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BACKGROUND: Patients with Duchenne muscular dystrophy (DMD) develop cardiomyopathy because of a dystrophin deficiency
causing fibrofatty replacement of the myocardium. Corticosteroid use and mobility limitations place these patients at risk for
increased adiposity. We sought to determine the association of adiposity with cardiovascular dysfunction in patients with
DMD.

METHODS AND RESULTS: This was a retrospective review of patients with DMD who underwent both cardiac magnetic reso-
nance imaging and dual-energy x-ray absorptiometry within 1 year. The cardiac magnetic resonance imaging parameters
included left ventricular ejection fraction and the presence of late gadolinium enhancement (LGE positive [LGE+]). The
adiposity indices, measured by dual-energy x-ray absorptiometry, included percentage of body fat, whole body fat mass
indexed to height, and body mass index. A total of 324 patients were identified. Fifty-two percent had LGE+, and 36% had
cardiac dysfunction (left ventricular ejection fraction <55%). Patients with cardiac dysfunction had higher whole body fat
mass indexed to height and body mass index on univariate analysis (mean difference between patients with and without
cardiac dysfunction: +2.9 kg/m, P=0.001; and +1.5 kg/m?, P=0.03, respectively). whole body fat mass indexed to height
remained independently associated with cardiac dysfunction on multivariable analysis after adjusting for age, LGE+, and
corticosteroid duration. High whole body fat mass indexed to height and percentage of body fat were associated with LGE+
on univariate analysis (mean difference between patients with and without LGE+: +2.0 kg/m, P=0.02; and +2.4%, P=0.02,
respectively). Using multivariable analysis, including age and cardiac dysfunction, high percentage of body fat remained
independently associated with LGE+.

CONCLUSIONS: This study demonstrates an independent association of adiposity with cardiac dysfunction and LGE+ in patients
with DMD. Preventing adiposity may mitigate the later development of ventricular dysfunction in DMD.
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common type of muscular dystrophy and affects 1

in 5000 males. This X-linked recessive disease leads
to the absence of dystrophin, affecting skeletal muscles
and myocytes, including cardiomyocytes. As cardio-
myopathy is a leading cause of morbidity and mortality
in patients with DMD,'-3 complete cardiac evaluation is
recommended biannually in early childhood and annually

Duohenne muscular dystrophy (DMD) is the most

from 10 years of age.*® Because of poor acoustic win-
dows on echocardiograms, many children and teen-
agers with DMD undergo cardiac magnetic resonance
(CMR). Evaluation for the presence of late gadolinium en-
hancement (LGE positive [LGE+]) is routinely performed
to detect myocardial fibrosis in patients with DMD.® Our
group and others have shown a correlation between left
ventricular ejection fraction decline and LGE+.°
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CLINICAL PERSPECTIVE

What Is New?

e This retrospective study demonstrates that
higher whole body fat indexed to height and
percentage of body fat are associated with car-
diac dysfunction and late gadolinium enhance-
ment on cardiac MRI in patients with Duchenne
muscular dystrophy.

e Body mass index is routinely used as a measure
of obesity; however, in patients with Duchenne
muscular dystrophy, body mass index was not
associated with cardiac dysfunction and was
likely inaccurate because of the use of surrogate
height measures once ambulation is lost.

What Are the Clinical Implications?

e Delaying ventricular dysfunction in patients with
Duchenne muscular dystrophy may be accom-
plished by avoiding excess weight gain.

e Percentage of body fat and whole body fat
obtained by dual-energy x-ray absorptiometry
scans should be used to develop nutritional
and physical treatment plans for patients with
Duchenne muscular dystrophy.

Nonstandard Abbreviations and Acronyms

DMD Duchenne muscular dystrophy
LGE late gadolinium enhancement

NHANES National Health and Nutrition
Examination Survey

PBF percentage of body fat
WBF whole body fat mass indexed to
height

Childhood obesity has been shown to cause
changes in cardiovascular structure and function in
children without DMD, but there have been no studies
of the association of obesity with cardiovascular func-
tion in patients with DMD.'® Patients with DMD are at
high risk of developing increased adiposity attributable
to decreased mobility, corticosteroid therapy, and the
fibrofatty replacement of muscle. Corticosteroids are
part of current care recommendations and are rou-
tinely used to preserve ambulation, cardiac and pul-
monary function, and muscle strength."='® However,
the long-term use of corticosteroids may result in
endocrine side effects such as obesity and growth
deceleration." Despite nutrition counseling and close
monitoring of growth,?'" the ability to lose weight
in this population is limited because of continued
supra-physiologic corticosteroid therapy and mobility
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limitations with decreased energy expenditure.’®'®
Quantifying adiposity in this population can be chal-
lenging because of difficulty assessing body mass
index (BMI), especially in nonambulatory patients.
Dual-energy x-ray absorptiometry (DXA) scans are
performed routinely to evaluate and monitor osteopo-
rosis and provide an opportunity for serial measure-
ment of adiposity indices including body fat mass and
percentage of body fat (PBF).

The objective of this study was to determine if ad-
iposity is associated with the development of cardiac
dysfunction in patients with DMD. We hypothesized that
adiposity indices measured by DXA are associated with
LGE+ and cardiac dysfunction in patients with DMD.

METHODS

The data that support the findings of this study are
available from the corresponding author upon reason-
able request.

Study Population and Design

Patients with DMD (confirmed by genetic analysis or
muscle biopsy) who underwent clinical CMR stud-
ies from January 1, 2006, to December 31, 2018, at
Cincinnati Children’s Hospital were eligible if they had
at least 1 DXA scan performed within a year of their
CMR. A retrospective chart review was performed to
collect patients’ demographic information, medical
histories, medications, heights, and functional mobility
scores.'” This study was approved by the Institutional
Review Board at Cincinnati Children’s Hospital and
qualified for waiver of informed consent.

DXA Scans

Whole body DXA scans were obtained using a Hologic
Densitometer (Discovery/Horizon) calibrated to a com-
mon manufacturer standard and analyzed using Apex 2.3
software. To account for normal growth over time whole
body mass measures were indexed to height (kg/m).’® We
recorded weights, PBF, BMI, and whole body fat mass in-
dexed to height (WBF). Weights were obtained at the time
of DXA, and heights were obtained using ulnar length.”®
PBF, BMI, and WBF from the 1999 to 2004 National
Health and Nutrition Examination Survey (NHANES) were
used for normal control values. The Centers for Disease
Control and Prevention conducts these surveys of the
health and nutrition status of the US population. Cross-
sectional whole body DXA examinations were conducted
on participants aged >8 years. Pediatric participants
were considered overweight if their BMI for age was at
or above the male-specific 85th percentile, but less than
the 95th percentile. Obesity was defined as BMI for age
at or above the male-specific 95th percentile. Overweight
for adult participants was defined as BMI of 25.0 to 29.9;
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30.0 to 39.9 was used to define obesity; and 40.0 or
higher was used to define extreme obesity.20-2?

Cardiac Magnetic Resonance

CMR studies were obtained using a 1.5 T scanner
(Ingenia; Philips Healthcare, Best, The Netherlands)
using a phased array coil and R5.4.1 software. LGE im-
ages were obtained using a standard inversion recov-
ery sequence protocol 8 to 10 minutes after injection
with 0.2 mmol/kg gadolinium diethylenetriamine penta-
acetic acid or gadoterate meglumine. A study was con-
sidered LGE+ if any left ventricular segments showed
LGE in 2 separate imaging planes. Patients who did not
have the presence of LGE were considered LGE nega-
tive. Right and left ventricular ejection fractions, and
LGE images were collected for each patient.

Statistical Analysis

Statistical analysis was performed using JMP (version
14, SAS Institute Inc., Cary, NC) and SAS (version 9.4,
SAS Institute Inc., Cary, NC). Patients’ CMR and DXA
scans were analyzed longitudinally across all visits if
they had multiple studies and at the time of their last
CMR visit. Each CMR and DXA scan were paired to
within O to 365 days of each other. Patient characteris-
tics were summarized using frequencies and percent-
ages for categorical variables and median (25th, 75th
percentile) for continuous variables. Covariates were
obtained at each relative scan. Two sample t tests and
chi-square tests were used to compare the means of
adiposity indices from participants with and without
DMD using the NHANES data set.?%??> Analysis of co-
variance was used to compare characteristics of pa-
tients with and without cardiomyopathy adjusting for
age. For bivariate analysis, correlation analyses were
used to assess the strength of association between
2 continuous variables using Pearson correlation for
normally distributed variables and Spearman for vari-
ables that were not normally distributed. Cohorts were
grouped into patients with and without the presence
of LGE and with and without the presence of cardiac
dysfunction defined as left ventricular ejection fraction
<55%.2324 For multivariable analysis, logistic regres-
sion was used for outcomes left ventricular dysfunc-
tion and LGE+. To take advantage of multiple CMR
and DXA scans per patient, longitudinal mixed-effects
models were employed, with subject accounted for as
a random effect for all outcomes.

RESULTS

Patient Characteristics

A total of 324 patients with DMD were included in the
study. The median age at last CMR was 14.9 years
(interquartile range, 12.3-17.9); 164 patients (52%) had
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Table 1. Patient Characteristics at Their Last CMR
Median (25th, 75th

Patient characteristics (n=324) percentile)
Age at CMR, y 14.9 (12.3, 17.9)
Height, cm 140 (129.1, 152.4)
Weight, kg 48.9 (37.3, 60.4)
BMI, kg/m? 24.0 (20.3, 27.7)
Systolic blood pressure, mm Hg 111 (102, 117)
Functional Mobility Score 5(2,6)
LV end-diastolic volume index, mL/m? 72.3 (62.6, 85.6)
LV end-systolic volume index, mL/m? 30.8 (24.7, 39)
LV mass index, g/m? 38.1 (30.8, 44.8)
LV ejection fraction (%) 57 (63.8, 61.9)
LV ejection fraction <565%, n (%) 116 (36)
WBF, kg/m 16.6 (11.5, 22)
WLM, kg/m 171 (15.4, 19.4)
PBF 49.2 (41,55.7)
Number of patients on corticosteroids, n 316 (97.5)
(%)
Corticosteroid duration, y 9.1 (6.5, 11.6)
Age at start of corticosteroids, y 6.1 (4.5, 7.7)
Treated with an ACE inhibitor, n (%) 121 (37)
Treated with a beta blocker, n (%) 110 (34)
Treated with an ARB, n (%) 27 (8)
Treated with spironolactone, n (%) 75 (23)
Number of CMRs per patient 3(2,5)
Age at first CMR, y 10.1 (8.8, 11.7)
Number of patients with LGE+ 164 (52)*
Age at first LGE+ CMR, y 12.9 (111, 15.4)
Number of DXA scans per patient 6 (4, 8)
Time between CMR and DXA scan pairs 1(1,18.5)

Data are presented as median and interquartile range for all variables.
ACE indicates angiotensin-converting enzyme; ARB, angiotensin Il receptor
blocker; BMI, body mass index; CMR, cardiac magnetic resonance; DXA,
dual-energy X-ray absorptiometry; LGE, late gadolinium enhancement; LV,
left ventricular; PBF, percentage of body fat; WBF, whole body fat mass
indexed to height; and WLM, whole body lean mass indexed.

*Percent of the sample.

LGE+, and 116 patients (36%) had cardiac dysfunction
(left ventricular ejection fraction <55%) on last CMR.
The median age at the first LGE+ study was 12.9 years.
Two hundred fifty-eight patients had multiple scans
available. The median time between the CMR and
DXA scan pairs was 1 day (interquartile range, 1-18.5).
Ninety-eight percent of the patients were on corticos-
teroids, with a median age of 6.1 years at the initiation of
corticosteroids and median total duration of 9.1 years.
Patient characteristics at the time of their last CMR visit
are summarized in Table 1. Comparisons of patient
characteristics by cardiac dysfunction and presence of
LGE are presented in Table S1. At the last CMR visit, the
mean WBF was 16.6 kg/m (11.5-22), PBF was 49.2%
(41-55.7), and BMI was 24 kg/m? (20.3-27.7). Patients
with DMD had significantly higher WBF, PBF, and BMI
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Table 2. Comparison of Percentage of Body Fat and Whole Body Fat in Patients With and Without DMD Using the NHANES
Data Set

8-1 41.8+9.6 28.0+0.4 <0.0001 16.6+8.0 11.6+0.3 <0.0001
n 73 1067 73 1067
12-15 48.4+8.2 25.2+0.3 <0.0001 24.6+10.4 16.1+0.3 <0.0001
n 132 1726 132 1726
16-19 51.0+9.2 22.9+0.3 <0.0001 29.8+11.0 18.7£0.4 <0.0001
n 86 1751 86 1751
20-39 52.4+8.7 26.1+0.1 <0.0001 34.9+15.8 23.4+0.3 <0.0001
n 33 2183 33 2183

DMD indicates Duchenne muscular dystrophy; and NHANES, National Health and Nutrition Examination Survey.
*Whole body fat mass indexed to height was not available for NHANES, whole body fat mass indexed for DMD patients available in Table S2.

when compared with the NHANES data (Tables 2 and
3, Figures 1 and 2). Indexed whole body fat was not
available for the NHANES participants. WBF in patients
with DMD by age group is presented in Table S2. It is
important to note that the PBF is almost double com-
pared with the general population, while BMI was only
slightly different (mean difference of 1.8 kg/m?). A total
of 33.6% of pediatric patients with DMD met the crite-
ria for obesity compared with 19.1% of NHANES pedi-
atric participants; 30.3% of adult patients with DMD
met the criteria for obesity, which was comparable with
31.1% of NHANES adult participants (Table 3). In our
cohort, only 10 patients were deceased at the end of
the study period. Four were over the age of 20 (1.2%),
and only 1 of the 4 patients was obese. The remaining
6 patients were in the 12 to 19 years age group and 5
of the 6 patients were obese.

Factors Associated With Adiposity

On bivariate analysis, WBF and PBF increased with
corticosteroid duration (=0.1, P=0.02; and r=0.3,
P<0.0001, respectively). WBF (=0.2, P=0.01), PBF
(r=0.4, P<0.0001) and BMI (=0.2, P<0.0001) also

increased with age (Table 4). On multivariable analysis,
including age and corticosteroid duration, corticoster-
oid duration was associated with high PBF (P=0.02),
while age was associated with both high WBF and PBF
(P<0.0001).

Adiposity and Cardiac Dysfunction

Patients with cardiac dysfunction had higher WBF and
BMI on bivariate analysis (+2.9 kg/m, P=0.001; and
+1.5 kg/m?, P=0.03) and WBEF after adjusting for age
(P=0.001) (Tables 4 and 5). WBF and PBF remained in-
dependently associated with cardiac dysfunction after
adjusting for age, LGE+, and corticosteroid duration on
multivariable analysis (Table 6). Of note, corticosteroid
duration was not associated with the development of
ventricular dysfunction on multivariable analysis.

Adiposity and Late Gadolinium
Enhancement

Higher WBF and PBF were associated with LGE+ on
bivariate analysis (mean difference between patients
with LGE+ and LGE negative at last CMR: +2.0 kg/m,
P=0.02; and +2.4%, P=0.02) (Table 4). On multivariable

Table 3. Comparision of Participants With Normal Weight, Overweight, and Obesity With Duchenne Muscular Dystrophy
and Without Using NHANES BMI Data

Normal weight,” n (%) 34 (52) 202 (44) 88 (42) 511 (45) 15 (46) 51 (7)
Overweight,! n (%) 13 (20) 169 (36) 39 (19) 419 (37) 8 (24) 470 (62)
Obese,* n (%) 18 (28) 92 (20) 83 (39) 208 (18) 10 (30) 235 (31)
P value 0.028 <0.00001 <0.0001

The DMD values are numbers of individual participants from their last cardiac magnetic resonance visit data. BMI indicates body mass index; DMD,

Duchenne muscular dystrophy; and NHANES, National Health and Nutrition Examination Survey.
*Defined as BMI <85th percentile for participants aged 6 to 19 years or BMI (in kg/m?) <25.

Defined as BMI >85th and <95th percentile for participants aged 6 to 19 years or BMI (in kg/m?) >25 and <30 for participants aged 20 to 39 years.
*Defined as BMI >95th percentile for participants aged 6 to 19 years or BMI (in kg/m?) >30 in participants aged 20 to 39 years.
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Figure 1. Comparison of percentage of body fat in patients Figure 2. Comparison of whole body fat in patients with

with and without Duchenne muscular dystrophy.

The P values are <0.0001 for each age group. DMD indicates
Duchenne muscular dystrophy; and NHANES, National Health
and Nutrition Examination Survey.

analysis, only PBF remained independently associated
with LGE+ after adjusting for age and corticosteroid
duration (Table 6). Of note, corticosteroid duration was
not associated with the development of LGE+ on mul-
tivariable analysis.

DISCUSSION

In this study, we sought to evaluate the association
of adiposity with cardiac dysfunction and structure
in patients with DMD. The study found that patients
with DMD had significantly higher adiposity indices
compared with the US general population. We dem-
onstrated that WBF and PBF were independently as-
sociated with cardiac dysfunction after adjusting for
age, LGE+, and corticosteroid duration. We also found
that higher PBF was independently associated with
LGE+. These results suggest that patients with DMD
who have higher adiposity indices are at increased risk
of developing cardiac dysfunction and LGE+.

There have been several studies in adults looking
at the effects of obesity and adiposity on the pres-
ence of LGE and adverse cardiac events.?>=° To our
knowledge, our study is the first to look specifically

and without Duchenne muscular dystrophy.

The P values are <0.0001 for each age group. DMD indicates
Duchenne muscular dystrophy; and NHANES, National Health
and Nutrition Examination Survey.

at measures of adiposity and their relation to cardiac
function and LGE+ in patients with DMD. In DMD, car-
diomyocytes are vulnerable to injury caused by a de-
ficiency in dystrophin, which in turn leads to fibrofatty
infiltration.®® Our study suggests that in patients with
DMD, increased adiposity indices measured by DXA
are associated with LGE+, which typically precedes
cardiac dysfunction. Additionally, our study shows an
association between adiposity indices and cardiac
dysfunction. Our patient population had higher adi-
posity indices when compared with the NHANES par-
ticipants. Previous pediatric studies have shown that
increased adiposity in childhood is associated with
atherosclerotic lesions and arterial stiffness in adult-
hood.3":%2 Arterial stiffness has been shown by our
group to be abnormal in patients with DMD, however,
the cause and long-term effects have yet to be deter-
mined.®® It is also possible that adiposity accelerates
the development of LGE+ and thus enhances cardiac
dysfunction in DMD.

Both age and adiposity were independently asso-
ciated with LGE+ and cardiac dysfunction. Adiposity
is of particular clinical relevance, as it is a potentially
modifiable variable in this population (Figure 3). Focus

Table 4. Bivariate Analysis of Adiposity Indices, Cardiac Function, Corticosteroid Duration, LGE, and Age at the Last CMR

Visit

Whole body fat index (kg/m) Percentage of body fat (%) BMI (kg/m?)

R or mean R or mean R or mean

difference P value difference P value difference P value
LVEF <55% +2.9* 0.001 +0.1* 0.06 +1.5* 0.03
LGE+ +2.0* 0.02 +2.4% 0.02 +0.8* 0.20
Corticosteroid duration, y 04t 0.02 0.3" <0.0001 0.3f <0.0001
Age, y 0.2f 0.01 0.41 <0.0001 0.2f <0.0001

BMI indicates body mass index; CMR, cardiac magnetic resonance; LGE, late gadolinium enhancement; and LVEF,

*Mean difference between groups from 1-way ANOVA analysis.
R for continuous variables from bivariate analysis.

J Am Heart Assoc. 2021;10:e021037. DOI: 10.1161/JAHA.121.021037
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Table 5. Characteristics of Patients With and Without Cardiomyopathy (LVEF >55 and <55) at Their Last CMR Visit

Adjusted for Age
Age at MRI, y 15.2+3.6 16.8+0.3 14.3+0.3 <0.0001
PBF (%) 48+8.9 49.4+0.9 47.3+0.6 0.06
WBF, kg/m 17.4+7.3 19.2+0.7 16.5+0.5 0.001
BMI, kg/m? 25+6.4 26.1+0.6 24.4+0.5 0.03
BMI percentile, % 74.5+29 T4.7+£2.7 74.4+2 0.96
LGE+ 175 (54.0) 94 (53.7) 81 (46.3) <0.0001
Corticosteroid duration, y 9+2.2 10.1+0.3 8.3+0.3 <0.0001

The values presented are the mean+root mean square error for all patients and mean+standard error for those with and without cardiomyopathy. The P
values were calculated after adjusting for age at the patient’s last CMR visit. BMI indicates body mass index; CMR, cardiac magnetic resonance; LGE, late
gadolinium enhancement; PBF, percentage of body fat; and WBF, whole body fat mass indexed to height.

*Percentage of the sample.

on nutrition, activity, and healthy weight gain early
in this disease process may help preserve cardiac
function over time. Multidisciplinary teams, including
physical therapists, occupational therapists, and reg-
istered dietitians have been recommended as part of
routine care for patients with DMD.'* Rehabilitation in-
terventions should target prevention of contractures
and deformities with stretching and orthotics to main-
tain physical activity. Aerobic exercise and activity are
also recommended at submaximal effort to prevent
muscle injury, as eccentric and high-resistance ex-
ercise have been shown to increase risk of muscle
damage.® Various exercise modalities have been
studied in this population, but there are still gaps in
the understanding of the amount and type of exercise
to optimize cardiorespiratory health and quality of
life.®4=3" Nutritional management is focused on opti-
mizing dietary requirements based on daily nutritional
needs and energy expenditure. The risk of obesity
is high during childhood and adolescence, and ad-
dressing excessive weight gain early on with adjust-
ment in dietary intake, as well as judicious titration of
corticosteroid dosing, are essential.®

Despite our findings that corticosteroid dura-
tion was independently associated with adiposity

measures, corticosteroid duration was not associated
with cardiac dysfunction or LGE+. This is not surpris-
ing given that previous studies have shown preserved
cardiac function with corticosteroid use in patients with
DMD.">™ Novel genetic therapies have been devel-
oped, and several are currently in clinical trials. These
therapies include exon skipping, clustered regularly
interspaced short palindromic repeats, RNA editing,
and surrogate gene therapy. Exon skipping, clustered
regularly interspaced short palindromic repeats and
RNA editing all involve restoring the transcription or
expression of dystrophin, but have limitations includ-
ing unwanted involvement of other genes and immune
responses. Surrogate gene therapy involves direct de-
livery of dystrophin alternatives to tissue or the use of
other cytoskeletal binding proteins as dystrophin sur-
rogates. These therapies are delivered with viral vec-
tors which can cause dose-related liver toxicity and
immune responses. Clustered regularly interspaced
short palindromic repeats—Cas9 research have shown
dystrophin expression in the hearts of mouse models
and surrogate gene therapy, specifically GALGT2 gene
overexpression, has prevented ventricular remodel-
ing and fibrosis in animal models.?®%° These novel
therapies may make treatment with corticosteroids

Table 6. Multivariable Analysis of Adiposity Indices, Cardiac Dysfunction, and LGE

WBF (per 1 kg/m) 1.07 (1.03-1.11) 0.0008

PBF (per 1%) 1.04 (1.01-1.07) 0.003 1.04 (1.002-1.07) 0.04
Age at last CMR (per 1 y) 113 (1.05-1.22) 0.001 1.24 (1.15-1.34) <0.0001
LGE at last CMR 51 (2.9-9.0) <0.0001

CMR indicates cardiac MRI; LGE, late gadolinium enhancement; LVEF, left ventricular ejection fraction; OR, odds ratio; PBF, percentage of body fat; and

WBF, whole body fat mass indexed to height.

*Odds ratio (95% Cl).

J Am Heart Assoc. 2021;10:e021037. DOI: 10.1161/JAHA.121.021037
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Age

Late Gadolinium
Enhancement

Corticosteroid Use
-Preserve ambulation
-Preserve muscle strength
-Preserve cardiac function
-Preserve lung function

1 Adiposity
-Increased percent body fat
-Increased whole body fat

Mobility Limitations
-Decreased energy expenditure
-Decreased exercise capacity

Cardiomyopathy

Figure 3. The relationship between adiposity and the heart in patients with Duchenne muscular dystrophy.

Risk factors associated with increased adiposity are listed on the left side of the diagram. Measurements of adiposity are listed in
the center and the effects of adiposity on the heart are depicted on the right. The red arrows point to full thickness late gadolinium
enhancement of the mid inferior, inferolateral, and anterolateral segments of the left ventricular myocardium in a patient with Duchenne

muscular dystrophy.

unnecessary and thus may improve adiposity, but for
now corticosteroids are an important treatment mo-
dality to preserve mobility and cardiac and pulmonary
function.®'21340 Qur study suggests that avoiding ex-
cess weight gain in patients with DMD after starting
corticosteroids may contribute to preserved cardiac
function.

While BMI is routinely used to screen for obesity
in both patients with DMD and pediatric patients,®?
we did not observe an association between BMI and
LGE+ or cardiac dysfunction upon multivariable analy-
sis. Our cohort had higher BMIs when compared with
the NHANES participants, but only 36% were consid-
ered obese. Only 3.1% of our cohort were deceased
at the end of the study period. It is possible that obese

J Am Heart Assoc. 2021;10:e021037. DOI: 10.1161/JAHA.121.021037

patients with DMD have higher mortality secondary to
complications from obesity, including cardiomyopathy,
and thus our proportion of adult patients with obesity
is lower than expected. However, because of the small
number of events, we could not investigate this further.
BMI does not distinguish between lean and fat mass,
and is also influenced by height measures. The median
age and functional mobility scores of the patients in our
study indicated that most were nonambulatory at the
time of their CMR and DXA scans. Surrogate measures
of height, such as ulnar length, may overestimate height
and result in an underestimation of BMI. DXA-derived
adiposity indices allow additional measures of adiposity
beyond the use of BMI and may help in nutritional and
physical treatment plans for patients with DMD.
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Limitations

This is a retrospective study and thus susceptible to in-
herent limitations of a retrospective data collection. In
addition, a number of patients were on beta blockers,
angiotensin-converting enzyme inhibitors, or angioten-
sin Il receptor blockers, with some heterogeneity be-
tween patients and between providers in prescription
patterns. Thus, we could not adjust for the potential
effects of cardiac medication use and duration in our
multivariable analysis. Our study did not account for
cumulative corticosteroid dosing or use of noncardiac
medications, which were outside the scope of the retro-
spective analyses here. Different DMD genotypes were
also not accounted for in this study. Nonetheless, our
patients comprised a sizeable cohort who were moni-
tored and treated in a consistent manner with a proac-
tive interdisciplinary team approach at a single center.

CONCLUSIONS

This is the first study to evaluate the association of
adiposity on cardiac function and structure in patients
with DMD. We demonstrated an independent associa-
tion of adiposity with left ventricular dysfunction and
LGE+ in patients with DMD. BMI did not correlate with
either cardiac dysfunction or LGE+ and is unlikely to
be helpful in assessing adiposity in patients with DMD
once ambulation is lost. Careful management to pre-
vent obesity and excessive adiposity may preserve
cardiac function in this patient population.
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Table S1. Patient Characteristics at Their Last CMR Visit.

LVEF <55 | LVEF>55 | pvalue LGE + LGE - p value
Total (n=324) 116 208 - 175 149 -
Age at CMR (years) 16.7 (4) 14.3(3.3) | <.0001 | 16.3(3.8) 13.8 (3.2) | <.0001
Height (cm) 142.3 (14.3) | 140.4 (13.3) | 0.2 142.2 (13.6) | 139.8 (13.6) | 0.1
Weight (kg) 55.5(18.5) | 47.6(15.3) | <.0001 | 54.7 (16.8) | 45.4 (15.6) | <.0001
BMI (kg/m2) 27.9 (10.5) | 245(8.4) |0.002 27.6 (9.9) 23.5(8.2) | <.0001
Systolic blood pressure (mmHQ) 108.5 (11.7) | 110.7 (10.2) | 0.08 109.4 (11.3) | 110.6 (10.2) | 0.3
Functional Mobility Score 4.3 (2) 3.8(2.1) |0.04 4.4 (2) 3.6(2.1) |0.001
LV end-diastolic volume index, mL/m? 85.3 (21.9) | 69.8 (14.4) | <.0001 | 82.1(20.8) 68 (13.4) | <.0001
LV end-systolic volume index, mL/m? 442 (16.6) | 27.5(7.5 |<.0001 | 39.1(16.2) | 27.3(7.2) |<.0001
LV mass index, g/m? 41.9(11.6) | 36.9(8.7) | <.0001 | 41.5(10.9) | 355(8.2) |<.0001
LV ejection fraction (%) 59.1 (6.9) 61 (4.4) 0.003 53.6 (8.4) 60.4 (5.2) | <.0001
LV ejection fraction <55%, n (%) - - - 94 (54) 22 (15) <.0001
WBF (kg/m) 19.2 (8.1) 16.3 (6.8) | 0.001 18.3 (7.5) 16.3(7.2) |0.02
WLM (kg/m) 17.9 (3.2) 17.2(2.8) |0.04 17.8 (3.1) 17.2 (2.8) |0.07
PBF (%) 49.4 (9.4) 47.2 (9.6) | 0.05 49.1 (9) 46.7 (10) |0.02
Number of patients on corticosteroids, n (%) | 115 (99) 201 (96) | 0.1 170 (97) 146 (98) | 0.6
Corticosteroid duration (years) 10.1 (3.9) 8 (3.7) <.0001 9.6 (3.9) 7.8(3.7) |<.0001
Age at start of corticosteroids (years) 6.7 (2.8) 6.1(2.1) |0.03 6.6 (2.5) 59(2.1) |0.001
Treated with an ACE Inhibitor, n (%) 50 (43) 71 (34) 0.1 73 (42) 48 (32) 0.06
Treated with a Beta Blocker, n (%) 73 (62) 37 (18) <.0001 93 (53) 17 (11) <.0001
Treated with an ARB, n (%) 6 (5 21 (10) 0.1 14 (8) 13 (9) 0.8
Treated with Spironolactone, n (%) 33 (28) 42 (20) 0.1 63 (36) 12 (8) <.0001
Number of CMRs per patient 3.9 (2.1) 3.1(2) 0.001 3.9(2.1) 2.8 (1.8) | <.0001
Age at first CMR (years) 11.3(3.2) 10.2 (2.4) |0.001 11 (3) 10 (2.4) 0.001
Number of patients with LGE+ 94 (81)* 79 (38)* | <.0001 - - -
Number of DXA scans per patient 6.7 (2.9) 6.2(29) 0.1 6.8 (3) 5.8 (2.7) |0.002

Data are presented as mean (+ standard deviation) or total number (percent of total). P values derived by comparison of means or comparison of proportions. CMR indicates cardiac MRI; LV, left
ventricular; BMI, body mass index; WBF, whole body fat indexed; WLM, whole body lean mass indexed; PBF, percentage of body fat; LGE, late gadolinium enhancement; ACE, angiotensin
converting enzyme; ARB, angiotensin Il receptor blocker; and DXA, dual-energy X-ray absorptiometry. *total number (percent of total)



Table S2. Whole Body Fat in Patients with Duchenne Muscular Dystrophy.

Whole Body Total Fat index (kg/m)
Age DMD
(Years) Mean £SD
8-11 159+6.5
n 73
12-15 17.6x7.8
n 132
16-19 17573
n 86
20-39 19.4+7.6
n 33

DMD indicates Duchenne muscular dystrophy.



