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Background: Epicardial adipose tissue (EAT) contributes to inflammation and fibrosis of the neighboring
myocardial tissue via paracrine signaling. In this retrospective study, we investigated the abnormal changes
in the amount of EAT in male children with Duchenne muscular dystrophy (DMD) using cardiac magnetic
resonance (CMR) imaging. Furthermore, we constructed and validated a nomogram including EAT-related
CMR imaging parameter for predicting the occurrence of myocardial fibrosis in patients with DMD.
Methods: This study enrolled 283 patients with DMD and 57 healthy participants who underwent CMR
acquisitions to measure the quantitative parameters of EAT, pericardial adipose tissue (PAT), paracardial
adipose tissue, and subcutaneous adipose tissue. Late gadolinium enhancement (LGE) was performed
to confirm myocardial fibrosis in patients with DMD. The DMD group consisted of 200 patients from
institution 1 (the ratio of the training set and the internal validation set was 7:3) and 83 patients from four
other institutions (the external validation set). Logistic and least absolute shrinkage and selection operator
(LASSO) regression was used to select the optimal predictors and to develop and validate the nomogram
model predicting LGE risk in the training set, internal validation set, and external validation set.

Results: Compared with those in healthy controls, some regional EAT thicknesses, areas, and global volumes
were significantly higher in patients with DMD, and 41.7% of patients with DMD showed positive LGE.
These LGE-positive patients with DMD showed significantly higher EAT volume (median 23.9 mL/m’;
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P<0.001) and PAT volume (median 31.8 mL/m’; P<0.001) compared with the LGE-negative patients with
DMD. Age [odds ratio (OR) 2.0; P<0.001], body fat percentage (OR 1.3; P<0.001), and EAT volume (OR
1.4; P<0.001) were independently associated with positive LGE in the training set. The interactive dynamic
nomogram showed superior prediction performance, with a high degree of the calibration, discrimination,
and clinical net benefit in the training and validation of the DMD datasets. The area under the curve (AUC)
values of the nomogram in the training set, internal validation set, and external validation set were 0.95 [95%
confidence interval (CI): 0.91-0.98], 0.97 (95% CI: 0.92-0.99), and 0.95 (95% CI: 0.91-0.99), respectively.

Conclusions: The onset of LGE-based myocardial fibrosis was associated with EAT volume in patients
with DMD. Additionally, the nomogram with EAT volumes showed superior performance in patients with

DMD for predicting the occurrence of myocardial fibrosis.
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Introduction

Duchenne muscular dystrophy (DMD) is an X-linked
recessive disease with an estimated worldwide incidence of
about 1:3,500-6,300 live male births (1,2). Patients with
DMD demonstrate a nonischemic pattern of myocardial
fibrosis, which is associated with irreversible cardiac failure
and mortality (3). Due to the fat replacement of muscle,
limitations to progressive mobility, and side effects of
glucocorticoid therapy, childhood obesity has gradually
become one of the main complications of DMD (4).
Moreover, the increased adiposity in the whole body has
been shown to cause the onset of myocardial fibrosis in
patients with DMD (5). Importantly, epicardial adipose
tissue (EAT) is regarded as a key mediator of the deleterious
effects of metabolic disorders on myocardial tissue and
may contribute to the occurrence of myocardial fibrosis in
obese patients (6,7). However, the levels of EAT and the
association with myocardial fibrosis in patients with DMD
have not yet been reported. Cardiac magnetic resonance
(CMR) is a gold standard method for imaging adipose
tissue, with excellent resolution in the soft tissues, and is
the only imaging method for volumetric quantification of
EAT that has been validated i vitro (8-11). In addition,
late gadolinium enhancement (LGE) on CMR is the best
noninvasive and nonionizing radiation-based imaging
modality for detecting myocardial fibrosis in the early
stages of cardiomyopathy in patients with DMD (12).
However, gadolinium-based contrast agents (GBCAs)
increase the risk of renal injury and deposition in the

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

brain tissues in children due to their underdeveloped
blood-brain barrier (13). Interestingly, the cine imaging
in noncontrast CMR provides an alternate method for
assessing myocardial fibrosis and reducing unnecessary
gadolinium administration (14). Previous studies have
indicated that LGE is correlated with a range of major
adverse cardiovascular events such as death, heart failure,
adverse left ventricular remodeling, and ventricular
arrhythmia, and thus predicting LGE in the early stages
of DMD is critical (3,15). Therefore, in this retrospective
study, we hypothesized that the parameters of cine-
based EAT are increased and that EAT can predict the
occurrence of LGE-based myocardial fibrosis in children
with DMD. The objectives of the study were to build and
validate a novel prediction model. We present this article in
accordance with the TRIPOD reporting checklist (available
at https://qims.amegroups.com/article/view/10.21037/
qims-23-790/rc).

Methods
Study envollment

The study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013) and was
approved by the China Ethics Committee of Registering
Clinical Trials (ChiECRCT-20180107) and the Medical
Ethics Committee of Sichuan University (No. K2019056)
and registered in the Chinese Clinical Trial Registry
(ChiCTR1800018340). Informed consent was obtained
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Eligible DMD patients recruited
from institution 1
(n=270)

Eligible DMD patients recruited
from 4 other institutions
(n=111)

46 patients excluded:
¢ Incomplete clinical data (n=27)
* Refused 1st CMR examination (n=19)

Y

18 patients excluded:
* Incomplete clinical data (n=11)
* Refused 1st CMR examination (n=7)

Y

CMR image acquisition

CMR image acquisition

10 patients excluded:
* Incomplete image data (n=4)
* Poor image quality (n=6)

(n=224) (n=93)
24 patients excluded:
* Incomplete image data (n=9)
¢ Poor image quality (n=15)
Y Y Y
Training set Internal validation set External validation set
(n=140) (n=60) (n=83)

Y

fibrosis in DMD

A novel nomogram for predicting onset of myocardial

Figure 1 The flowchart of enrolled patients in the derivation and validation sets of the prediction model. DMD, Duchenne muscular

dystrophy; CMR, cardiac magnetic resonance; LGE, late gadolinium enhancement.

from the patients’ parents or their legal guardians. This
multicenter study was conducted between September 2018
and September 2022 at the West China Second Hospital
of Sichuan University and four other medical institutions,
which were informed of and agreed with the study protocol
(for details see the following: https://www.chictr.org.cn/
showproj.html?proj=29770). The diagnosis of patients with
DMD was strictly based on the guidelines for the diagnosis
and management of DMD (16) and was confirmed by
genetic testing that could identify the presence of deletions,
duplications, or mutations in the dystrophin gene. Healthy
participants without any history of cardiovascular disease
or recent infection history were recruited as controls for
this study. We measured the height, weight, heart rate, and
blood pressure of healthy participants and conducted CMR
imaging scans on them. After pre-experiment and sample
size estimation (Appendix 1), 381 patients with DMD
and 57 sex- and age-matched healthy participants were
enrolled in this study. Due to refusal (written informed
consent was not acquired from the enrolled participants
before the CMR examination) or incomplete clinical data
(missing rate was greater than 5%), 64 patients with DMD
were excluded. After the first CMR acquisition, 34 patients

with DMD were excluded due to incomplete image data
(any one sequence or parameter was missing based on the
procedure described in the CMR protocol section) or poor
image quality (grade 1, according to the assessment method
of the four-grade score for CMR image quality described in
the MR image postprocessing and analysis section). Finally,
283 patients were enrolled as the DMD group, which
consisted of 200 patients from the West China Second
Hospital of Sichuan University (the ratio of the training set
to the internal validation set was 7:3) and 83 patients from
four other institutions (the external validation set) (Figure I).

CMR protocol

All CMR imaging was performed on a 3T whole-body MR
scanner (MAGNETOM Skyra, Siemens Healthineers,
Erlangen, Germany) with an 18-channel body phased-array
coil during repeated breath-holds. All the participants were
examined in the supine position. After localization of the
heart, cine images were acquired using the retrospectively
electrocardiogram-gated, balanced steady-state free
precession pulse sequences along the four-chamber long-
axis slices and a stack of short-axis slices covering the whole

© Quantitative Imaging in Medicine and Surgery. All rights reserved. Quant Imaging Med Surg 2024;14(1):736-748 | https://dx.doi.org/10.21037/qims-23-790


https://www.chictr.org.cn/showproj.html?proj=29770
https://www.chictr.org.cn/showproj.html?proj=29770
https://cdn.amegroups.cn/static/public/QIMS-23-790-Supplementary.pdf

Quantitative Imaging in Medicine and Surgery, Vol 14, No 1 January 2024 739

heart and the pericardial adipose tissue (PAT). All the
short-axis cine images were obtained under the following
parameters: field of view (FOV) =300x241 mm’, repetition
time =3.42 ms, echo time =1.48 ms, flip angle =34°, slice
thickness =6 mm, acquisition matrix =126x224, and
25 frames per cardiac cycle. LGE images were acquired
5-10 min after intravenous injection at a dose of
0.1 mmol/kg gadolinium (Gadovist, Bayer Healthcare,
Berlin, Germany). Instead of the standard segmented
acquisition, a single-shot true fast imaging with steady-state
free precession (trueFISP) acquisition with phase-sensitive
inversion recovery (PSIR) reconstruction for a fast overview
and a prototype single-shot PSIR with motion correction
(MOCO PSIR) sequences (17) (work-in-progress, WIP
#1325; Siemens Healthineers) for the high-resolution
LGE imaging were used to reduce the influence of the
motion. Corresponding parameters for the fast overview
single-shot trueFISP and high-resolution MOCO PSIR
were as follows: FOV =340x340/340x340 mm’, repetition
time =2.55/2.73 ms, echo time =1.09/1.15 ms, flip
angle =55°/40°, slice thickness =8/8 mm, and acquisition
matrix =116x192/136x240.

MR image postprocessing and analysis

MR image analysis was carried out using the commercially
available CVI* software (Circle Cardiovascular Imaging
Inc., Calgary, AB, Canada). The maximum transverse
diameters and contours of the adipose tissue were manually
drawn at the end-diastolic phase in the short-axis and
long-axis four-chamber images. The thickness and area of
each region covering the whole heart and the PAT were
automatically calculated with the software (9,18). The
border between EAT and PAT was visually delineated
in all the slices (19). Total PAT and EAT volumes were
obtained by summing the areas traced from all the short-
axis slices and multiplying the slice thickness, as previously
described (19,20). EAT consisted of adipose tissue in the
left atrioventricular groove (AVG), right AVG, anterior
interventricular groove (IVQG), superior IVG, inferior
IVG, and the right ventricular free wall (RVFW) as shown
in the representative CMR images of the patients with
DMD with increased EAT volume and the onset of LGE-
based myocardial fibrosis (Figure 2). The measurements
were performed in the end-diastolic phase on the basal
short-axis plane at the end level of the papillary muscles

and on the horizontal long-axis plane. EAT areas and
thicknesses in the anterior IVG, left AVG, and right
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AVG were measured on the horizontal long-axis plane;
meanwhile, EAT areas and thicknesses in the superior
IVG, inferior IVG, and RVFW were measured on the basal
short-axis plane (21). In the evaluation of LGE, positive
LGE was considered to be presence of subepicardial or
midmyocardial hyperenhancement according to visual
inspection. The DMD group was divided into the LGE-
negative and LGE-positive groups based on the absence and
presence of abnormal delayed enhancement, respectively.
The LGE and adipose tissue parameters were assessed
by two experienced radiologists with more than 3 years
of experience in CMR diagnosis. Intraobserver reliability
was measured by comparing the measurements of a single
radiologist for 30 randomly selected cases at two different
time points within an interval of 2 weeks. The interobserver
reliability was estimated by comparing the measurements
of the two radiologists that were calculated in a blinded
manner. An assessment method of the four-grade score was
carried out for CMR image quality as follows: extensive
artifacts with poor image quality, grade 1; moderate artifacts
not disturbing image analysis, grade 2; mild artifacts with
good image quality, grade 3; and absence of artifacts with
excellent image quality, grade 4. Only images assessed as
grade >2 were then included.

Statistical analysis

The normality and variance homogeneity of the
measurement data were analyzed using the Kolmogorov-
Smirnov test and Levene test, respectively. Data with a
normal distribution and homogeneity of variance were
compared using one-way analysis of variance (ANOVA),
paired-samples 7 test, and least significant difference
(LSD) #-test. The nonnormally distributed data were
compared using the Mann-Whitney test and the Kruskal-
Wallis test. The statistical significance of the differences
between groups was assessed using the chi-squared test
or Fisher exact probability method. Intraobserver and
interobserver reliabilities were evaluated using intraclass
correlation coefficients. Binary logistic regression analysis
was performed to establish a prediction model based on
the Akaike information criterion. Least absolute shrinkage
and selection operator (LASSO) regression was used to
screen variables included in the prediction model to reduce
possible collinearity. The calibration plots and Brier scores
were used to evaluate the calibration of the nomogram.
Harrell C-statistic was used to evaluate the discrimination
of the nomogram and calculate the area under the curve
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Figure 2 The CMR images in two 13-year-old boys with DMD. (A-D) An LGE-negative patient and (E-H) an LGE-positive patient. (A,E)
Images from the four-chamber long-axis view in end diastole showing the EAT in the left AVG (red arrows), right AVG (yellow arrows),

anterior IVG (blue arrows), paracardial adipose tissue (gray arrows), and subcutaneous adipose tissue (black arrows). (B,F) The images of

the short-axis view in end diastole showing EAT in the superior IVG (orange arrows), inferior IVG (green arrows), and RVFW (purple

arrows). (C,G) Reconstructions of the EAT volumes (brown areas). The red reticulate sections represent the epicardium. (D) An LGE

image suggesting no myocardial fibrosis in the left ventricular wall. (H) An LGE image suggesting myocardial fibrosis in the left ventricular

free wall (white arrows). EAT, epicardial adipose tissue; LGE, late gadolinium enhancement; DMD, Duchenne muscular dystrophy; AVG,

atrioventricular groove; IVG, interventricular groove; RVEW, right ventricular free wall; MR, cardiac magnetic resonance.

(AUC) values for the training set, internal validation set,
and external validation set. Decision curve analysis (DCA)
was performed to evaluate the clinical applicability of the
nomogram and display the clinical net benefit at different
risk threshold probabilities. A P value <0.05 was considered
statistically significant. SPSS 26.0 (IBM Corp., Armonk,
NY, USA), PASS version 11.0 (NCSS, Kaysville, UT, USA),
and R package version 3.5 (The R Foundation for Statistical
Computing, Vienna, Austria) were used to complete
statistical analyses.

Results
Baseline characteristics of the study participants

The clinical data of the patients in the DMD group
(N=283) and the healthy participants in the control group
(N=57) are shown in Table 1. There were no significant
differences in age, sex, heart rate, systolic blood pressure,
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diastolic blood pressure, or left ventricular myocardial
mass indexed to body surface area between the two groups
(P>0.05). Compared with the control group, the DMD
group showed statistically higher values in body mass index
(median 18.1 kg/m’; P<0.001) and body fat percent (BFP;
median 19.0%; P<0.001) and statistically lower values in
left ventricular ejection fraction (mean 60.8%; P<0.05), left
ventricular end-systolic volume indexed to body surface
area (median 22.0 mL/m’; P<0.05), and left ventricular
end-diastolic volume indexed to body surface area (median
57.5 mL/m’; P<0.001). Additionally, 41.7% of patients with
DMD showed abnormal delayed enhancement, and all of
these patients (the same 41.7%) showed positive LGE in
the free wall segments, while 6.7% of patients additionally
showed positive LGE in the septal segments.

Quantitative parameters of EAT

The quantitative parameters (indexed to height’) of the
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Table 1 Baseline characteristics of the study participants

Parameter Healthy controls DMD (n=283) P value PV (n=289)

(n=57) LGE (-) (n=165) LGE (+) (n=118) P value
Age, years 9.0 (7.0-10.5) 8.0 (7.0-10.0) 0.081 7.0 (7.0-8.0) 10.0 (8.0-13.0) <0.001
Males, % 100.0 100.0 - 100.0 100.0 -
BMI, kg/m’ 16.7 (15.1-18.0) 18.1(16.2-22.5)  <0.001 17.7 (16.1-20.8) 19.3 (16.4-24.3) 0.014
BFP, % 16.3 (14.0-19.4) 19.0 (15.5-24.7)  <0.001 17.2 (14.7-19.5) 25.4 (19.9-28.4) <0.001
Heart rate, bpm 92.0 (78.0-98.5) 92.0 (85.0-102.0)  0.092 92.0 (84.5-103.5)  92.5 (85.8-100.3) 0.890
LVEF, % 62.6+3.8 60.8+4.2 0.005 61.3+4.6 60.2+3.7 0.044
LVESVI, mL/m’ 24.5(21.8-26.9) 22.0 (18.9-25.5) 0.003 21.9 (19.2-25.3) 22.4 (18.7-25.9) 0.954
LVEDVI, mL/m? 63.7 (58.3-70.1) 57.5(51.3-63.7)  <0.001 57.8 (52.4-63.7) 56.1 (49.3-63.9) 0.172
LVMI, g/m® 32.0 (27.6-37.0) 30.7 (28.1-34.4) 0.281 30.4 (28.1-34.3) 31.7 (28.2-34.6) 0.166
SBP, mmHg 104.0 (94.0-110.5) 103.0(99.0-108.0) 0.496  104.0 (99.0-107.0) 103.0(99.0-109.0)  0.631
DBP, mmHg 65.0 (52.5-73.5) 65.0 (60.0-73.0) 0.235 64.0 (58.0-72.5) 65.0 (61.0-73.0) 0.216
Creatine kinase, U/mL - 12.7 (10.4-15.6) - 13.1 (12.0-16.7) 10.9 (9.5-15.0) <0.001
Glucocorticoid duration, years - 2.7 (1.5-3.6) - 2.5(1.5-3.2) 3.0 (1.5-4.3) 0.007

Continuous variables are expressed as the mean + standard deviation for parametric variables or as the median with interquartile range for
nonparametric variables. DMD, Duchenne muscular dystrophy; LGE, late gadolinium enhancement; BMI, body mass index; BFP, body fat
percentage; LVEF, left ventricular ejection fraction; LVESVI, left ventricular end-systolic volume indexed to body surface area; LVEDVI, left
ventricular end-diastolic volume indexed to body surface area; LVMI, left ventricular myocardial mass indexed to body surface area; SBP,

systolic blood pressure; DBP, diastolic blood pressure.

EAT, PAT, and subcutaneous adipose tissues in the healthy
controls, the LGE-negative group, and the LGE-positive
group are shown in Table 2. The patients in the DMD
group showed increased left AVG thickness, left AVG
area, inferior IVG area, PAT volume, and EAT volume
compared with the control group (P<0.05). Furthermore,
the LGE-positive group showed a significantly higher PAT
volume (median 31.8 mL/m’; P<0.001) and EAT volume
(median 23.9 mL/m’; P<0.001) compared with the LGE-
negative group. The intraclass correlation coefficients of the
adipose tissue quantitative parameters for the intraobserver
and interobserver reliability are shown in Table S1.
The thickness and area of EAT and paracardial adipose
tissue, the volume of EAT and PAT, and the thickness of

subcutaneous adipose tissue showed good reliability.

Nomogram model for predicting LGE in DMD

The optimal predictors of LGE-based myocardial fibrosis
in DMD were selected based on the best lambda range
after cross-validation in LASSO regression (Figure 3A,3B).
The parameters including age (OR 2.0; P<0.001), BFP
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(OR 1.3; P<0.001), and EAT volume indexed (EATVI; OR
1.4; P<0.001) were independently associated with positive
LGE in the training set and a novel interactive dynamic
nomogram was established (Figure 3C). The regression
equation was as follows: Logit(P) = -18.563 + 0.679 x
Age + 0.244 x BFP + 0.352 x EATVI. The predictors
and LGE occurrence have been compared among all
the sets in 7able 3. The Brier scores of the prediction
model were in in the training set, internal validation set,
and external validation set were 0.09, 0.06, and 0.09,
respectively, which was consistent with the indication
of superior goodness of fit and relatively small error
in the calibration plots (Figure 44). The AUC values of
the nomogram in the training set, internal validation set,
and external validation set were 0.95 (95% CI: 0.91-0.98),
0.97 (95% CI: 0.92-0.99), and 0.95 (95% CI: 0.91-0.99),
respectively (Figure 4B), and higher than those of the single
variable in the DeLong test, showing good discrimination
of the model in all sets. DCA results showed superior
clinical applicability of the nomogram because the net
benefit remained positive value even if the risk threshold
probability reached a maximum value (Figure 4C).
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Table 2 Comparison of the quantitative parameters of adipose tissue
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Parameter Healthy controls DMD (n=283) P value PMD (n=289)
(n=57) LGE (-) (n=165) LGE (+) (n=118) P value
PAAT thickness indexed, mm/m® 3.5 (2.7-4.5) 3.6 (2.8-4.6) 0.602 3.6 (2.8-4.6) 3.6 (2.8-4.9) 0.835
EAT thickness indexed, mm/m®
Left AVG 1.9 (1.4-2.9) 2.4 (1.7-3.6) 0.003 2.3 (1.7-3.5) 2.5 (1.7-3.6) 0.668
Right AVG 3.5 (2.8-4.9) 3.7 (2.9-4.9) 0.722 3.6 (2.8-4.6) 3.9 (2.9-5.1) 0.234
Anterior IVG 1.7 (1.3-2.2) 1.8 (1.4-2.2) 0.609 1.7 (1.4-2.2) 1.8 (1.4-2.3) 0.391
Superior IVG 2.7 (2.0-3.4) 2.8 (2.1-3.7) 0.701 2.7 (2.1-3.6) 2.8 (2.2-3.7) 0.488
Inferior IVG 1.5(1.2-2.2) 1.5(1.2-2.2) 0.864 1.5 (1.2-2.2) 1.6(1.2-2.3) 0.659
Right ventricular free wall 2.4 (2.0-3.3) 2.4(1.9-3.2) 0.729 2.4(1.9-3.2) 2.5(1.9-3.3) 0.534
SAT thickness indexed, mm/m? 3.8 (2.6-4.7) 3.8 (2.7-4.8) 0.761 3.7 (2.7-4.7) 4.0 (2.8-4.9) 0.427
PAAT area indexed, mm?/m?® 447.8 (370.3-637.4) 467.4 (377.6-644.6) 0.675 466.0 (372.6-644.1) 480.8 (392.1-650.6)  0.404
EAT area indexed, mm?%/m?®
Left AVG 48.7 (39.3-65.0)  58.6 (46.9-75.9) <0.001  55.8 (46.2-74.3)  60.7 (48.1-77.1)  0.235
Right AVG 67.5(54.6-81.5)  68.6 (54.3-85.8) 0.819  67.9 (54.0-84.7)  69.3 (54.3-86.8)  0.486
Anterior IVG 71.9 (53.0-93.9) 73.9 (54.3-94.0) 0.833 72.8 (53.6-91.6) 75.9 (55.9-96.1) 0.463
Superior IVG 46.7 (36.4-69.7) 48.3 (36.3-68.5) 0.822 48.3 (35.1-66.7) 48.5 (36.7-73.3) 0.485
Inferior IVG 30.4 (21.8-451)  37.9(26.7-51.3)  0.007  36.4 (26.2-47.6)  39.2 (28.2-55.1)  0.226
Right ventricular free wall 97.9 (73.3-122.6)  98.8 (76.4-126.0) 0.878 98.8 (76.2-123.3)  98.4 (79.7-138.4) 0.642
PAT volume indexed, mL/m’ 231 (16.8-31.3)  28.0 (24.4-32.1)  <0.001 25.9 (22.1-28.8)  31.8 (28.3-35.3)  <0.001
EAT volume indexed, mL/m® 14.2(11.8-19.9)  20.5(18.3-23.8)  <0.001  18.7 (17.4-20.5)  23.9 (21.3-26.1)  <0.001

Continuous variables are expressed as the median with interquartile range for nonparametric variables. All the parameters of adipose
tissue indexed to heights. DMD, Duchenne muscular dystrophy; LGE, late gadolinium enhancement; PAAT, paracardial adipose tissue; EAT,
epicardial adipose tissue; AVG, atrioventricular groove; IVG, interventricular groove; SAT, subcutaneous adipose tissue; PAT, pericardial

adipose tissue.

Discussion

In this study, we demonstrated evidence that compared
with healthy controls, patients with DMD had higher EAT
deposition. The onset of LGE-based myocardial fibrosis
was associated with EAT volume in patients with DMD.
We then established a prediction model for the presence
of myocardial fibrosis in patients with DMD using the
nomogram, which included age, BFP, and EAT volume.
The nomogram showed superior prediction performance
with a high degree of calibration, discrimination, and
clinical net benefit in the training and validation of DMD
datasets. Therefore, the novel nomogram shows a potential
for clinical use as a predictive marker of LGE-based
myocardial fibrosis in DMD.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

The increase of EAT may be related to many factors,
such as fat replacement in the pathogenesis of DMD and fat
redistribution caused by glucocorticoids. We further found
that not only the EAT volume but also the EAT thickness
and area in the local regions (such as the left AVG) in
LGE-positive patients were higher than those in LGE-
negative patients with DMD. Through paracrine signaling,
EAT secretes a variety of inflammatory mediators, which
may induce reactive fibrosis of the myocardial tissue
(22,23). Therefore, we further hypothesized that EAT-
related parameters might be useful for predicting LGE-
based myocardial fibrosis in DMD. Consequently, we
demonstrated that EAT volume was an independent risk
factor for LGE positivity. In addition, previous studies
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Figure 3 Nomogram to predict the occurrence of LGE-based myocardial fibrosis risk in DMD. (A) Tuning parameter lambda selection in
the LASSO model used cross-validation for determining the minimal mean-squared error (the left dotted line) and the one standard error of
the minimal mean-squared error (the right dotted line). (B) LASSO coefficient profiles of 29 variables were produced versus the log (lambda)
sequence and 3 nonzero coefficient variables were selected. (C) Nomogram to predict myocardial fibrosis risk in DMD, with data taken from an
8-year-old child with DMD as an example. The steps for using the interactive dynamic nomogram are as follows: find the position of each risk
factor on the corresponding axis (the higher blue wave crest indicates the more concentrated data distribution), draw a red dotted line to the
points axis for the value of individual score, add the scores from the three risk factors, and finally draw a red solid line from the total point axis
to determine the myocardial fibrosis probabilities of DMD. LGE, late gadolinium enhancement; DMD, Duchenne muscular dystrophy; BFP,

body fat percentage; EAT VI, epicardial adipose tissue volume indexed; LASSO, least absolute shrinkage and selection operator.
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Table 3 Comparison of the predictors and LGE occurrence among all the sets

DMD (n=283)
Parameter P value
Training set (n=140) Internal validation set (n=60) External validation set (n=83)
Age, years 8.8+2.8 8.7+2.6 8.9+2.9 0.982
BFP, % 19.1 (15.4-24.9) 19.6 (17.3-25.6) 17.9 (14.0-22.7) 0.101
EATVI, mL/m® 20.5 (18.1-24.0) 21.0 (17.5-24.0) 20.5 (18.7-23.6) 0.953
LGE, n (%) 59 (42.1) 26 (43.3) 33 (39.8) 0.902

Continuous variables are expressed as the mean + standard deviation for parametric variables or as the median with interquartile range
for nonparametric variables. LGE, late gadolinium enhancement; DMD, Duchenne muscular dystrophy; BFP, body fat percentage; EATVI,

epicardial adipose tissue volume indexed.

have found that left and right atrioventricular groove EAT
thickness could contribute to diagnosis in patients with
metabolic syndrome (21,24). In clinical practice, the local-
region EAT thickness and area are easier to obtain than is
the total volume of EAT. Therefore, we also analyzed the
regional EAT thickness and area of patients with DMD. To
avoid overfitting of the model, we used LASSO regression
analysis to screen variables included in the prediction model
to reduce the possible collinearity between parameters.
However, due to the potentially high collinearity with
EAT volume, the coefficients of local-region EAT
thickness and area were compressed to zero in LASSO
regression. Henson et 4/. found that BEP-based adiposity
was independently associated with LGE-based myocardial
fibrosis in DMD (5). Our study also found this association
and confirmed these previous findings. Unexpectedly,
both BFP and EAT volume, two parameters related to
adipose tissue, were selected into the prediction model by
the LASSO regression. In fact, EAT, which is composed
of both brown and white adipocytes and maintains the
potential for bidirectional transformation between brown
and white adipose tissue (25,26), differs from subcutaneous
adipose tissues and other visceral adipose tissues which are
usually reflected by BFP (21,24). Therefore, we considered
that there was no obvious collinearity between BFP and
EAT volume in DMD. Interestingly, we observed that
EAT volume showed a higher OR value than did BFP for
predicting positive LGE in male children with DMD.
This might be related to body fat reduction in some
patients with DMD due to gastric dysfunction and
malnutrition (27); furthermore, for patients with DMD and
decreased cardiac function and water-sodium retention, the
value of BFP measured by bioelectrical impedance analysis
might be biased. Under the above specific conditions in
patients with DMD, EAT volume may be more valuable in

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

predicting the occurrence of myocardial fibrosis compared
with BFP. Consistent with a previous study (5), age was also
an independent risk factor for myocardial fibrosis in children
with DMD in our study. For DMD patients, ages under
10 years old are defined as the preclinical stage,
characterized by hypertrophy of myocardial cells, while
ages over 10 years old are defined as the clinical stage,
characterized by myocardial cell atrophy, apoptosis,
and fibrosis (28). The previous study found that 52% of
patients with DMD had LGE positivity on CMR, and the
median age was 14.9 years (clinical stage) (5). Surprisingly,
although the median age of the children with DMD was
8.0 years (preclinical stage) in our study, the incidence of
LGE positivity on the first CMR was as high as 41.7%.
In addition, we did not find any septal LGE positivity in
isolation but in concurrence with other free wall segments
of LGE positivity, which is consistent with previous
studies (29). Myocardial fibrosis in children with DMD at
the preclinical stage needs to be further investigated and
the early use of CMR for evaluation. Notably, previous
research has shown that cardiometabolic drugs, specifically
sodium-glucose cotransporter-2 (SGLT2) inhibitors,
have the potential to decrease EAT volume, resulting in
improvements in inflammation and body weight (30).
However, further research is necessary to determine
whether the administration of relevant cardiometabolic
medications in patients with DMD could effectively
reduce EAT volume. This reduction in EAT volume
might potentially contribute to the early prevention and
intervention of myocardial fibrosis.

The three optimal predictors for LGE-based
myocardial fibrosis in DMD were finally selected in the
logistic regression equation. However, calculating the
various probabilities using this mathematical formula was
complicated and sometimes required computing equipment.
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Figure 4 Development and validation of the nomogram. (A) Calibration plots evaluating the actual probability versus predicted probability
of the nomogram in the training set, internal validation set, and external validation set. (B) The AUCs evaluating discrimination of the
nomogram, age, BFP, and EAT volume in all sets. (C) Decision curve analysis reflecting the good clinical net benefit of the nomogram in all
sets. DMD, Duchenne muscular dystrophy; BFP, body fat percentage; AUC, area under the curve; EATVI, epicardial adipose tissue volume

indexed.
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The interactive dynamic nomogram helped to simply
visualize the prediction model and efficiently determine
the myocardial fibrosis probability of each patient with
DMD. The calibration plots showed the superior goodness
of fit between the ideal lines and calibration lines, with
fairly low Brier scores in this study. For the evaluation of
discrimination in the nomogram, all the AUC values in the
training and validation sets showed good performance and
were higher than those of the single variable. Moreover,
regardless of how the risk threshold probability changed,
the net benefit maintained positive values in the decision
curves, indicating good clinical applicability of the
nomogram.

Our study has a few limitations that should be
mentioned. First, we did not consider the cumulative dosing
of glucocorticoids in our analysis; however, the duration
of glucocorticoid administration was analyzed but not
included in the prediction model in our study, which is in
line with a previous study (5). Second, cardiac medications
were not analyzed in our study. Third, EAT and BFP can
be expected to increase together albeit not necessarily in a
linear fashion, and the mechanisms of their interaction are
difficult to elucidate at present. Fourth, we only assessed
the positivity of LGE and did not evaluate the volume or
mass of LGE. Fifth, this prediction model may be primarily
applicable to patients with early-stage DMD, while it may
not be suitable for those with late-stage DMD. Finally, our
study did not account for differences in DMD genotypes.

Conclusions

Our study demonstrated a relationship between EAT
deposition and myocardial fibrosis in patients with DMD.
The occurrence of positive LGE was associated with an
increased EAT volume. In addition, the nomogram with
EAT volume showed superior performance in predicting
the onset of LGE-based myocardial fibrosis in patients with
DMD.
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