
Vol:.(1234567890)

Pediatric Radiology (2024) 54:208–217
https://doi.org/10.1007/s00247-024-05856-1

ORIGINAL ARTICLE

Left ventricular concentric hypertrophy with cardiac magnetic 
resonance imaging improves risk stratification in patients 
with Duchenne muscular dystrophy: a prospective cohort study

Wei‑feng Yuan1,2   · Li Yu3 · Ke Xu1 · Rong Xu1 · Hang Fu1 · Yu Song1 · Zi‑qi Zhou1 · Ting Xu1 · Xiao‑tang Cai4 · 
Ying‑kun Guo1   · Hua‑yan Xu1 

Received: 23 September 2023 / Revised: 10 January 2024 / Accepted: 11 January 2024 / Published online: 25 January 2024 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2024

Abstract
Background  The development of left ventricular (LV) remodeling has been associated with an increased cardiovascular risk 
and cardiogenic death, and different patterns of remodeling result in varying levels of prognosis.
Objective  To investigate the association between different patterns of LV remodeling and clinical outcomes in the preclinical 
stage of patients with Duchenne muscular dystrophy (DMD).
Materials and methods  A total of 148 patients with DMD and 43 sex- and age-matched healthy participants were enrolled. 
We used the four-quadrant analysis method to investigate LV remodeling based on cardiac magnetic resonance (MR) imaging. 
Kaplan-Meier curves were generated to illustrate the event-free survival probability stratified by the LV remodeling pattern. Cox 
regression models were constructed and compared to evaluate the incremental predictive value of the LV remodeling pattern.
Results  During the median follow-up period of 2.2 years, all-cause death, cardiomyopathy, and ventricular arrhythmia occurred 
in 5, 35, and 7 patients, respectively. LV concentric hypertrophy (hazard ratio 2.91, 95% confidence interval 1.47–5.75, P=0.002) 
was an independent predictor of composite endpoint events. Compared to the model without LV concentric hypertrophy, the 
model with LV concentric hypertrophy had significant incremental predictive value (chi-square value 33.5 vs. 25.2, P=0.004).
Conclusion  Age and late gadolinium enhancement positivity were positively correlated with clinical outcomes according 
to the prediction models. LV concentric hypertrophy was also an independent predictor for risk stratification and provided 
incremental value for predicting clinical outcomes in the preclinical stage of patients with DMD.
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Introduction

Duchenne muscular dystrophy (DMD) is an X-linked reces-
sive disease with an estimated worldwide incidence of 
approximately 1:3,500–6,300 live male births and a median 
life expectancy of 28.1 years [1, 2]. Heart failure is the cause 
of up to 40% of deaths in patients with DMD [3, 4]. The 
development of left ventricular (LV) remodeling has been 
related to increased cardiovascular risk and cardiogenic 
death [5–8]. Furthermore, LV remodeling has been observed 
in the mouse model of DMD [9]. Based on the four-quadrant 
analysis method, the morphology of the left ventricle can be 
divided into normal geometry and three types of remodeling 
(namely, concentric remodeling, eccentric hypertrophy, and 
concentric hypertrophy) [8, 10, 11]. However, the patterns 
of LV remodeling in patients with DMD are unclear. Impor-
tantly, different patterns of LV remodeling result in varying 
degrees of deleterious effects in the prognosis and clinical 
outcomes of cardiovascular diseases, particularly in the 
middle-aged and elderly population [8]. However, whether 
LV remodeling is associated with the occurrence of endpoint 
events in boys with DMD has not been established.

Cardiac magnetic resonance (MR) imaging is a nonin-
vasive and non-ionizing radiation-based imaging modality 
for evaluating cardiac structure and function with excel-
lent resolution [12]. Additionally, cardiac MR imaging has 
become an important standard for assessing LV remodeling 
[13]. As a conventional sequence in cardiac MR imaging, 
cine is easy to acquire and is a good imaging method for 
quantifying cardiac geometry, such as LV myocardial mass 
and end-diastolic volume, which are the basic parameters 
for defining LV remodeling [14, 15]. Therefore, we hypoth-
esized that abnormal LV remodeling was detectable using 
cardiac MR imaging and might provide predictive value for 
risk stratification in the DMD cohort.

Materials and methods

Patient enrollment

This prospective study was conducted between September 
2018 and December 2022. We obtained parental consent for 
all study participants before the examinations. The diagno-
sis of patients with DMD was based strictly on the diagnosis 
and management of DMD guidelines [16] and was confirmed 
by genetic testing, which identifies the presence of deletions, 
duplications, or mutations in the dystrophin gene. After obtain-
ing approval from the ethics review board of the West China 
Second Hospital of Sichuan University (K2019056), we pro-
ceeded to advertise the recruitment and screened suitable 

healthy participants from the general population. The selected 
participants underwent a comprehensive assessment (without 
any history of cardiovascular disease or recent infection), 
were randomly assigned to the control group, and provided 
informed consent. A total of 215 patients with DMD were eli-
gible, and 43 sex- and age-matched healthy participants were 
enrolled as controls. Due to refusal (written informed consent 
was not acquired from the enrolled subjects before the cardiac 
MR examination) or incomplete clinical data (missing rate 
was greater than 5%), 44 patients with DMD were excluded. 
The date of the first cardiac MR examination was recorded 
as the starting time. After the first cardiac MR acquisition, 
nine patients with DMD were excluded because of incom-
plete image data (any one sequence or parameter was miss-
ing based on the cardiac MR protocol below) or poor image 
quality (grade 1, according to a four-grade score for cardiac 
MR image quality below). During the follow-up period, eight 
patients were excluded because of loss to follow-up. The DMD 
patients included in this study underwent at least two cardiac 
MR examinations, as recommended by the guideline [17]. 
Finally, 148 patients who underwent cardiac MR examination 
at least twice were enrolled in the DMD group (Fig. 1). We 
defined the composite endpoint events as follows: all-cause 
death; cardiomyopathy with LV ejection fraction decline (an 
absolute LV ejection fraction ≤50% or a decline in LV ejec-
tion fraction ≥10% from the last cardiac MR study) [18, 19]; 
and ventricular arrhythmia (ventricular premature beat, ven-
tricular tachycardia, ventricular flutter or ventricular fibrilla-
tion). When any of the above endpoint events was reached, 
the clinical outcome was considered to have occurred, and the 
onset date was recorded. If a patient had multiple endpoint 
events, the earliest onset event and its date were recorded. The 
DMD group was divided into the without-endpoint and with-
endpoint groups.

Cardiac magnetic resonance protocol

All cardiac MR images were acquired on a 3-tesla whole-
body MR scanner (MAGNETOM Skyra, Siemens Healthcare, 
Erlangen, Germany) with an 18-channel body phased-array 
coil during repeated breath-holds. For both the control and 
DMD groups, all sequences were acquired using breath-hold 
scanning. All participants were examined in the supine posi-
tion. After localization of the heart, cine images were acquired 
using retrospective electrocardiogram-gated, balanced steady-
state free precession pulse sequences including four-chamber 
long-axis slices and a stack of short-axis slices covering the 
whole heart. All the short-axis cine images were obtained with 
the following parameters: field of view (FOV)=300*241 mm2; 
repetition time=3.42 ms; echo time=1.48 ms; flip angle=34°; 
slice thickness=6 mm; acquisition matrix=126×224; and 
25 frames per cardiac cycle. Late gadolinium enhancement 
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images were acquired 5–10 min after intravenous injection at a 
dose of 0.1 mmol/kg gadolinium (Gadovist, Bayer Healthcare, 
Berlin, Germany). The corresponding parameters for late gad-
olinium enhancement were as follows: FOV=340*340 mm2; 
repetition time=2.55 ms; echo time=1.09 ms; flip angle=55°; 
slice thickness=8 mm; and acquisition matrix=116×192. 
All participants in the control group underwent only one 
cardiac MR scan, specifically a cine sequence scan, without 
gadolinium contrast injection or late gadolinium enhancement 
scanning.

Magnetic resonance image post‑processing 
and cardiac remodeling analysis

MR image analysis was carried out using the commercially 
available CVI42 software (Circle Cardiovascular Imaging 
Inc., Calgary, Canada). Cine images were first imported 
into the software. Then, the contours of the endocardium 

and epicardium were manually drawn at the end-diastolic 
phase in the short-axis and long-axis four-chamber images. 
LV end-diastolic volume, LV end-systolic volume, LV wall 
thickness, LV ejection fraction, and LV mass were computed 
automatically. LV mass was indexed to height2.7, which has 
been shown to best predict cardiac risk compared to other 
methods of normalization [20]. LV concentricity index was 
defined as LV mass/LV end-diastolic volume [21, 22]. We 
used LV mass index to reflect the relative size of the overall 
LV morphology, and LV concentricity index to reflect the 
relative thickness of the overall LV wall. Cutoff values of 
LV mass index (23.28 g/m2.7) and LV concentricity index 
(35.38%) based on the 95% reference range by percentile of 
healthy controls were used to classify all subjects into one of 
the four types based on the four-quadrant analysis method [8, 
11]: normal geometry, LV concentric remodeling, LV eccen-
tric hypertrophy, and LV concentric hypertrophy (Fig. 2). 

Fig. 1   Flowchart of enrolled Duchenne muscular dysrtopy (DMD) patients in the prospective cohort study.  MR magnetic resonance
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The descriptions of the four types mentioned above are as 
follows:

a)	 Normal geometry: the overall wall thickness of the left 
ventricle is normal (normal LV concentricity index), and 
the overall morphology of the left ventricle is normal 
(normal LV mass index).

b)	 LV concentric remodeling: the overall wall thickness 
of the left ventricle becomes increased (increased LV 
concentricity index), but the overall morphology of the 
left ventricle is normal (normal LV mass index).

c)	 LV eccentric hypertrophy: the overall morphology of 
the left ventricle becomes larger (increased LV mass 
index), but the overall wall thickness of the left ventricle 
is normal (normal LV concentricity index).

d)	 LV concentric hypertrophy: the overall wall thickness 
of the left ventricle becomes increased (increased LV 
concentricity index), and the overall morphology of the 
left ventricle becomes larger (increased LV mass index).

The representative cardiac MR examples and diagrams of 
normal geometry and three LV remodeling types in DMD 
patients are shown in Fig. 2. The inter-observer reliability was 

estimated by comparing the measurements of the two radi-
ologists (L.Y. with 5-year experience and H.X. with 6-year 
experience in cardiovascular imaging), who independently 
performed the calculations in a blinded manner. A four-grade 
score was used to assess the quality of cardiac MR images: 
extensive artifacts with poor image quality (grade 1); mod-
erate 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 assessed 
images graded ≥ 2 were then included (see Supplementary 
Material 1 for examples).

Statistical analysis

Continuous variables are expressed as mean ± standard devia-
tion for parametric variables or as median with interquartile 
range for nonparametric variables. The normality and variance 
homogeneity of the measurement data were analyzed using 
the Kolmogorov-Smirnov test and Levene test, respectively. 
Measurement data with normal distribution and homogene-
ity of variance were compared using one-way ANOVA. The 
non-normally distributed data were compared using the Mann-
Whitney U test. The statistical significance of the differences 

Fig. 2   a Cardiac magnetic 
resonance (MR) images and 
diagrams of normal geometry 
and three left ventricular (LV) 
remodeling types in Duchenne 
muscular dystrophy. b LV 
remodeling types were deter-
mined using previously defined 
cutoff values of LV mass index 
and LV concentricity index
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between enumeration data was assessed using the chi-square 
test or Fisher’s exact probability method. Variables with P 
values <0.10 in the univariable analysis were candidates in 
multivariable analysis, using multivariable Cox proportional 
hazards regression analyses to determine the independent 
predictors of composite endpoint events. The cumulative 
incidences of composite endpoint events were presented as 
Kaplan-Meier estimates after comparison using the log-rank 
test. The likelihood ratio test was performed to calculate the 
incremental value between nested models, and the results are 
represented using chi-square value. Intra-observer and inter-
observer reliabilities were evaluated using Bland-Altman 
analysis. A P<0.05 was considered statistically significant. 
Statistical Product and Service Solutions software version 
26.0 (SPSS Inc., Chicago, IL), GraphPad Prism software (ver-
sion 8.0, GraphPad Software, San Diego, CA), and R package 
version 3.5 (R Foundation for Statistical Computing, Vienna, 
Austria) were used for the statistical analyses.

Results

Clinical characteristics and outcomes

Clinical and imaging data were collected in 148 patients with 
DMD during a median follow-up of 2.2 years. During the 
follow-up period, 47 (31.8%) patients reached the composite 
endpoints. All-cause death occurred in five (10.6%) patients, 
whereas 35 (74.5%) patients experienced the onset of DMD-
associated cardiomyopathy due to an absolute LV ejection 

fraction ≤50% or a decline in LV ejection fraction ≥10% 
from their last cardiac MR. In addition, ventricular arrhyth-
mia occurred in seven (14.9%) patients in this study. Baseline 
characteristics and demographic data in controls, 101 (68.2%) 
patients without endpoint, and 47 (31.8%) patients with end-
point are illustrated in Table 1. Compared with the patients 
in the without-endpoint group, those in the with-endpoint 
group were older (median 9.7 vs. 8.0 years, P<0.001), had 
lower creatine kinase levels (median 11.1 vs. 12.8 U/mL, 
P=0.022), and had a greater frequency of late gadolinium 
enhancement positivity (65.3% vs. 40.8%, P=0.001). There 
were no significant differences in body fat percentage, body 
mass index, heart rate, blood pressure, glucocorticoid use, or 
cardiac medications between the subgroups.

Cardiac remodeling

The LV wall thickness (median 5.1 vs 4.7 mm, P=0.188) in 
the DMD group showed no significant difference compared 
with the healthy controls. Moreover, there was no significant 
difference in the LV wall thickness (median 5.3 vs 4.9 mm, 
P=0.436) between the with-endpoint group and the without-
endpoint group. However, LV mass index (median 20.2 vs. 
18.9 g/m2.7, P=0.008) and LV concentricity index (median 
34.6 vs 31.2, P<0.001) were significantly greater in the patients 
with endpoints than in those without. More than one-third of 
patients with DMD had three types of LV remodeling: 31 
(20.9%) patients had LV concentric remodeling, four (2.7%) 
patients had LV eccentric hypertrophy, and 16 (10.8%) patients 
had LV concentric hypertrophy. Compared with the patients in 
the without-endpoint group, those in the with-endpoint group 

Table 1   Demographic data of patients with and without endpoint in Duchenne muscular dystrophy

ACEI angiotensin converting enzyme inhibitor, BFP body fat percentage, BMI body mass index, DBP diastolic blood pressure, DMD Duchenne 
muscular dystrophy, LGE late gadolinium enhancement, SBP systolic blood pressure. aP<0.05 compared with controls; bP<0.05 and cP<0.001 
compared with the patients without endpoint

Controls (n=43) All patients (n=148) Patients without end-
point (n=101)

Patients with endpoint (n=47)

Age, years 8.0 (7.0–9.0) 8.0 (7.0–9.8) 8.0 (7.0–9.0) 9.7 (7.9–11.0)c

Males, n (%) 43 (100.0) 148 (100.0) 101 (100.0) 47 (100.0)
Follow-up duration, years _ 2.2 (1.8–3.5) 2.5 (1.9–3.9) 1.9 (1.5–2.7)c

BMI, kg/m2 16.7 (14.9–18.0) 17.5 (16.1–18.5)a 17.4 (16.0–18.5) 17.7 (16.3–18.5)
BFP, % 16.7 (14.3–19.5) 17.8 (16.0–20.4)a 17.5 (16.0–19.9) 19.4 (15.8–20.7)
Heart rate, bpm 99.0 (95.0–104.0) 101.5 (93.3–109.0) 102.0 (90.5–108.5) 100.0 (95.0–113.0)
SBP, mmHg 104.0 (94.0–109.0) 104.0 (100.0–110.0) 104.0 (99.5–107.5) 106.0 (101.0–111.0)
DBP, mmHg 64.0 (52.0–73.0) 64.0 (58.0–71.0) 64.0 (60.0–71.5) 65.0 (55.0–69.0)
Creatine kinase, U/mL _ 12.5 (10.1–15.6) 12.8 (10.6–16.6) 11.1 (8.9–15.1)b

LGE positivity, n (%) 70 (47.3) 35 (34.7) 35 (74.5)c

Glucocorticoids, n (%) 74 (50.0) 47 (46.5) 27 (57.4)
ACEI, n (%) 47 (31.8) 29 (28.7) 18 (38.3)
β-Blocker, n (%) 37 (25.0) 22 (21.8) 15 (31.9)
Coenzyme Q, n (%) 107 (72.3) 74 (73.3) 33 (70.0)
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had a lower probability of normal geometry (51.1% vs. 72.3%, 
P=0.011) and more frequent onset of LV concentric hypertro-
phy (25.5% vs. 4.0%, P<0.001) (Table 2). Intra-observer and 
inter-observer reliability for LV mass index was 0.89 (95% con-
fidence interval [CI] 0.83–0.92) and 0.82 (95% CI 0.74–0.87), 
respectively. Intra-observer and inter-observer reliability for 
LV concentricity index was 0.96 (95% CI 0.95–0.98) and 0.89 
(95% CI 0.85–0.93), respectively. In addition, the Bland-Alt-
man plots for the intra-observer and inter-observer variability 
of the LV mass index and LV concentricity index are shown in 
Supplementary Material 2.

Survival analysis and risk stratification

In univariable analysis (Table 3), age (hazard ratio [HR] 1.31, 
95% CI 1.16–1.48, P<0.001), late gadolinium enhancement 
positivity (HR 3.70, 95% CI 1.9–7.1, P<0.001), and LV con-
centric hypertrophy (HR 4.16, 95% CI 2.15–8.05, P<0.001) 
were associated with clinical outcomes. Kaplan-Meier curve 
illustrates the event-free survival probability stratified by the 
incidence of LV concentric hypertrophy. The subgroup with 
LV concentric hypertrophy had a lower probability of event-
free survival compared to the subgroup without LV concentric 
hypertrophy in DMD patients (log-rank P<0.001, Fig. 3).

Incremental value analysis in Cox 
proportional‑hazards models

Age, late gadolinium enhancement positivity, and LV con-
centric hypertrophy were subjected to multivariate analysis 
after undergoing multicollinearity testing. The two models 

were subsequently established to evaluate the incremental 
predictive value of LV concentric hypertrophy using Cox 
proportional-hazards regression analysis. The basic model 

Table 2   Comparison of the 
quantitative parameters of 
left ventricular remodeling in 
Duchenne muscular dystrophy

LV left ventricular, LVCH left ventricular concentric hypertrophy, LVCI left ventricular concentricity index, 
LVCR left ventricular concentric remodeling, LVEDVI left ventricular end-systolic volume indexed to body 
surface area, LVEH left ventricular eccentric hypertrophy, LVESVI left ventricular end-diastolic volume 
indexed to body surface area, LVMI left ventricular myocardial mass indexed to height2.7, LVWT left ven-
tricular wall thickness. aP<0.01 and dP<0.05 compared with controls; bP<0.05 and cP<0.001 compared 
with the patients without endpoint

Controls (n=43) All patients (n=148) Patients with-
out endpoint 
(n=101)

Patients with 
endpoint (n=47)

LV geometry parameters
  LVWT, mm 4.7 (3.8–5.8) 5.1 (4.1–6.1) 4.9 (4.1–6.0) 5.3 (4.1–6.2)
  LVMI, g/m2.7 18.2 (16.5–19.2) 19.3 (17.3–21.7)a 18.9 (17.0–21.4) 20.2 (18.2–23.7)b

  LVCI, % 28.1 (24.0–31.3) 32.5 (28.7–37.0)a 31.2 (27.9–35.4) 34.6 (32.0–43.6)c

  LVEDVI, mL/m2 62.9 (56.9–68.4) 60.4 (56.4–61.9)d 61.2 (60.0–62.6) 56.1 (55.0–56.9)c

  LVESVI, mL/m2 22.8 (17.1–27.0) 23.3 (18.9–27.7) 23.1 (18.9–26.5) 26.2 (19.3–31.1)b

LV remodeling types
  Normal geometry, n (%) _ 97 (65.5) 73 (72.3) 24 (51.1)c

  LVCR, n (%) 31 (20.9) 21 (20.8) 10 (21.3)
  LVEH, n (%) 4 (2.7) 3 (3.0) 1 (2.1)
  LVCH, n (%) 16 (10.8) 4 (4.0) 12 (25.5)d

Table 3   Univariable analysis

ACEIs angiotensin converting enzyme inhibitors, BFP body fat per-
centage, BMI body mass index, CI confidence interval, HR hazard 
ratio, LGE late gadolinium enhancement, LVCH left ventricular con-
centric hypertrophy, LVCI left ventricular concentricity index, LVCR 
left ventricular concentric remodeling, LVEDVI left ventricular end-
systolic volume indexed to body surface area, LVEH left ventricular 
eccentric hypertrophy, LVESVI left ventricular end-diastolic volume 
indexed to body surface area, LVMI left ventricular myocardial mass 
indexed to body surface area

Composite endpoint

HR 95% CI P-value

Age, years 1.31 1.16–1.48 <0.001
BMI, kg/m2 1.01 0.92–1.11 0.773
BFP, % 1.03 0.97–1.09 0.342
Creatine kinase, U/mL 0.90 0.84–0.97 0.003
LGE positivity 3.70 1.9–7.1 <0.001
Glucocorticoids 1.24 0.69–2.20 0.475
ACEIs 1.23 0.68–2.21 0.500
β-Blockers 1.38 0.75–2.56 0.299
Coenzyme Q 0.73 0.39–1.38 0.334
LVEDVI (mL/m2) 0.94 0.91–0.97 <0.001
LVESVI (mL/m2) 1.06 1.00–1.11 0.031
LVMI (g/m2) 1.12 1.03–1.21 0.011
LVCI (%) 1.04 1.02–1.06 <0.001
LVCR 1.03 0.51–2.08 0.926
LVEH 0.97 0.13–7.07 0.977
LVCH 4.16 2.15–8.05 <0.001
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included age and late gadolinium enhancement positivity 
as independent predictors of composite endpoint events in 
DMD patients. The new model incorporated the addition 
of LV concentric hypertrophy compared to the basic model 
(Table 4). The method was performed for calculating the 
incremental value between nested models [23]. Compared to 
the basic model, the new model had significant incremental 
predictive value (chi-square value 33.5 vs. 25.2, P=0.004), 
as illustrated in Fig. 4.

Discussion

In this DMD study, 97 patients exhibited normal geometry, 
while 51 had onset of three types of LV remodeling at base-
line. During a median follow-up of 2.2 years, 47 patients 
reached the composite endpoints. Age and late gadolinium 
enhancement positivity were positively correlated with clini-
cal outcomes according to the prediction models. As a pat-
tern of LV remodeling, LV concentric hypertrophy emerged 
as an independent predictor of event-free survival in DMD 
patients, offering incremental value for risk stratification.

Among the DMD patients with composite endpoint events, 
nearly three-quarters experienced the onset of DMD-associ-
ated cardiomyopathy (LV ejection fraction decline) in our 
study. The onset of cardiac dysfunction may occur more fre-
quently than all-cause death and ventricular arrhythmia in the 
“early-stage” DMD patients. A previous study revealed that 
“late-stage” DMD patients have abnormal LV wall thickness 
at end-systole and a poor prognosis [24]. However, we found 
that LV wall thickness not only failed to predict the occur-
rence of cardiac-related endpoint events in DMD patients, but 

also barely distinguished the differences in myocardial mor-
phology between DMD patients and the healthy participants 
in this study. Thus, cardiac remodeling evaluated by LV wall 
thickness might be inconspicuous in “early-stage” patients 
with DMD. It was essential to select and process cardiac geo-
metric data from different dimensions to evaluate the patterns 
of cardiac remodeling and its relationship to clinical outcomes 
in the “early-stage” DMD. As the fundamental indicators for 
evaluating cardiac remodeling, LV mass index (overall mor-
phology) and LV concentricity index (overall wall thickness) 
were significantly associated with composite endpoint events 
in the univariable analysis. Interestingly, the multivariable 
analysis showed that neither LV mass index nor LV concen-
tricity index, but LV concentric hypertrophy was an inde-
pendent predictor of event-free survival possibility in patients 
with DMD. When LV mass index and LV concentricity index 
were greater than 23.28 g/m2.7 and 35.38% respectively in a 

Fig. 3   Kaplan-Meier curves 
illustrate the event-free survival 
probability stratified by left ven-
tricular concentric hypertrophy 
(LVCH). The onset-LVCH sub-
group had a lower probability of 
event-free survival compared to 
the non-LVCH subgroup

Table 4   Multivariable proportional-hazard models

CI confidence interval, HR hazard ratio, LGE late gadolinium 
enhancement, LVCH left ventricular concentric hypertrophy

Composite endpoint

HR 95% CI P-value

Model I
  Age, years 1.20 1.05–1.37 0.009
  LGE positivity 2.57 1.25–5.29 0.01

Model II
  Age, years 1.20 1.04–1.38 0.014
  LGE positivity 2.16 1.02–4.58 0.044
  LVCH 2.91 1.47–5.75 0.002
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DMD patient, we considered that LV concentric hypertrophy 
occurred. Our main conjecture was that LV concentric hyper-
trophy reflected the changes in both the overall wall thickness 
and the overall morphology. The clinical phenomenon might 
indirectly validate the conclusions regarding the underlying 
mechanisms from the previous animal experiment [9]. Previ-
ous studies have also confirmed that cardiomyocyte hypertro-
phy has already occurred in patients with “early-stage” DMD 
[3, 25]. The onset of LV concentric hypertrophy in our study 
also supported the above mechanism. In addition, it has been 
reported that some children with obesity experience the onset 
of LV concentric hypertrophy [10]. Obesity is relatively com-
mon in patients with DMD due to the fat replacement and the 
side effects caused by glucocorticoids [26, 27]. In clinical 
practice, it might be crucial to monitor the occurrence of LV 
concentric hypertrophy in patients with DMD and maintain a 
vigilant approach toward the development of various adverse 
cardiac prognoses.

As expected, age and late gadolinium enhancement were 
independent predictive factors for composite endpoint events, 
consistent with previous studies assessing clinical outcomes 
in boys with DMD [24]. Undoubtedly, age serves as a reli-
able indicator of the overall disease progression in patients 
with DMD. A previous study has shown a strong correlation 
between creatine kinase and the motor function of patients 
with DMD, indicating that creatine kinase may also reflect the 
overall disease progression to some extent. However, creatine 
kinase did not enter the multivariate analysis after undergoing 
tests for multicollinearity in our study. Similarly, unexpected, 
as an indicator reflecting the overall degree of obesity, body 
mass index did not demonstrate predictive value for com-
posite endpoint events in this study. We speculated that these 
findings might be related to the overall baseline levels of the 
enrolled patients being in the early stage of the disease pro-
gression. In addition, Menon et al. reported that late gadolin-
ium enhancement positivity, a marker of myocardial fibrosis, 

could be applied as a screening tool to detect patients at risk 
for cardiac-related outcomes in DMD cohort [28]. Thus, the 
ability of late gadolinium enhancement positivity to indepen-
dently predict the occurrence of cardiovascular endpoint events 
was convincing in our study. Due to the cautious use require-
ment of gadolinium contrast agents, we carefully controlled 
the dose at 0.1 mmol/kg in this study. Therefore, we set the 
optimal image acquisition time to “5–10 min” to ensure that 
the gadolinium contrast agent was captured before clearance. 
If subsequent researchers use a gadolinium contrast agent dose 
greater than 0.1 mmol/kg, we recommend extending the opti-
mal image acquisition time appropriately to obtain the best late 
gadolinium enhancement images. Rudolph et al. discovered a 
significant correlation between myocardial fibrosis, as indicated 
by late gadolinium enhancement, and myocardial mass [14]. 
Myocardial fibrosis may serve as one of the histopathologi-
cal foundations for cardiac remodeling and LV hypertrophy in 
cardiomyopathies. However, late gadolinium enhancement is 
not sufficient to reflect LV hypertrophy solely based on the 
cardiac morphological structure. Although we acknowledge 
the advantages of echocardiography in assessing changes in 
cardiac morphology, currently it seems that echocardiography 
is temporarily unable to match late gadolinium enhancement in 
evaluating myocardial fibrosis, making it difficult to achieve a 
comprehensive evaluation of LV remodeling in DMD patients 
in a “one-stop” manner. Cardiac magnetic resonance holds the 
promise of providing a one-stop, efficient evaluation of LV 
remodeling by simultaneously assessing cardiac morphology 
and histopathology in DMD patients. Building upon the basic 
model constructed using age (reflecting overall disease progres-
sion) and late gadolinium enhancement positivity (reflecting 
cardiac histopathological progression), LV concentric hypertro-
phy (reflecting cardiac morphological progression) showed sig-
nificant incremental predictive value. It is worth emphasizing 
that the likelihood ratio test based on nested models is the only 
test required to evaluate whether new predictor variables should 

Fig. 4   Incremental predic-
tive value of left ventricular 
concentric hypertropy (LVCH) 
according to the Cox regression 
model. Compared to the model 
without LVCH, the model with 
LVCH had significant incremen-
tal predictive value. LGE late 
gadolinium enhancement
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be added to the existing model, and calculating the area under 
the curve or concordance index is not recommended [23, 29, 
30]. Thus, we performed the likelihood ratio test and calculated 
the chi-square values for evaluating the incremental predictive 
value of LV concentric hypertrophy. The results indicate that 
LV concentric hypertrophy could be regarded as a valuable 
tool for detecting subtle remodeling of left ventricle, thereby 
facilitating a more precise prediction of clinical outcomes in 
patients with early-stage DMD. Even for initially LV concen-
tric hypertrophy-negative patients, we believe that monitoring 
the occurrence of LV concentric hypertrophy during follow-up 
examinations is necessary to remain vigilant about the occur-
rence of adverse clinical outcomes in DMD patients.

There are several limitations of our study. First, we did 
not consider the cumulative dose of glucocorticoids or car-
diac medications. Second, we did not analyze left atrial or 
right ventricular remodeling parameters, which might inter-
act with left ventricle remodeling in DMD patients. Finally, 
the predictive effectiveness of LV concentric hypertrophy for 
the clinical outcomes in DMD was not externally validated.

Conclusion

In this study, we found that LV concentric hypertrophy 
emerged as an independent predictor for risk stratification 
and provided incremental value for predicting clinical out-
comes in the early-stage DMD cohort. Additionally, we 
established cutoff values for cardiac MR images to help 
diagnose LV concentric hypertrophy and evaluate incon-
spicuous remodeling in DMD patients.
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