INVITED REVIEW

CARDIOMYOPATHY OF DUCHENNE MUSCULAR DYSTROPHY: CURRENT
UNDERSTANDING AND FUTURE DIRECTIONS

CHRISTOPHER F. SPURNEY, MD

Division of Cardiology, Research Center for Genetic Medicine, Children’s National Medical Center,

111 Michigan Avenue NW, Washington, DC 20010, USA
Accepted 7 March 2011

ABSTRACT: Duchenne muscular dystrophy (DMD) is the
most common and severe form of muscular dystrophy and
occurs in 1 in 3500 male births. Improved survival due to
improvements in clinical care of the musculoskeletal and respi-
ratory systems has led to an increased incidence of cardiomy-
opathy. Cardiac-related deaths are now seen in approximately
20% of DMD patients. Our current understanding of DMD car-
diomyopathy has increased significantly over the past 10 years,
but further research is required to improve cardiac treatment
and outcomes in DMD. This review provides a summary of the
current literature and discussion of potential new therapies for
DMD cardiomyopathy.
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Duchenne muscular dystrophy (DMD) is the most
common and severe form of muscular dystrophy
and occurs in 1 in 3500 male births. Due to a
mutation in the protein dystrophin, patients with
DMD develop progressive muscle weakness and
lose the ability to walk between 10 and 12 years of
age. In the second decade of life, respiratory and
cardiac muscle diseases become significant contrib-
utors to disease progression and quality of life.
Improvements in the treatment of respiratory mus-
cle disease, including assist devices and mechanical
ventilation, allow patients to live longer with
improved respiratory function. Eagle et al. showed
that patients who undergo spinal surgery and noc-
turnal ventilation have a mean survival of 30 years,
compared with patients who are only ventilated
(22.2 years).l’2 However, this increased lifespan has
allowed cardiac disease to emerge as a major cause
of patient morbidity and mortality. Cardiomyopa-
thy is now a leading cause of death in DMD
patients." As this paradigm switch continues, new
focus on the diagnosis and treatment of cardiac
disease in DMD is essential. This review focuses on
our current understanding of the diagnosis and
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treatment, along with potential new therapies, for
the cardiomyopathy of DMD.

PATHOGENESIS

An in-depth discussion of the pathophysiology of
DMD is beyond the scope of this review. In skeletal
muscle, the absence of dystrophin leads to loss of
membrane integrity and increased susceptibility to
damage from muscle contractions. This damage
leads to an influx of extracellular calcium, which
can activate proteases within the cell. Protease
activity ends in myocyte cell death, necrosis,
inflammation, and replacement fibrosis. In the
heart, along with membrane integrity, the loss of
dystrophin affects L-type calcium channels and
mechanical stretch-activated receptors.>® These
abnormalities contribute to increased intracellular
calcium. The excessive calcium can stimulate fur-
ther intracellular calcium release and activation of
calpains, proteases that degrade the contractile
proteins.5 As with skeletal muscle, this leads to the
same pathological cycle of infiltrating inflamma-
tory cells and fibroblasts causing myocardial cell
death and fibrosis. The loss of viable myocardium
leads to increased wall stress, increased myocardial
oxygen demand within viable myocardium, contin-
ued cardiomyocyte death, and further fibrosis.
Based on a 2006 scientific statement by the Ameri-
can Heart Association, cardiomyopathy is defined as
a “heterogeneous group of diseases of the myocar-
dium associated with mechanical and/or electrical
dysfunction.”® Hence, once a DMD patient develops
a significant amount of fibrosis leading to decreased
function, clinically the patient has cardiomyopathy.

TIMING OF DMD CARDIOMYOPATHY

Skeletal Muscle Strength and Exercise. Studies
have shown that the timing and severity of cardio-
myopathy is unrelated to the severity of skeletal
muscle involvement in DMD. However, could the
opposite be true? Could the onset of cardiomyopa-
thy be earlier in patients who maintain skeletal
muscle strength? Becker muscular dystrophy
(BMD) is due to the partial loss of dystrophin pro-
tein, and these patients have milder skeletal mus-
cle symptoms. In BMD, cardiomyopathy can be the
presenting symptom, and it is exacerbated by the
slower decline of skeletal muscle strength. Heart
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failure can be severe enough to require transplanta-
tion.”® A similar example is X-linked cardiomyopa-
thy. These patients have loss of dystrophin in the
cardiac muscle only and present with severe
dilated cardiomyopathy and normal skeletal mus-
cle strength at a young age.”'” The current
hypothesis is that improved muscle strength
increases the workload on the heart and leads to
earlier development of cardiomyopathy.® Recent
exercise studies in the dystrophin-deficient mdx
mouse showed increased cardiac fibrosis after vol-
untary wheel or treadmill exercise in both young
and older mice.""™ It is known that the benefits
of steroid therapy on skeletal muscle in DMD
allows patients to ambulate longer.'* As will be
discussed later, there are also studies that show
steroids prevent progression of cardiac disease.
Currently, there is no evidence to suggest that the
onset of cardiomyopathy occurs earlier in the cur-
rent steroid era secondary to prolonged ambula-
tion. However, further studies are needed to better
understand the effects of exercise type and inten-
sity on skeletal and cardiac muscle function in
DMD patients.

Deletion Type. The large dystrophin gene (14-kb
transcript) is composed of four protein domains:
amino-terminus (exons 2-7); rod structure with
hinges (exons 8-64); cysteine-rich (exons 65-69);
and carboxyl-terminus (exons 70-79) 1° There is sig-
nificant interest in the relationship between cardio-
myopathy and type of dystrophin gene deletion.
Nigro et al. showed a close linkage between severe
cardiomyopathy and deletions encompassing exons
48-49 in both DMD and BMD patients.'® A study of
BMD patients showed that specific mutations influ-
ence the development of Cardiomyopathy.15
Patients with deletions in exons 2-9 had the earliest
onset of cardiomyopathy. Patients with deletions in
exons 45—49 (out-of-phase mutations in the rod do-
main) showed earlier cardiomyopathy compared
with patients who had deletions in exons 50-51 (in-
phase mutations of the rod domain). Jefferies et al.
also showed that DMD and BMD patients with dele-
tions in exons 51 and 52 had a decreased risk of car-
diac involvement. Also, the earliest onset of cardio-
myopathy was seen in deletions involving exons 12
and 14-17."7 The mechanism of differential effect of
these mutations is not yet clear, but it is important to
note that exon boundaries need not specifically cor-
relate with physical protein boundaries and can have
significant functional implications at the protein
level.'” Continued analysis of deletion type and car-
diomyopathy disease course, especially in new clinical
trials, will hopefully begin to show strong correlations
that could direct therapeutic interventions in the
future.

Cardiomyopathy of DMD

Infectious. Early presentation of severe cardiomy-
opathy in DMD could be secondary to another di-
agnosis. Mavrogeni et al. reported viral myocarditis
in 4 of 6 DMD patients with fibrosis that was seen
on cardiac magnetic resonance (CMR) imaging.
Polymerase chain reaction (PCR) confirmed the
presence of cytomegalovirus, parvovirus B19, and
Coxsackie B viruses in 3 of the patients. These
patients developed severe left ventricular dilation
and decreased function over the following year, and
2 died within 2 years.'"® Previous work by Xiong
et al. in mdx mice showed that infection with Cox-
sackie B3 enterovirus led to greater viral replication
and more severe cardiomyopathy compared with
normal control mice.'” Thus, DMD patients poten-
tially show increased susceptibility to viral myocardi-
tis, resulting in severe cardiomyopathy at a young
age. This possibility should be considered in the
proper clinical presentation, and appropriate diag-
nostic testing should also be considered.

DIAGNOSIS

Although all DMD patients >18 years of age will
show evidence of cardiac muscle disease, only
slightly more than half will complain of any symp-
toms.”” Due to the inability to ambulate at this
age, the common symptom of exercise intolerance
is often not appreciated by DMD patients. Instead,
patients experience vague symptoms, including
sleep disturbances, loss of appetite, nausea, abdom-
inal pain or fullness, increased cough or secre-
tions, and weight loss. Patients can also experience
more classic cardiac symptoms, including chest
pain, palpitations, dizziness and syncope. These
are usually more related to the presence of
arrhythmias rather than heart failure. Conse-
quently, the physician must ask specific questions
regarding seemingly small changes in sleep or daily
activities.

Physical Examination. Cardiac physical findings
can provide initial clues to the presence and
extent of cardiac disease. Vital signs often include
resting tachycardia in DMD patients. On examina-
tion of the neck, jugular venous distention can be
present. On chest palpation, displacement of the
point of maximal impulse (PMI) inferolaterally is
due to an enlarged left ventricle. The PMI can also
be displaced secondary to scoliosis. On ausculta-
tion, there is usually a regular rhythm with a nor-
mal S1 and S2. Irregular rhythms are usually asso-
ciated with atrial tachyarrhythmias or ventricular
ectopy. An S3 gallop can be heard during acute
congestive heart failure and an S4 gallop can be
heard secondary to left ventricular dysfunction.
Systolic ejection flow murmurs and systolic regurgi-
tant murmurs, usually due to mitral regurgitation
from left ventricular dilation, can be associated
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FIGURE 1. Electrocardiogram tracing of an 8-year-old DMD patient. This shows common features of DMD including resting tachycar-
dia with a heart rate of approximately 90 beats per minute, increased R-wave amplitudes in leads V1, V2, and V3, and Q waves in the

lateral and inferior leads (ll, Ill, aVF, V4, V5, V6).

with  DMD. Pulmonary auscultation will show
decreased breaths and rales at the bases bilaterally.
Hepatomegaly can be found on abdominal exami-
nation, but the liver is usually difficult to palpate
due to positioning and scoliosis. Examination of
the extremities can show dependent edema when
heart failure develops.

Electrocardiography. Sinus tachycardia is found in a
majority of DMD patients, beginning during child-
hood and occurring even when these patients are
immobile.”** Abnormally tall R waves in leads V1
V3 are also found in DMD patients (Fig. 1).3:21:23,25.26
These represent a loss of posteriorly directed forces
due to the selective scarring of the posterobasal
portion of the left ventricle that is common in dys-
trophic myocardium.?” This myocardial scarring
can also extend laterally and produce large Q
waves that are most frequently seen in the lateral
leads (I, aVL, V6) and, less frequently, in the infe-
rior (II, III, aVF) or anterior leads (V1-V4). Other
findings include shortened PR interval, prolonged
QTc intervals, and premature atrial and ventricular
contractions.®**26728

Holter Monitors. Extended monitoring of the car-
diac rhythm can provide greater detail of sporadic
abnormalities not seen on the brief electrocardio-
gram. In DMD, Holter monitoring can demonstrate
variations in heart rate and associated arrhythmias
(Fig. 2). Kirchmann et al. showed that Holter moni-
toring in DMD demonstrated sinus tachycardia in
26% of patients, deprivation of circadian rhythm in
31% of patients, and reduced heart rate variability
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in 51% of patients.”” D’Orsogna et al. described
labile abrupt sinus tachycardia in 11 of 18 cases.”
Yotsukura et al. also found a higher ratio of sympa-
thetic to parasympathetic activity in DMD patients
compared with normal controls.”**' Similarly, Lanza
et al. showed impairment of cardiac autonomic
function with an increased ratio of sympathetic activ-
ity.** These Holter results could reflect disturbances
in the cardiac autonomic nervous system due to
focal degeneration of the conduction system or
adaptation to heart failure in DMD patients.

Holter monitoring can also capture arrhyth-
mias. D’Orsogna et al. reported 4 of 18 DMD
patients who developed high-grade ventricular
ectopy.” Chenard et al. showed that 15% of DMD
patients had premature ventricular beats and that
66% of patients who died suddenly had previously
documented complex ventricular arrhythmias.®
Corrado et al. found >6 premature ventricular
beats per hour in 32% and ventricular tachycardia
in 7% of DMD patients monitored.”® Kirchmann
et al. found premature ventricular beats in 9% of
DMD patients.”® Thus, especially in the presence
of symptoms or decreased cardiac function, Holter
monitoring can aid in the diagnosis of arrhythmias
and direct appropriate medical therapy.

Echocardiography. The “gold standard” of cardiac
systolic function evaluation in DMD is shortening
fraction (SF) and ejection fraction (EF) using two-
dimensional (2D) echocardiography (Fig. 3). Many
of the physical attributes of DMD patients, includ-
ing barrel-shaped chest, increased adiposity of
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FIGURE 2. Holter monitor tracing of an 18-year-old DMD patient. The tracing shows a non-sustained run of ventricular tachycardia at
a rate of approximately 160 beats per minute. The patient was asymptomatic during the recording. N, normal sinus beat; V, abnormal

ventricular beat.

chest walls, scoliosis, and seated position, make
echocardiography more difficult. Decreased image
resolution makes delineation of the endocardial
border more difficult and prone to measurement
error. These standard measures of cardiac function
also become more limited as patients become
older. However, echocardiography is the most uni-
versally standardized assessment of cardiac func-
tion at this time.

As noted, evidence of cardiac disease can be
seen on electrocardiogram (ECG) at an early age,
long before any decrease in cardiac systolic func-
tion is detected by 2D echocardiography. To help
diagnose these early changes, different echocardio-
graphic techniques are used. One measurement,
the myocardial performance index (MPI), is an
assessment of global heart function based on time
intervals during the cardiac cycle spent in ejection
and isovolumic periods.” The MPI is easily meas-
ured using Doppler images and was shown to
closely relate to the EF.*° Bahler et al. showed that
the calculation of MPI was feasible in DMD and
detected abnormalities in 79% of patients when
the EF was abnormal in only 40% of these
patients.?’7 Another measure is Doppler tissue
imaging (DTT). DTI is utilized to help detect early
changes in cardiac systolic and diastolic function
(Fig. 3). DTI does not require good 2D resolution
and can provide specific information on myocar-
dial tissue velocities and strain. Giatrakos et al.
found decreased tissue velocities in asymptomatic
DMD boys with a mean age of 8.8 years. Based on
these measures, the investigators correctly pre-
dicted poor outcomes with 85% accuracy.”® Mark-

Cardiomyopathy of DMD

ham et al. found abnormal diastolic indices in
DMD patients with normal systolic function com-
pared with controls.® Mori et al. showed signifi-
cantly decreased peak systolic radial strain in the
posterior wall compared with controls.* Decreased
strain was seen more frequently in the outer por-
tion of the posterior wall, a finding consistent with
findings of subepicardial fibrosis in heart speci-
mens.”’ Ogata et al. also showed abnormal strain
profiles in the posterolateral wall of the left ventri-
cle in DMD patients with normal systolic func-
tion.” Mertens et al. demonstrated significantly
decreased longitudinal and radial tissue velocities
in the anterolateral and inferolateral left ventricu-
lar walls in DMD patients (mean age 7.9 years)
with normal systolic function.*® These studies dem-
onstrate the presence of myocardial dysfunction
prior to the development of decreased systolic
function and validate the importance of MPI and
DTI as a primary outcome measures for future
DMD cardiac studies.

MRI. Due to the imaging difficulties with echocar-
diography discussed previously, cardiac magnetic
resonance (CMR) imaging is being more fre-
quently utilized in DMD patients, providing a sen-
sitive and reliable non-invasive measure of cardiac
function. Compared with echocardiography, CMR
imaging utilizes different techniques to assess myo-
cardial function. Ashford et al. used CMR tagging
to show that DMD patients with normal left ven-
tricular size and function had decreased global
and segmental circumferential strain compared
with controls.** Mavrogeni et al. used CMR to
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FIGURE 3. Echocardiographic images of a 16-year-old DMD patient with cardiomyopathy. (A) Two-dimensional apical four-chamber
view of a dilated left ventricle (LV) showing thin and rounded lateral myocardial wall and septum. (B) Measurement of the left ventricle
end-diastolic volume (LVEDV) in the apical four-chamber view used to calculate ejection fraction. The ejection fraction in this patient
was severely decreased at 20% (normal 55-65%). (C) M-mode image of the left ventricle showing decreased movement of the inter-
ventricular septum at the top of the image and the lateral free wall at the bottom of the image. The left ventricular internal diameter in
diastole (LVIDd: green line) and the left ventricular internal diameter in systole (LVIDs: blue line) are measured to derive the shortening
fraction (LVIDd — LVIDs / LVIDd). This image shows a severely decreased shortening fraction of 9% (normal 28—40%). (D) Color tis-
sue Doppler image of the left ventricle (LV). The coloring of the ventricular myocardium corresponds to myocardial velocities that are
measured to evaluate diastolic function and myocardial strain. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

measure T2 relaxation time to study myocardial tis-
sue composition. T2 relaxation times decrease with
fibrosis, and the investigators found significantly
decreased times in DMD patients >12 years old
compared with controls. The T2 times also
decreased with age in DMD patients and could be
a potential marker of worsening disease.*” A later
study also showed that patients treated with deflaza-
cort showed better preservation of T2 relaxation
times in the myocardium and better systolic func-
tion compared with untreated younger controls.*®
Hor et al. found that DMD patients with normal EF
showed reduced left ventricular myocardial peak cir-
cumferential strain when <10 years old compared
with controls and this continued to decline with
age.47 Hagenbuch et al. studied serial circumferen-
tial strain changes in DMD patients and found sig-
nificantly decreased strain in all patients over a
mean interval of 15.6 months with no significant
changes in EF A8 Thus, strain derived from CMR is

12  Cardiomyopathy of DMD

another potential early marker of myocardial dys-
function in DMD. It is more sensitive than EF and
potentially can be followed longitudinally to moni-
tor changes related to experimental therapies.
Another technique used with CMR is termed
late gadolinium enhancement (LGE). Gadolinium-
based contrast is given to the patient, and imaging
is performed 10-20 minutes thereafter. Areas that
are fibrotic retain the contrast due to diminished
washout (Fig. 4). Using this technique, Silva et al.
showed that midwall and subepicardial fibrosis was
present in 7 of 10 muscular dystrophy patients,
most commonly in the lateral wall of the left ven-
tricle. Decreased systolic function was only seen in
3 of these patients, and the study found fibrosis in
2 of 4 patients who were <10 years of age.*’ Simi-
lar techniques were applied to patients with BMD,
and CMR again showed increased cardiac involve-
ment compared with echocardiography.”’ Guil-
laume et al. presented a case report using CMR
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FIGURE 4. Cardiac magnetic resonance (CMR) image utilizing
late gadolinium enhancement (LGE) in DMD. The cavity of the
left ventricle (LV) is centered, with the papillary muscles present
(*). The arrow indicates a bright area of LGE in the subepicar-
dial basal inferior wall that extends into the midwall of the myo-
cardium. The septal and right ventricular myocardiums are
spared. This is a typical pattern seen in DMD (image courtesy
of Dr. Erik Schelbert, University of Pittsburgh).

and LGE to document an increase in areas of
myocardial fibrosis over the course of 1 year.”!
Puchalski et al. observed 74 DMD patients (mean
age 13.7 years) and found LGE in older patients
(16.6 vs. 13.0 years), and these patients had signifi-
cantly decreased EFs (24.6% vs. 61.5%). All
patients with LGE showed involvement of the basal
inferolateral left ventricular free wall in the subepi-
cardial area.®® Importantly, some patients with
LGE were <12.5 years old and had normal EF,
indicating that fibrosis occurs prior to the onset of
decreased systolic function. Two cases were also
reported using CMR to help diagnose myocarditis
on DMD patients based on clinical presentation
and septal location of LGE.””* These studies dem-
onstrated that CMR, combined with strain and
LGE analysis, is more sensitive than echocardiogra-
phy and will continue to become a more prevalent
modality for the primary assessment of cardiac
function in DMD patients.

Laboratory Monitoring. B-type natriuretic peptide
(BNP) is now used commonly to diagnose and fol-
low heart failure patients.”” Interestingly, DMD
patients do not have the consistency in BNP levels
seen in other forms of cardiomyopathy and heart
failure. Mori et al. found only late increases in
BNP levels in DMD patients associated with signifi-
cant systolic dysfunction.”® Kagaya et al. showed
that DMD patients had lower BNP levels compared
with patients with idiopathic dilated cardiomyopa-
thy who had similar levels of systolic dysfunction.57

Cardiomyopathy of DMD

Mohyuddin et al. also found that DMD patients
with mild systolic dysfunction had normal BNP lev-
els and only mildly elevated levels when dysfunc-
tion worsened.”® van Bockel et al. showed that
N-terminal proBNP levels correlated with decreased
systolic function as assessed by radionucleotide scan-
ning, but were overall relatively low.” At this time,
it is unclear why BNP levels are lower in DMD
patients, but possible factors include obesity, physi-
cal inactivity, myocardial fibrosis, and potential early
use of cardiac medications. These levels may be
appropriate for the longitudinal assessment of car-
diac function in a single patient, but correlations
should not be made with published levels related to
other diagnoses.

MEDICAL THERAPY

Prednisone. Based on the recommendations of an
international workshop in 2004, daily steroid ther-
apy became the “gold standard” in DMD.? These
recommendations were based on many studies that
showed the benefits of steroids on skeletal and
respiratory muscle function.'**'~%* Studies then
began to focus on the cardiac effects. Silversides
et al. showed that only 5% of patients treated with
deflazacort for >3 years had a significantly
decreased EF, compared with 58% of untreated
patients. They also showed a correlation between
preserved cardiac function and improved pulmo-
nary and skeletal muscle function.®® Markham
et al. found that steroid-naive subjects <10 years
old were 4.4 times more likely to have decreased
cardiac function, and those subjects >10 years
were 15.2 times more likely to have decreased
function. Of interest, patients who had received
steroids, but were no longer taking them, showed
normal cardiac function and no differences com-
pared with patients who continued to receive ste-
roids.?” Biggar et al. showed that 59% of untreated
DMD patients developed decreased cardiac func-
tion by 18 years of age, compared with 10% of ste-
roid-treated patients.”> Houde et al. found that
deflazacort treatment preserved cardiac function
in DMD patients over an 8-year follow-up study.
Treated patients had improved systolic function
and a decreased incidence of dilated cardiomyo-
pathy (32% vs. 58%) compared with younger
untreated patients.’® Markham et al. reported that
93% of steroid-treated DMD children maintained
normal cardiac function compared with only 53%
of untreated children. These studies support the
idea that DMD patients treated with steroids prior
to the onset of cardiac dysfunction show slower
progression of heart disease. The study by Mark-
ham et al. also questioned whether there is an
early therapeutic window for obtaining the benefi-
cial effects of steroid therapy in cardiac muscle.
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However, questions still remain regarding the best
type of steroid, the age of therapy initiation, the
dosing schedule, and the duration of therapy. Fur-
ther studies are needed to address these questions
and to utilize improved cardiac outcome measures.
Currently there are a few animal studies that
question the benefits of steroids. Bauer et al.
showed that prednisone delivered via drinking
water led to increased left ventricular dilation,
decreased diastolic function, and increased cardiac
fibrosis.®” Guerron et al. used a subcutaneous
prednisone pellet to deliver continuous drug at a
dose of 1 mg/kg/day. They found significantly
decreased cardiac function and increased cardiac
fibrosis in prednisone-treated mdx mice.”® How-
ever, in the previously mentioned clinical studies,
steroid use in DMD patients was not associated
with any decreases in cardiac function. These two
animal studies used more continuous delivery
methods that may be more deleterious than the
single-dose therapies used clinically. Recent evi-
dence from our laboratory showed that continuous
steroids can disrupt cell cycling and cytokine signal-
ing, leading to increased inflammation and fibrosis
(E. Hoffman, personal communication). Further
studies in animal models should more closely repli-
cate clinical dosing schedules to better assess any
deleterious effects. Based on the current literature,
evidence favors the beneficial effects of single-dose
steroids on cardiac function in DMD patients.

ACE Inhibitors and p-Blockers. The decreased car-
diac function seen in cardiomyopathies stimulates
the renin-angiotensin system and leads to the
release of angiotensin II (ATII). Among its many
actions, ATII is a potent stimulator of transforming
growth factor-f (TGF-f), which promotes fibrosis.®
Angiotensin-converting enzyme inhibitors (ACEIs)
modulate the production of ATII by preventing
the conversion from angiotensin I to ATII and
may benefit cardiac function by limiting the
amount of fibrosis and scarring within the myocar-
dium. These drugs are widely used and recom-
mended by the American Heart Association for the
prevention and treatment of heart failure.”
Accordingly, ACEIs were studied in DMD-
related cardiomyopathy. Ishikawa et al. reported a
reduction in neuroendocrine activity and left ven-
tricular dilation in DMD patients taking ACEIs and
[f-blockers.71 Duboc et al. studied 57 children with
DMD, aged 9.3-13 years, with normal cardiac func-
tion (EF >55%). In the initial phase, 27 children
were started on the ACEI perindopril (2-4 mg/day),
and 29 children received placebo for 3 years. After
this period, all patients (n = 1) received perindo-
pril for 2 years. There were no significant differen-
ces at the start or end of the initial 3 years. How-

14  Cardiomyopathy of DMD

ever, at the completion of the second phase, 8
patients in the initial untreated group developed
an EF of <45% compared with 1 patient in the
treated group.72 The same investigators published
results after 10 years of follow-up. Although all
patients started with normal cardiac function, 93%
of the initial treated group were alive vs. only 66%
of the untreated group.73 The investigators stated
that early treatment delayed the onset and progres-
sion of left ventricular dysfunction and led to
lower mortality in DMD. Ramaciotti et al. also
showed a benefit from ACEI treatment. In a retro-
spective analysis of 50 patients with DMD aged 10—
20 years, 10 of 27 patients with systolic dysfunction
returned to normal function after treatment with
the ACEI enalapril.”* Jefferies et al. followed DMD
and BMD patients with a mean age of 12.9 years
and 13.7 years, respectively. After the first abnor-
mal echocardiogram (EF <55%), patients were
started on an ACEI and, if no improvement was
seen at 3 months, f-blockers were added. ACEI was
the single therapy in 42% of patients, and combi-
nation therapy was required in 58% of patients.
ACEI or combination therapy improved cardiac
function in 27 of 29 patients.17 Kajimoto et al.
showed that combination therapy of carvedilol and
an ACEI for 2 years resulted in a significant
increase in systolic function in a mixed muscular
dystrophy cohort.”"® The f-blocker carvedilol was
studied by Rhodes et al. in DMD patients aged 14—
46 years with a dilated cardiomyopathy and EF
<50%. Carvedilol was administered for 6 months
and was associated with a small but statistically sig-
nificant improvement in CMR-derived EF (41—
43%). Carvedilol also decreased the incidence of
ventricular tachycardia seen in 2 patients.”®

ACEls are becoming the primary therapy for
cardiovascular disease in DMD. Although all of
these patients will develop some degree of cardio-
myopathy, additional studies are still required to bet-
ter understand the benefits of early initiation of car-
diac “preventive” therapy with ACEIs and f-blockers
and any potential interactions with concomitant ste-
roid therapy. Current recommendations continue to
advocate the use of ACEI therapy at the first signs of
decreased cardiac function.

MONITORING

The routine monitoring of cardiovascular disease
in muscular dystrophies is very important. As non-
invasive methods for the quantification of cardiac
function improve, certain treatments may begin at
earlier ages. Two committees have recommended
general guidelines for the routine follow-up of car-
diovascular disease in muscular dystrophies: the
American Academy of Pediatrics Section on Cardi-
ology and Cardiac Surgery, and the 107th ENMC
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International Workshop on the Management of
Cardiac Involvement in Muscular Dystrophy and
Myotonic Dystrophy.””™ A complete initial evalua-
tion should be performed for DMD patients at the
time of diagnosis. This evaluation should include a
history and physical examination, ECG, and echo-
cardiogram. Consideration should be given to fur-
ther testing, including Holter monitoring and MRI
(especially if the patient has poor imaging on trans-
thoracic echocardiography). For DMD, patients
should have a complete cardiac evaluation every
1-2 years up to the age of 10 years, and then evalu-
ations should occur yearly.”” Evaluations should also
be performed before any scheduled surgery. Once
cardiac disease is identified, follow-up is dictated by
the type and severity of cardiac disease. Also, evalua-
tion with more sophisticated tools for detection of
preclinical abnormalities at tertiary care centers is
recommended when available.

FUTURE THERAPIES

Poloxamer 188. Poloxamer 188 (P188) is a non-
ionic triblock copolymer, poly(ethylene oxide)g-
poly(propylene oxide)go7-poly(ethylene oxide)gy. It
is known to insert into artificial lipid monolayers
and repair damaged biological membranes. P188
was shown to stabilize red blood cell membranes
in sickle cell disease.”” Based on these properties,
Yasuda et al. studied P188 in the dystrophin-defi-
cient mdx mouse heart and showed that adminis-
tration of P188 during dobutamine infusion pre-
vented the development of acute cardiac failure.®
Townsend et al. reported that a chronic 8week
infusion of P188 in Golden Retriever muscular
dystrophy (GRMD) dogs showed significantly
decreased cardiac fibrosis and prevented ventricular
dilation.®' Based on these animal studies, P188
could become an important acute therapy in DMD.
Intravenous P188 could provide immediate benefits
by preventing cardiac damage in times of increased
stress, including orthopedic surgery, respiratory fail-
ure, and acutely decompensated heart failure.

Losartan. Just as ACEIs blunt the renin—-angioten-
sin—aldosterone axis, losartan, an ATII-type 1 re-
ceptor blocker, also modulates ATII signaling.
Based on this action, Cohn et al. studied the
effects of losartan in mdx mice and showed signifi-
cantly decreased fibrosis and muscle fiber diame-
ters in the diaphragm. Losartan also restored in
vitro force frequency in the mdx extensor digitorum
longus to wild-type levels and improved hindlimb
grip strength in treated mice.** Matsuhisa et al.
looked at the effects of losartan in BIO14.6 cardio-
myopathic hamsters and found decreased ventricu-
lar dilation, myocardial fibrosis and cardiac dysfunc-
tion by inhibiting oxidative stress.*> In our
laboratory we recently showed decreased myocardial
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fibrosis and preservation of cardiac function in mdx
mice treated with losartan over a 6-month period.®*
Based on these findings, it is possible that losartan
could decrease both skeletal and cardiac muscle fi-
brosis and preserve skeletal muscle strength and
cardiac function in DMD patients. Clinical studies
using losartan are currently in progress.

Idebenone. Idebenone, a synthetic analog of
coenzyme QI0, is an antioxidant medication
shown to improve mitochondrial respiratory chain
function and cellular energy production. Clinical
studies in Friedreich ataxia showed beneficial
effects on cardiac function.®® Buyse et al. treated
mdx mice over 9 months and found that it pre-
vented cardiac diastolic dysfunction, prevented
dobutamine-induced acute cardiac failure, and
decreased cardiac inflammation and fibrosis.*
Idebenone-treated mdx mice also demonstrated
increased voluntary running at faster rates for lon-
ger distances compared with untreated mdx mice.
A clinical trial was recently completed studying the
effects of idebenone in DMD patients with cardiac
dysfunction.

Gene Therapy. Due to the lack of specific medical
therapies for DMD at this time, gene therapy offers
the promise of a cure by replacing the mutated
dystrophin gene in all muscle tissues. However, the
development of gene therapy techniques has faced
multiple challenges. First, the dystrophin gene (2.1
million basepairs) is too large to transfer via
known vector systems. This led to the development
of mini-/micro-dystrophin, smaller, partially func-
tional proteins with portions of the rod and C-ter-
minal domain removed. Yue et al. showed
improved sarcolemmal integrity of the hearts of
mdx mice with microdystrophin gene therapy using
recombinant adeno-associated virus (rAAV).87 Gre-
gorevic et al. also reported cardiac expression of
micro-dystrophin in mdx mice using rAAV vec-
tors.*® Townsend et al. showed that transduction of
micro-dystrophin in the mdx heart using rAAV pre-
vented acute cardiac pump failure during dobut
amine stress.”” Bostick et al. showed that cardiac
expression of mini-dystrophin on 20-22-month-old
mdx mice decreased cardiac fibrosis and significantly
improved, but did not normalize, all cardiac param-
eters.” These animal studies continue to be promis-
ing, but significant concerns were recently pub-
lished. Mendell et al. treated the skeletal muscle of
DMD patients with rAAV-mediated mini-dystrophin
and reported the development of dystrophin-reac-
tive T cells.”’ These results raise concerns for seri-
ous immune-mediated limitations not only to the
vectors, but to the dystrophin protein itself.”*
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Stem Cell Transplant. Initial cell-based therapies in
DMD focused on myoblast transplantation. Multi-
ple studies showed limited or no expression of dys-
trophin after direct myoblast injection.”*™” Due to
the limited success, research expanded to include
stem cells that were myogenic precursors. Much of
this research is beyond the scope of this review,
but several sources of potential stem cells were
identified, including bone marrow, satellite cells,
muscle, and blood-derived stem cells.”® There are
multiple case reports of cord blood transplantation
with limited results.””™'? Just as in gene therapy,
immune responses also became a concern.'”® Due
to this, the field focused on autologous stem cell
populations.'® In a major breakthrough, Takaha-
shi and Yamanaka first reported the generation of
induced pluripotent stem cells (iPS) in mice.'*’
Their concept was to reprogram adult cells back to
a state of pluripotency. This process would allow
for the generation of patientspecific stem cells
that could be driven toward a myogenic lineage.
There are still significant hurdles, but this method-
ology could help avoid immunological barriers and
future political battles. Most current stem cell ther-
apy research in cardiac muscle is directed toward
the treatment of myocardial infarction and heart
failure. One apparent mechanism involved in car-
diac stem cell therapy is the local secretion of
growth factors and cytokines, both by the stem
cells and host tissues.'”® It is not known how this
signaling may differ in a dystrophin-deficient cell,
so any benefits of cardiac stem cell therapy in an
ischemic environment may not be applicable to
DMD. Significant further research is required in
both fields before stem cell therapy becomes a via-
ble treatment strategy.

Exon Skipping. The basis of exon-skipping therapy
is to use splice-switching oligonucleotides to bypass
the mutated exon with a stop codon and continue
to translate a smaller, truncated dystrophin pro-
tein. The goal is to produce a BMD phenotype
with a partially functional dystrophin protein
expressed in muscle tissues. Studies in human skel-
etal muscle demonstrate proof of this concept.'*”'%
However, animal studies showed limited expression
of dystrophin in cardiac tissue using initial oli-
gonucleotide formulations.'”'"" Further studies
conjugated the phosphorodiamidate morpholino
oligomer (PMO) with a cell-penetrating, arginine-
rich peptide, creating a novel PPMO, and demon-
strated cardiac dystrophin expression and func-
tional improvements.""*!"® Most recently, Jearawir-
iyapaisarn et al. gave mdx mice PPMOs and restored
cardiac dystrophin expression, decreased serum cre-
atine kinase, and improved cardiac hypertrophy
and diastolic function for up to 7 months after the
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start of treatment."’* Exon skipping has produced
the most exciting results to date, and further sys-
temic testing of PPMOs is necessary in animal mod-
els before initiation of human clinical trials.

As these treatments continue to develop, the
same concern arises as discussed previously in rela-
tion to steroid therapy and exercise. Improvements
in skeletal and not cardiac muscle could become a
limiting factor in relation to gene, stem cell, or
exon-skipping therapy. For example, Townsend
et al. studied mdx mice with transgene production
of mini-dystrophin in skeletal and diaphragm mus-
cle only and showed normal skeletal muscle
strength and increased voluntary wheel running.
However, after 4-5 months, the hearts of transgene
mice showed increased left ventricular dilation and
significant decline in systolic function."® This type
of result continues to raise ethical questions.
Would correction of skeletal muscle function with-
out cardiac muscle correction lead to increased
incidence of cardiomyopathy? As initial studies will
no doubt focus solely on skeletal muscle, the true
effects on cardiac muscle in DMD patients may not
be known initially. Without any better cardiac
therapies at this time, the incidence of cardiomy-
opathy could increase from skeletal muscle thera-
pies. Cardiac transplantation cannot be considered
a viable solution to treat DMD patients who walk
into the intensive care unit because of successful
skeletal muscle therapies.

CONCLUSIONS

Cardiomyopathy in DMD is becoming more preva-
lent due to improved treatments for the skeletal
and respiratory systems. Current cardiomyopathy
therapies, although not specific to DMD, benefit
cardiac function in DMD and improve outcomes.
Steroid therapy appears to slow the progression of
cardiomyopathy at a young age. Further research is
needed to define the role of ACEIs and/or
f-blockers in preclinical therapy. Use of echocardi-
ography and CMR imaging modalities has led to
preclinical outcome measures that make this feasi-
ble. As knowledge of the specific mechanisms
involved in DMD muscle cell death broaden, new
targeted therapeutic strategies can be developed to
help further prevent and slow the progression of
cardiomyopathy. Also, while new genetic modifying
therapies are being developed, it must be done
with the foresight that cardiac and skeletal muscle
be treated equally. Continued development of
novel cardiac therapies will help improve the qual-
ity and duration of life in DMD patients.
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