (p = 0.029, p = 0.008, and p < 0.001, 
respectively) and lower LVEF (p < 0.001). The results 
of fibrosis quantification were also different in the two 
groups. Patients in the primary combined endpoints (+) 
group were probability of larger IC%, BZ entropy, IC 

Fig. 2  The flow chart of inclusion and exclusion
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Table 1  Baseline characteristics of patients stratified by MACEs
MACEs (-)
n = 139

MACEs (+)
n = 42

Z/x/t p-value

Age, years 55 ± 14 57 ± 13 0.452 0.652
Male (n %) 106(76.3) 33(78.6) 0.097 0.756
BMI, kg/m2 23.774(5.028) 23.529(3.106) -0.084 0.933
CI, L/(min·m2) 2.309(1.192) 2.124(0.878) -0.971 0.332
LVMI, g/m2 55.245(18.960) 62.083(20.556) -2.184 0.029*

LVEDVI, mL/m2 77.175(35.494) 93.057(64.058) -2.655 0.008*

LVESVI, mL/m2 40.144(32.496) 58.855(56.232) -3.885 <0.001*

LVEF, % 45.702(21.631) 35.281(20.525) -4.204 <0.001*

LVEF < 35% (n %) 24(17.3) 20(47.6) 16.150 <0.001*

BZ, % 4.595(3.895) 4.720(2.820) -0.899 0.369
IC, % 14.385(19.140) 22.970(19.645) -2.117 0.034*

IBZ, % 20.205(23.875) 28.790(21.366) -1.949 0.051
BZ entropy 4.452 ± 0.750 5.203 ± 0.736 5.709 <0.001*

IC entropy 6.435(1.135) 6.980(0.683) -2.485 0.013*

IBZ entropy 6.575(1.330) 6.800(0.863) -2.274 0.023*

LV entropy 6.030(2.030) 6.600(1.315) -2.763 0.006*

GRS, % 22.145(14.485) 16.780(14.670) -2.574 0.010*

GCS, % -14.369 ± 5.214 -12.394 ± 4.974 2.174 0.031*

GLS, % -10.107 ± 3.392 -7.977 ± 2.872 3.689 <0.001*

GRSRs, % 1.375(1.490) 1.090(0.865) -2.509 0.012*

GCSRs, % -0.825(0.385) -0.740(0.343) -2.806 0.005*

GLSRs, % -0.610(0.385) -0.570(0.370) -1.600 0.010*

GRSRd, % -1.250(1.270) -1.090(1.165) -1.106 0.269
GCSRd, % 0.710(0.465) 0.580(0.455) -2.712 0.007
GLSRd, % 0.605(0.445) 0.500(0.378) -0.839 0.402
LVMD, ms 68.195(25.040) 98.560(49.753) -6.379 <0.001*

MI type (n %) 0.627 0.429
STEMI 92(66.2) 25(59.5)
NSTEMI 47(33.8) 17(40.5)
Culprit arteries (n %) 0.572 0.751
LAD 75(54.0) 22(52.4)
LCX 41(29.5) 11(26.2)
RCA 23(16.6) 9(21.4)
NYHA class (n %)
I 68(48.9) 13(31.0) 4.212 0.040*

II 61(43.9) 24(57.1) 2.276 0.131
III 10(7.2) 5(11.9) 0.936 0.344
Hyperlipidemia (n %) 99(71.2) 31(73.8) 0.107 0.744
Hypertension (n %) 93(66.9) 30(71.4) 0.303 0.582
Smoking (n %) 93(66.9) 28(66.7) 0.001 0.977
Diabetes (n %) 58(41.7) 22(52.4) 1.485 0.223
Secondary medical prevention discharge therapy
Beta-blockers 99(71.2) 31(73.8) 0.107 0.744
RAAS-inhibitors 118(84.9) 36(85.7) 0.030 0.862
Statins 109(78.4) 33(78.6) 0.000 0.983
Loop diuretics 28(20.1) 8(19.0) 0.024 0.876
Values are expressed as mean ± SD, n (%), or median (IQR). *p < 0.05 is accepted as statistically significant. BMI, body mass index; CO, cardiac output; CI, cardiac index; 
TC, total cholesterol; TG, triglyceride; HDL, high density lipoprotein; LDL, low density lipoprotein; LVMI, Left ventricular mass index; LVEDVI, left ventricular end-
diastolic volume index; LVESVI, left ventricular end-systolic volume index; LVEF, left ventricular ejection fraction; BZ, border zone; IC, infarct zone; IBZ, infarct zone 
and border zone; GRS, global radial strain; GCS, global circumferential strain; GLS, global longitudinal strain; GRSRs, global radial strain of systolic rate; GCSRs, global 
circumferential strain of systolic rate; GLSRs, global longitudinal strain of systolic rate; GRSRd, global radial strain of diastolic rate; GCSRd, global circumferential 
strain of diastolic rate; GLSRd, global longitudinal strain of diastolic rate; LVMD, left ventricular mechanical dispersion; MI, myocardial infarction; STEMI, st-segment 
elevation myocardial infarction; NSTEMI, non-st-segment elevation myocardial infarction;,LAD, left anterior descending branch; LCX, left circumflex artery; RAD, 
right coronary artery; NYHA, New York Heart Association; RAAS, renin-angiotensin-aldosterone system
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entropy, IBZ entropy, and LV entropy (p = 0.034, p < 0.001, 
p = 0.013, p = 0.023, and p = 0.006, respectively). As for 
strain parameters, significant differences of LVMD, 
GRS, GCS, and GLS (p < 0.001, p = 0.010, p = 0.021, and 
p < 0.001, respectively) were found between two groups. 
Differences of global strain in three directions of systolic 
rate were different (p = 0.012, p = 0.005, and p = 0.010, 
respectively), but only different in circumferential of dia-
stolic rate (p = 0.007). Subgroup analyses demonstrated 
a similar extent of the BZ% and IBZ% (p > 0.050 for all). 
Intra- and interobserver reproducibility statistics for 

entropy and LVMD measurements were shown in Table 2 
and demonstrated good consistency.

Correlation of LVMD and entropy
As present in Fig. 3, Spearman rank correlation demon-
strated linear relationships between LVMD and CMR 
measures of myocardial heterogeneity. A 1-increase 
in the LVMD was associated with an increase of 0.397 
in the BZ entropy, and with an increase of 0.327 in the 
IBZ entropy. IC entropy and LV entropy were marginally 
associated with LVMD.

Table 2  Intra- and interobserver reproducibility statistics for entropy and LVMD measurements
Intraobserver reproducibility (Observer 
1)

Intraobserver reproducibility (Observer 
2)

Interobserver reproducibility

ICC 95% Limits of 
agreement

p-value ICC 95% Limits of 
agreement

p-value ICC 95% Limits of 
agreement

p-value

BZ entropy 0.920 (0.893,0.940) <0.001* 0.913 (0.884,0.935) <0.001* 0.884 (0.842,0.915) <0.001*

IC entropy 0.931 (0.907,0.949) <0.001* 0.927 (0.903,0.946) <0.001* 0.892 (0.855,0.919) <0.001*

IBZ entropy 0.955 (0.939,0.966) <0.001* 0.956 (0.941,0.968) <0.001* 0.917 (0.890,0.939) <0.001*

LV entropy 0.964 (0.952,0.974) <0.001* 0.973 (0.964,0.980) <0.001* 0.956 (0.939,0.967) <0.001*

LVMD 0.984 (0.978,0.988) <0.001* 0.982 (0.975,0.987) <0.001* 0.955 (0.937,0.967) <0.001*

*p < 0.05 is accepted as statistically significant. Observer 1: XY.Z. Observer 2: L.Z

LVEF, left ventricular ejection fraction; BZ, border zone; IC, infarct zone; IBZ, infarct zone and border zone; GRS, global radial strain; GCS, global circumferential strain; 
GLS, global longitudinal strain; LVMD, left ventricular mechanical dispersion

Fig. 3  The results of the spearman rank correlation coefficient showed a linear correlation between LVMD and entropy parameters. BZ entropy (r = 0.397, 
p < 0.001), IC entropy (r = 0.327, p < 0.001), IBZ entropy (r = 0.313, p < 0.001), LV entropy (r = 0.257, p < 0.001)
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Prognosis eveluation
Over a mean follow-up of 31 months, primary combined 
endpoints occurred in 42 of the 181 participants, 6 were 
SCD, 24 experienced VAs or/and received ICD therapy 
for VAs, and 12 suffered from new CHF. ROC results 
were showed in Table  3. According to the results of 
Delong test, the performance of LVMD and BZ entropy 
were significantly superior to other parameters (p < 0.05 
for all) for primary combined endpoints prediction, 
whereas LVMD is not better than BZ entropy (p = 0.344).

Table  4 provides the results of univariate and multi-
variate Cox regression analysis for primary combined 
endpoints predicting. LVEF [hazard ratio (HR): 0.963; 
95% confidence interval (CI): 0.941, 0.985; p = 0.001], BZ 
entropy (HR: 2.315; 95% CI: 1.531, 3.500; p < 0.001), IC 
entropy (HR: 1.009; 95% CI: 0.991, 1.026; p = 0.004), GLS 
(HR: 0.946; 95% CI: 0.901, 0.994; p = 0.026) and LVMD 
(HR: 1.019; 95% CI: 1.012, 1.027; p < 0.001) were corre-
lated with possibility of primary combined endpoints in 

all patients. Collinearity diagnostics were conducted to 
avoid the confounding effect of the correlation between 
two entropy-related indexes (BZ entropy and IC entropy). 
The results demonstrated no collinearity between them 
(VIF = 1). After adjusting for LVEF, BZ entropy, IC 
entropy, and GLS, LVMD was still identified as an inde-
pendent predictor for primary combined endpoints (HR: 
1.014; 95% CI: 1.003, 1.024; p = 0.010). A Kaplan-Meier 
survival curve was drawn for patients with LVMD ≤ cut-
off value (86.955ms) versus LVMD > 86.955ms, and the 
analysis provided significant evidence of an increased 
risk of primary combined endpoints among patients with 
high LVMD (p < 0.001, log-rank) (Fig. 4). The prediction 
model combining LVMD, BZ entropy with LVEF had 
an AUC value of 0.871 in predicting primary combined 
endpoints after MI, which was superior to single LVEF 
(p = 0.002, Delong test).

Table 3  ROC of CMR parameters for MACE Eveluation
AUC Sensitivity Specificity Cut-off value p-value

LVEF (%) 0.714 0.662 0.667 39.660 <0.001*

BZ% 0.546 0.786 0.381 3.715 0.354
IC% 0.608 0.738 0.525 15.045 0.028*

IBZ% 0.599 0.762 0.468 17.823 0.046*

BZ entropy 0.771 0.690 0.799 5.005 <0.001*

IC entropy 0.685 0.690 0.698 6.760 <0.001*

IBZ entropy 0.616 0.881 0.353 6.170 0.012*

LV entropy 0.641 0.833 0.432 5.795 0.004*

GRS(%) 0.631 0.777 0.476 15.710 0.008*

GCS(%) 0.617 0.571 0.669 -12.605 0.019*

GLS(%) 0.691 0.667 0.655 -9.270 <0.001*

LVMD(ms) 0.825 0.690 0.835 86.955 <0.001*

*p < 0.05 is accepted as statistically significant

LVEF, left ventricular ejection fraction; BZ, border zone; IC, infarct zone; IBZ, infarct zone and border zone; GRS, global radial strain; GCS, global circumferential strain; 
GLS, global longitudinal strain; LVMD, left ventricular mechanical dispersion

Table 4  Univariable and multivariable cox regression analysis to predict primary combined endpointss
Univariable Cox proportional hazards regression Multivariable Cox proportional hazards 

regression
HR(95% CI) p-value HR(95% CI) p-value

LVEF (%) 0.963(0.941, 0.985) 0.001* 0.986(0.957, 1.016) 0.351
IC% 1.009(0.991, 1.026) 0.330 —— ——
IBZ% 1.008(0.992, 1.024) 0.328 —— ——
BZ entropy 2.315(1.531, 3.500) <0.001* 1.708(0.943, 3.095) 0.078
IC entropy 2.045(1.264, 3.308) 0.004* 0.710(0.412, 1.225) 0.219
IBZ entropy 1.428(1.966, 2.109) 0.074 —— ——
LV entropy 1.238(0.951, 1.615) 0.113 —— ——
GRS(%) 0.972(0.945, 1.001) 0.059 —— ——
GCS(%) 0.987(0.956, 1.019) 0.424 —— ——
GLS(%) 0.946(0.901, 0.994) 0.026* 1.059(0.927, 1.209) 0.401
LVMD(ms) 1.019(1.012,1.027) <0.001* 1.014(1.003, 1.024) 0.010*

*p < 0.05 is accepted as statistically significant

LVEF, left ventricular ejection fraction; BZ, border zone; IC, infarct zone; IBZ, infarct zone and border zone; GRS, global radial strain; GCS, global circumferential strain; 
GLS, global longitudinal strain; LVMD, left ventricular mechanical dispersion
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Discussion
Survivors of MI have a high risk of SCD because of the 
elevated long-term incidence of fatal advers cardio-
vascular events [14]. Myocardial fibrosis formation is a 
process of remodeling of infarcted myocardium, with 
structural and electrophysiological remodeling occur-
ring within the scar, reflected in increased heterogeneity. 
The post-MI myocardium, composed of an intermingling 
of cardiomyocytes and fibrotic bundles, remains electro-
physiologically active and can contribute to abnormal 
cardiac electrical activity [15]. In this study, we retro-
spectively collected post-MI patients and the prognostic 
value of two types of parameters reflecting heterogeneity 
was explored. The main findings are as follows: (A) LGE 
entropy and LVMD effectively reflect post-MI myocar-
dial heterogeneity, and the correlations between them 
have been substantiated. (B) LVMD have shown superior 
predictive efficacy for primary combined endpoints com-
pared to traditional recommendation parameter LVEF. 
(C) The prediction model integrating LVMD, BZ entropy, 
and LVEF demonstrated strong performance in forecast-
ing primary combined endpoints after MI.

Myocardial ischemic injury, accompanied by secondary 
fibrosis, induces heterogeneity in electrical conduction at 
the ventricular level and exacerbates electro-mechanical 
dyssynchrony [16]. LVMD can reflect these changes, a 
cross-sectional study conducted in 2021 explored the 
relationship between electrocardiographic conduction 
and myocardial longitudinal strain parameters in a nor-
mal population and demonstrated a significant nonlinear 
relationship between most myocardial electrophysiologic 
indices and LVMD, suggesting that LVMD may reflect 
heterogeneity in myocardial electrophysiologic activity 
[17]. The larger the LVMD value is, the longer the myo-
cardial electrical conduction time and the larger the elec-
trical dispersion is.

Myocardial electrophysiologic heterogeneity can cause 
myocardial contractional heterogeneity, resulting from 
regional differences in electrical conduction proper-
ties, primarily in slow conduction regions [17]. LVMD 
can evaluate contractional heterogeneity and has been 
proven to be a marker of electrophysiologic heteroge-
neity including inhomogeneous anisotropy, electrolytic 
coupling, conduction block, and slow conduction [18]. 
The results of the present study showed correlations 
between all 4 entropy parameters (BZ, IC, IBZ, and LV 
entropy) and LVMD, with the highest correlation found 
for the BZ entropy. According to previous evidence, 
structural heterogeneity between fibrotic myocardium 
and surviving myocardium within specific areas — the 
BZ — leads to uneven contraction, explaining the corre-
lation between these two parameters [19]. Structural het-
erogeneity occurs after MI as a result of the reduction of 
normal cardiomyocytes and the development of myocar-
dial fibrosis. Results in changes in ventricular load force 
and regional wall stress, that is myocardial contractility 
and relaxation capacity after MI [20]. This may affect the 
formation of depolarizing and repolarizing abnormal 
impulses and can lead to electrophysiological heteroge-
neity [21]. Structural heterogeneity is present and quanti-
fiable in MI-involved myocardium and is associated with 
increased ventricular irritability with programmed elec-
trical stimulation [22]. Thus, it can be broadly considered 
correlations between structural heterogeneity and elec-
trophysiological heterogeneity.

Survivors of MI are at risk of recurrent cardiovascular 
events, with a morbidity of 12% within 6 months [23]. 
SCD, sustained VA, ICD implantation, and HF regard-
ing primary combined endpoints in the present study 
are considered very important severe adverse outcomes. 
VA are usually caused by re-entry mechanisms and BZ is 
the pivotal substrate. Heterogeneous and slow conduc-
tion in BZ, where activation proceeds along the pathway-
branching and merging of surviving myocardial bundles 
separated by collagen septal lengthen the pathway, a key 
condition for the occurrence of re-entry [24]. In a multi-
center study of 7-year follow-up in patients with HF, the 
incidence of in-hospital sustained VA was 4.2% [25].

ROC analysis results have shown LVMD and entropy 
are more effective parameters for evaluating prognosis 
compared to traditional LVEF. Therefore, they are recom-
mended for predicting primary combined endpoints. Our 
study has demonstrated that entropy correlates with pri-
mary combined endpoints in MI, aligning with findings 
from previous research. The results of a study in post-
MI patients showed that IBZ entropy was independently 
associated with VAs and was the only CMR parameter 
associated with appropriate ICD therapy [5]. A study of 
sustained VA prediction in hypertrophic cardiomyopa-
thy (HCM) patients in 2021 demonstrated that entropy 

Fig. 4  Kaplan-Meier survival curve of patients with LVMD ≤ cut-off value 
(86.955ms) versus LVMD > cut-off value (86.955ms). Patients with higher 
LVMD were more likely to occurrence at primary combined endpoints 
(p < 0.001, log-rank)
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allows risk stratification of VAs [27]. In 2022, Antiochos 
demonstrated that entropy was independently associated 
with primary combined endpoints after adjusting LVEF, 
QRS time frame, and LGE% in VA patients [28]. For the 
research, entropy has a higher prognostic value than 
LVEF and LGE%, and BZ entropy has the highest prog-
nostic predictive value.

Another advantage is that entropy is calculated using 
the standard algorithm, which makes it more reproduc-
ible for both intra- and inter- observers’ measurements. 
Thus, entropy may offer a realistic and robust method of 
primary combined endpoints risk assessment. However, 
there are no sufficient prospective randomized studies 
with definitive conclusions as to which entropy param-
eter is superior. The present cohort study defined the 
structural heterogeneity of BZ in terms of entropy and 
showed that BZ entropy could be used as a predictive 
parameter of primary combined endpoints with a higher 
accuracy than LVEF.

Another highlight of the study was the predictive value 
of CMR-determined LVMD for primary combined end-
points after MI. Experiments have shown that electrical 
remodeling occurs within the infarct ‘limbic region’, lead-
ing to slow conduction and facilitating re-entry [29]. The 
specific mechanisms of re-entry depend on the struc-
tural remodeling properties of BZ [30]. In 2022, a study 
on myocardial microstructure confirmed the presence 
of electrical conduction dysfunction following MI. Addi-
tionally, the BZ was identified as the predominant source 
of post-MI sustained VA in mice [31].Therefore, accurate 
mechanical and electrical characterization of BZ is cru-
cial for improving the prognosis of patients with MI [32].

The results of a meta-analysis showed that LVMD is a 
marker of electrophysiological heterogeneity and con-
tributes to sustained VA [18]. Patients with prolonged 
LVMD demonstrated inhomogeneous electrical conduc-
tion and provided the highest predictive value for the 
primary combined endpoints. In 2020, a total of 1,000 
patients with MI undergoing primary PCI were prospec-
tively analyzed. After a median follow-up of 117 months, 
an increase in LVMD determined by CMR was indepen-
dently associated with an increased risk of all-cause mor-
tality [33]. In addition to the proven value of LVMD in 
patients with MI, LVMD has important prognostic value 
in other cardiac conditions as well. The results of a study 
in the general population indicated that both systolic and 
diastolic dysfunction were associated with LVMD and 
coronary artery disease, hypertension, diabetes mellitus, 
and obesity were more common in subjects with higher 
LVMD [34]. Regardless of etiology, the use of LVEF 
alone to predict sustained VA and SCD is less effective, 
especially in patients with moderately reduction. LVMD 
improves prognosis assessment, especially in patients 

currently excluded from ICD placement based on LVEF 
[35].

According to a HCM study in 2015, LVMD was asso-
ciated with the presence of sustained VA, and LVMD 
improved risk stratification for HCM [36]. In addition, 
LVMD may contribute to the prognostic stratification 
of HF patients and is associated with a poor prognosis 
in those with severely reduced LV function and bundle 
branch conduction block [37]. Higher LVMD at follow-
up in patients with HF was associated with sustained VA 
independent of whether final LVEF was below or above 
the guideline-reported 35% cut-off. Although the risk 
of sustained VA was significantly reduced in patients 
whose LVEF improved to > 35% at follow-up, it remained 
elevated in the presence of an elevated LVMD [38]. For 
different studies and different subject populations, the 
cut-off value of LVMD for primary combined endpoints 
prediction varies widely and reported to have a wide 
range between 47ms-221ms [8]. For our study, the cutoff 
value of LVMD for primary combined endpoints predic-
tion was 86.955ms.

Theoretically, assessing myocardial heterogeneity offers 
significant clinical value for patients who experience 
primary combined endpoints following MI. However, 
limited research has explored myocardial heterogene-
ity in depth. This study is the first to develop an evalua-
tion model utilizing CMR heterogeneity parameters. By 
integrating LVEF, BZ entropy, andLVMD, our predic-
tion model outperforms LVEF alone in predicting pri-
mary combined endpoints after MI. We propose that this 
model supplements and enhances the current guidelines 
and reference evaluation system. CMR has gained wide-
spread international recognition and adoption in clinical 
practice due to its unparalleled ability to visualize cardiac 
tissues non-invasively and without exposure to ionizing 
radiation. Researches have demonstrated the clinical 
value and risk prediction benefit of CMR parameters on 
patients after MI. At the same time, with the advance-
ment of scanning technology and computer aided 
technology, the scanning time is shortened and post-pro-
cessing simplification. All of the above can improve the 
clinical application value of CMR in long-term evaluation 
of patients after MI and the possibility of follow-up on a 
large scale.

Our study has several limitations. It is a single-center, 
observational study with a relatively small sample size. 
The definition of primary combined endpoints included 
a combination of SCD, sustained VA or/and ICD implan-
tation, and new HF. Due to the limited sample size, we 
are unable to further discuss the specific events at dif-
ferent endpoints. While the results indicate that LVMD 
is linearly related to entropy parameters, the correlation 
coefficient is small, and the accuracy of these findings 
requires further investigation. Another limitation is that 
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we did not compare the LVMD measurements obtained 
by CMR with those obtained by echocardiography.

Conclusions
Myocardial heterogeneity measured with CMR-derived 
LVMD and entropy are readily available and reproduc-
ible parameters reflecting cardiac remodeling after MI, 
which have the potential to be applied to primary com-
bined endpoints prediction for post-MI patients. A lin-
ear correlation has been observed between LVMD and 
entropy, but the correlation coefficient is relatively small 
and requires further validation. LVMD has independent 
prognostic value, and LVMD combining with the guide-
line-recommended LVEF as a united model escalates the 
forecast accuracy of primary combined endpoints’ risk 
in patients after MI. Considering the limitations of this 
study, further studies are needed to investigate the asso-
ciation between LVMD, entropy, and adverse outcomes 
after MI.
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