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Background-—Patients with Duchenne muscular dystrophy exhibit progressive cardiac and skeletal muscle dysfunction. Based on
prior data, cardiac dysfunction in Duchenne muscular dystrophy patients may be influenced by myocardial fibrosis and steroid
therapy. We examined the longitudinal relationship of myocardial fibrosis and ventricular dysfunction using cardiac magnetic
resonance in a large Duchenne muscular dystrophy cohort.

Methods and Results-—We reviewed 465 serial cardiac magnetic resonance studies (98 Duchenne muscular dystrophy patients
with ≥4 cardiac magnetic resonance studies) for left ventricular ejection fraction (LVEF) and presence of late gadolinium
enhancement (LGE), a marker for myocardial fibrosis. LVEF was modeled by examining LGE status, myocardial fibrosis burden (as
assessed by the number of LGE-positive left ventricular segments), patient age, and steroid treatment duration. An age-only model
demonstrated that LVEF declined 0.58�0.10% per year. In patients with both LGE-negative and LGE-positive studies (n=51), LVEF
did not decline significantly over time if LGE was absent but declined 2.2�0.31% per year when LGE was present. Univariate
modeling showed significant associations between LVEF and steroid treatment duration, presence of LGE, and number of LGE-
positive left ventricular segments; multivariate modeling showed that LVEF declined by 0.93�0.09% for each LGE-positive left
ventricular segment, whereas age and steroid treatment duration were not significant. The number of LGE-positive left ventricular
segments increased with age, and longer steroid treatment duration was associated with lower age-related increases.

Conclusion-—Progressive myocardial fibrosis, as detected by LGE, was strongly correlated with the LVEF decline in Duchenne
muscular dystrophy patients. Longer steroid treatment duration was associated with a lower age-related increase in myocardial
fibrosis burden. ( J Am Heart Assoc. 2015;4:e001338 doi: 10.1161/JAHA.114.001338)
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D uchenne muscular dystrophy (DMD) composes part of
the clinical spectrum of the dystrophinopathies and is

caused by mutations in the dystrophin gene.1 Because of
improvements in respiratory care, cardiac dysfunction is now
a leading cause of morbidity and mortality in DMD patients.2–5

Left ventricular (LV) dilation and the development of
depressed LV ejection fraction (LVEF) are common findings
in patients with DMD2,6 and often present in the second
decade of life.7 The exact mechanisms of the development of
cardiac dysfunction in DMD are unclear, but the presence of
myocardial fibrosis may indicate progression of cardiac
disease.8–11 In a cross-sectional study, we showed that late
gadolinium enhancement (LGE), a marker for myocardial
fibrosis,12 is associated with LV systolic dysfunction and
increases with age13; however, this finding has not been
thoroughly investigated in a longitudinal study. The primary
aims of this study were to evaluate the longitudinal relation-
ship of LVEF and myocardial fibrosis burden in a large DMD
patient cohort and to investigate the associations with age
and duration of steroid treatment. Our secondary aim was to
evaluate the relationship of LGE to all-cause death, LV assist
device implantation, heart transplant, and clinically significant
arrhythmias.
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Methods

Study Population
All male patients with DMD who underwent clinical cardiac
magnetic resonance (CMR) studies at Cincinnati Children’s
Hospital Medical Center between January 2005 and January
2013 were identified by querying the CMR database, and
those who had undergone ≥4 studies in which LGE status
could be determined were selected. At our institution, we
routinely perform annual CMR studies on every DMD patient
who is able to undergo the scan without sedation; only
patients who refused or who could not tolerate lying in the
scanner did not undergo CMR. An annual CMR study was
recommended regardless of previous refusal or inability to
undergo CMR. Intravenous access with administration of
gadolinium is attempted on every DMD CMR study. All
selected patients were confirmed to have a pathological
dystrophin mutation. The institutional review board approved
the study.

Ventricular Function Imaging
Cardiac functional imaging was performed with a retrospec-
tively, vectorcardiographically gated, segmented steady-state
free precession technique after localized shimming and/or
frequency adjustment, as necessary.14,15 CMR studies were
conducted on clinical 3-T or 1.5-T scanners. The scanner used
for each study was based solely on clinical availability,
independent of the patient’s clinical status or the machine
used for previous studies. No sedation or anesthesia was used
for these studies. Patients were imaged with a breath-held
technique, as tolerated; for those patients who could not
adequately breath hold, a free-breathing technique with multi-
ple-signal averaging was used. Standard functional imaging
included a short-axis stack of segmented steady-state free
precession cine images from cardiac base to apex; the short
axis was prescribed as the perpendicular plane to the LV long
axis in 2- and 4-chamber views, based on previously published
protocols.14,16 Typical scan parameters used were slice thick-
ness of 5 mm and in-plane resolution of 1.5 mm. Aminimum of
12 slices were performed with 30 phases per slice. The typical
temporal resolution of the segmented steady-state free
precession cine images was 30 to 40 ms. LVEF was calculated
using standard planimetry techniques (QMass MR, version 7.5;
Medis Medical Imaging Systems) by an expert reader (R.F.,
K.N.H., J.J.S., M.D.T.) and then exported to a spreadsheet.

LGE Imaging
LGE imaging was performed with a standard inversion
recovery sequence protocol 8 to 10 minutes after injection

with 0.2 mmol/kg gadolinium diethylenetriamine penta-acetic
acid. A study was considered LGE positive (LGE+) if any LV
segment showed myocardial hyperenhancement. We then
identified which segments were LGE+ (LGE+ LV segments)
based on the 16-segment American Heart Association
model.17

Patient Clinical Characteristics
The medical records for all patients in the study were
reviewed. Start and stop dates for use of steroids
(deflazacort and/or prednisone) were extracted; steroid
treatment data were available for all patients in the study
cohort. Steroid treatment duration was calculated from the
steroid start date to the date of CMR or the date of
stopping steroids, whichever was sooner; steroid-na€ıve
patients were assigned steroid treatment durations of 0
for each CMR. The duration of steroid treatment was a
time-varying variable and was calculated for each CMR for
each patient. We also identified date of death, LV assist
device implantation, and orthotopic heart transplant, if
applicable. All Holter monitor data were reviewed, and
episodes of nonsustained ventricular tachycardia, atrial
fibrillation, and atrial tachycardia were considered to be
clinically significant. Holter studies were ordered based
solely on the preference of the individual patient’s neurol-
ogist or cardiologist.

Statistical Analysis
We analyzed the association of depressed LVEF and LGE
status using the chi-square test and the relationship of LVEF
to age using linear mixed-model analysis, accounting for the
correlated values within study patients. For patients who
were initially LGE negative (LGE�) but then developed LGE
over the course of the study (the LGE�/+ group), we
assigned an estimated date of development of LGE (tLGE),
defined as the date midway between the patient’s last LGE�
and first LGE+ study. We then performed a piecewise linear
regression of LVEF versus time, divided into time before tLGE
(negative) and time after tLGE (positive). To assess for
independent determinants of LVEF, we performed multivar-
iable regression with a model including patient age, number
of LGE+ LV segments, duration of steroid treatment, and
interaction of age and duration of steroid treatment (these
are correlated), using linear mixed-model analyses. Finally,
we assessed the effects of age and steroid treatment
duration on the percentage of LGE+ LV segments using
fractional logit regression. All tests were 2-sided, and a P
value of <0.05 was considered statistically significant. All
analyses were performed using SAS version 9.3 (SAS
Institute).
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Results

Characteristics of Study Cohort
We identified 335 DMD patients who had undergone at
least 1 CMR in the study period, and 98 of these patients
had ≥4 CMR studies (465 total studies) in which LGE status
could be adequately determined (Table 1). Patient age at
the time of CMR ranged from 6.6 to 29.4 years (median
12.2, mean 13.1�4.1 years), which was similar to the
overall cohort. Forty-five patients (46%) developed LGE
before depressed LVEF, 11 (11%) patients developed
depressed LVEF before LGE, and 3 patients (3%) developed
both on the same study. In addition, 51 patients (52%)
were initially LGE� and subsequently developed LGE during
the course of the study (the LGE�/+ group). In terms of
steroid treatment, 50 patients (51%) were treated with
deflazacort only, 12 (12%) were treated with prednisone
only, 33 (34%) were treated with both; only 3 (3%) had
never been treated with steroids (Table 1). The mean age
of initiating steroid therapy was 7.0�2.5 years, with a
mean duration of use 7.6�3.4 years.

Prevalence and Age of Onset of LGE and
Depressed LVEF
There were 146 LGE+ studies (31.4%) and 57 studies (12.3%)
that demonstrated depressed LVEF; these were similar to the
cross-section of the entire DMD cohort (23.9% LGE+, 5.7%
LGE indeterminate, and 70.4% LGE�; 11.7% with depressed
LVEF). The ages of onset of LGE and depressed LVEF are
described in Table 1. The relative risk of having depressed
LVEF given an LGE+ study was 7.6 (95% CI 1.8 to 30.4;
P=0.0002).

Effect of Age and Time Since Development of LGE
on LVEF
An age-only model for the entire cohort demonstrated that
LVEF declined by 0.58�0.10% per year (mean�SE; P<0.0001,
r2=0.067) (Figure 1). To further delineate the relationships
among age, LGE, and LVEF, we transformed age into time
after tLGE for the LGE�/+ group, as described. LVEF did not
decline significantly before the development of LGE

Table 1. Patient Characteristics and Cardiac Magnetic Resonance Study Results

Patient Characteristics (n=98) Results

Age at CMR, y 6.6 to 29.4 (median 12.2, mean 13.1�4.1)

Age at first CMR, y 6.6 to 22.5 (median 9.9, mean 10.6�3.4)

Age at last CMR, y 9.4 to 29.4 (median 14.2, mean 15.2�4.0)

Normal LVEF and LGE� on all CMR, n (%) 39 (40)

LGE+ on ≥1 CMR, n (%) 57 (58)

Depressed LVEF on ≥1 CMR, n (%) 23 (23)

Had either depressed LVEF or LGE on ≥1, n (%) CMR 59 (60)

Had both depressed LVEF and LGE on ≥1 CMR, n (%) 21 (21)

Age of first LGE+ study, y 8.4 to 27.5 (median 13.5, mean 14.0�3.6)

Age of first CMR with depressed LVEF, y 6.9 to 22.4 (median 15.0, mean 14.7�4.5)

Developed LGE before depressed LVEF, n (%) 45 (46)

Developed depressed LVEF before LGE, n (%) 11 (11)

Developed LGE and depressed LVEF on same study, n (%) 3 (3)

Had only LGE, n (%) 36 (37)

Had only depressed LVEF, n (%) 2 (2)

Treated with deflazacort only, n (%) 50 (51)

Treated with prednisone only, n (%) 12 (12)

Treated with both deflazacort and prednisone, n (%) 33 (34)

No steroid treatment, n (%) 3 (3)

Age at initiation of steroids, y 3.2 to 19.4 (median 6.8, mean 7.0�2.5)

Duration of steroid treatment, y 0.2 to 20.1 (median 7.2, mean 7.6�3.4)

CMR indicates cardiac magnetic resonance; LGE, late gadolinium enhancement; LGE+, LGE positive; LGE�, LGE negative; LVEF, left ventricular ejection fraction.
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(0.21�0.22% per year; P=0.34) (Figure 2) but declined
significantly after the development of LGE (2.2�0.31% per
year; P<0.0001). The rate of LVEF decline accelerated by
2.0�0.45% per year (P<0.0001) at tLGE.

Predictors of LVEF in DMD Patients
Univariate analyses showed that an increased steroid
treatment duration was associated with an LVEF decline of
0.43�0.11% per year of treatment (P<0.0001, r2=0.027).
In addition, LVEF was lower if LGE was positive
(�3.9�0.58%; P<0.0001, r2=0.094). For each additional
LGE+ LV segment, there was an associated decline of LVEF
by 0.93�0.09% (P<0.0001, r2=0.174) (Figure 3). Multivariate
analyses showed that only the number of LGE+ LV segments
was a significant predictor of LVEF (b=�0.93�0.09,
P<0.0001).

Modifiers of the Myocardial Fibrosis Burden
Fractional logit regression showed that the odds of developing
an LGE+ LV segment increased with age (Figure 4; Table 2),
implying that the number of LGE+ LV segments increases
slowly at younger ages, accelerates, and then levels off. A
multivariate fractional logit regression model of the percent-
age of LGE+ LV segments was constructed for the entire
cohort using age, duration of steroid treatment, and their
interaction as predictors. There was a significant age–steroid
treatment duration interaction, suggesting that a longer

steroid treatment duration was associated with an attenuated
age-related increase in the number of LGE+ LV segments,
although the effect was small (Table 2).

Figure 1. LVEF vs age. LGE-negative studies are marked in
green, and LGE-positive studies are marked in red. The studies for
each individual patient are linked with a colored line. Dashed lines
are upper and lower 95th CIs of predicted mean LVEF. LVEF
declined 0.58�0.10% per year in an age-only model, accounting
for correlated values within patients. LGE indicates late gadolin-
ium enhancement; LVEF, left ventricular ejection fraction.

Figure 2. LVEF vs time after tLGE. This figure demonstrates
LVEF vs tLGE for patients with at least 1 LGE-negative study
followed by at least 1 LGE-positive study (LGE�/+ group). LGE-
negative studies are marked in green, and LGE-positive studies
are marked in red. The studies for each individual patient are
linked with a colored line. Dashed lines are upper and lower 95th
CIs of predicted mean LVEF. LVEF remained stable over time if
patients were LGE negative but declined by 2.2�0.31% per year if
patients were LGE positive. LGE indicates late gadolinium
enhancement; LVEF, left ventricular ejection fraction; tLGE, time
after development of LGE.

Figure 3. LVEF vs number of left ventricular segments positive
for LGE. LGE-negative studies are marked in green, and LGE-
positive studies are marked in red. The studies for each individual
patient are linked with a colored line. Dashed lines are upper and
lower 95th CIs of predicted mean LVEF. Each additional LGE-
positive LV segment was associated with an LVEF decline of
0.93�0.09%. LGE indicates late gadolinium enhancement; LV, left
ventricular; LVEF, left ventricular ejection fraction.
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Cardiac Outcomes
Of the 98 total patients in the cohort, 4 died during the study
period; of these 4 patients, 3 were LGE+ on their last CMR
study and 3 had LVEF <55 (mean 48.0�15%). No patients in
this cohort had undergone heart transplant or LV assist device
implantation. Given the low rate of these events, statistical
testing could not be performed. At least 1 Holter study was
performed on 76 of the 98 patients. Nonsustained ventricular
tachycardia (1 patient), atrial fibrillation (1 patient), and
nonsustained atrial tachycardia (8 patients) were infrequently
observed. There was no statistically significant difference in
risk of arrhythmias based on having ≥1 CMR with LGE, and
there was no relationship to LVEF.

Discussion
In our longitudinal model of LVEF in DMD, we found that the
development of LGE was associated with a 2.2% decline in
LVEF per year, whereas there was no statistically significant
decline in LVEF over time in patients without LGE. In addition,
the strongest correlate of LVEF was the number of LGE+ LV
segments, a quantitative measure of myocardial fibrosis
burden; age and steroid treatment duration (independent of
fibrosis burden) were not statistically significant predictors of
LVEF in multivariate modeling. Furthermore, a longer steroid
treatment duration correlated with a smaller age-related
increase in myocardial fibrosis burden. In our cohort, the age
of onset of depressed LVEF and LGE were quite variable, with
some patients developing LGE or depressed LVEF at an early
age and others being LGE� and maintaining normal LVEF into
their late 20s.

Given low rates of death, LV assist device implantation,
and heart transplant, it was not possible to draw conclusions
about these events and their relationship to myocardial
fibrosis burden. Significant arrhythmia was infrequent, and the
risk did not appear to be related to LGE status or LVEF.

Comparison to Previous Studies
Our study is the largest longitudinal examination of CMR in
the DMD population to date, but direct comparison with other
studies is challenging because of variations in age range and
disease severity. Our cohort demonstrated similar proportions
of patients with normal LVEF (77%) compared with other
studies (70%,2 76%,5 88%9). Previous studies reported a broad
range of LGE positivity in DMD patients (from 32%9 to 70%10);
comparing the 58% that we observed is difficult, given that the
other studies had patients of different age ranges and
provided limited data regarding steroid duration, which was
related to the development of LGE in our study. Our data also
corroborate previous reports that, in general, LGE appears to
develop before depressed LVEF,10,11 but our results extend
this observation to show that once LGE has developed, there
is a decline in LVEF, on average, over time.

There are no large, recent studies on the arrhythmia
burden in DMD patients, so the low arrhythmia rates we
observed are difficult to compare. This area requires further,
larger studies.

Potential Mechanisms of Cardiac Dysfunction in
DMD Patients
Increasing histopathological evidence shows that the fibrof-
atty replacement of myocytes is a significant pathophysiolog-
ical mechanism in the development of cardiac dysfunction in
DMD mouse models.18–21 Combined with previous DMD

Figure 4. Number of LGE-positive LV segments vs patient age.
This figure demonstrates the number of LGE-positive LV segments
related to age. The points for each patient are connected with a
colored line. LGE indicates late gadolinium enhancement; LV, left
ventricular.

Table 2. Parameter Estimates of Age and Steroid Therapy
Duration on Late Gadolinium Enhancement–Positive Segment
Percentage From Fractional Logit Regression

Models Effect Estimate Standard Error P Value

Age only Age 0.133 0.017 <0.0001

Intercept �4.09 0.270 <0.0001

Age and
steroid
duration

Age 0.292 0.0393 <0.0001

Steroid duration 0.494 0.0773 <0.0001

Age–steroid
duration
interaction

�0.020 0.00344 <0.0001

Intercept �7.31 0.681 <0.0001
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patient imaging studies,9,11,13,22 our results support the
hypothesis that fibrofatty replacement resulting in diffuse
myocardial fibrosis is a key step in the development of cardiac
dysfunction in this population. Furthermore, our results
suggest that increased age correlates with a higher myocar-
dial fibrosis burden, that a longer steroid treatment duration
correlates with a smaller age-related increase in myocardial
fibrosis, and that the fibrosis burden correlates with the
development LV dysfunction.

It is worth noting that the LGE technique requires a
minimum threshold volume of myocardial fibrosis before
becoming evident on CMR and, consequently, underestimates
the total myocardial fibrosis burden. This may explain why
some patients with moderately or severely depressed LVEF
are LGE�. There are now quantitative CMR techniques that
are more sensitive to diffuse myocardial fibrosis and that may
further delineate the relationship of myocardial fibrosis to
LVEF in DMD patients. In addition to the factors studied in
this report, other modifiers that increase or decrease
myocardial fibrosis development likely still need identification
and examination.

Implications for DMD Patient Care
Angiotensin-converting enzyme inhibitors,21 aldosterone
antagonists,21 and angiotensin receptor blockers18,23

decrease myocardial fibrosis and improve circumferential
strain in DMD mouse models. In humans with DMD,
steroids5,24–27 and angiotensin-converting enzyme inhibi-
tors28–31 have shown a protective effect on cardiac function
in some32 but not all studies.33,34 All of these classes of
agents may have antifibrotic effects, but the critical mecha-
nism of action in DMD patients is not known. If the antifibrotic
properties are the primary mechanism of such agents, these
studies also lend credence to the theory that myocardial
fibrosis leads to LV systolic dysfunction. Our study supports
the theory that steroids decrease myocardial fibrosis burden
at a given age.

Studies in other models of progressive LV systolic
dysfunction suggest that myocardial fibrosis may be prevent-
able. In animal models of heart failure, aldosterone antago-
nists have been shown to prevent the development of
myocardial fibrosis35; in a prospective trial in anthracycline-
induced cardiomyopathy in adults, enalapril and carvedilol led
to preservation of LV systolic function,36 and this population
shows signs of increased myocardial fibrosis on CMR before
the development of identifiable LGE.37 Consequently, initiat-
ing antifibrotic therapies before the development of overt LV
systolic dysfunction may be helpful in delaying DMD-related
cardiac dysfunction, and the results of a clinical trial
evaluating the use of eplerenone for the prevention of LV

dysfunction and myocardial fibrosis in DMD patients was
recently published.38

The presence of LGE has been linked to increased rates of
adverse outcomes such as cardiac death in nonischemic
dilated,39,40 hypertrophic,41–43 and other nonischemic cardio-
myopathies44; a similar examination of the relationship of LGE
to outcomes in DMD-related cardiac dysfunction would be of
great benefit. Given that our data show that the presence of
LGE and myocardial fibrosis burden correlate with LVEF, our
study suggests that assessment of myocardial LGE should be
part of the evaluation of DMD patients if it is clinically feasible
and if it presents a low risk to the patient.

Limitations
The CMR data for our cohort were collected retrospectively,
which limits some comparisons and does not allow for the
determination of causal relationships. Based on the selection
criteria for inclusion in this analysis, we necessarily chose a
cohort that survived long enough to undergo ≥4 CMR studies;
therefore, these patients may have had a milder cardiac
phenotype. The specific reasons for some patients not
tolerating a CMR study could not be identified and thus
affected which patients met eligibility criteria. The relative
tachycardia of these patients and their diffuse LGE patterns
complicate quantitative myocardial fibrosis assessment. In
addition, some techniques for myocardial fibrosis quantifica-
tion were not available for clinical use until recently. Some
patients with overt dysfunction are on b-blockers and/or
angiotensin-converting enzyme inhibitors, which may con-
found the evaluation of LV function and LGE, although not all
studies suggest that these medications affect the rate of LVEF
decline.33 In addition, our study was not powered to take the
effects of multiple medications into account. This area
requires further study.

Conclusions
Our study demonstrates that the development of LGE is a
strong marker for the progression of LV systolic dysfunction
in DMD patients and that myocardial fibrosis burden corre-
lates strongly with LVEF. A longer steroid treatment duration
correlated with a smaller age-related increase in myocardial
fibrosis burden. This observation could not be attributed to
the effect of steroids alone, given the inability to control for
other medications and other potential modifiers of the fibrosis
burden. These findings support the theory that progressive
fibrofatty myocardial replacement is a substrate for myocar-
dial dysfunction in DMD patients. Further investigations into
the use of antifibrotic agents in DMD populations should be
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performed with myocardial fibrosis imaging and LVEF as
therapeutic end points.
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