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Abstract

Objectives Entropy is a new late gadolinium enhanced (LGE) cardiac magnetic resonance (CMR)-derived parameter
that is independent of signal intensity thresholds. Entropy can be used to measure myocardial tissue heterogeneity
by comparing full pixel points of tissue images. This study investigated the incremental prognostic value of left ven-
tricular (LV) entropy in patients with hypertrophic cardiomyopathy (HCM).

Methods This study enrolled 337 participants with HCM who underwent 3.0-T CMR. The LV entropy was obtained
by calculating the probability distribution of the LV myocardial pixel signal intensities of the LGE sequence. Patients
who underwent CMR imaging were followed up for endpoints. The primary endpoint was defined as readmission
to the hospital owing to heart failure. The secondary endpoint was the composite of the primary endpoint, sudden
cardiac death and non-cardiovascular death.

Results During the median follow-up of 24 months + 13 (standard deviation), 43 patients who reached the primary
and secondary endpoints had a higher entropy (6.20+0.45, p <0.001). The patients with increased entropy (> 5.587)
had a higher risk of the primary and secondary endpoints, compared with HCM patients with low entropy (p <0.001
for both). In addition, Cox analysis showed that LV entropy provided significant prognostic value for predicting

both primary and secondary endpoints (HR: 1.291 and 1.273, all p<0.001). Addition of LV entropy to the multivariable
model improved model performance and risk reclassification (p <0.05).

Conclusion LV entropy assessed by CMR was an independent predictor of primary and secondary endpoints. LV
entropy assessment contributes to improved risk stratification in patients with HCM.
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were at risk for heart failure and sudden cardiac death.
Key points

Graphical Abstract

Critical relevance statement Myocardial heterogeneity reflected by entropy the derived parameter of LGE has prog-
nostic value for adverse events in HCM. The measurement of LV entropy helped to identify patients with HCM who

- Left ventricular entropy can reflect myocardial heterogeneity in HCM patients.

- Left ventricular entropy was significantly higher in HCM patients who reached endpoint events.

- Left ventricular entropy helps to predict the occurrence of heart failure and death in HCM patients.
Keywords Magnetic resonance imaging, Prognosis, Hypertrophic cardiomyopathy
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Late Gadolinium Enhancement Entropy as a New Measure of
Myocardial Tissue Heterogeneity for Prediction of Adverse
Cardiac Events in Patients with Hypertrophic Cardiomyopathy

Myocardial heterogeneity reflected by entropy the derived parameter of LGE has prognostic value for adverse
events in HCM. The measurement of LV entropy helped to identify patients with HCM who were at risk for heart
failure and sudden cardiac death.
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Introduction

Hypertrophic cardiomyopathy (HCM) is a common
inherited cardiovascular disease found in one in 500
among the general population [1, 2]. The morphologi-
cal and functional features of HCM include marked
and asymmetric left ventricular (LV) hypertrophy and a
non-dilated LV cavity [3]. There is a significant hetero-
geneity in the clinical phenotypes of patients with HCM,
who can be asymptomatic or present with heart failure
(HF), arrhythmias, and sudden cardiac death (SCD) [4].
With the use of implantable defibrillators, the incidence
of HCM-related SCD has decreased significantly, and
HF is becoming an increasingly prominent management

challenge for HCM [5]. Various risk factors have been
identified for the poor prognosis of HCM patients [6, 7].
However, accurate risk prediction remains inadequate.
Cardiac magnetic resonance (CMR) is particularly suit-
able for the analysis of phenotypic changes in HCM due
to its unique advantages in histological characterization
[8-10]. CMR using late gadolinium enhancement (LGE)
to detect myocardial fibrosis is one of the most impor-
tant techniques to non-invasively characterize scar tissue.
Recent researches have shown the value of LGE in pre-
dicting adverse cardiac events to contribute to risk strati-
fication in clinical practice [14—16]. However, most LGE
quantification methods are performed by setting a signal
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intensity threshold and evaluating a range of pixels above
that threshold. There are limitations to the assessment
of the overall myocardium, especially the non-enhanced
regions [17].

Entropy is a new LGE-derived parameter that is inde-
pendent of the signal intensity threshold [18, 19]. An
image with perfectly homogeneous pixels will have zero
entropy. When there is a difference in signal intensity
between myocardial tissues, there will be many differ-
ent pixel values, and thus a higher entropy. According to
this principle, entropy can quantify the "complexity” of
the entire left ventricular myocardium. Previous stud-
ies have found that entropy can reflect myocardial inho-
mogeneous remodeling in dilated cardiomyopathy and
post-infarction [20, 21]. Considering that HCM is char-
acterized by diffuse histopathological abnormalities [22],
we hypothesized that LGE entropy measurements could
better reflect the myocardial heterogeneity of HCM
patients. Therefore, in this study, we investigated whether
LV entropy is associated with poor prognosis in patients
with HCM and assessed the predictive value of entropy
as a risk stratification.

Methods

Study population

This retrospective study was approved by the local hos-
pital ethics committees, and written informed consent
was obtained from all the patients. HCM is diagnosed by
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CMR confirming the presence of non-dilated LV hyper-
trophy (maximal wall thickness > 15 mm in adult patients
or > 13 mm in relatives of adult patients) with the absence
of another disease that could explain LV hypertrophy
[23]. A total of 359 patients with HCM were recruited to
undergo CMR between May 2017 and December 2020,
of which 337 patients with adequate CMR sequences and
acceptable image quality were included in the later fol-
low-up. The exclusion criteria were as follows: (a) failure
to complete cardiac magnetic resonance; (b) poor image
quality; (c) incomplete follow-up. Other exclusion crite-
ria included congenital heart disease, myocardial amy-
loidosis, advanced renal failure, or contraindication to
gadolinium-based contrast agents (Fig. 1).

CMR protocol

CMR studies were conducted on 3.0 T scanners (Mag-
netom Verio; Siemens AG Healthcare, Germany and
Ingenia; Philips Healthcare, the Netherlands). The
sequences included steady-state free precession breath-
hold cine images and LGE images. The detailed CMR
protocols are presented in Additional file 1.

CMR image analysis

The CMR image analysis was performed using CVI42 (Cir-
cle Cardiovascular Imaging Inc.) by two radiologists with
more than 5 years of experience who were blinded to the
clinical information. The LV endocardial and epicardial

HCM patients underwent CMR exams

(n=359)

Exclude(n=22)

» Poor Cine image quality (n=9)
» Poor LGE image quality (n=8)
» Incomplete follow-up (n=>5)

Eligible patients

(n=337)

« Biventricular volumes and ejection fractions

» LGE percentage
+ LV entropy

Patients with events
(n=43)

Fig. 1 Flowchart of numbers of patients recruited in the study

l

Patients without events
(n=294)
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Fig. 2 Schematic diagram of the left ventricular (LV) entropy measurement. The LV entropy was obtained by calculating the distribution of the pixel
signal intensities of the myocardial on LGE images. The epicardial and endocardial borders were manually traced, and excluded the blood pool
signal. The software automatically calculated the signal intensity of each pixel of the myocardium. The histogram shows the probability distribution

of the pixel signal intensities for patient A and patient B

borders were automatically delineated and manually
adjusted at end-systole and end-diastole. Then, the LV
end systolic volume (LVESV), LV end-diastolic volume
(LVEDV), LV mass (LVM) and LV ejection fraction (LVEF)
were calculated by the software. All volumes and masses
were normalized to the body surface area (BSA). The per-
centage of LGE was identified and calculated by CVI soft-
ware with a full width at half-maximum (FWHM) method.

LV entropy measurement

The LV entropy was obtained by calculating the distribu-
tion of the pixel signal intensities of the myocardial on LGE
image (Fig. 2). The epicardial and endocardial borders were
manually traced on the LGE images and excluded the blood
pool signal. A program written in MatLab (MathWorks,
Natick, MA) automatically performed the entropy calcula-
tion according to the following equation:

entropy = — Z [pilog(1 — pi)]

where p; is the probability distribution of signal intensity.

Follow-up information

The follow-up data were collected by two cardiolo-
gists with more than ten years of experience via medical
records and telephone interviews who were unknown
to the CMR data. The primary endpoint was defined as
readmission to the hospital owing to HF. The secondary
endpoints comprised the primary endpoint, sudden car-
diac death and non-cardiovascular death.

Statistical analyses

Data were analyzed by IBM SPSS statistics software (v.
24.0, IBM SPSS Inc.) and R software (version 4.1.2; The R
Project for Statistical Computing). T test and Chi-square
test were used to compare the continuous variables (pre-
sented as mean + SD) and categorical variables (presented
as frequencies with percentages). Correlations between
continuous variables were assessed using Pearson’s cor-
relation coefficient. The survival curves were established
according to the Kaplan—Meier method and high and low
entropy patients were classified by median. Using Cox
regression analyses to determine whether entropy was
a predictor of events. Significant variables (p<0.1) from
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univariate regression analysis were included in the mul-
tivariate analysis. To assess the incremental prognostic
value of LGE entropy, we calculated the Harrel C-index,
the net reclassification improvement (NRI), and the inte-
grative discrimination index (IDI). The intraclass corre-
lation efficient was computed to evaluate the intra- and
inter-observer agreement.

Results
Study population characteristics
A total of 337 patients formed the cohort for this anal-
ysis. Table 1 shows the clinical and CMR characteris-
tics of HCM patients. Meanwhile, 43 patients (mean
age 54+ 15 years, 84% male) with endpoint events had
a higher BMI, HR, and left atrium (LA) diameter (all
p<0.05). Regarding CMR parameters, patients with HCM
who reached the endpoint events had significantly higher
LVEDVi (89.3 +40.5 ml/m?), LVESVi (47.6 +21.2 ml/m?),
LGE (13.9+£10.0%) and entropy (6.20+0.45), and lower
LVEF (43.0+11.8%) and SV (56.5+29.8 ml) than those
patients who did not have endpoint events (all p <0.05).
The intra-observer and inter-observer agreements
showed good reproducibility of entropy measurements
(0.965 and 0.943, p <0.05 for both). There was no statisti-
cal difference in the acquisition of entropy by both scan-
ners between normal patients and between patients who
reached the endpoint events (Additional file 1: Table S3).
In addition, the correlation of entropy with character-
istic LV parameters in patients with HCM is shown in
Additional file 1: Table S1. In all HCM patients, entropy
showed a significant positive correlation with LA diam-
eter, LVEDVi, LVESVi, and LGE (all p<0.05). Significant
negative correlations were observed with LVEF and SV
(all p<0.05).

Outcome

During a median follow-up of 24+ 13 months, 33 (10%)
patients had reached the primary endpoint event. More-
over, 43 (13%) patients reached the secondary endpoint
event, including the primary endpoint (10%), eight (2%)
with cardiovascular death and two (1%) with non-cardi-
ovascular death. Kaplan—Meier analysis (Fig. 3) demon-
strated that patients with high entropy greater than or
equal to the median (>5.587) had a significantly higher
risk of outcome events than patients with low entropy
(<5.587) (p<0.001 for both).

Survival analysis

Classical risk factors from the 2020 AHA/ACC guide-
lines including age, unexplained syncope, non-sus-
tained ventricular tachycardia (NSVT), SCD family
history, LA diameter, maximal LV wall thickness, left
ventricular outflow tract (LVOT) gradient pressure, and
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Table 1 Basic information and CMR characteristics between
patients with and without events

Characteristics No events  Events p value
(n=294) (n=43)

Demographics
Age (y) 51+14 54+15 196
Male 217 (74) 36 (84) 161
BMI (kg/mz) 249+16 255+1.1 001
BSA (m?) 1802 19+0.1 107
SBP (mm Hg) 120+9 117£19 374
DBP (mm Hg) 7816 77+11 688
HR (beats/min) 7349 79+14 006
Hypertension 57 (19) 12 (28) 196
Diabetes 27 (9) 409 980
CAD 22(8) 3(7) 906
Unexplained syncope 24 (7) 6(11) 638
SCD family history 28 (10) 7(12) 607
NSVT 19(7) 5(9) 595
NYHA functional class

| 210(71) 0(0)

Il 31001 8(19)

Il 30(14) 49

% 13 (4) 31(72)
LA diameter (mm) 412478 448+9.6 006
Maximal LVYWT (mm) 195+12.7 183+44 522
LVOT gradient pressure (mm Hg)  17.5+£12.2 171£126 816
CMR parameters

LVEF (%) 66.3+12.1 43.0+£11.8 <.001

LVEDVi (ml/m?) 63.1+226  89.3+405 <.001

LVESVi (ml/m?) 346+126 476+21.2 <.001

SV (ml) 7774494  565+298 .007

LV mass index (g/ m?) 90.7+41.1 1028+384 071

LGE (%) 50£53 139+10.0 <.001

LV wall entropy 5594035  620+045 <.001

Data are mean+SD or n (%)
Events =composite of primary and secondary endpoints

The primary endpoint defined as readmission to the hospital owing to heart
failure

The secondary endpoint was the composite of the primary endpoint, sudden
cardiac death and non-cardiovascular death

LGE were included in the Cox regression analysis. Uni-
variate Cox analysis showed age (HR 1.026, CI 0.999-
1.054), LA diameter (HR 1.004, CI 0.999-1.008), LGE
(HR 1.107, CI 1.074-1.142) and entropy (HR 1.356,
CI 1.258-1.463) were significant predictors of the pri-
mary endpoint events (all p<0.1, Table 2). LA diam-
eter (HR 1.005, CI 1.002-1.009), LGE (HR 1.116, CI
1.089-1.144) and entropy (HR 1.356, CI 1.276-1.441)
were significant predictors of the secondary endpoints
(all p<0.1). In addition, analysis of entropy with each
adverse event showed that entropy was a significant
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Fig. 3 Kaplan-Meier curves for primary and secondary endpoints in patients with hypertrophic cardiomyopathy according to the median of LGE
entropy (high entropy group = 5.587 and low entropy < 5.587)

Table 2 Univariable cox regression analysis for outcomes in the HCM cohort

Characteristics

Primary end point (n=33)

Secondary end point (n=43)

Unadjusted hazard ratio p value Unadjusted hazard ratio p value
Age 1.026 (0.999, 1.054) 055 1.016 (0.994, 1.038) 156
Unexplained syncope 0.044 (0.001, 15.026) 294 1.918 (0.809, 4.548) 139
NSVT 0.518 (0.071, 3.805) 518 1.551(0.553,4.347) 404
SCD family history 0.636 (0.152, 2.664) 535 0.937(0.335,2.622) 901
LA diameter 1.004 (0.999, 1.008) 088 1.005 (1.002, 1.009) 002
Maximal LYWT 0.936 (0.861,1.016) 114 0.968 (0.906, 1.035) 344
LVOT gradient pressure 0.980 (0.950,1.011) 200 0.994 (0.970, 1.019) 653
Maximal LYWT>30 mm 0.048 (0.001, 652.152) 531 0.833(0.115,6.053) 857
LGE 1.107 (1.074,1.142) <.001 6(1.089,1.144) <.001
LV wall entropy 1.356 (1.258, 1.463) <.001 1.356 (1.276, 1.441) <.001

univariate predictor of each event (all p<0.001, Addi-
tional file 1: Table S2).

Significant variables were included in multivariate
Cox regression analysis. The collinearity analysis of LGE
and entropy excluded the collinearity [Tol=1 (>0.1)
and VIF=1 (<10)]. In multivariate Cox analysis, LGE
(HR 1.048, CI 1.008-1.090) and entropy (HR 1.291, CI
1.182-1.411) were significant predictors of the primary
endpoint (all p<0.05, Table 3). For secondary endpoint
events, LGE (HR 1.055, CI 1.021-1.091) and entropy (HR
1.273, CI 1.183-1.370) were significant predictors (all
p<0.05).

Prediction models

We evaluated the level of improvement in the prediction
model after adding entropy to the existing risk factors
including age, LA diameter and LGE (Table 4 and Fig. 4).
For both primary and secondary endpoints, the C-index
(0.872 and 0.838) were improved with the addition of

entropy. Discrimination and reclassification to pre-
dict the occurrence of primary and secondary endpoint
events (NRI 0.332 and 0.376, IDI 0.138 and 0.140) were
also significantly improved with the addition of entropy
(»<0.05).

Discussion

This study showed that LGE entropy was significantly
higher in HCM patients with adverse events. Moreo-
ver, LGE entropy was significantly correlated with
LA diameter, LVEF and LGE. In the survival analysis,
entropy >5.587 was found to be associated with primary
and secondary endpoints. In multivariate Cox regression
analysis, LGE entropy was also an independent predictor
of primary and secondary endpoints. These findings sug-
gested that LGE entropy provides incremental prognostic
value for the prediction of adverse events in patients with
HCM.
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Table 3 Multivariable cox regression analysis for outcomes in the HCM cohort
Characteristics Primary end point (n=33) Secondary end point (n=43)
Unadjusted hazard ratio p value Unadjusted hazard ratio p value

Age 1.015(0.989, 1.042) 262 1.004 (0.982, 1.027) 703
Unexplained syncope
NSVT
SCD family history
LA diameter 0.999 (0.994, 1.004) 795 1.002 (0.998, 1.006) A25
Maximal LYWT
LVOT gradient pressure
Maximal LYWT =30 mm
LGE 1.048 (1.008, 1.090) 018 1.055 (1.021, 1.091) .001
LV wall entropy 1.291(1.182,1.411) <.001 1.273(1.183,1.370) <.001
Table 4 Evaluation of the accuracy and reclassification of LV entropy

Primary end point

C-index (95% Cl) NRI (95% Cl) IDI (95% ClI)
Model 1 (risk model + LGE) 0.769 (0.693, 0.844) Baseline Baseline

Model 2 (risk model + LGE +entropy) 0.872(0.821,0.924)

0.332(0.190, 0.642) 0.138(0.020, 0.288)

Secondary end point

C-index (95% Cl)

NRI (95% CI) IDI (95% CI)

Model 1 (risk model + LGE)
Model 2 (risk model + LGE + entropy)

0.804 (0.739, 0.870)
0.879 (0.838,0.919)

Baseline
0.140 (0.012, 0.269)

Baseline
0.376 (0.007, 0.662)

0.90 0.4

0.85-] 0.3
3
2 Z 0.2
& 080

014 Reference
075 4 -
'J_-_-_-_ 0.0-

Primary end point Secondary end point

Ea Risk factors
Fig. 4 Evaluation of the accuracy and improvement of LGE entropy

Despite effective advances in the prevention of adverse
events such as SCD, the effective identification of adverse
prognosis in patients with HCM remains unsatisfactory,
mainly because of the significant heterogeneity in clinical
phenotypes, with heart failure being the main complica-
tion determining the long-term prognosis of HCM [24—
26]. Treatment of HCM has improved significantly in the

Primary end point Secondary end point

0.15—

IDI

Reference

Reference

Reference

Primary end point Secondary end point

Ea Risk factors+Entropy

last few decades with medications, myectomy, alcohol
septal ablation, and heart transplantation, but inadequate
identification of high-risk patients affects the long-term
prognosis of patients [28].

CMR has played an increasingly important role in the
evaluation of HCM patients. CMR using LGE to detect
myocardial fibrosis is the most widely studied technique



Gu et al. Insights into Imaging (2023) 14:138

to non-invasively characterize underlying scar structures
[29]. It has been found that half to two-thirds of patients
with HCM may have LGE, and fibrosis is the leading
cause of cardiac dysfunction in patients with cardiomy-
opathy [30-32]. A recent meta-analysis of five studies
demonstrated that the presence of LGE was associated
with a 3.4 fold increase in risk for sudden cardiac death
(SCD), 1.8 fold increase in all-cause mortality, 2.9 fold
increase in cardiovascular mortality and an increasing
trend in HF death [16]. Similar to previous studies, LGE
was more significant in patients with adverse outcomes
in this study, and LGE was also a significant predictor of
endpoint events.

However, LGE quantitation in clinical examination
focuses on detecting the presence and extent of scars and
has limitations in the assessment of the overall myocar-
dium, especially the non-enhanced areas [17]. HCM is
characterized by diffuse histopathological abnormali-
ties, with lesions often involving the entire LV myocar-
dium [22]. Patients with HCM may develop more than
three types of myocardial fibrosis during the disease: dif-
fuse micro-scars, perivascular fibrosis, perimysial, and
endomysial fibrosis [33, 34]. The heterogeneity between
the different fibrosis may also lead to different degrees of
myocardial structural abnormalities and lead to adverse
events finally [35]. Therefore, patients with HCM need to
be differentiated more carefully in terms of myocardial
tissue heterogeneity including normal myocardium and
fibrotic scars. Entropy, a measure of image complexity,
has been widely used in recent years in CMR to assess
myocardial heterogeneity [18, 20, 21, 36]. Low entropy
indicates a uniformity of pixel intensities, reflecting
the same type of tissue in the myocardium. While high
entropy indicates that regional signal intensity values
have an irregularly wide range, which reflects the pres-
ence of a mixture of different tissue types [37]. In contrast
to LGE based on visual and signal intensity thresholds for
myocardial scar assessment, entropy measurements are
designed to capture tissue heterogeneity throughout the
left ventricle. Muthalaly et al. [21] first applied the con-
cept of entropy to the field of CMR and proved to be a
fast and reproducible measure, and entropy contributed
to risk stratification in patients with dilated heart disease.
Androulakis et al. [20] found that in post-MI patients,
whole LV entropy was independently associated with
mortality by reflecting poor and irreversible inhomoge-
neous remodeling of the LV after infarction. Antiochos
et al. [18] found that LV entropy became the strongest
multivariate predictor of MACE in patients with arrhyth-
mias without myocardial scarring.

In this study, patients with elevated LGE entropy had
a higher incidence of HF, which is consistent with the
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results of Antiochos et al. [18], where entropy detec-
tion could improve the prediction of HF risk by effec-
tively identifying plaque-like fibrosis and coarser fibrosis
strands that are not easily detected by LGE. The associa-
tion between LGE entropy and HF may reflect the level
of inhomogeneous fibrosis in HCM patients. In addition,
LGE entropy also improved the predictive accuracy of
predictive models for outcome events in terms of com-
parison of predictive models. In addition to the C-index,
the results of NRI and IDI calculations also showed that
LGE entropy has higher predictive power for endpoint
events including HF.

This study had several limitations. First, due to the
limitation of patient numbers, the incidence of end-
points events is higher compared to previous large sam-
ple researches. We will continue to recruit more cases
to refine the analysis in the future. The measurement of
LGE entropy also needs further generalization studies on
more devices. Second, T1 mapping was not performed
in most patients in this study, and future comparison
of entropy with extracellular volume fraction is needed
for more reliable validation. Given the changes in HCM
patients with clinical treatment, multiple measurements
of entropy during treatment would help to make more
accurate analytical judgments.

In conclusion, the use of LGE entropy measurements
facilitates analysis of myocardial heterogeneity in HCM
patients. LGE entropy has independent prognostic value
for poor prognosis in patients with HCM. The inclusion
of LGE entropy as a risk factor provides incremental
prognostic value.

Abbreviations

BMI Body mass index

BSA Body surface area

CMR Cardiac magnetic resonance
HCM Hypertrophic cardiomyopathy
HF Heart failure

HR Heart rate

IDI Integrative discrimination index
LGE Late gadolinium enhancement
Lv Left ventricular

LVEDV LV end-diastolic volume

LVEF LV ejection fraction

LVESV LV end systolic volume

LVM LV mass

NRI Net reclassification improvement
SCD Sudden cardiac death

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/513244-023-01479-6.

Additional file 1. Late gadolinium enhancement entropy as a new meas-
ure of myocardial tissue heterogeneity for prediction of adverse cardiac
events in patients with hypertrophic cardiomyopathy.



https://doi.org/10.1186/s13244-023-01479-6
https://doi.org/10.1186/s13244-023-01479-6

Gu et al. Insights into Imaging (2023) 14:138

Author contributions

Z-YG contributed to conceptualization, investigation, and writing. Y-FQ contrib-
uted to data curation, formal analysis, and writing. B-HC contributed to inves-
tigation, supervision, and validation. C-WW contributed to formal analysis and
visualization. LZ contributed to data curation. SX contributed to resources. LZ
contributed to data curation, conceptualization, and methodology. L-MW con-
tributed to conceptualization, methodology, funding acquisition, and supervi-
sion. Y-YW contributed to funding acquisition, resources, and supervision.

Funding

Supported by National Natural Science Foundation of China (No. 81873887,
82171884, 82271608); National Natural Science Foundation of China Youth
project (No. 82101981); Shanghai Science and technology innovation action
plan, technology standard project (No. 19DZ2203800); Shanghai Science
and technology innovation action plan, technology standard project (No.
20Y11912200); Shanghai Shuguang project (215G19).

Availability of data and materials
The data used in the study are available from the corresponding author on
reasonable request.

Declarations

Ethics approval and consent to participate

Our study protocol was approved by the institutional ethics committee of Renji
Hospital and Anzhen hospital and was also in accordance with the Declaration
of Helsinki. Written informed consent was obtained from all participants.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Cardiovascular Surgery, Ren Ji Hospital, Shanghai Jiao Tong
University School of Medicine, Shanghai 200127, China. “Department of Radi-
ology, Ren Ji Hospital, Shanghai Jiao Tong University School of Medicine,
Shanghai 200127, China. *Department of Radiology, Beijing Anzhen Hospital,
Capital Medical University, Beijing 100029, China.

Received: 30 April 2023 Accepted: 4 July 2023
Published online: 21 August 2023

References

1. Maron BJ, Maron MS (2013) Hypertrophic cardiomyopathy. Lancet
381(9862):242-255

2. McKenna WJ, Judge DP (2021) Epidemiology of the inherited cardiomyo-
pathies. Nat Rev Cardiol 18(1):22-36

3. Spirito P, Autore C (2006) Management of hypertrophic cardiomyopathy.
BMJ 332(7552):1251-1255

4. Maron BJ (2002) Hypertrophic cardiomyopathy: a systematic review.
JAMA 287(10):1308-1320

5. ShiR, ShiK, Huang S et al (2022) Association between heart failure with
preserved left ventricular ejection fraction and impaired left atrial phasic
function in hypertrophic cardiomyopathy: evaluation by cardiac MRI
feature tracking. J Magn Reson Imaging 56(1):248-259

6. Ommen SR, Mital S, Burke MA et al (2020) 2020 AHA/ACC guideline for
the diagnosis and treatment of patients with hypertrophic cardiomyopa-
thy: executive summary: a report of the American college of cardiology/
American heart association joint committee on clinical practice guide-
lines. J Am Coll Cardiol 76(25):3022-3055

7. Marian AJ, Braunwald E (2017) Hypertrophic cardiomyopathy: genetics,
pathogenesis, clinical manifestations, diagnosis, and therapy. Circ Res
121(7):749-770

8. WangJ,LiY,Yang F et al (2021) Fractal analysis: prognostic value of left
ventricular trabecular complexity cardiovascular MRl in participants with
hypertrophic cardiomyopathy. Radiology 298(1):71-79

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

Page 9 of 10

Sultan FAT, Saadia S (2021) Patterns of left ventricular hypertrophy and
late gadolinium enhancement on cardiac MRI in patients with hyper-
trophic cardiomyopathy and their prognostic significance—an experi-
ence from a South Asian Country. J Clin Imaging Sci 11(14)

. Ozawa K, Funabashi N, Takaoka H et al (2017) Successful MACE risk

stratification in hypertrophic cardiomyopathy patients using different 2D
speckle-tracking TTE approaches. Int J Cardiol 228:1015-1021

. Chan RH, Maron BJ, Olivotto | et al (2014) Prognostic value of quantitative

contrast-enhanced cardiovascular magnetic resonance for the evaluation
of sudden death risk in patients with hypertrophic cardiomyopathy.
Circulation 130(6):484-495

. Olivotto I, Maron MS, Autore C et al (2008) Assessment and significance

of left ventricular mass by cardiovascular magnetic resonance in hyper-
trophic cardiomyopathy. J Am Coll Cardiol 52(7):559-566

. Reichek N, Gupta D (2008) Hypertrophic cardiomyopathy: cardiac magnetic

resonance imaging changes the paradigm. J Am Coll Cardiol 52(7):567-568

. Funada A, Kanzaki H, Noguchi T et al (2016) Prognostic significance of late

gadolinium enhancement quantification in cardiac magnetic resonance
imaging of hypertrophic cardiomyopathy with systolic dysfunction. Heart
Vessels 31(5):758-770

. Green JJ, Berger JS, Kramer CM et al (2012) Prognostic value of late gado-

linium enhancement in clinical outcomes for hypertrophic cardiomyopa-
thy. JACC Cardiovasc Imaging 5(4):370-377

. Weng Z, Yao J, Chan RH et al (2016) Prognostic value of LGE-CMR in HCM:

a meta-analysis. JACC Cardiovasc Imaging 9(12):1392-1402

. DiMarco A, Anguera |, Schmitt M et al (2017) Late gadolinium enhance-

ment and the risk for ventricular arrhythmias or sudden death in dilated
cardiomyopathy: systematic review and meta-analysis. JACC Heart Fail
5(1):28-38

. Antiochos P, Ge Y, van der Geest RJ et al (2022) Entropy as a measure of

myocardial tissue heterogeneity in patients with ventricular arrhythmias.
JACC Cardiovasc Imaging 15(5):783-792

. Wang L, Peng L, Zhao X et al (2023) Prognostic value of entropy derived

from late gadolinium enhancement images to adverse cardiac events in
post-myocardial infarction patients. Acad Radiol 30(2):239-247
Androulakis AFA, Zeppenfeld K, Paiman EHM et al (2019) Entropy as

a novel measure of myocardial tissue heterogeneity for prediction of
ventricular arrhythmias and mortality in post-infarct patients. JACC Clin
Electrophysiol 5(4):480-489

Muthalaly RG, Kwong RY, John RM et al (2019) Left ventricular entropy is a
novel predictor of arrhythmic events in patients with dilated cardiomyo-
pathy receiving defibrillators for primary prevention. JACC Cardiovasc
Imaging 12(7 Pt 1):1177-1184

Maron MS (2012) Clinical utility of cardiovascular magnetic resonance in
hypertrophic cardiomyopathy. J Cardiovasc Magn Reson 14(1):13
Authors/Task Force m, Elliott PM, Anastasakis A et al (2014) 2014 ESC
Guidelines on diagnosis and management of hypertrophic cardiomyopa-
thy: the Task Force for the Diagnosis and Management of Hypertrophic
Cardiomyopathy of the European Society of Cardiology (ESC). Eur Heart J
35(39):2733-2779

Maron BJ (2010) Contemporary insights and strategies for risk stratifica-
tion and prevention of sudden death in hypertrophic cardiomyopathy.
Circulation 121(3):445-456

Maron MS, Maron BJ, Harrigan C et al (2009) Hypertrophic cardiomyo-
pathy phenotype revisited after 50 years with cardiovascular magnetic
resonance. J Am Coll Cardiol 54(3):220-228

Hinojar R, Ferndndez-Golfin C, Gonzélez-Gémez A et al (2017) Prognostic
implications of global myocardial mechanics in hypertrophic cardiomyo-
pathy by cardiovascular magnetic resonance feature tracking. Relations
to left ventricular hypertrophy and fibrosis. Int J Cardiol 249:467-472
Kramer CM, Neubauer S (2018) Further refining risk in hypertrophic
cardiomyopathy with late gadolinium enhancement by CMR. J Am Coll
Cardiol 72(8):871-873

Maron BJ, Rowin EJ, Casey SA et al (2016) How hypertrophic cardiomyo-
pathy became a contemporary treatable genetic disease with low mor-
tality: shaped by 50 years of clinical research and practice. JAMA Cardiol
1(1):98-105

Hennig A, Salel M, Sacher F et al (2018) High-resolution three-dimen-
sional late gadolinium-enhanced cardiac magnetic resonance imaging
to identify the underlying substrate of ventricular arrhythmia. Europace
20(Fi2):f179-f191



Gu et al. Insights into Imaging

30.

31

32.

33

34.

35.

36.

37.

(2023) 14:138

Choudhury L, Mahrholdt H, Wagner A et al (2002) Myocardial scarring in
asymptomatic or mildly symptomatic patients with hypertrophic cardio-
myopathy. J Am Coll Cardiol 40(12):2156-2164

Moon JC, McKenna WJ, McCrohon JA et al (2003) Toward clinical risk
assessment in hypertrophic cardiomyopathy with gadolinium cardiovas-
cular magnetic resonance. J Am Coll Cardiol 41(9):1561-1567

Gulati A, Jabbour A, Ismail TF et al (2013) Association of fibrosis with
mortality and sudden cardiac death in patients with nonischemic dilated
cardiomyopathy. JAMA 309(9):896-908

Diez J, Gonzélez A, Kovacic JC (2020) Myocardial interstitial fibrosis in
nonischemic heart disease, part 3/4: JACC focus seminar. J Am Coll
Cardiol 75(17):2204-2218

Galati G, Leone O, Pasquale F et al (2016) Histological and histometric
characterization of myocardial fibrosis in end-stage hypertrophic cardio-
myopathy: a clinical-pathological study of 30 explanted hearts. Circ Heart
Fail 9(9):

Wu KC (2017) Sudden cardiac death substrate imaged by magnetic
resonance imaging: from investigational tool to clinical applications. Circ
Cardiovasc Imaging 10(7)

Amano Y, Suzuki Y, Yanagisawa F et al (2018) Relationship between exten-
sion or texture features of late gadolinium enhancement and ventricular
tachyarrhythmias in hypertrophic cardiomyopathy. Biomed Res Int
2018:4092469

Wu KC, Chrispin J (2022) More than meets the eye: cardiac magnetic
resonance image entropy and ventricular arrhythmia risk prediction.
JACC Cardiovasc Imaging 15(5):793-795

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 10 of 10

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com




	Late gadolinium enhancement entropy as a new measure of myocardial tissue heterogeneity for prediction of adverse cardiac events in patients with hypertrophic cardiomyopathy
	Abstract 
	Objectives 
	Methods 
	Results 
	Conclusion 
	Critical relevance statement 
	Key points 

	Introduction
	Methods
	Study population
	CMR protocol
	CMR image analysis
	LV entropy measurement
	Follow-up information
	Statistical analyses

	Results
	Study population characteristics
	Outcome
	Survival analysis
	Prediction models

	Discussion
	Anchor 23
	References


